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FOREWORD

In 1969, the Committee on Standardization of Combustion Insta-
bility Measurements in the T-Burner, an ad hoc committee organized by
the ICRPG Working Group on Solid Propellant Combustion, produced the
"T-Burner Manual" (C. P. I. A. Publication No. 191). That report was
restricted to experience gained in testing propellants not containing a
metal. During the last few years, considerable use has been made of the
T-burner for testing metallized propellants. It is the first purpose of
this report to summarize much of that work, and to recommend as far as
possible standard prccedures.

The present effort isa considerably more ambitious than the earlier
work. Representatives of seven organizations have participated in plan-
ning the report, writing, and proof-reading the several drafts. Prior to
preparation of the final draft, a two.day workshop was held. The follow-
ing people contributed written portions of the report:

M. V. Beckstead Hercules, Inc.

R. L. Coates Brigham Young University

J. E. Crump Naval Weapons Center

F. E. C. Culick California Institute of Technology

R. L. Derr Naval Weapons Center

P. L. Micheli Aerojet Solid Propulsion Co.

C. M. Mihlfeith Thickol Chemical Corp.

E. W. Price Naval Weapuns Center

R. Schoner Air Force Rocket Propulsion Labora-
tory

Mr. W. C. Andrepont of the Air Force Rocket Propulsion Laboraiory
served as contract monitor for th: work and contributed many useful
comments throughout the duration of the work.

The T-burner remains the best available device for making labo-
ratory mezsurements of the response of a burning solid propellant to
sinusocidal oscillations in the near flow field. Besides its place in re-
search, it has been used quite extensively for qualitative testing to screen
propellants in development work and to check the behavior of different
batches of the same propellant. The exprrience gained in those various
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applications forms the Lasis of this report.

Study of the T-burner itself continues, however; many questions
relating to some aspects of observed behavior, anc to detailed interpre-
tation of data, have not been satisfactorily answered. Some of the con-
clusions reached in this report may therefore be found wanting at a later
date. Care has been taken to note all questionable items. Procedures

are labelled as recommendations only if they rest oh generally recognized

firm grounds.

It Las not been possible to include all the detailed information
necessary to construct and operate a T-burner. Reference is frequently
made to workdiscussed in recent reports which are easily obtained. In
addition to the first "T-Buruer Manual, ' those reports, cited at the end
of the Introduction, constitute a minimal r«ference list.

The report is intended to be more than a manual, or guide to
operating experimental apparatus. Summaries of current analytical tech-
niques are included in the Appendices, and appealed to in the text. These
are useful both for interpreting experimental data and for showing how
results obtained with a T-burner can be used in studying the stability of
motors. Section 6 of the text describes this subject briefly.

I am indebted to all those listed above for their contributions,
their help, and their cooperation. 1 wish especially to thank Dr. R. L.
Derr, who aided greatly in an early re-organization and re-writing of
large portions of the report, and very carefully read the entire work.

Finally, [ want to express my gratitude to Mr. F. T. Linton who
did all the art work for the report, and particularly to Mrs. R. Duffy
who patiently and carefi-lly did all the typing for the many drafts.

F. E. C. Culick
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i. INTRODUCTION
1.1 Background and Purpose

Several years ago, a manual (ref. 1.1) for the use of T-burners
was prepared by a committee of the ICRPG Working Group on Solid Pro-
pellant Combustion. The purpose of that work was to summarize the ex-
perien:es of the various investigators who bad used the device, and to
specify, as far as possible, standards for the apparatus, test conditions,
and methods of data reduction. However, owing to the lack of data for
testing with metallized propellants, the manual was restricted to work
with un-metallized propellants.

Since the publication of ref. 1-1, a considerable amount cf effort
has been devoted to studying the unsteady burning of metallized propellants.
The T-burner remains as the only test device to yield data for the un-
steady burning of solid propellants over broad ranges of frequency and
pressure. There are many problems associated with the T-burner, par-
ticularly when used to test metallized propellants. Nevertheless, it is the
simplest configuration available if one is restricted to observing the spon-
taneous growth of oscillations or the decay following a pulse. Indeed,
much of the experience gained with T-burners is applicable to more com-
plicated configurations used for propelling vehicles.

Broadly, there are two main uses of the T-burner: as a means of
comparing qualitatively the behavior of different propellants, and as a test
device for measuring quantitatively the response of a burning propellant
to unateady motions. The bulk of this report is devoted to the more diffi-
cult problem of obtaining quantitative information; the procedures for
making qualitative observations are necessarily covered as well. Almost
all of the material is presented within the context of testing metallized
propellants. The techniques of testing un-metallized propellants have not
significantly changed since the publication of ref. 1-1.

In passing, it should be noted that idealiy one would like to obtain
the response of a burning surface to steady oscillations having fixed am-
plitude and frequency. As the T-burner is presently used, and described
here, the ideal situation is not realized. The response is obtained always
under conditions when the amplitudes of oscillations are growing or de-

caying. Subseguent use of the data then implies certain assumptions --
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particularly that the behivior is linear, and that the response is sensibly
independent of the rate of change of amplitude. Measurements in the
presence of steady oscillations require either that some sort of device
like a classical impedance tube be used, or that the fluctuations of the
mass flow leaving the burning surface be measured directly. Experi-
mental techniques are not presently available for realizing either al-
ternative.

The experimental and analytical difficulties peculiar to testing
with metallized propellant arize principally from the presence of particu-
late matter in the combustion products. This is a source of rather large
dissipation of acoustic ¢cnergv, thereby reducing the tendency for insta.
bility of waves. One way of compensating so as to obtain spontaneous in-
stabilities is to use larger test grain-, extending along the lateral bound-
atry. Another way of obtaining data is to introduce pulses and observe
the decay of waves. These test techniques are referred to, respectively,
as the ''variable-area method' and the ''pulsed method." A combination
of these methods appears to be the best way of obtasining quantitative re-
sults.

A primary purpose of this report is to summarize erperience
gained, in the past several years, by workers in several laboratories
using the T-burner and testing methods referred tc above. The experi-
mental equipment is described in detail; recommended test procedures
are given; and methods of analysis and data reduction are covered in de-
tail. An important {actor in the developments reported here is that a
large amount of data has been obtained for a single propellant (ANB
3066) using all the test techniques, and in several different laboratories
(refs. 1.2 to 1-7). Therefore, it bas been posasible to study the experi-
mental aspects quite thorcughly, and to apply statistical techniques of
data analysis.

Even with the substantial progress made since the first manual on

-burners was written, it is not possible to set down firmly established
or -2 ejures. Many issues and problems are far from settled, but in

t+x ¢ the importance of the T-burner as an aid to treating the practical
st Slem oi combustion instability in motors, it is useful to bring togeth.

e¢r. w»n vne volume, what 18 presently known. The remaining difficulties,
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uncertainties, and limitations are carefully covered as they arise in sub-
sequent discussion, and are summarized in the last section,

1.2 General Description of Testing with T-Burners

The T-burrer is basically the same now as described in ref. 1.1,
It consists of a straight tube, having diamcter usually in the range 13 in.
to 5 in., with a vent in the center. Some T.burners having larger or
smaller diameters have been used, but for the frequency range covering
a few hundred to several thousand Hertz, diameters within the above
limits give satisfactory results. Propellant grains are almost always
mounted at the ends, but in addition there may be samples placed along
the lateral boundary {Figurel.2-1). The primary purpose of this coafigura-
tion is to produce relatively low losses of acoustic energy, so that small
disturbances will be unstable, If the driving by the propellant is suffi-
ciently strong, then an acoustic instability will occur. Usually, the low-
est longitudinal mode is excited spontaneously, with frequency approxi-
mately equal to the average speed oi sound divided by twice the length,
a/2L. The techniques described in ref. 1-1 were based on observation of
the growth and decay rates, or by comparing growth rates for different
areas of burning surface. The most serious problem is determination of
the losses in the system.

it has already been noted that when metallized propellants are
tested, the increased losses associated with the particulate matter forces
development of more elaborate test procedures. As a result, it becomes
more difficult to obtain good reproducible data, and the interpretation of
test vecords is much more complicated. Details of the apparatus and
test procedures are covered later: here, only a brief introductory de-
scription will be given.

The method of testing with variable area of burning surface is
based on the idea that the growth rate of unstable motions is (approxi.
mately, at least) proportional to the area of burning surface. The coeffi-
cient of proportionality is directly related to the response function for the
surface. Tests are made for different arcas of surface. Then a plot of
the observed growth rates versus area will be, in an ideal case, a

straight line whose slope will be related to the resnonse function. The
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(a) Simple end burner for pulse testing; (P) denotes typical locations
of pulsers or pressure transducers.
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(b) A T-burner with cylindrical grains for variable-area testing.
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Figure 1.2-1 Sketches of Typical T-Burners
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intercept, i.c., the value of the growth constant for vanishingly small
area, should be reiaied to the losees in tae system. Roughly, the ob-
served behavior is consistent with this picture, but the results are greatly
more complicated in detail, and present serious problems of interpretation.

For example, the use of grains extending along the lateral bound-
ary means that during all but a very small portion of the firing, the grain
either protrudes frorn the wall or is recessed. The influence of this geo-
metrical change must be accounted for in the interpretation of data. In
order to obtain good definition of the curve, zrowth rate versus area,
some firings must be done with rather large areas, large enough that
waves may grow immediately out of the ignition transient, and the data for
the growth period may be poor or unusable,

Consequently, it has become standard practice in several labora-
tories to incourporate in the burner a device which will suppress the insta-
bility until the flow field has reached steady state. For exam'.le, the use
of a paddle, obstructing the cross--ection area at the center of the burner,
has been very successful, When the paddle is withdrawn, the oscillation,
if unstable, will grow. It is also possible to withdraw and insert the pad-
dle several times (generally no more than three) during a firing, thereby
yielding more data per firing.

The secnnd primary method of testing metallized propellants
makes use of pulses injected at une of several poussible locations {as indi-
cated in Figurc 1.2-.1(a)with either small explosive charges, or by using the
piston-pulser described in §3.4.1.5. The use of pulses has long been
common for qualitative assessment of liquid rocket engines, but extensive
application to T-burners is quite recent. In the work described later, the
basis is the idea that the decay rate following a pulse during a firing is
proportional to the difference between ths rate of energy gain (due mainly
to the combustion processes) and the rate of energy loss. Then if a pulse
is introduced after burnout, the rate of decay reflects the rate of energy
loss in the system. Idealiy, then, combination of the two measurements
will produce gquantitative results for the rate of energy gain, or the re--
sponse function, associated with the combustion processes. In practice,

reproducible accurate data are difficult to obtain.

For reasons which will be elaborated upon later, 53.4and §5, acombi-
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nation of the variable-area and pulsing techniques appears very attractive,
and insy well be the best procedure for obtaining quantitative information.
On the other hand, for comparing the qualitative behavior of propellants,
both techniques have been successfully used separately. Pulsed testing
offers the advantage of obtaining directly an assessment of the influence

of particles on energy losses.

1.3 A Precis of This Report
The technical description of the T-burner is conveniently divided

into four parts: analysis of the device, test methods, instrumentation
and data acquisition, and data analysis and interpretation. These four
subjects are covered in the succeeding four sections of the report.

In §2, the methods of analysis are described and a few important
results quoted. The purpose is mainly to provide sufficient information
that the reader may be aware of what is available, and to introduce the
basis for later discussion of the interpretation of data. The connections
between the analyses of T-burners and motors is briefly covered. More
comprehensive discussions of the details of the analyses appear in Ap-
pendices C - F. The sections on analysis are not prerequisite to the
other parts of the report and may be overlooked by those concerned prin-
cipally with the construction and use of T-burners.

The methods of testing are covered in §3. It would perhaps be
helpful to the reader unacquainted with the subject to examine first the
previous report on testing with T-burners, ref. 1-1. The treatment of
the experimental procedures given here is quite lengthy and detailed.
Many of the items discussed arise because of th= difficulties associated
with testing metallized propellants. Hence, it is well to understand first
those aspects which are important to testing un-metallized propellants.

A thorough discussion of the instrumentation used, and the vari-
ous methods of data acquisition, are given in §4. Owing to the problem
of reproducibility and rather large uncertainties in the data, the analysis
and interpretation of data have become a very important part of the ex-
perimental work. This subject is treated in §5. Especially, it should be
noted that because a great many measurements have been made, it has

become possible -- indeed, necessary -- to use statistical methods of
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analyzing data. The subject is surm narized in §5.4.3 and covered in
greater detail in Appendix B. Another festure which has received increas.
ing attention in the last several years is nonlinear behavior, Among oth-
ers, the discussion in $5 touches upon the questions of harmonic content
and limiting amplitudes of pressure traces.

Section 6 is intended to be p- **icularly interesting to those con-
cerned with program management and the practical use of T -burners.
The discussion of §6.1 covers various aspects of planning test programs
for T-burners, both for research and in connection with motor develop-
ment. In £6.2, the use of data taken with T-burners to study and predict
the stability of motors is covered.

Throughout the body of the manual, various difficulties and unre-
solved problems are mentioned as they arise. In §7, many of these are
summarized for convenient reference. That section is intended to pro-
vide a Lrief survey of problems which, for the most part, are not related
80 much to practical operation of the T-burner as to fundamental aspects.
The discussion should serve as a caution to the careful user, and as an

outline of matters which merit close attention.
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2. SUMMARY DESCRIPTION OF ANALYTICAL TECHNIQUES .
IN COMBUSTION INSTABILITY t

2.1 General Remarks on Current Analyses

Perhaps the most important point to appreciate is that analytical ,
work on combustion instability in general, and on T.burners in particular,
provides basically a framework for treating observations and measure-
ments. The physical situations are so complicated as to preclude a com-
plete theoretical analysis starting from first principles and ending with

, precise values for the growth rates and limiting amplitudes of unstable
oscillations in a motor. The treatment of these problems requires an in-

: timate coordination of both analytical and experimental techniques.

| A second important point is that effort expended upon the T.burner
is not 80 restricted as one might superficially assume. The T-burner s,
after all, just a special kind of rocket motor. Thus, the same analyses

b apply to both T-burners and full-scale motors. Because tests in T-burn-

ers are relatively inexpensive, and data under widely varying conditions

are quitc easily obtained, the device affords a very convenient means for

’ ~hecking certain features of analytical results.

L The coverage of analytical work in this report is necessarily re.
stricted to those parts which are most directly applicable to T-burners,
with particular attention paid to problems arising in testing aluniinized
propellants, However, to provide a context and to show explicitly the re-

N lation of work on T -burners to the probiem of combustion instability in
motors, it is helpful to consider briefly the general situation. Figure 2.1-.1,

" adapted from ref. 2-1, is intended to show how the probiem is broken into .
various pieces in order to isolate special analytical and experimental
problems. The overall formal framework is provided by analysis of the
gasdynamics for the chamber. Important contributions which distinguish
this situation appear either as source terms for the gasdymamics or as

| boundary conditions. These include the following.

{1) residual combustion and the influence of particulate matter {

within the volume;

{2) the consequences of transient motions of the propellant grain;

(3) the action of the exhaust nozzle on unsteady motions in the

chamber;
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(4) interactions between the combustion processes at the burning
surfaces and motions in the chamber; in general, the combus-
tion processes are sensitive to both pressure and velocity
fiactuations.

The last three aie conveniently treated as boundary conditions.

The amount of energy dissipated by vibratory motions of the sam-
ple grains is negligible and can therefore be neglected. Corresponding to
the exhaust nozzle in a rocket motor is the center vent of the T-burner.
The influence of the vent has lately been the subject of considerable con-
troversy and research. Until quite recently, it had generally been as-
sumed that the center vent had no effect on the fundamental mode of a T-
burner, but this so far has not been satisfactorily justified by definitive
measurements (see discussions in §2.6.3 and Appendix G). So far as pre-
dictions of motor stability are concerned, the primary purpose of the T-
burner is to provide numerical values for the interactions between har-
monic disturbances and the surface combustion processes. The interac-
tions are conveniently represented as response functions defined below in
§2.6; these are frequency r:esponses for a burning surface. It is primarily
because of these interactions, which convert a small fraction of the energy
released in chemical reactions to mechanical energy of fluid motions, that
instabilities occur. For analysis of the stability characteristic of a motor,
the response functions must be known; but because it is not possible to
compute these quantities, measured values are required, and hence the
interest in T-burners. It should be noted that important information re-
lated to particle damping can also be obtained from measurements taken
with T -burners.

The response functions cannot presently be measured directly; in
principle, this would be possible if one could measure (say, by optical
means) the fluctuations of the gases departing the burning surface. Con-
sequently, it is necessary to extract the desired information from meas-
urements of the unsteady pressure in the burner. Put most simply, the
purpose of analysis is the following.

With the developments described in §§2.2-2.5, one finds a formula
for the growth constant @; this appears in the linear analysis as the con-

stant in the exponential growth of the pressure amplitude. That is, a
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small initial disturbance of pressurc increases in time as exp{(at), The
formula for & depends on the gasdynamics and all other contributions list-
ed above, including the response function. The idea then is to measure o
and assume that all other quantities except the response funciion are known
by some means or other. Then one can use the formula to :ompute the re-
sponse function. Therc are two sources of uncertainty: the data for 0 ex-
hibit considerable experimental scatter, and the other gquantities are not
known accurately. For exarnple, the influence of the center vent is in doubt,
and because particle sizes are not well known, the dissivnation of ene. - by
the particulate matter is also not known accurately. The strategy f .00 2d
is to analyze the gasdynamics as completely as possible, and conduct s ‘pa-
rate experiments *o try to determine other contributions to the growth rate.

The analyses may, in the first instance, be divided into two classes,
linear and nonlinear. By far the most effort has been expended on linear
analysis, although nonlinear behavior i8 a subject of increasing effort.
Most of the work in interpretation of T-burner data (£5) has been based on
the linear analyses described in §42.2 and 2 3. An approximate nonlinear
analysis, described in §2.4, has been used {£5.5) to try to gain understand-
ing of those proucesses which determine the limiting amplitudes of oscilla-
tions. Although the results to date must be regarded as more exploratory
than definitive, this problem in the long range has great practical impor-
tance, for in real motors one is really concerned with the amplitudes of
oscillation. In some cases, unstable motions of sufficiently small ampli-
tude can be tolerated.

The primary purposec of this report is to provide the information
necessary to use the T-burner effectively as an experimental device. Con-
sequently, analytical developments occupy a lesser position . For this
reason, the detailg of all calculations are included as a .pendices. Sections
2.2-2.5 serve only tc describe the analyses which have been uscd, and to
cite the important formulas used for the interpretation of data.

All analyses begin with the general couservation equations for un-
steady fluid motion. In order to construct manageable problems, several
simplifying approximations must be introduced and are common to all the
treatments summarized here. The conservation equations are, of course,
highly nonlinear, and the first task is to produce simpler egquations by

12

.

=




making use of small parameters to expand the thermodynamic and flow
variables. In solid propellant rockets and T_burners, there are in the first
instance two such quantities; the Mack number of the average flow, and the
Mach number of the acoustic field. The second is proportional to, and
hence serves as a measure of, the amplitude of the pressure oscillations.
It is an excellent approximation for T -burners that the Mach num..
ber of the average flow is much less than unity; generally, it is less than
. 01 over the entire chamber volume, except poseibly for a very small
region in the vicinity of the vent. The acoustic Mach number varies from
nearly zero in the initial part of the growth of an unstable wave, to as
large as .2 - .3 or more when the waves have reached limiting amplitude.
All computations of unsteady motions in combustion chambers are
based on the idea that combustion and flow constitute deviations from
classical acoustics. Thus, the zeroth approximation is that the waves in
chamber are classical acoustic modes, described by the equations of lin-
ear classical acoustics; the equations for the acoustic velocity and pres-

sure in three dimensions are:

P+ =0 (2.1.1)
Bp' , = =,
-&4\apv.u = 0 . (2.1.2)

For a chamber enclosed by rigid walls, the velocity normal to the bound-
ary must vanish, so according to (2.1.1), the normal component of the
pressure gradient is zero:

- - a-.' — -~ - -~

pn.-a%- = pﬁ-(n.u'hn.vy:o . (2.1.3)

In combustion chambers, there is necessarily a mean flow. If the
average Mach number is assumed to be small, and the acoustic Mach
*

number is assumed to be smaller yet (in a sense which is considered

briefly in Appendices E and F, but elaborated upon more thoroughly in

*It is important to note that linear behavior (i.e., exponential growth of
the amplitude) is often observed at amplitudes much greater than the

lir. 't suggested by thiz criterion. The reasun for this apparent incon-
sisiency may be connected with nonlinear behavior, although this has not
been proven.
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the references cited there), then eqs. (2. i.1)-{2.1.3) are augmented by
terms on the right hand sides which are linear in both the Mach numbers.
That is, all of the inhomogeneous terms are proportional to the average
Mach number, and to the acoustic Mach number.

The important feature is that, providing the combustion processes
are linearized, the governing equations remain linear, even though all
physical processes may be accounted far*. This system of equations can
be used as the basis for calculations of linear stability. The idea is that
an arbitrary disturbance within the chamber can be represented as a su-
perposition of its Fourier components, i.e., as a superposition of the
normal modes of the chamber. In order that the disturbance should be
stable, all of its components must be stable. Hence, it is sufficient to
study the linear stability of the normal modes of the chamber,

By this argument, the problem of linear stability comes down to a
calculation of the stability of harmonic motions, for by definition, the
normal! mcdes vary harmonically in time. The actual modes in the cham-
ber are distorted by the action of combustion processes and the mean
flow, but it happens that within the approximations just described. it is
sufficient to know only the unperturbed classical modes for a closed
chamber. The formal and practical simplifications arising from this fact
are very great.

In all the analytical work, the first task is to determine the unper-
turbed acoustic modes. Two calculations are noted heze. For the T-
burner with grains extending along the lateral boundary, the variations of
cross-section area can be accommodated by the one-dimensional analysis
(§2.2 and Appendix C. 1). If the computation capability is available --
virtually a necessity to do stability calculations for a full-scale motor --
the numerical computation mentioned in Appendix C. 2 is likely to be more
efficient for extensive applications.

Linear analyses produce formulas for the growth constant & of a
small disturbance. The disturbance then has amplitude which varies as
exp(@t) in time. In all cases, @ is given as a sum of integrals, each con-

“Certain nonlinear features of velocity coupling, for example, rectifica-
tion, can be partially accommodated within such a formulation.
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taining the unperturbed mode shape as a factor in the integrand. The in-
terpretations of data discussed in this report are all based on formulas of
that sort,

The nonlincar analysis described in ¢ 2. 4 also requires that the
unperturbed acoustic modes be known. Indeed, it is generally true taat if
only effects which are linear in the average Mach number are retained,
then the unsteady behavior can be calculated without knowing how the clas-
sical modes are distorted.

One of the major sources of difficulty is the influence of viscous
forces. Two simple results have been very useful: the linear attenuation
by the acoustic boundary layer on a rigid wall, and the attenuation due to
relative motions of particulate matter and gas. But problems such as the
three ~dimensional unsteady viscous flow at the center exhaust vent and in
the vicinity of lips or recessed ledges remain unsolved, both analytically
and experimentally. There are other viscous effects (generically refer-
red to as ''flow-turning") associated with the flouw entering the chamber
from the burning surfaces on the lateral boundary. These arise from the
physical procesec in which the incoming flow acquires acocustic energy.
The detailed problem has not been solved, but the one-dimensional analy-

sis provides an approximate representation.

2.¢Z One-Dimensional Linear Analysis

The primary practical reason for carrying out analyses of the T-
burner is to provide formulas for interpreting data. Various analyses
differ depending on what aspects are empl sized. There are two im-
nortant features which are explicitly and easily accounted for in the one-
dimensional calculatior: abrupt changes of cross-sectional area, and
acoustic/mean flow interactions associated with the flow entering along
the lateral boundary. These can be handled in an extension of a classical
three-dimensional analysis only by including viscous forces and treating
zs8sentially a problem of boundary layer theory. In the one-dimensional
analysis, the flow through the lateral boundary is represented by sources
of mass, momentum, and energy. The czlculations described in this sec-
tion provide approximate means of estimating the boundary processes.

To a first approximation, the normal modes of a T-burner are

those of an organ pipe closed at both ends; the pressure varies as
15




cns(k‘t’z) along the tube (z - 0 at one end) and the eigenvalues, the wave-
numbers for the normal modes, are k, = 4w/L. If a is the speed of
sound, then the natural or resonant frequencies are w, = 'ik“ .

Two influences must be taken into account to give results for the
acoustic modes which are sufficiently accurate for most practical pur-
poses: geometrical deviations from the straight tube, and the effects of
combustion on the speed of sound. The second really just means using the
correct speed of spund for the combustion products, including the par-
ticulate matter. In almost all work reported to date, the speed of sound
has been assumed uniform. A simple correction for a non-uniform value
has been given in ref. 2-2. In Appendix E, the way in which the influence
of partic late matter is accounted for is discussed, and explicit formulas
are given in Appendix D. Computation of the mode shapes and frequencies
for a chamber having abrupt changes of area is also discussed in Appen-
dix C. Eventually, the frequencies must be found by numerically ‘'solving
a transcendental equation. A few examples are included there.

The quantity which is most useful for interpreting experimental
data is the growth constant ®. Two ways of computing @ are discussed in
the Appendices; by calculation of the complex wavenumber and by con-
structing the equation for the balance of acoustic energy: both calcula-
tions of course begin with the general conservation equations. The im-
aginary part of the complex wavenumber is proportional to the growth
constant,which is one-half of the fractional rate-of change of time-aver-
aged acoustic energy in the chamber,
L 4E
2E dt °

It is a very nice feature of linear systems that the formula for the growth

a = (2.2.1)

constant has the form of a sum of contributions; and some represent
losses. When the losses equal the gains, a vanishes and the disturbance
is neutrally stable.

Equation (E. 33) of Appendix E is the general one-dimensional re-
sult for a; if the mean velocity ;b of the gases leaving the surface is as-
sumed to be independent of position on the burning surface, that equation

becomes:
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mean flow/acoustics interactions (''flow-turning'')

dp
+ {ié[«‘(” "'S dz+A 5‘]‘60(”“ S dz- f&uh) LJ‘ (p)dqdzr

Z.LE
v

contributions from particulate matter

Note that residual combustion within the chamber has been ignored.
Details are given in Appendix E for the application of Eq. (2.2.2)
to T-burners. Combination of (E. 47), (E.51), and (2. 2. 2) gives

- -8 S
1 1 (7 7"bel Spez 7
e:g- —7 L3 s(px) B+C BJH& % (2.2.3)
L t’,L co co co
where ey represents the influence of all losses, and
a, S g u, S
" 7bs “b
G.m -—fﬁ _T(FT) +Z-L- (C ) (VF) . (2.2.4)

This formula contains all the formal mean flow/acoustics interactions
associated with ''flow turning' in the one-dimensional approxirnation*.
The first part is the loss accompanying flow inward at the lateral burning
surface, and the second is the formal result representing a gain of en-
ergy at the center vent, An extended discussion of the influence of the
vent is given in Appcndix G. The losses represented by a4 are princi-
pally those associated with the particulate matter when metallized pro-
pellants are tested. Elementary calculations of the particle damping and

wall losses are given in Appendix D.

“The factors (FT) and (VF) are not part of the theoretical prediction.
They are inserted to conform with the use of this formula to interpret
dara. The values of (FT) and (VF) are then either fixed, or allowed to
float. See particularly §6. 2.
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The influence of the surface combustion processes are represant-
ed by the bracketed terms in Eq. (2.2.3). Velocity coupling has been ne-
glected. The symbols B stand for the combination Aér)+t—xb/:, where Aér)
is the real part of the admittance function, proportional tothe ratio of the
fluctuation of velocity cf the gases leaving the surface, to an impressed
fluctuation of pressure. Subscript ( )e denotes end burning surfaces (i. e.,
burnt gases issue parallel to the surface), and subscript ( )y stands for
side or lateral surfaces. It is assumed that the quantities B are constant
over the surfaces with which they are asscciated. Application of Eq.
(2.2.3) to interpretation of data is discussed in §§ 3 and 5.

Equation (2. 2. 3) simplifies considerably for some configuraticns
which have been used. In particular, pulsed T-burners often have only
grains at the ends, so Sbs = Sbez = 0., If all losses and whatsver influ-
ence the vent may have are included in a, , then (2. 2. 3) may be written

S

be

Q = acg—-«»ud (2.2.5)
co

Now, because the chamber is uniformr,, wL/KLef = 2a/L (see AppendixE},
and & in the above egquation is

_,a g (r) = =
o =22, w3y 2.2.6)
This definition of a_ conforms with the common usage in discussions of

pulsed T-burners (§ 3. 3).

2.3 Three-dimensional Linear Analysis

There are principally two kinds of analyses which have been used
to study the linear stability of three-dimensional motions. The formulase
produced for the growth constant O are identical in most respects, but
neither analysis contains certain contributions .. notably the 'flow-
turning' effect -. which are found in the one-dimensional analysis (§2.2
and Appendix E). The reason for this is that the ''flow-turning' is a
process which in the real flow occurs in a boundary region and necessar-
ily involves viscous forces: that is why it appears as a mechanism for
attenuating acoustic energy. The one-dimensional analysis provides an
approximate means of computing the loss. Only if viscous effects are
taken into account will a three-dimensional analysis contain this contribu-

tion. 18
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No solutions {or threc-dimensional viscous flows are available for
the problems of interest here. All viscous effects have been appended to
the results of analyses which have involved essentially perturbations of a
classical inviscid analysis. Not only must the flow-turning effect be added
after the fact but, better known, so is the losa due to viscous stresses and
heat transfer acting in the acoustic boundary layer on an inert wall.

For most purposes in work with T-burners, a one-dimensional
analysis of the sort described in Appendix E and § 2.2 suffices, although
it may prove desirable to vompute the acoustic modes by using numerical
analysis (£2.5 and Appendix C.2). The reasons for including a descrip-
tion of three-dimensional analysis here is to make more apparent the con-
nection betwcen T -burners and full.scale motors, and to clarify the ori-
gin of a controversy concerning the subsonic vent, which has appeared in
the literature. As for the one-dimensional analysis, details are not in-
cluded; a more cumplete description is given in Appendix E.

2.3.1 Caiculation of the Complex Wavenumber. This analysis

(refs. 2-4, 2-6, 2-7) is developed in the same way as the one-dimensional
analysis. The main differences are that three-dimensional motions are
treated, and the source terms representing the flow in at the lateral
boundaries are missing. Of course, certain features of the inward flow
are contained in boundary conditions set on the three -dimensional solu-
tions, but the processes occurring in viscous boundary layers are absent.

The normal modes, to first approximation, are those for a cham-
ber having the same shape as the motor or T-burner, but enclosed by
rigid walls. A sonic exhaust nozzle is closed by a rigid surface placed at
the entrance plane: a subsonic vent should be treated as an cpen orifice
or exhaust tube with the boundary condition that the pressure is constant
over the exit plane.

Computation of the natural modes and frequencies must be done in
general numerically (Appendix C. 2}, The correct speed of sound to use is
that for the gas/particle mixture, as shown by the formulation described
in Appendices E and F.

The differential conservation equations are combined to give an
inhumogeneous wave equation with inhomogeneous boundary conditions.

By comparison with the unperturbed problem for the chamber without
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cambusticn a~" 1. x, one can eventually deduce a formuls for the complex
wave: ... mber, of vhich the real part is the growth or decay constant, de- .
fined as above in Eq. (2.2.i). The formula for a can be found from Eq.

(F. 17) in Appendix F; it will not be repeated here because it has esseati- .
ally the same form as Eq. (2.2.2), which has been used more widely for .
interpreting the results of T.-burner tests.

2.3.2 Calculation of the Balance of Acoustic Energy. The first

study of three-dimensional motions (ref. 2-3) was based on this kind of
analysis. Application to T.burners was subsequently discussed in ref.
Z2-8, but, as noted above, the viscous processes associated with the in-
ward flow on lateral burning surfaces are absent. The original formula-
tion, and more cecent application to T-burners (refs. 2.9, 2-10),involves
the assumption that the flow field is inviscid.

Of course, it is necessary to begin in any case with the conserva-
tion laws. The approach taken in ref. 2-3 is to treat them in integral
form and construct a relation for the balance of energy within the cham-
ber. What one is really interested in for questions of stability is the
acoustic energy, the energy associated with the unsteady flow field; cf.
Eqg.(2.2.1). However, the authors of ref. 2-3 chose to work with the total
energy. This has the consequence, demonstrated in refs. 2-4 and 2-7,
that the influences of processes within the volume (e. g. attenuation by
particulate matter and energy released by residual combustion) cannot be
accounted for. ‘The recason for this uniortunate feature iz that in the bal-
ance of total energy in the volume, the energy change of the unsteady field
is compensated by an equal change in the energy of the steady field. The .
quantity one needs for the stability analysis (e. g. ap associated with the
particles) is lost in the bookkeeping.

For a linear stability analysis, one can simply add to the formula
for a whatever contributions are required. This is the way particle
damping has been included in the calculations reported in refs. 2.8 to
2-10. One must be able, of course, to compute independently the frac-
tional rate of change of acoustic energy z%sociated with any process of
interesi. That this is not always an obvious computation is shown by the

example of particle damping covered in Appendix D.
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A brief description of the analysis given in ref. 2.3 is provided in
Appendix F. The formula for & can eventually be put in the form (F. 24):

o- . E% ﬁ[“"( )3 %+p(u 3)a |- Aasta L3y . (2.3.1)

This differs frgmAths formulas given in refs. 2-4, 2.6, and 2-7 by the
added term (pu- a )a. Before examining that term more closely, note
first that the other two terms are precisely those encountered in the
formula for *he complex wavenumber. Compare, for example, the first
group of terms in Eq. (E. 33) and the integral representing the combus-
tion coupling in Eq. (F. 17). With the definition (E. 34) of the admittance

function, one can write
_[E(r) n+ — u. n] LAI(:) £ ﬁ.b B-—(A(r)
pa YP, YP,
Thus, (2. 3. 1) can be written

- Q‘Z(A(r)d& )dS - _%)_5(3 U)u-hdS+a mt%a (2.3.3)

&
b) . (2.3.2)

The first integral in (2. 3. 3) extends over the entire boundary sur-
face, and therefore covers not only all burning surfaces but also the en-
trance planes of subsonic vents and choked exhaust nozzles. ‘fi;e last
will not be considered here.

With some re-writing, the first integral of (2. 3. 3) applied to the
burning surface will reproduce the terms containing B, and Be in Eq.

(2. 2.3). For the fundamental mode, the amplitude p of the pressure van-

ishes at the center of the turner, so the contribution from this integral

is very small over the entrance plane of a center vent; it is conventionally
dropped as being negligible. Let l'b denote all the contributions from the

burning surfaces, so (2. 3. 3) becomes

The minus sign anaes because u( r)a -nis positive outward from the
boundary, whereas a in the definition of ﬁér) is positive inward.
Note also that M Refmed as ub/a where a is the average speed of
sound in the chamber
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a = mb+am+ud-§§(ﬁ-:);-ﬁds : (2.3. 4)
N

In the analyses of refs. 2-4 to 2.7, the last integral in this equa-
tion also appeared, but was dropped for the following reason. On all
guthning surfaces the mean flow velocity is normal to the surface, so
u-u = :bﬁb' and the integrand is be(ﬁb)z. But Gb is of the order of the
average Mach number {see §2. 6). This term is therefore of the order of
the cube of the Mach number and is negligibly small for those surfaces.
It should be recalled (Appendix F) that only terms of first order in the
Mach number can he retained if the formula (2. 3. 1} is used. In refs. 2-4
through 2.7 it has been assumed also that the value of this integral over
the center vent is negligibly small. However, in refs. 2-9 and 2.10, an
argument has been made that the integral is of the order of the Mach
number,and hence is significant for the center vent. These contrary
views, plus a formal result for the '"flow-turning’' term (Gm). constitute
the basis for zertain questions related to the center vent. These questions
are, rsued further in Aspendix G, where various explicit forms
for the growth constant @ are given.

2.3.3 Comparison of the Two Calculations. The most important

point to be made is that for linear problems the formal results obtained
from the two approaches just described must be identical. This is not
immediately obvious because the authors of ref. 2.3 chose to work with
the total energy. If one forms the integral balance of acoustic energy
only, then, as shown in refs. 2-4 and 2.7, the identity of the resulta is
readily established. Arguments concerned with the magnitudes of partic-
ular contributions and their interpretation are quite distinct from the
formal results.

In order to construct the equation for the balance of acoustic en-
ergy, one must carry through the same operations with the differeniial
equations (i. e., the expansions in small parameters) as for the compu-
tation ot the complex wavenumber (see the comments on pp. 2-4 and 2-5).
The most attractive feature of working with the balance for acoustic en-
ergy is that it appears to be lesa obscure and formal. Indeed, the fact
that twice the imaginary part of the wavenumber multiplied by the speed
of sound must equal the fractional rate of change of enargy -- Eq. (2.2, 1)
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«» 18 ot immediately obvious. ) ‘
The new terms which were found in the one.dimensional analysis ‘

must in either case be somehow '‘patched' onto the three.dimensional re- .

sult. It is perhaps worth noting that ti.e one-dimensional analysis was

originally carried out by using a calculation of the complex wavenumber.

The formulas for the one- and three-dimensional wavenumbers were

used as the vehicle for incorporating the one-dimensional results --i.e.,

the approximations to boundary layer processes -- in the thrce-dimension-

al result. It is possible (see ref. 2-7) to construct a three-dimensional

analysis with source terms on the surfaces, which will eventually com.

bine all known linear results in a single analysis.
Perhaps the greatest advantage of working directly with the differ.

ential equations is that it has been possible to develop an approximate

nonlinear analysis. This is described briefly in the {following sections.

The relationship (2. 1. 1) between the {ractional rate of change of acoustic

energy and the exponential rate constant is strictly a feature of linear be-

havior. It is likely, therefore, to be very difficult (if not impossible) to

extend usefully to nontinear behavinr, an analysis founded only on the

balance of acoustic energy.

2.4 Nonlinear Analysis

Acoustic pressure oscillations in both rockei motors and T-burn-
=r8 normally reach a limiting amplitude after a perind of growth. To
reach a limiting amplitude requires a nonlinear mechanism, a process
that depends nonlinearly on the amplitude. Although some theoretical .
and experimental studies have been performed, the precise mechanisms
that lead to amplitude limiting have not yet been clearly defined. At the
present time there are two ways of examining nonlinear behavior analyti-
cally: by an approximate analysis, refs. 2-11 and 2-12; or by applying a
numerical calculation, reis. 2-i3 to 2-17. To the present, very little
quantitative nonlinear analysis has been done for T-burners, so the sub.
ject will be treated only briefly in this report.

2.4.1 Approximate Nonlinear Analysis. The approximate analy-

sis discussed in refs. 2.11 and 2-12 was very strongly conditioned by the
methods of linear analysis described in §2.2 and §2.3. 1, and motivated
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by the behavior observed in T-burners. The analysis was guided by the
observation that very often it appears that the unstable oscillatior con-
sists essentially of a single mode having a well-defined frequency but
amplitude changing in time. Figure 2.4-1 is an actual record taken
from ref.2-18. The harmonic variation of the pressure appears to be
relatively clean with no overtones. Figure 2.4-2 shows the result of a
harmonic analysis of the record reproduced in 2.4-1(a). Evidently, the
proportion of oscillations at the higher frequencies is not necessarily
negligible.

In ref. 2-12 the pressure field is represented essentially as a
Fourier expansion in the normal mcdes in an attempt to simulate the
harmonic content seen in T-burner records. The amplitudes and phases
are time dependent, and must be determined. The problem is eventually
reduced to sclving a set of nonlinea~ equations representing a set of
coupled nonlinear harmonic oscillators. A simplified method of solution
has been worked out, and results c:n be obtained quite inexpensively. No
detailed treatment of the behavior i1 T-burners is presently available.
Preliminary comparison (ref. 2-19) with some exact solutions for special
cases of instability in motors shows that the analysis may be acceptably
accurate and eventually very useful. The main advantages of the approxi-
mate analysis, as compared with numerical analyses, is that it is vastly
cheaper and can be more readily applied to three-dimensional problems.

These remarks on the apprcximate analysis are included here be-
cause of the potential value of this approach. To date, useful results are
quite limited. Ultimately, the real value lies not s> much in interpreting
nonlinear behavior in T-burners as in understanding nonlinear processes
in a more general way for application to motors.

2.4.2 Numerical Nonlinear Analysis. All the numerical solutions

(refs. 2-13 to 2-17) are for one-dimensional problems, so the results
must be compared with the analysis described in §2.2. The same sets of
conservation equations are used. Only in refs. 2-13 and 2-14 have the in-
fluences of particulate matter been accounted for. Because the motions
of the particles were calculated as part of the solution, the equations

were not combined in the manner described in § 2. 2.
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A crucial part of the problem which has been properly included in
refs. 2-13 to 2-16 is the transient behavior of the combustion response.
Although it is possible to use only a crude model for coupling (see §2.6.1),
it is necessary to represent the combustion processes by a frequency re-
sponse which shows a peak, generally in the range of several hundred to
perhaps two thousand Hertz. Another aspect is nonlinear behavior of the
combustion response, which has been shown in ref. 2-14 to be very im-
portant under many circumstances.

Some numerical calculations have been done for T-burners in ref.
2-17:because the {requency dependence of the combustion response was ig-
nored, the results are of limited value for comparison with experimental
data. The computations do, however, provide some informaztion in respect
to the limitations of linear calculations. The analyses reported in refs. 2-
l4to02-16 can be extended to T-burners without fundamental complications.
2.5 Calculation of the Acoustic Modes

It is clear from the discussions of §§2.2, 2.3, and Appendices E
and F that to obtain numerical results for linear stability, one must have

complete knowledge of the unperturbed acoustic modee. These are the
normal (harmonic) modes of oscillation in a chamber having the same ge-
ometry as the T-burner, or motor, but in the absence of combustion and
flow.

For simple geometries -- straight circular cylinders, for example--
the normal modes are easily computed. More difficult, but still amenable
to analysis, are the lorgitudinal mcdes in a straight tube having nonuni-
form cross-sectional area. All other cases can be treated only numeri-
cally. Numerical calculations of the acoustic modes, and the analysis foz
one -dimensional modes, are discussed in Appendix C.

2.6 Some Remarks on the Data Required for Analysis of Motors and

T-Burners
The T-burner has already been established as 2 useful device for
quantitative testing of un-metallized propellants (ref. 2-2) and for qualita-
tive testing of metallized propellants (ref. 2- ). But in order to perform
a stability snalysis of motors using metallized propellants, a considerable
amount of quantitative information is required (refs. 2-20to2-22). The

most pressing items are the response of surface combustion to an un-
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steady flow field, and the losses associated with the particles in the com-
bustion products. At the present tixne, it is not possible to compute a
priori the combustion response for real propellants. Experimental de-
termination is necessary. Currently, only the T-burner can provide this
information,

However, to obtain quantitative results for the combustion response
from T-.burner firings, it is necessary to have not only an analytical
framework within which data may be interpreted, but also certain other in-
formation which probably must be determined experimentally. The most
important problems are the dissipation of energy due to particulate matter
and the influence of the center vent or exhaust nozzle. Indeed, muck of
the need for the present report arises from difficulties associated with
those two items.

It happens also that for predicting the stability of small disturb-
ances in a motor, the losses due to particulate damping and the e:xhaust
nozzle are two of the three dominant stabilizing mechanisms. The third --
which one must assume can be computed accurately -- is the ''fiow-turning"
effect discussed in Appendix E. The point is, that the intensive attention
given these questions in relation to T-burners, also produces very neces-
sary information fcr the treatment of full-scale motors.

2.6.1 Response and Admittance Functions. There are two func-

tions commonly used to describe the effect of small amplitude harmonic
pressure fluctuations on the burning of a propellant; the response function
R, and the admittance function A, :

b b
=
R, = _.__._n:b ik , (2.6.1)
p/p,
a /a
A =2 : (2.6.2)
Py,

Note that a factor y appears in Ay but not in Rb , although in some discus-
sions vy is incorporated in Rb .  As defined here, Rb equals n, the index
in the burning rate law, r< p“, for slow variations (i. e., at low frequen-
cies).

The functions R.b and Ab defined here are for pressure coupling
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only. Corresponding functions can be defined for velocity coupling to

represent the influences of fluctuations of velocity parallel to the surface.
The subject of velocity coupling is much more complicated and, while
fundamentally important to inany casss of instabilities, is very poorly un-
derstood. Most of this report will be concerned with pressure coupling
only, but especially for long lateral grains in a variable area T-burner,
the presence of velocity coupling should not be ignored. A discussion is
given later in § 5. 4. 4.

It is an implicit assumption that the dynamical behavior of burning
surfaces can be characterized by a response function which is essentially
a property of the propellant. For a given propellant, R‘b and Ab depend
on frequency, pressure, and the temperature of the solid. All theise vari-
ables can be controlled for T-burner testing. For practice! purposes,
one must then assume that the nurnerical values obtaired in the laboratory
can be applied to a motor. Probably the mcst important features which
are different are the radiation flux incident upon the surface, and the total
mass flux past the surface, both being usually larger in a motor.

The significance of velocity coupling is also related to the assump-
tion noted. It is known that when the velocity parallel to the surface is
unsteady, the response of surface combustion depends on both the steady
and unsteady components of velocity., Consequently, the dynamical be-
havior will depend on the local environment in the motor. Laboratory
testing to obtain the necessary information is thes a much more difficult
task,

It is mainly as a convenience that the response and admittance
functions are introduced. Because the mass fluctuation (xﬁb) and velocity
fluctuation (ﬁb) are not in general in phase with the pressure fluctuation,
R’b and Ab are complex functions of frequency. The rate at which work is
done (per unit area of surface) by the combustion processes on the acous-
tic waves in the chamber, is equal to the product the pressure fluctua-

tion and component of velocity fluctuation in phase with the pressure:

a2
rate of doing work _oale)a _ Py (r)/ B
per unit area = 4 P = _‘T_- Ab (po . (2.6.3)

Consequently, the driving due to the burning surface is proportional to
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the real part of the admittance function. Owing to interactions between the
c-oustic ad mean flow fields, an additional term ﬁb E Kb/Z arises, and
as shown by ihe formulas deduced in Appendix E, the driving by surface
combustion is propurtional to Aér)ﬂ\—db . It is this combination which one
wishes to olttein from T-burner data, and which is required for stability
analysis of motlaors.

The roass flux and velocity are related by the definition m, = pgub.
Thu:, the aamittance and response functions are not independent. A very

simple «~lentat,on, outlined in Appendix E, leads to the identity

I aT/T
Ab,»i_h ;__uh(ab+ . °) (2.6.4)
a a P/P,

The teraj.evature fluctuation [.\{' is the difference between the actual tem-
perature fluctnation at the edge of the combustion zone, and the isentropic
temperature fluctuation accompanying the pressure fluctuation p. Thus,
AT is the non-i1sentropic part of the temperature fluctuation. An analysis
producing R, , such as those giving the formauala (2. 6. 6) below, will also
give a formula for aT. Because it is the combination (2. 6. 3} which ap-
pears in the stability analysis, it is convenient to use a single symbol.
The rcal part is denoted in this work by Be or B_.
B, = (A‘ir) + u—_b-) {end-burning surfaces)
_a € (2.6.5)

r, - (Aér) + ;‘i) (lateral or side-burning

a surfaces)

A yet {iner lcvel of interpretation of data consists in correlating
the measured -ralues of Rb with a model. To the present, this has been
attemnpted cnly 1or th~ model to which essentially all linear calculations
reduce (ret. 2-23}. The respunse function is then given by the relatively

simple formula

R, = n AB ) (2.6.6)

u-‘%- (A+1) + AB

: *
Here, n is apain the pressure index and A and B are parameters depend-

“The parameter 13 in (2. 6. 6) i3 of course not the same B defined by
(2. 6. =Y. ™o confusion should resuir because the formula (2. 6. 6) for the
respense ‘uns tine will not be used in this report.
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ing on the chemical and physical properties of the propellant. The quan-
tity A is a complex function of the dimensioniess frequency, wx/T°. Plots
of the real and imaginary parts of (2. 6. 4) may be found in many of the
references cited (e.g. 2-1); R,‘(’r) shows the qualitative behavior described
above: In particular, there is a rather broad band of enhanced amplifica-
tion. It is this function which has been used to represent the linear tran-
sient behavior in the calculations reported in refs. 2-13 to é-lb. More -
over, the only nonlinear calcvlations -- also discursed in those works -
rest essentially on the same basic assumptions.

While some attempts (refs. 2.24 and 2.25, for example) have
been made to deduce the values of A and B from T-burner data, the prob-
lem will not be discussed in this report. Obviously, rather extensive
measurements are required over wide ranges of both frequency and pres-
sure. The formula (2. 6.4) does not include the influence of a metal in the
propellant, except for changes in the thermodynamic propertiea. No
analysis of the influence of a metal additive on combustion processes has
been done. Consequently, the value of trying to determine the parameters
A and B is questionable.

2. 6.2 Dissipation of Acoustic Energy Due to Particulate Matter.

Two major sources of energy loss for unsteady motions in a solid propel-
lant rocket motor are the exhaust nozzle and particles suspended in the
gases. While the exhaust nozzle affects mainly longitudinal modes, the
damping due to the particles tends to stabilize all modes. The attenuation
varies strongly with frequency, and for a given particle size there is a
frequency for which the attenuation is a miaximum. For the particle sizes
produced in motors, the optimum frequency is usually greater than,
roughly, a kilchertz.

In T-burners, the energy losses associated with viscous forces
and heat conduction at the lateral Lboundary may be important, but it ap-
pears that for metallized propellants these are dominated by particle
damping. A second major source of loss -- at least for the even modes--
is the center vent, discussed in the following section. As implied several
times in earlier discussion, the contribution to the growth constant &
from particle damping is sufficient that it must be known quite accurately

to determine quantitatively the influence of the combustion processes.
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Even if the T-burner is used for qualitative assessment of the behavior of
prcpellants, at least a limited knuowledge of particle damping must be
available. It may be, for example, that different propellants produce
different results in T-burner firings because the condensed products of
combustion are different. An important advantage of testing with pulsed
T-burners is that a more direct determination of particle damping can be
obtained.

For these reasons, there has been and still is considerable con-
cern with particle damping. Unfortunately, there are some serious un-
certainties which are far {rom being satisfactorily clarified. The total
weight fraction (Cm) of particulate matter can be determined guite accu-
rately from the composition of tha propellant, but neither the size distri-
bution nor the average size is well known, There is some basis for
making roupgh assumptions about the size distributions, and some experi-
mental information is available (see, for example, the recent work re-
ported in refs. 2-26 to 2-28). But for the most part, .ne influence of the
particles is interpreted in terms of a single average diameter, 7. It is
then sufficient to use the simplesi representations of particle damping,
discussed in Appendix D. That practice will be ifollowed throughout this
report.

Much of the work which has been done on the problem of particle
damping in T-burners is also relevant to the stability of motions in mo-
tors. However, one must bear in mind that for several reasons, the
sizes of particles produced can be significantly different in diiferent ge-
ometries. For ecxample, both the average and oscillating flows may in-
fluence the behavior of the aluminum on the prupellant surface. Residual
combustion and/or agylomeration may affect the particle sizes in the gas
phase. These problems are important, but remain unsolved.

2.6.3 The Influence of Exhaust Nozzles and Vents. Because the

T-burners operate with a center nozzle or vent, work which has been
done on sonic exhaust nozzles for motors (e. g. refs. 2.27 and Z-28) is in-
applicable. Moreover, because the center vent is generally not choked,
the problem of its irfluence on unsteady motions is difficult. Three ex-
treme cases have arisen: that the vent may cause a gain of acoustic en-

ergy for the fundamental and odd modes, a formal result of the one-
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dimensional analysis (ref. 2-5}; that the vent may produce a substantial
loss, in particular for the fundamental mode (ref. 2-9); and, what until
fairly recently had been assumed without question, the vent has no effact
on the fundamental and all odd harmonics.

These divergent possibilities are the substance of the problem
associated with the treatment of the center vent. A more complete discus.
sion will be found in Appendix G. It is an important question, bec:use the
values of the response function deduced from data depend directly on what
contribution to the losses (or gains) is assigned to the vent. One definite
statement can be made: there is no doubt that the center vent in any case
is a source of significant energy loss for the even modes. The reason for
this is that the pressure fluctuation at the vent is then large, and even in
the absence of mean flow, radiation of energy from the vent is significant.

It must be emphasized that the corresponding problem of the
exhause nozzle for a motor is quite different and better understood. Cal-
culations appear to give reasonably good results, atleast for longitudinal
modes. The reasons for difficulty with the center vent in a T-burner are
that the flow is subsonic, and the average flow must turn intc the diraction

normal to the direction of most of the acoustical motions.
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3. TEST METHODS

In this section, the different methods for T-burner testing are
described in detail. The one-dimensional analysis, described in §2, is
discussed and applied to these different methods to show how they can be

used (1) ior gualitative testing to determine the relative stability proper-

ties of propellants; and (2) for guantitative testing to determine the re-

sponse parameters and damping required for the motor stability analysis
described in §2.6.

The apparatus necessary to conduct T-burner tests is discussed in
terms of the different methods. It is not recommended that the user of
this report select a T-burner method and focus attention on subsections
devoted to that method alone. Rather, a careful reading of this entire
section i8 suggested 80 as to gain insight into the problems that can be
encountered in T -burner testing with aluminized propellants. It is also
recomnmended that the T-burner manual for un-aluminized propellants

(ref. 3-1) be obtained for convenient reference while reading this section.

3.1 General Description of Different Test Methods

With heavily aluminized propellants, the acoustic damping result-

ing from AL203 product drofplets is so high that spontaneous or seilf-
excited oscillations will not occur in the T.burner unless relatively large
burn surface area {sufficient for the combustion response to overcome the
high damping) is used. Accordingly, the growth/decay method described
in ref. 3-1 for non-aluminized propellants having an end disc configuration
cannot be relied upon for the testing of aluminized propellants.

Two basic test approaches have been employed to study aluminized
propellants in the T-burner. One is to pulse the T-burner with an auxili.
ary -harge (pulser) and measure the decay rate of the resulting pressure
os=illations; the other is to use suificiently large propellant samples to
induce spontaneous oscillations. In the latter case, the growth rate of
pressure vacillations is measured. Based on these test approaches, three
T-burner test methods have evolved.

3.1.1 Pulsed During Burning/After Burning (DB/AB) Method. In
this method, auxiliary charges (pulses) are fired during burning and im-

mediately after the propellant burnout (ref. 3-2). A direct analogy can be
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drawn between the operation of the pulsed DB/AB method and the standard
growth/decay method employed for nca-aluminized propellant testing (ref.
3-1).

For non-aluminized propellants, acoustic energy gains normally
exceed acoustic energy losses during propellant burning. Thus, spontane-
ous oscillation growth will occur followed by an oscillation decay when the
propellant burns out. The net acoustic gains are measured from the growth
of oscillations during burning and the acoustic losses are measured from
the decay of oacillations at burnout. The difference between the growth
and decay rates is indicative of the combustion response.

Similar data are obtained from the pulsed DB/AB method. The
first pulse, during burning, corresponds to the growth period in the
growth/decay method; and the second pulse, immediately after propellant
burnout (when the burner is presumably still filled with a normal distribu-
tion of A.{,ZO3 droplets) corresponds to the decay period in the growth/de-
cay method, For the pulsed DB/ AB method, the difference between the
decay rates measured during and after burning is indicative of the com-
bustion response.

3.1.2 Variable-Area T-Burner (VATB) Method. In this method,
propellant samples are used having sufficiently large burn area to provide

spontaneous pressure oscillations in the T-burner (refs. 3-3 to 3-6).
Tests are conducted with different propellant surface areas and the net
acoustic energy gains are measured from the rate of oscillation growth.
If the rate of oscillation growth is plotted as a function of propellant burn
area at the time of oscillation growth, the slope of the curve is indicative
of combustion response and the extrapolated intercept at zero burn area
is indicative of acoustic energy losses (or damping) in the T -burner.
This method of T-burner testing is described in ref, 3-1 as an alternate
to the growth/decay method for non-aluminized propeliants.

For testing of non-aluminized propellants, end discs of propel-
lants can be used. The sample area on each end of the burner ranges
from the value of the burner cross-sectional area down to the lowest value
for which oscillations occur spontaneously in the T-burner. For testing
of highly aluminized propellants, however, samples having burn area
larger than the cross-sectional area of the burner are required for spon-
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taneous osciilations. Thus, cylindrical or cup-shaped propailant sampies
are normally required for the VATB method when dluihited prepellants
are tested.

3.1.3 Pulsed. Variable Area T-Burner (Pulsed.VATR) Methog.
This method is essentially the same as the VATB method. Howevar, hate
tests are conducted with propellant samples having a burn arza lass than

that required for spontaneous oscillations in the T-burner. For thase

test conditions, the T-burner is pulsed during buriing aha the net acous-
tic energy losses during burning are measured {rdf the rate of dacillatior.
decay. These decay rate data are plotted as a fuhction of sample burhihg
area; the combustion response and the T-burner damping are inferred
from these data as described for the VATB method,

Because analysis of data from: the VATB and pulsed-VATB method
are the same, these methods will be described under thé geheral heading
of VATB Method in most discussions that follow. In practice, data from
both of these methods are combined and analyied to obtain instability
characteristics for an aluminized propellant. The important advantage
gained from using both techniques is that a gréate: range of burning sur-
face area is covered. This produces better quantitative résults, as later
discussions will show.

3.2 Applications of the One-Dimensional Analysis to T-Bukner Teating
3.2.1 Description of Methods in Terms of the One - Dimensional

Analysis. The net acoustic energy gains (or losses) associated with linear
combustion pressure oscillations in a T-burner are represented by a
growth constant @, A formula for Q is derived in Appendix E and has been
quoted above as Eq. (2.2.3). %

S S S
_ w bel 2 beZ]} w bs
o {(;—e")[r““ By 5— BJ{(}_E_!) € )B, e ey
) co co e co
acoustic driving from end- acoustic burning from side-
burning surfaces burning surfaces

(3.2.1)

" An additional contribution from velocity coupling will be discussed in
§5.4.4; see Eq. (5.4.6).
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The parameters cl.own in this equation are defined in Table 3. 2.1. The
first term in am arises from losses associated with the flow 1 at the lat-
eral burning surface, and the second term arises from the vent. The ver’
factor, VF, is introduced to account for pr-sent uncertainties in the T-
burner acoustic analvsis (see Appendix G). The factor FT is shown be-
cause in some treatments of the data it has been included as a floating pa-
rameter; see §6.2. Here and elsewhere, the Mach number is by defimtion
the ratio of the speed of gasea leaving the burning surface, and the aver-
age speed of sound in the mixture: ﬁb = Eb/;'

Three quantities in this equation characterize the stability proper-
ties of an aluminized propeliant used in a T-burner: Be' BS , respouse
functions for pressure coupling; and ad, the net acoustic damping, main-
ly due to condensed material suspended in the gas. A fourt param .er,
characterizing the response to velocity coupling, will be ir odu ed in
§6.24 The response functions provide a measure of the d.  ing character-
istics of the propellant, anc the net acoustic damping provide measure
of the aluminum oxide droplet size created by the burning propeilant. In
addition, the gquantities FT and VF shown in Eq. {3.2.2) might be regarded
as parameters; the values deduced from the one-dimensional computatioas
must be aporoximate at best.

If the acoustic energy gain: associated with end- and side-burning
surfaces could be measured during the growth of oscillations in a T-burn-
er, caiculation of the two response functions would te a simple matte r.
Unfortunately, 2 method for direct measurement of these quantities .- not
known, T-burner data consist of pet acoustic energy gains during rowth
of osciliation amplitude or net losses during decay of oscillations. C(he
different T-burner methods represent different approaches that have been
followed to infer the parameters of interest from these net acoustic ener-
gy measurements. In the following, the pulsed (DB/AB) and VATB methods
are described in terms of Eq. (3.2.1).

3.2.1.1 Pulsed during burning/after burning (DB/AB) method,

For this method, the net acoustic energy decay rates during and
after burning are measured. For the case of propellant discs located at
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Table 3.2-1 Definition of Parameters Contained in Eqgs. (3.2.]1)and(3.2.2)

_ —ﬂ———- B Shamat o R
- ’

1.

2.

3.

smbol

definition

parameters determined from correlction of T-burner data

response function for end-burning surfaces
(Eq. E-36 of Appendix E)

response function for side-burning surfaces
(Eq. E.37 of Appendix E)

net acoustic damging in the T-burner

acoustic energy quantities measured in 2 T-burner test

a

W

net growth (or decay) constant for pressure
oscillations {(§ 5. 1)

angalar frequency oi pressure oscillations (§5.1)

parameters calculated from the T-burner geometry

[42]

be

bs

co

n un

normalized wave number (Eq. C. 12 and Fig. C-
2 of Appendix C)

mean acoustic energy correction factor (Eq.
C. 14 and Fig. C-8 of Appendix C)

amplitude correction for side-burning surfaces
(Eq. C.16 and Fig. C-11 of Appendix C )

mode shape correction factor (Eq. C. 11 and
Fig. C-6 of Appendix C)

flow turning factor {(Eq. C. 15 and Fig. C-10 of
Appendix C)

normalized grain length (B = ZL /L)

end- béxrmng area (Sb p = vD /4 Sb 2 =

(b =D )4

side - burmng surface of one grain (S, ="D_L,)
cross-sectional area of T-burner chamber
(WD Z/4)

cross-sectional area of grain bore (nD /4)
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each end of the T-burner, the net acoustic energy loss for the pulse dur-

ing burning is

S S
_ bely o bel
oy = 4t (g)B 4 M (P2 )VFea, . (3.2.3)
co coO
The net loss for the pulse after burning is
&, = a4 (3.2.4)

where it is assumed that mean burning and mean flow fiom the T-burner

flow has ceased at the time of the second pulse:ﬁ.

if the crucial assumption is made that the madgnitude and mechas -
ism of acoustic energy losses represented by o, are the same for both

pulses, the response function for end-burning surface can be calculated

as
c.]-az _
B, = 2t 5. 75,0 - My(VE) . (3.2.5)

co

In a similar manner, the response function for side-burning sur-
faces can be determined from pulsed (DB/AB) tests using short ($ << 1),
flush (SCO/SC = 1.0} cylinders. Thus,

C!.l-Q.Z

B, = 15757 CE - M (VF) . (3.2.6)
s “co
In principle, therefore, the pulsed (DB/AB) method can be em-
ployed to measure directly the net acoustic damping in the T-burner, &y
and measure data necessary to infer the two response functions Be and
Bs . .
3.2.1.2 Variable-area T-burner {VATB) method.
There are several methods of using Eq. (3.2. 1) to interpret VATB

test data. These are distinguished by the propellant grain configurations

—

Test procedures for determining the optimum time for the second pulse
are given in §3. 3. 3; additional comments pertaining to mean flow condi-
tions are given in §7.
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used in the T-burner and the assumed form of LPe In one method (refs.
3.1, 3-4, and 3-.5), the crucial assumption is made that the magnitude and
mechanism of acoustic energy losses represented by a.d are independent
of changes in propellant geornetry. In other words, &g is assurned con-
stant over the area ratio variations considered in a VATB test series.

In the second method (refs. 3-5, 3-6), the dependence of Gd on changes in
frequency is taken into account, but the losses are still assumed constant
with area ratio,

In the following, the VATB method is described in terms of differ-
ent grain geometries with ey assumed constant. The method of data
analysis where &3 is treated as a frequency-dependent variable is dis-
cussed separately.

(a) cylindrical grains. One propellant grainconfigurationthatcan
be used in the VATB is the cylinder, where Sbelsco = 0 and Sbslsco £0.

P
In this case, Eq. (3.2.1) can be written as

s
LR {(K&L)(Elz)(ct)(slc’-:)}lssmd : (3.2.7)
L

The furm of this equation is that of a straight line if @ d and Bs are
assumed constant. The coordinates are (G-G.m) versus the bracketed
term in front of B_: the slope of the line is Bs; and the intercept of the
line on the (O--G-m) axis is ad' as shown in Figure 3.2-1(a). Since a VATB
test series provides data consisting of the growth constant, a, for diifer-
ent area ratics, Sbs/sco’ these can be plotted on this coordinate system,
and both 13S and c'd
It should be noted that a large extrapolation could be necessary to deter-

determined by fitting a straight line through the data.

mine Gd if large area ratios, Sba/S , are required for self-excited os-

cillations in the T-burner. This prgglem can be eliminated if the T-
burner is pulsed at lower area ratios. It can be seen that the use of cylin-
drical grains alone provides a value for net damping, &, and only one of
the important response parameters (viz., Bs ).

(b) end disc grains. For propellant grains that have end-burning

surfaces only (viz., discs), the net acoustic eaergy gains in the VATB

are given as

*FT and VF have been assumed to be known when this approach was used.
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1

Here, the coordinates for plotting the VATB data are (G-O-m) and
the bracketed term in front of B,- The data should fall along a straight
line of slope Be and the line should intercept the (a-o.m) axis at O-d, as
shown in Figure 3. 2-1(b). Again, it must be assumed that the response
parameter (in this case, BP_) and Gd are constants. In general, the use of
end discs in VATR testing for metallized nropeilants will not provide suf.
ficient acoustic energy gains to exceed net damping in the T-burner. As
a result, pulse testing must pe relied upon for data that wculd be corre-
lated in this mamner. Accordingly, the use of end discs alone in the vari-
able-area method n.. st be categorized under the nulsed variable-area
method.

{(c) cup grains. For propellant grains that have end- and
side-burning surfaces (viz., cups), Eq. (3.2. 1) cannot be simplified to
permit analysis on a two-dimensional plot. In terms ot the plots described
for th= twn Lrevitus cases, VATE data resulting from cups can be plotted
in three -dimensional space having the coordinates shown in Figure 3.2-

1{c). The data should define a plane having slopes

. 1 S
B, in the a-am versus (ﬁ)(—&—%—)(clj(gz—f;) plane,
and ¢ (3.2.9)

S
. : bel 2 beZ
B in the Q.0 _ versus ——-—-z“ T *cos (ﬂK ) ] plane.
€ m <K )[ co

Cup grains seem appealing for VATRB testing because, theoretical-
ly, both the end and side response parameters (Be and Bs) can be evalu.
ated from a VATB test series. However, it has been found that there is in-
sufficient variation in the end area ratio, Sbe!Sco, to provide asdequate da:a
0 define accurately the crientation of the data plane within the B, plane.
Thus, thie approach to VATB must be viewed with skepticism until tast
procedures are improved. This aspect of VATB testing is discussed in
$3.2.3.2.

I

"Through statistical anaiysis of 1G4 VATB daturn r rin*s, reaszonable values

of B, have been obtained (ref. 3-7). The number of VATB tes!s required to

obtain this set of data is considered p-ohobitive in terms of cost to deter-

mine the response function for a propellant¢: une pressure and frequency.
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(@) &y assumed to vary with frequency. If the assumption is made

that the net damping in the T-burner is due to particle damping only, the

expression for a.p given in Appendix D as Eq. (D. 24);

wz'rt
8 = -z(—a—){;;'rn"(v DS —5t}
) -rd Cp 1+w T,
where 5
Ps? 3 C
Tq < BY:7Y and 'l't = Z-E;Pr-rd.

The correlation of VATB results in the determination of a mean particle
diameter, ¢, rather thana 4° The effect of this substitution is to take in-
to account variations in a due to frequency changes that occur during a
VATB test series; such variations in frequency result from changes in
the gas/particle speed of sound and mode distortions which are dependent
upon the propellant grain geometry. An exam.ple of this approach to cor-
relating VATB data is presented in ref. 3-6.

3.2.2 Applications of the T-burner to Obtain Qualitative Data.
One important purpose of conducting T-burner tests is to establish the

relative stability properties of two propellants. This use of the T-burner
has been encountered in several different types of studies.
(a) Quality control of production propellants. When a rocket mo-

tor is marginally stable, the T-burner can be used to identify changes in
stability behavior arising from changes in the propellant response or
damping characteristics. The effect of mix-to-mix as well as lot-to-lot
variations on motor stability can be determined with the T-burner at rel-
atively low cost (ref. 3-8).

(b) Systematic variations in propellant ingredients. In the pursuit
of propeilant additives that minimize propellant response or maximize
damping, the T-burner can be used to measure relative changes in these

properties for systematic changes in ingredients (refs. 3-9 and 3-10).
(c) Optimum motor conditions for minimizing instability. T-
burner tests can be employed to determine the dependence of propellant

response on frequency and pressure. More specifically, the pressure

and frequency where the response is maximum can be determined. Based
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on these data, changes can be made to an unstable motor to minimire
the risk of instability.

For qus itative T-burner testing, it is assumed that changes in
either one of the response functions, Be or Bs’ are indicative of the
overall propellant response. As described below, additional assump-
tions are made regarding the form of the mean flow/acoustic interaction
term, Q- These assumptions may not be justified for the guantitative
determination of the response functions Be and B,, but for relative

comparison of propellant response, no large error is introduced into the

results.
3.2.2.1 Pulsed during burning/after burning (DB/AB)
method.

For this test method, either end disc or cylinder grains cau be
used at each end of the T-burner with area ratio Sb/S‘:o approximately
unity. Assuming that the mean flow/acoustic interaction term is zero,

and noting that C, is unity and mode distortion is minimal for short cyl.

A
inders and end discs, Eq. (3.2. 1) is written as
Sbe
o = 4f g;B*&d . (3.2.10)

where B = Be = Bs .
The net acoustic loss resulting from the pulse during burning is
s
_ be
Gl = 4f T B+ U-d .
co
The net acoustic loss resulting from the pulse after burning is

= a
2 d
By assuming that the acoustic damping during burning is equal to

a

that after burning, the propellant response is
o 8 -
B - 4.{.(_13__75_Tf"z . (3.2.11)
be co
In practice, the first term on the right hand side of Eq. (3.2. 10)
is usually referred to as the ''combustion alpha'' or Q.- Thus, the al-
ternative response parameter used for comparing the stability proper-

ties of different propellants is
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Qualitative tests using the pulsed DB/ AB method provide, there-
fore, a direct measurement of the acoustic damping (approximately the
particulate damping) in the T-burner and the response function, B, or
the combustion alpha, a for the propellant. Data of this type may be
found in ref. 3-11.

3.2.2.2 Variable-area T-burner method. Qualitative data
are obtained from the VATB method by assuming a value for the vent
factor, VF, and testing with cylinders of different lengths; the growth
alphas are correlated using Eq.(3.2.7) to obtain the response function,
B, and the net damping in the T-burner, a,. For relating the response
function B to the combustion alpha & _ , the following expression is ob-
tained from Eqs. (3.2.11) and (3.2, 12):

a. = 4fB .
3.2.3 Application of the T-Burner to Obtain Quantitative

Data. The T-burner can be employed to determine the end- and side-
burning response parameters {Be and Bs) for use in the three.dimen-
sional stability analysis, described in §2.3. The approaches of T-
burner testing to obtain quantitative data of this type are not markedly
different from those outlined in the preceding section for determining
qualitative data. The primary difference is in how the one-dimensional
theory is used to correlate the data.

3.2.3.1 Pulsed during burning/after burning (DB /AB)

method.

In this method, end discs must be used in tests to determine Be
and cylinders for tests to determine B,- The test approach is that de-
scribed in §3.2. 1. It should be noted that the vent factor, VF, must be
known before Be and B, can be evaluated. A discussion of this factor is
given in Appendix G.

3,2.3.2 Variable-area T-burner method.

Testing with the VATB method for quantitative data is accom-
plished as described in §3.2.2. Again, a value for the vent factor, VF,
is necessary to use this method. Cylindrical grains can be used to obtain

47




v

B,- Ideally, end discs of varying area ratio, S, ,/S__, or cups of vary-

bel co
ing length can be used to obtain Be' Unfortunately, correlation of data to

obtain Be has not been successful; variable.area testing using end discs
i: not promising because of the small contribution from the partial end
discs. Thus, the VATB method is limited to obtaining Bs and ay The
response function due to end burning surfaces can be obtained from
pulsed DB/AB testing.

3.3 Pulsed During Burning/After Burning (DB/ AB) Method

In this subsection, the pulsed DB/AB miethod of testing aluminized

propellants is described in detail.
3.3.1 Hardware Configuration. The basic hardware for the
pulsed DB/AB method ir essentially the same as that described in the T-

burner manual for un-aluminized propellants (ref. 3-1). In the following,

specific features of hardware necessary for testing with the pulsed DB/
AB method are discussed. Design details pertaining to T-burners util.
ized in pulsed DB/AB testing can be found in refs. 3-11, 3-12, and3-13.
3.3.1.1 T-burner chambers.
Pulsed DB/ AD testing has been done with T-burner chambers
having 1.5 in. diameter (refs. 3-11, 3.12, 3.13). A detailed discussion

of factors to be considered in selecting the chamber diameter is given
in §3.4.1.1. In one configuration, the T-burner chambers are coupled
to a center block that contains the T-burner vent as shown in Figure
3.3-1(a). This approach allows variations in T-burner length (for
changes in frequency) by leaving the center block mounted in place and
replacing the chambers with those having the desired length.

In a second configuration, the T-burner chambers are a single
tube with an exhaust tube attached at the vent location, as shown in
Figure 3.3-1(b).

The T-burner test frequency is determined by the length of the
T-burner chambers, L, and the speed of sound of the gas/particle mix-
ture in the T-burner, a:

f, = a/2L (Hz)

Since the speed of sound of the gases in the T-burner is influenced bv

heat loss to the walls, it cannot be calculated accurately. A plot of ob.
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3.3-1 Typical T-Burner Hardware for Pulsed DB/AB Testing
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served frequency versus T-burner length is presented in Figure 3.3-2

to aid in the selection of T-burner lengths when a particular frequencyis

of interest. Note that this figure is for one propellant and should there-

fore bc used only as a guide. Both the speed of sound itself and the change

with length will depend on the composition of the propellant.
Recommendations: Either of the two T-burner chamber configura-

tions shown in Figure 3, 3-1 is recommended for pulsed DB/AB testing.

The single-tube configuration has a smooth interior wall that does not in-

troduce acoustic losses due to cross-sectional area discontinuities; how-

ever, if designed and machined properly, the multiple chamber/center

’ block configuration is not susceptible to these type losses. A chamber

i diameter of 1.5 in. is recommended for the pulsed DB/AB T-burner.
3.3.1.2 Surge tank.

A surge tank is recommended for pulsed DB/AB testing. The

L surge tank is normally coupled to the T-burner with a heat exchanger

4 tank between the surge tank and T-burner, s shown in Figure 3. 3-3.

| The heat exchanger reduces the temperature of the combustion products
| and, therefore, serves to decrease the pressure build up in the overall
system by extracting thermal energy trom the gases. The heat exchang-
er can be a small tank packed with a bed of chain,

T If pressurizing gases are to be stored in the surge tank between

tests, it is recommended that the valve that isolates the surge tank from
the T-burner be between the heat exchanger and surge tank, as shown in
! Figure 3. 3.3, In this way, the heat exchanger will trap a large fraction
p of the aluminum oxide in the exhaust products and minimize wear to the
valve seat.

~he heat exchanger and surge tank system used at one pulsed
DB/AB T-burner installation consists of a 1 cubic ft. chamber packed
with 35 lbs. of iron chain for the heat exchanger and a 5. 76 cubic ft.
chamber for the surge tank. This installation also has a "uniflow' sec-
tion which is detailed in Fipure 3.3-3. The series of cones with 5/8 in.
diameter openings permit unrestricted flow from the T-burner to the
surge tank system; however, due to the spaced conical arrangement,
backflow from the surge tanks to the bu:ner is impeded. This feature

eliminated a problem of low frequency burner - tank coupled osciilations
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stimulated by the pulse under some burner test conditions.
Additional comments and considerations pertaining to surge tank
installations are given in § 3,4, 1. 2,

3.3.1.3 Ignition Bystem.

The requirements for an igniter in the pulsed DB/AB method are
the same as that for the growth/decay method described on pp. 30-32 of
ref. 3-1. In one laboratory that utilizes the pulsed DB/AB method, an
igniter is used with an ignition aid material coating on the propellant
suriw..e. The teardrop igniter consists of a nichrome bridge wire
(0. 004-in. diameter by 0.200-in. length) attached to No. 32 cotton-
covered wires. The igniter assembly is dipped into a pyrotechnic mix
to form a teardrop having a nominal weight of 60 mg.

Additional comments pertaining to igniter fabrication and a for-
mulation for pyrotechnic paste are given in Section 3. 4, 1. 3,

3.3.1.4 Pulser.
The pulser used in the pulsed DB/AB method (and pulsed VATB

¢
method ) introduces the pressure disturbance that is utilized to measure

the acoustic energy losses in the T-burner. Ideally, the pulser should
introduce a gas/particle mixture identical to the combustion products
that prevail in the T-burner due to propellant burning. in addition, the
pulser mass injection rate should be tailored to excite fundamental mode
and minimize excitation of the higher modes. Tailoring criteria for
pulsers have not been decveloped; however, experimental studies of har-
monic excitation for several different pulsers are presented in ref. 3-5.
Brissant pulsers are not desirable because they excite higher modes of
oscillation and possibly disturb the behavior of aluminum filigrees and
agglomerates loosely attached to the propellant surface.

Two types of pulsers have been tested: squibs and piston pulsers.
Table 3.3-1 shows the different squibs that have been considered.

For the 1.5-in. T-burner, most tests have been done with the
Bermite Mk 2 black powder (90 mg) squib. It is reproducible, and cre-
ates sufficient strength tc allow acceptable pressure amplitudes. The

ARC special squib (manufactured by the Northern Flare Division of At-

E
‘See §3.4. 1.4 for comments on pulsers used in the pulsed VATB method.
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lantic Research Corp. ) uses the same hardware as the Mk 2 but contains
45 mg of FFFG powder and 45 mg of BKNO3.
been ui:C as a replacement for the Bermite Mk 2,

Recently, this squib has

Table 3.3-1 Squibs Used in Pulsed T-Burners

Manufacturer Designation Strengtn';:
Bernmite Mk 1 2 psi
Bermite Mk 2 4 psi
Atlantic Research Corp.

(ARC) special 7 psi
Holex 1395 20 psi
Holex 6100 40 psi

*Nominal peak-to-peak amplitude at 500 psi and 800 Hz burner (1. 5-in.
diameter).

Data indicating the pressure pulse amplitude generated by the
Mk 2 pulser are shown in Figure 3.3-4. These data were extracted from
pulse decays obtained during burning with ANB 3066 propellant at a nom-
inal pressure of 500 psi in the 1. 5-in. diameter NWC T-burner at five
different T-burner lengths (frequencies)., The plotted pressure ampli-
tudes are the mean values of the peak '"usable' pressure amplitudes for
five test series; each series consisted >f ten or more tests. The data
bars indicate one sample deviation about the mean value.

The piston pulser is shown in Figure 3.3-5. This type of pulser
is being developed by Aerojet Solid Propellant Co. and is described in
detail in ref. 3-14. It consists of a small piston in a cylinder that is
coupled to the T-burner chamber. When the piston is driven forward,
the gases in the cylinder are introduced into the T-burner and the pres-
sure pulse is created. The piston is driven by a small pyrotechnic
charge in the breech when initiated by a squib. The stroke is tailored to
provide both the desired mass injection (mean over pressure) and the
duration. The piston weight also is used to tailor the firing duration.
Soft retal spacers at the end of the breech are used (1) to absorb shock

impact from the piston, (2) to alter resonant cavity features of the pulses,
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Figure 3. 3-4 Pressure Amplitudes Cenerated by Mk2 Squibs, ANB
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to the axis and located at the ends (ref. 3-13).
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and {3} to refine stroke duration if necded. The gases vent through a
subsonic orifice.

Recommendations: it is recommended that either the Mk 2 or

ARC special squibs be uscd as pulsers in the pulsed DB/AR T-burner.
The piston pulser could becoine an acceptable replacement for squibs in
the future. It is suggested that recent literature on pulsers be examined
before making a selection.

3.3.1.5 Transducer and pulser location.

In principle, only cne high-frequency transducer is necessary in a

1]
f T.burner test. This transducer <an be mounted at the center of either

end cap or along the T-barner chamber wall near either end cap, A sec-
r ond high-frequency transducer at the opposing end provides redundance of
} data.

Harmonic content van be obtained from electronic filtering (spec-
trum analyzer) of the output from a high-frequency transducer mounted
near the end of the T-burner chamber. Osciliati>ns in the even longitudi-
nal modes can be measured by moeanting a high-frequency pressure
transducer at the ceater of the T-burner {vent location).

Two lovations have been used for pulsing the T-burner. Mosti
commonly, the pulsers are located at the center of the end caps, as shuwn
in Figure 3. 3-1(a). In the second case, the pulsrrs are located at the
quarter wave points, as shown in Figure 3. 3-1i{b}.

The argument for pulsing at the c¢nds is that the pulser gases enter

b

b

)

i

l ) the chamber symmetric to the axis of the T-b>urner and rapidly develup

! into a standing longitudinal wave with minimum distortion due to reflection
” from the T-burner walls. Arzuments for the quarter wave location are
(1) this Jocation is at the pressure nodal pouint for even modes; thus, ex-
citation of even modes is minimized: and (2) this location is downstream
from the propellant surface which could be altered by the sweeping action
of the pulse gases when they enier.

Recommendation: Either of the pulser locations described above

can be employed in pulsed DB/ AB testing. Insufficient data exist to es-
tablish which approach is optimum. It should ke noted that locating the

puisers on the end caps makes it necessary to mount the high-frequency
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~from the igniter can be spread unifermly across the propellant surface and

transducer on the side walls.
3.3.2 Propellant Grain Configurations. <
3.3.2.1 Disc, cylinder, and cup grains .

The pulsed DB/AB method relies upon direct measurement of the {‘1

decay of waves due to acoustic energy losses in the T -burner immediately ’
after propellant burning, before the combustion products are changed due
tc venting. It is therefore necessary that the propellant grains burn out si-
multaneously and have no small slivers which continue to burn during the
second pulse. Whereas simultaneous burnout can be achieved by precise

machining of the propellant web thickness and simultaneous ignition of the

grains, prevention of slivering is achieved by uniformly igniting grains
that have uniform web thickness.

Three grain coafigurations have been tested using the pulsed DB/
AB T-burner: end discs, cylinders, and cups. Of these, the end disc grain

is preferred for qualitative testing. For this grain configuration, products

the web thickness is constant; thus, similtaneous and uniform ignition of
the grains can be achievad reproducibly.

For quantitative testing in which a distinction is made between the
response functions associated with end- and side-burning sarfaces, tests
can be conducted with both cylindrical and end-disc grains. The cylinder
geometry does not present any new problems associated with ignition;
however, difficulties associated with uneven burnout can be encountered if
the grain is long (see 53.4.2.1). Methods of testing to determine if un-
even burnout occurs in the pulsed DB/AB method are given in §3, 3, 3. .

The cup grain is not suggested for pulsed DB/AB testing. Aithough
uni.form ignition of the propeliant is possible, unifcrm burnout is precluded
due to the fillet of propellant that remains at the outer periphery of the cup
base; sec Fig.3.4-4. Removal of this 'fillet' material bymachining could
eliminate this problem. However, the cup grain would be expensive to fab.
ricate. In addition, to use the cupgrainin quantitative testing would require

tests with cups of two different lengths to separate B"3 and B_ .
Recommendation: For qualitative testing, end disc grains should
be used in the pulsed DB/AB method. The amount of propellant and the

cost for machining are minimized for this grain configuration. For quan-
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titative testing, end disc and cylindrical grains are recommended. Cup
grains are not recommended for use in the pulsed DB/ AB method.
3.3.2.2 Methods of mounting the propellant grains.

Methods for mounting end disc grains are described on pp. 25.30
of ref. 2-1. A schematic of a typical mounting is shown in Figure 3. 3-6,
and a detailed assembly procedi:re is given in refs. 3-11 and 3-13,

I'wo methods for mounting cylinder grains in the pulsed DB/ AP
T-burner are shown in Figure 3.3-7. One method gives a time during
burning when constant cross-sectional area prevails in the chamber
(hereafter referred to as flush conditions). 'The second method gives
flush conditions when the cylinder grain '""burns out.! Both of these
mounting configurations are used in a series of pulsed DB/AB tests with
cylinders {see §3.3.3).

To provide a flush condition during burning, shown in Figure 3. 3-
7(a), the cylinder is recessed into the chamber wall and the bore diame-
ter of the grain is slightly smaller than the inside diameter of the cham-
ber. The small protruding web of propellant provides a short burn time
before flush conditions so that the chamber is filled with combustion
products when flush conditions occur. Burning of the outer and end sur-
faces of the cylinder 1s undesirable: thus, these surfaces are inhibited.
Inhibitors that create char material should not be used on the edge of the
cylinder facing the T-.burner vent. Such residue can cause aconstic dis-
turbances. A light coating of silicone grease (e.g. Dow Corning No. 11)
has been found to restrict burning on this surface without char material
forming.

For the flush condicion at burnout, shown in Figure 3. 3-7(b), the
propellant grain protrudes into the chamber and the outer diameter of the
cylinder is approximately the same as the inside diameter of the T-
burner chamber (allowance must he made for inhibitor). As in the flush-
at-burning configuration, only the bore of the cylinder is allowed to burn
and the end of the grain facing the T.burner vent is coated with a non-
charring inhibitor.

3.3.3 Test Procedures. The testing procedure for the pulsed

DB/AB T-burner is described in terms of (1) the number of tests recom-

mended to determine a and Cy for a given pressure and frequency, and
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Figure 3.3-7 Mounting Cylindrical Grains for Flush Conditions

During and After Burning
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{2} the details of hardware and instrumentation preparation for a test .
series.
3.3.3.1 Recommended test series,
This section describes what pulsed DB/AB tests should be con-

ducted for a given frequency and pressure level. A typical test record for
ANB-3066 propellant is shown in Figure 3.3-8.

For flat samples, the timing of the DB pulse is chosen such that

{a) the burner has had time to be flushed of igniter products, filled
with propellant products, and approach equilibrium gas tempera-
ture (typically the equivalent of 90 cycles after ignition at 800H.};

(b) the burner pressure has leveled off after the ignition transient
and all oscillations stimulated by ignition have decayed;

{c) sufficient time is allowed after the pulse for the system to recover
to steady conditions before burnout (time depends on decay rate of
pulse,which can be estimated or determined in the first firing of a
test set).

In the case of ANB-3066 propellant, the use of 0.125-in, thick propellant
sampies and a DD pulscr firing at approximately three quarters of the
time to burnout easily met these requirements, as can be seen in Figure
3.3-8.

In the case of the DB pulse with cylindrical propellant charges, it
is recommended that the above requirements be met and the pulser fired
at the time when the burning propellant is flush with the burner walls,
With flush conditions, an analytical correction {Appendix C} is not re-
quired, and undesirable flow effects associated with a step or lip are
minimized. It is recommended that data for determining a mean a from
DB pulses be derived from a minimum of five tests.

The AB pulses are fired to determine the damping alpha. If the
appropriate TARO for e, for a propellant i3 known from previous testing
(as in the case of lot-to-lot propellant quality control testing), a series of
five tests with the AB pulser fired at that TABO is 1ecommended.

If there is no a priori knowledge of the appropriate TABO, a se-
ries of ten tests should be conducted in which an AB pulse is fired at dif-
ferent times following burnout. A recor anended time interval is 0. 010

secounds over a 0. 100 second period. This procedure is necessary in
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order to determine the a4 from the series of AB alphas (c.z). An exami-
nation of the a, versus TABO relationship (see §5.1.1.2) obtained would
indicate whether, and at what TABO's, additional firings are needed.

The recasoning behind this procedure for determining &y is that if
a pulse is fired while the propellant ig still burning, a value of @, com-
parable to that obtained from a pulse during 2, will be obtained; at a
later time, as the propellant is burning out, a somewhat higher decay
alpha will be measured because the contribution from the propellant* will
be less and the dccay will be more nearly indicative of only damping. At
a time when propellant burning has ceased completely, a, will be at its
largest value; thereafter, it will be smaller due to cooling of the gases
(decrease in frequency) and due to a reduction in particle damping be-
cause of particle agglomeration and condensation and due to back flow
from the surge tank. Thus, there will be a time after burnocut (TABO)
, will have the largest value. The largest value of s, {which oc-
curs at a particular TABO) is taken to be the damping that would be

when 2

present daring burning and is designated as Qg It should be pointed out
that the damping measured in this manner is somewhat less than the ac-
tual damping, since it is determined by taking the largest value that can
be measured during the disappearance of one perturbing effect {gradual
burnout), and the appearance of others which reduce the decay rate. How
much these perturbing processes overlap has not been determined, and
hence how much this "maximum! vaiue of the damping deviates from the
damping which actually occurs during burning is not known. From tests
of several propellants it appears that the ralationship between %y and
TABOQO is =& function of propellant composition, pressure, and frequency.

The approximate TABO's for ay for a few propellants that have
been extensively tested are: ANB-3066, 0 -0,030 seconds at 500 psi and
820 Hz; medium-energy CMDB, 0,060 - 0. 080 at 350 psi and 820 Hz: and
a high-cnerzy CMDB, 0.080-0. 140 seconds at 1000 psi and 880 Hz.

In the case of AB pulses with cylindrical grains, the above pro-

cedure is recommended,with the additional condition that the ''burned out"

"The trend described here is for the case of a propellant with positive
combustion response. The idea is the same, but TABO trends are cor-
respondingly changed,when a 1s negative.
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propellanrt sample be flush with the burner wall. Since flush conditions
are desired for both the DB and AB pulses, separate tests are conducted
to obtain DB and AB pulse data using the grain configurations shown in
Figure 3. 3.7.

To summarize, the minimuam number of tests recommended for
any one test condition depends upon the a prioriknowledge the investigator
has on the propellant and on the propellant grain configuration to be
tested. The following matrix based ontests at 800 Hz canbe used as a guide:

TABO for &, Flats Cylinders

* EXd
(msec) G! a.z total al QZ total
known 5 5 5 5 5 10
unknown 5 10 10 5 10 15

“DB and AB pulse data are obtained from a single test.

"*DB and AB pulsc data are obtained from separate tests designed to give
flush conditions.

Ordinarily, one is interested in test results over a range of ire-
quencies and possibly a range of pressures. Thus, the above matvix
should be considered for each frequency and pressure desired.

3.3.3.2 Preparation of instrunientation and hardware.

In preparation for a test series, a transducer calibration is first
made. Checkout of instruments prior to each test consists of verifying
filter, oscilloscope, oscillograph, amplifier, and pressure transducer
settings. Once the instruments are set, a group of tests (as many as 10
to 15) may be fired with no major changes. Instrumentation channels that
record pulse data are calibrated by introducing an oscillating voltage of
known frequency and amplitude into the system in place of the pressure
transducer output {AC calibration). An oscillograph recording is imade
for the appropriate frequency and filter setting for a given test series se-
quence: the deflections are measured as a part of the data reduction pro-
cedure.

The following sequential rteps are followed in assembling the

center-block type T-burner:
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(a) The suitable burnar parts are chosen from stock, inspected,
and wiped clean -- especially joining surfaces.

(b) A light film of grease (e. g. Cow Corning No. 11 silicone
grease) ia wiped over male threads and ends of tubes.

{c) Burner parts are assembled by hand, and all joints are "made
up’’ by applying a pipe wrench to each end of the assernbly and torqueing
tight.

{d) The interior of the assembly is visually inspected to assure
that sections line up properly and that there are nv gaps at any of the
joints.

(2) The burner assembly is then placed on the neck assembly and
turned up tight.

{f) Previously prepared sample holders are placed in the counter-
bores provided in the end adaptors and the end caps screwed on with
final tightening by a pipe wrench.

(g) The appropriate electrical connections are ma de to the squib

and igniter wires.

Following the assembly of the T-burner, (1) the surge tank pres-
sure is adjusted to the desired pressure with high-pressure air; (2) the T-
burner and heat exchanger tank are pressurized with nitrogen to the de-
sired pressure and the ball valve connecting the two tanks is opened; and
(3) the firing sequencer is activated, which atarts the oscillograph, acti-
vates the oscilloscope camber, fires the igniters and pulsers, and stops
the oscillograph.

After firing, the valve that isolates the heat exchanger tank and
surge tank is closed, and the T-burner is depressurized. Then the end
cap and sample holders are removed from the T-.burner, the residue ex-
haust products are drawn off through an exhaust system, and the T.burner
is cleaned,

3. 3.4 Operational Limitations. The pulsed DB/AB T-.burner has
been operated successfully over a frequency range of 220 to 2000 Hz and a

pressure range of 200 to 2000 psi.
It appears that the upper frequency limit might be extended to
3500 Hz: the limiting factor is that the pulse decay rate becomes quite
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high as the frequency increases, and a sufficient number of decay cycles
may 1.0t occur to permit usefully accurate measurements to be made. At
the 1ow frequency end, there are the problems of filling the T-burner
chamoer with respresentative combustion products and obtaining sufficient
temp crature before the pulses are fired due to the small amount of propel-
lant that is burned. The use of thicker propellant samples (longer burning
time' might improve this situation somewhat.

It appears that the pressure range over which the T-burner can be
operaited could be extended. Operation at lower pressures probably
would depend only on the combustion characteristics of various propel-
lants. The upper pressure limit, as far as the hardware capability and
practical gas (nitrogen and air) supply is concerned, is approximately
2500 psi.

3.3.5 AnExample of Raw Data. Figure 3.3-8 shows an oscillo-

graph record of ~ pulsed DB/AB T-burner firing. Details on data reduc-

tion are given in %5.5. 1.

3.4 Variable Area T-Burner (VATB) Method

In this subsection, the variabie-area T-burner (VATB) mecthod of
testing aluminized propellants is discussed in detail. Included are both the
Y ATB and pulsed-VATB methods. An attempt has been made to organize
this section so that it contains all of the information necessary to use the
VATB method. However, there are unavoidable areas of overlap between
the pulsed DB/AB and the VATB method. Where such overlap occurs, ap-
propriate referencec is made to the pulsed DB/AB method sections.

3.4.1 Hardware Configuration. The VATB method is described

in the T-burner report for unaluminized propellants (ref. 3-1); however,
at the time of writing that report, only limited VATB data were available
to guide writing that would describe VATB hardware. Accordingly, it is
recommended that the user of this report follow recommendations con-
tained herein when a conflict of ideas exists between the two reports.
3.4.1.1 T-burner chambers.
T-burner chambers for the VATB and pulsed-VATB methods have

been designed for cups or cylinders with a propellant bore diameter

smaller than, equal to, and larger than the inside diameter of the T-
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burner: these are referred to as protruding, flush, and recessed grains,
respectively. Typical T-burner hardware for different types of grain

configurations are shown in Figures 3, 4.1 and 3.4-2. Additional com-

PR it YOI

ments on the selection of grain configuration are given in §3.4.2.
The test frequency for a T-burner having end discs is determined
by the length of the T-burner, L, and the speed of sound of the gas/par-

! ticle mixture in the T-burner, a:

i, = 3  (Hz)
For the VATB, propellant grains can cause shifts in the acoustic

} mode shape due to changes in cross-sectional area of the T-burner cham-

ber. In addition, the speed of sound is higher due to the larger propellant
b grains. For selecting a2 T-burner chamber length to conduct VATB tests
at a desired frequency, the plot of observed frequency versus T-burner p
length shown in Figure 3. 3-2 can be used. However, this plot is valid 4
only for prop=1'ant grains that are flush to the inside wall of the chamber.
For grains which protrude or recede, a modest shift in frequency will oc-
cur. The shift due to geometry effects can pe determined from Figure

C-2 of Appendix © and similar results. {

g Recommendation for selecting T-burner length
. Based on existing VATB data, it appears reasonable touse Figure
3.3-2 for selecting the chamber length when recessed propellants are k
' used. For protruding grains, the chamber lengths determined from Fig- j
u

ure 3. 3.2 should be increased by approximately 25 per cent.
The inside diameter of the T-burner chamber has not been stand-
ardized. T-burner chamber sizes for different laboratories are sum-

marized in Table 3. 4-1.

Table 3. 4-1 T-Burner Chamber Diameters

nside

Diamneter

(inches) Laboratory Method

1.8, 2.5 Lockheed Propulsion Co. (ref. 3-4) VATB

2.0 Thioko} Chemical Corp. (ref. 3.5) VATB

1.5 Aevojet Solid Propulsion Co. (ref. 3-11) pulsed VATB

1.5, 2.9 Hercules, Inc. {ref. 3-6) pulsed VATB !
o |
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Factors that should be considered in the selection of T-burner di-
ameter are as follows:

Cost: smaller diameter T-burner chambers reduce the quan-
tity of propellant required for a test series. In additior, the cost of the
chambers and associated hardware (e. g. the surge tank) is reduced with
smaller T -burner diameter. The T-burner chamber size also has an im-
pact on the turn-around time between tests. Smaller chambers are easier
to handle.

Ceometry: in VATB testing, smaller diameter T-burner
charabers allow the use of shorter grain lengths () for a given area ratio
(Sbslsco)' Thus, smaller diameter produces smaller shifts in frequency
during a single VAT test, reduces the potential for velocity coupling,
and reduces the mean fdow: acoustic interactions {see $2 and Appendices
E and F for moure discussion on these aspects).

Wall Lusses: in theory, dissipation of acousiic energy in a
tube shows wall lusses inversely proportional to chamber diameter (ref.
3-15). The dependence on {requency has been verified experimentally.
However, available data show that the cffect of DCo on wall losses is
negligible c-mpared 1o particle damping. Thus, this aspect is deemed
unimportant in T-burner tests using metallized nropellants.

Combustion Efficiency: some propcllants show a reduced

hurning rate in the smaller test hardware listed in Table 3.4-1 (ref. 3-16).
It has been sugzested that this roduced burning rate is a result of poor
combustion efficiency. Tests in the larger hardware apparently improved
the combustion cfficiency and increased the burning rate. In addition, it
was noted that da a scatter was reduced tor these prupellants waen a
larger T-burner c¢: amber was employed.

Recoramendation for T-burner chamber diameter

Based on the foregoing, it is recommended that a chamber diame-

ter of 1.5 in. (an be emplouyed in T-burner testing.

3.4.1.2 Surge tark versus sonic orifice.

The VATB can be operated in two exhaust modes. First, a sonic

orifice can be installed at the exhaust port. The orifice is designed for a
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choked flow that results in the desired test pressure. A second approach
is to couple the T-burner exhaust port to a large volume surge tank that
is pressurized to the desired test pressure. In this mode of operation,
the exhaust flow is not choked at any time.

Sonic Flow Orifice: the advantage of the choked nozzle ap-

proach is simplicity in construction and lower cost because the additional
tankage and plumbing necessary for a surge tankx system are not re-
quired. However, there are several disadvantages to the choked nozzle
that offset these attractions. First, the design of the choked nozzle to
prov.de a desired pressure has the usual complications of nozzle design
(viz., accuracy of burn rate characteristics for the propellant, varia-
tions in propellant burn area and delivered C*, as well as the problem of
deposition in the nozzle throat where metallized propellants are con-
sidered). Because pressure is an independent variable in T-burner
tests, large pressure variations resulting from these uncertainties can-
nont be tolerated, and considerable test data will have to be rejected if the
delivered pressure differs markedly from the desired level, A second
disadvantage of the choked nozzle results from the possibility that oscil-
lations could grow during the pressure transient leading to the desired
equilibrium pressure. This could occur in cases of large L* where fill-
ing times are large. The use of a suppressor (discussed in §3.4.1.3) to
delay oscillations during this transient period eliminates this problem.

Surge Tank: the advantage of the surge tank approach is that
pressure in the T-burner can be controlled accurately.

The mean test pressure is dictated by the pressure in tha surge
tank. Pressure transients are eliminated as long as the filow area irom
the T-burner to the surse tank is sufficiently large to minimize pressure
drops and the surge tank has adequate volume and heat loss character-
istics to preclude pressure buildups in the overall system during a test.
Small volume surge tanks can be used with success if chain is placed in
the tank so that the hot gases are cooled as they enter the tank or a regu-
lated hot valve is incorporated in a surge tank vent.

There are several disadvantages associated with the use of a

surge tank. First, the tankage and plumbing are expensive and must be
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fabricated from material that can withstand a corrosive environment, .
Second, the surge tank must be acoustically isolated from the T-burner
to prevent communication of the low frequency associated with the surge
tank to the T-burner. This can result in low frequency modulation of the
oscillations developed in the T-burner. Third, heating of the propellant
and contamination of the propellant surface by hot combustor products
stored in the surge tank can introduce an unknown variable in the T-
burner tests (i. e., the surface of the propellant sample could be heated
or altered so that the burning rate changes during a T-burner test). This
disadvantage can be overcome by pressurizing the T-burner with clean
nitrogen before opening the valve connecting the T-burner to the surge
tank. Fourth, the surge tank is subjected to corrosive gases that can at-
tack and weaken the tank walls., As a result, particular care must be
given tc material selection and operating procedures to minimize the risk
of a tank rupture. It is recommended that periodic hydrostatic tests be
made of all tanks and tubing exposed to exhaust products to ensure that
corrosion has not exceeded -ritical limits.

One method ol ziiminating acoustic coupling between the T -burner
and surge tank is to minimize the natural frequency of the surge tank.
This can be accomplished by packing chains in the surge tank to reduce
the gas temperature and thercfore the speed of sound of the exhaust
gases. Another method is to evaploy a leng tank or pit. leading *o the
surge tank. 1 ..ese precautions still result in acoustic coupling, an ori-
fice or a series of baffles can bhe incorporated in the surge tank vent, as
shown in Figure 3. 3-3,

Sizing of the surge tank can be accomplished through a simple

energy balance such as the following (ref. 3-15):

m R v.+1

v = E£E (T + 2T ) .
Pf‘Pl 1 Yi'l <

This simple calculation yields a conservative value for the surge tank

volume because it does not include heat losses due to 'the presence of

chains in the surge tank. Typical surge tanks for VATB testing have a

free volume on the order of 20 to 35 ft3 (refs. 3.4, 3-5, and 3-6) with

heat exchangers containing ~ 75 to 100 1bs. of chain.
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For the surpe tank approach, the diameter of the VATB must he
greater than the critical diameter for choked conditions. The precise
value for the vent diameter depends upon the surge tank configuration, the
mass flow rate expected, and the maximum acceptable pressure rise. If
acoustic coupling between the surge tank and T-burner occurs at an unac-
ceptable level, isolation can be achieved by minimizing the vent diameter.
It should be recognized, however, that pressure rise during the test in-
creases with decreasing vent diameter. Another observation is that a
large vent tends to reduce the even harmonics significantly (ref. 3-6), re-
sulting in a more linear waveform. Typical surge tank - VATB installa-
tions are shown in Figures 3.4-3 and 3.4-4. Additional comments per-
taining to surge tanks are given in §3.3.1.2,

Recommendation

The surge tank appreach is recommended for VATB testing. How-
sver, the sonic flow orifice approach is acceptable if the aforementioned
disadvantages are addressed properly.

3.4.1.3 Suppressors,

Following ignition ¢ f a metallized propellant in a VATB, condi-
tions in the chamber are nonuniform and changing until ignition products
are exhausted and equilibrium conditions are achieved. To avoid growth
of oscillations during pariods of nonequilibrium, a means is required for
suppressing oscillations for a time following ignition. For metallized
propellant testing, two approaches have been employed. In one approach,
a paddle is introduced at the center of the T-burner to divide the T-burner
into two chambers and acoustically isolate the propellant grains (ref. 3-
17). Similarly, a butterfly valve can be used as described in ref. 3-18.
Typical paddle suppressors are shown in Figures 3.4-3 and 3. 4.5.
Crowth of ouscillation oc‘curs when the pa-ddle is rapidly removed from the
T-burner chamber. In the second approach, a Helmholtz resonator (HR)
is incorporated into one end of the T-.burner (ref. 3-19). A typical
Helmholtz resonatur is shown in Figure 3. 4-6. The resonator is tunedto
the fundamental frequency of the T-burner. Growth of oscillations occurs
when the resonator volume is closed to the T-burner chamber.

lhe time between ignition and first growth should be based on the

length of the T-vurner and the mass rate of flow of gases in the T-burner.
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A lower limit for suppressicn time can be determined by dividing one half
of the T.burner length by the average gas velocity in the T-burner cham-
ber.

Both the padd’e and Helmholtz resonator have proved effective in
damping oscillations in a T.burner. Characteristics of these suppressors

have been studied in detail (ref. 3-17). These are outlined in Table 3.4-2.

Table 3,4.2. Characteristics of Suppressors

Paddle Suppressor Helmholtz Resonator
The paddle does not require The HR must be tuned for each
tuning. frequency tested. This is critical

and < an lead to problems where
larzc frequency shifts occur in a
test. When tuned properly, the
damping is less than that found
witl: the paddle.

Under severe conditions (short There is a small acoustic loss
T-burner length, high flow rates, asscociated with the decoupled
and high metal loading and with HR. This could be 8 problem at
extended use, the paddle erodes. high frequencies.

The pad:ilc is mounted at the center The HR couples at vne end of the
of the T-burner. Thus, the ends of T-burner. Thus, a hole must be
the T-burner are not affected by its bored in propellant grains if a
presence. cup is used.

The travel time of the paddie is The travel time of the HR is less

long compared to the HR. For high than the paddle.
growth conditions, the paddle can
still be in the chamber during the
first cycles of the urowth period.

A mechanical shock can be trans- A mechanical shock can be trans-
mitted to the T-burner when the mitted to the T-burner when the
paddle retracis. HR pintle seats.
Recoramendatiuns

The most significant factor in selecting a suppressor is the prob-
lem of turing the Helmholtz resonator. This constitutes such a disadvan-
tage that the paddle is recommended for suppressing oscillation in the
VATR.

3.4. 1.4 lIgnition system.

Two igniter approaches have been used in VATEB studies. Ome
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uses a bag igniter containing BKNO3 pellets. The second uses a hot wire/
pellet igniter with pyrotechnic paste on the propellant surface.

Bag Igniter: a typical bag igniter design used in VATB tests
is shown in Figure 2.4-7. One bag is placed at each end of the T-burner.
Although the bag igniter introduces considerable combustion products and
residue from the bag, the suppressor holds off oscillations until igniter
products have been swept out of the T-burner. The bag igniter is nor-
mally designed to provide a large pressure spike that can denote the time
of ignition.

Hot Wire/Pellet Igniter: this igniter approach is similar to

that described in the CPIA T-Burner Manual (ref. 3-1) for nonmetallized

propellants. The initiator may be made from a short length (3/8" - 1'")of
nichrome wire soldered to copper leads. The leads are 32-gauge enam-
eled copper wire. A small tablet of pyrotechnic paste is molded around
the nichrome bridge wire. The hot wire/pellet is then mounted so that the
pellet is centered in the VATB propellant grain. To ensure rapid and uni-
form ignition of the grain, the surface to be ignited is coated with a thin
layer of pyrotechnic paste. A typical pyrotechnic paste formulation is
given in Table 3.4-3

Table 3.4-3 Typical Formulation of Pyrotechnic Paste (ref. 3-4)

Ingredient wt. % Representative Sources
Magnesium 57. 16 Reade Manufacturing Co.
Potassium perchlorate 23,80 Kerr - McGee

(15 micron)

Barium nitrate (15 micron) 14.28 Hdarshaw Chemical Co.
Vistanex-MM, I.-120 4.76 Enjay Chemical Co.
Hexane* --- ---

Vistanex is pre-dissolved (50 parts hexane per 10 parts Vistanex) to
serve as binder/vehicle for paint-on application.

Both of the aforementioned igniters have been found to give rapid
and uniform ignition of propellant grains in VATB tests.

Wire fragments that remain in the T-burner can produce unknown
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and nonreproduciblie effects on the acoustic losses in the T-burner. For
various VATB approackes, igniter wires have been introduced through the
center blorck, through the side of the T-burner chambers downstream
from the propeillant grain, and through the end cap. The approach of in-
troducing the wires through the end cap minimizes problems associated
with wires remaining in the T-burner during testing. However, holes
through which the wires are introduced or any cther surface irregularities
must be considered as possible nonreproducible sources of damping and
should be minimized to the extent possible. It has been found that wires
in all three approaches are expelled from the T-burner or vaporized pri-
or to the oscillation growths if sufficiently fine wire (e. g. 32.gauge) is
used. The use of heavier wire should be avoided.
3.4.1.5 Pulsers.
The pulse units used in variable-area testing provide the same

function as those used in pulsed T-burner testing. Both the Bermite Mk 2
and ARC spec’al squib have been used with satisfactory results in a 1. 5"
variable area T-burner (see % 3.3.1.4 for a discussion of these pulse
units), However, fur pulsing in larger diameter hardware, z stronger
pulse is needed. For uase in a 2. 9" T-burner, pulses have been provided
by use of 2 Mk 2 0 squib, i gram of black powder and a 0. 008 brass
rupture disc, as shown in Figure 3. 4.8 (see ref. 3-6). This combination
results in oscillaticns with an initial amplitude of approximately 20 psi in
the 2. 9" burner.

Recommendation
For 1.5" or 2' hardware, either the Mk 2 or ARC special squibs

may be used with satisfactory results. For larger hardware, a stronger
pulse unit must be used, tailored to give the desired pulse amplitude de-
pending on the volume of the burner.
3.4. 1.6 Transducer location.
Whern cylinder grains are used in the VATB, the high frequency

transducer can be mounted in the end cap without interference from the
propellant. When cup grairs are used, however, the transducer can be
mounted behind the end disc of the propellant (3s described in ref. 3-1,
pp. 25-30) or a hole can be bored ia the erd disc so that the sensing sur-

82

!




(9-¢ 'J21) 1duang-1L .6°2® Sulsind ul pas() drempIey 3-b°¢ 2xndr g

3Sv3dO 40 ONILVOD
1HOM Vv HLIM
Q31i18IHNI 3903

ONIQY3 Q3S0dX3 T T (Nivao |
i Q3¥3dvi

Y3IDVdS 133LS 2 ; S3ANITIAD

3 2 LNV 113d0ud

IAITS NOISSIBIWOD ssvdg WIHS 8000

/ ‘9s1d 3HNLdNY

NYIaMOd MOVIE WvuO |

|iINDS O "GO 2 YW HOLO3NNOD XVNOD
Adid WV

83




face of the transducer is expoused to the acoustic field. Either apprcach
should give valid data. The mean pressure in the VATB should be meas-
ured at the center of the T-burner (vent location). See additional com-
ments in €3.3. 1. 6.

3.4.2 Propellant Grain Configurations

3.4.2.1 Cups versus cylindrical grains.
VATB testing of metallized propellants requires Sb/Sco >1.0 if

spontaneous instability is desired. Both cylinders and cups have been
used in the VATB. See also refs. 3.21 to 3.23 for a modified form.

The relative merits of using cylinders or cups are as follows.

For cup grains, burnout is not uniform because a fillet is gener-
ated between the lateral and end-burning surface (see detail in Figure
32.4-4). Also, nonuniform burnout can result from the end of the cylin-
drical section of the cup burning out before the end adjacent to the fillet.
This burnout phenomenon has been observed with cylinder grains. Tests
have shown (ref. 3-20) that cylindrical grains of length greater than two
inches, in a chamber of 1. 5-inch diamecter, burn out at the end clesest to
the T-burner wvent 15 - 20 msec hefore the other end. Since delay after
burning data are not required for the VATB test technique, this is not a
crucial problem. However, nonuniform burnout could be a source of er-
ror in the determination of the propellant burning rate during the T-
burner test.

If pulsers are located at the ends of the T-burner (pulsed-VATB
method), a small hole must be drilled in the end disc of the cup. This
hole could create an acoustic Joss. No modification is necessary for a
cylindrical grain.

For cup grains, both lateral and end-burning surfaces drive oscil-
lations. Thus, based on the T-burner theory, correlation of cup data
should yield both the end and side response functions (Be and Bs). How-
ever, attempts at correlating cup data from a VATB test series have not
been satisfactory (see §03.2.1 and 3.2, 3.2). For inhibited or recessed
cylinders, only lateral surfaces are present, and the side response func-

tion can be obtained.
Recommendation
It is recommended that cylindrical grains be usedin VATB testing.

84

-~




3.4.2.2 Recessed versus protruding grains.

Two methods for mounting propellant grains have been utilized in
VATBE testing: (1) the propellant grain protrudes into the T-burner cham-
ber as shown in Figure 3. 4-1: and (2) the propellan: grain is recessed in-
to the chamber wall as shown in Figure 3. 4-2.

For protruding grains, the outer surface and the surface facing
the end cap are inhibited. If the end surface closest to the vent burns, its
contribution to acoustic driving must be included in Eq. (3.2.1), viz., the
area ratio Sbez/sco is non-zero. On the other hand, if this enrd surface
is inhibited, the inhibiting material must not produce char that would pro-
trude into the acoustic and mean flow field.

For recessed grains, the bure diameter is slightly large: than the
inside diameter of the T-burner, as shown in Figure 3.4-2. The small
web of propellant that protrudes {rom the chamber wall serves to fill the
T-burner with combustion products before the burning surface is flush
with the chamber wali. Only the bore of the grain is allowed to burn. All
other surfaces are inhibited. The end surface that protrudes above the
chamber wall before flush and recessed conditions occur should be coated
with a non-charring material that ic removed as the grain surface burns.

The change in T-Lurner ¢r ss-sectional area due to a recessed or
protruding propellant grain could lead to complications in VATSB data in-
terpretation. More specifically, three-dimensional flow phenomena (e. g.
flow separation and vortices) could occur at this area discontinuity.

Since such phenomena are not represented by the T-burner analysis [ Eaq.
(3.2.1)1, correlations of VATHB could yield inaccurate results. This
problem can be minimized by obtaining VATB data when the propellant
grain is close tu flush conditions. Because of this, the recessed
grain configuration is preferred over the protruding grain configuration.
The recessed grain configuration is flush to the chamber wall shortly
after ignitioi and provides burn time when multiple growth (or decay)
measurements can be made (see §3. 4. 3) with the propellant near flush
conditions.

In one laboratory (ref. 3-6), the recessed propellant grain has a

taper in the end of the propellant as shown in Figure 3.4-2. This taper
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reduces the effect of changes in cross-sectional area and is specifically
designed to maintain the area ratio sbslsco constant throughout a test.
The latter feature is important when the rate of oscillation growth is slow
compared to the burn rate of the propellant. However, the advantages of
the taper are offset sounewhat by increzsed costs in grain fabrication and
complexities in test hardware.

Recommendations

Tke recessed grain configuration is recommended, and data should
be obtained when the grain is close to flush conditions with the chamber
wall, The use of ztapered grain is optional.

5.4.2.3 Case bunded versus cartridge loaded grains.

One method of fabricating propellant grains is to cast the propel.
lant into a phenovlic slceve. The cured sample is then mounted in a lathe
and the centcer perfuration is bored in the sample. An alternative is to
machine the grains from large blocks of propellant.

The approach of casting propellants in phenolic sleeves allows
cartridge luaaing of the grains. If the grain is machined from a large
block of propellant, the grain must be secured in the T-burner by a pot.
ting compound, or it must be of such a dimension as to allow a pressure
fit. The latter approach requires that an inhibiter (e. g. grease) be ap-
plied between the grain and the T-burner case.

Recommendations

Both approaches are satisfactory. The selection of case bonded
or cartridge loaded grains should be based orn the availability of casting
equipment.

3.4.3 Test Procedures,

3.4, 3.1 Recommended test series.

The scope of test programs required to characterize the acoustic
response of a propellant is usually determined by factors such as motor
geometry, ballistics, budget limitations, etc. Assuming all these things
are accounted for, the present subsection addressed how the testing
should be performed to obtain the desired data at a given pressure and
frequency.

Generally, 10 to 15 datum points distributed over a range of area
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ratins, are desired to give statistically significant respunse functicns.
The range of area ratios tested can be increased by using the pulsed/
VATB approach, which -vill increase the confidence level of the data. To
minimize the actual number of tests performed, multiple cycling of a
suppressor (or multiple pulsing) can provide more than one datum point
per firing.

Typical test conditions often lead to a burning duration of ~ 1 sec.
Approxur ately 200 msec are usually necded to recycle a suppressor and
allow for a growth neriod(lonyer times are required for low growth rate
conditions ). Allowing for the ignition transient, three growth rates are
typically obtained for such conditions. Thus, the desired quantity of data
can be cbtained with as few as 4 or 5 tests using this approach. When us-
ing this sn:all 1umber of tests, data should be obtained at a minimum of
3 different area rauos. Actually, when testing a new propellant with un-
known characteristics, more tests arc usually needed, as it is rarely pos-
sible to obtain muultiple growths consistently unless the propellant charac-
teristics are sumewhat understood. For example, there are area ratios
for every propellant that will not produce oscillations of sufficient strength
to pcrmit a growth measurement. To circumvent this situation, 1t is usu-
ally best to test at the largest availabie area ratio first and then at smaller
area ratios. In this manner, the area ratios that don't produce oscillations
can be determined by plotting growth rate versus area ratio. Using the
pulsed/VATB technique, testing shiuld begin with the lawest area ratio
{pulse testing}, followed by the largest area ratio (spontaneous oscilla-
tions). Interpolation will then allow cptimum conditions to be selected for
the remaining tests.

3.4. 4 Operativnal Limitations

3.4.4.1 Pressure, frequency, and temperature.

The upper pressure limit for VATB testing is dependent upon the

strength of the T.burner and associated plumbing and surge tank. in ad-
dition, since the burn time decreases with increasing pressure, another
upper limit can be defined at the pressure where burn time is so short
that growth os oscillatiuvns is precluded. The true upper limit for mean
pressure is the smaller of these two limits.

General rules for frequency limitations cannot be defined for
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VATB tests. At low frequencies, long T-burner chambers must be em-
ployed. These long chambers have larger exposed area that can lead to
heat loss, and therefore a longer equilibration period over which oscil-
lation suppression is necessary. Thus, the lower frequency limit for
VATB testing is dependent upon burn time and the time necessary for the
T-burner to establish equilibrium conditions. Factors affecting these are
pressure, propellant burn rate characteristics, vent size, and propellant
web thickness. Another problem that is encountered at low frequencies is
the undesired presence of higher modes of oscillations. This problem is
discussed in more detail in £5.2. 3. Based on available VATB data, the
low frequency Limit is approximately 200 - 300 Hz.

Because metallized propellants are usually much more stable at
increasing frequencies, spontaneous oscillation growth requires higher
burn area ratio Sblsco' and therefore longer grains. Since there is an
upper limit to the grain length (see § 3. 4.4.2), the upper frequency limit
is different for the pulsed VATB and VATB methods. For frequencies
where spontanecus growth requires grain lengths longer than the specified
upper limit, the pulsed YVATB mthod must be relied upon for data. An ap-
proximat: apper limit for the VATB method is 1100 Hz (for a 1.5" T-
burner) and 2000 Hz for the pulsed VATB method (for a 1.5" T-burner).

With regard to temperature limitations, it is recommended that
the propellant temperature be maintained at * 5°F about the desired test
temperature.

3.4.4.2 Propellant grain,

Propellant grains that are flush to the inside diameter of the T-
bus aer (ScO/SC = 1.0) are preferred for VATB testing. !However, based
on available VATB daia using metallized propellants, consistent trends

are realized in the range 0.6 <Sco-’SC <2.0,

For conditions where the propellant is relatively stable, large
values of Sb/SCU are necessary to achieve inherent instability. Thus,
Sb/S(_o can be achieved by increasing the grain length, or the propellant

bore diameter (decreasing S /S ). If the lower limiton S /S is
co' "¢ co' ¢
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reached, the length of the grain must be increased. In doing this, atten-
tion must be given to the possibility that acoustic driving due to velocity
coupling is being introduced in the T-burner. The important parameter
that should be considered is not the length of the propellant grain, Lb’ but
the non-dimensional length of the propellant grain, $ = ZLb/L. If velocity
coupling is to be avoided, P must be maintained as small as possible.
For low frequency tests (long T-burner chambers) this is not a problem.
However, for high frequency tests (short T-burner chambers) when the
losses are large, large values of 3 may be necessary to achieve self-
excited oscillations, To minimize errors introduced by neglecting ve-
locity coupling, B < 0.1 is desirable. Ior larger values of B, some ac-
counting of velocity cuupling may be required (see §5. 4. 4).

3.4.5 An Example of Experimental Results. Figure 3.4-9

shows an oscillograph trace of pressure oscillation growth periods for a
VATB test. Included are the suppressor activation signal and the fire

pulse for the test. Details on data reduction are given in 5.1, 2.
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Figure 3.4-9 Reproduction of a VATB Test Record (ref. 3-5)
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4., INSTRUMENTATION AND DATA ACQUISITION

Similar instrumentation is required for using the pulsed, pulsed-
variable arca, and the spontaneous growth variable-area T-burners (refs.
4-1 through 4-6). The instrumentation consists basiczlly of high quality
pressure transducers, signal conditioning devices
such as amplifiers, an electronic filter, and a recording system such as
an FM tape deck and/or oscillographs. An event sequencer is also nceded
to control the ignition, actuation of the suppression device or the pulser,
time delay betwcen spontaneous growths or pulses, and the termination of

tests.

4.1 General Description of Instrumentation

Figure 4.1-1, taken from ref. 4-4, shows the simplest form of the
instrumentation required. A more elaborate system is shown in Figure
4.1-2. The specific instrumentation and detailed arrangements vary with
each facility, depending on the available equipment. The most important
considerations in designing and operating T-burner instrumentation are to
ensurc durabkility, adequate {requency response capability and resolution;
to reduce intrinsic noise to very low levels: and to generate both immedi-
ate and permanent records which can be examined manually and later
processed electronically.

The capability of processing the data electronically, either simul-
taneously with the test or at a later time, is often not essential. Direct
display of the band pass filter's signals on the oscillograph can be a more
economical option. The pulsed DB/AB method (refs. 4-6 and 4-10) has
been developed successfully without expensive recording equipment.
Tests based on the variable area, and pulsed variable-area methods can
also be conducted without incurring the large expense of an FM tape deck.
However, for work at high frequencies, the use of a tape deck may be re-
guired to obtain detailed information.

An option to get a quick-look at the data can be advantageous for
monitoring the tests as they are performed. An oscilloscope fitted with
a Polaroid camera or an oscillograph can be used for this purpose (refs.
4.1, 4-2, and 4-8).

Detailed specifications for each unit of the instrumentation are not
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Figure 4. 1-1 Block Diagram of Basic Instrumentation
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presented here because of the highly specialized nature of such informa-
tion. Typical instrumentation is listed in Tabie 4. 1. Optional instruments

are enclosed by the dashed lines in Tigure 4. 1-2.

TABLE 4.1 Typical Instruments Used in
Existing T-.Burner Facilities*
Pressvre Transducers:
Oscillatory Pressure: Kistler Model 701A, 603A, and 701H;
Photocon Type 403; Dynagage Model 403
Mean Pressure: Norwood 111, Tabor 206, Dynisco PT 79T
Amplifiers:
Kistler Model 568 and 504
Bay Laboratories, Inc. Model 3512
Filters-
Krohnite Models 310-AB, 3700 R, and 330 MR
Spencer Kennedy Laboratories Model 302
Burr-Brown Model HPZB-10R0
Oscillograph:
Honeywell ™model 1508 Visicorder; CEC Models 5-114, 6-124, and
5-133
Tape Recorders:
Ampex Models AR-200, FR-1300, and ES-100: Sangamo 47B
Precision Instruments Model 4004
Oscilloscopes:

Tektronix Model 555 and Model 535

Beattie-Coleman Periscope for Polaroid Camera

“From references 4.1, 4.3, 4-5, 4-6, 4-8, and 4-9. The identification
of specific manufacturers models is not an endorsement of the product.
Components of quality comparable to those listed could be substituted.

Detailed instrumentation diagrams are given on page 99 of ref.

4.2, page 9 of ref. 4-5 for the variable area method; and page 16 of ref.
4.9, Figure 8 of ref. 4-3, and reference 4-6 for the pulsed methods.
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4.2 Pressure Transducers

Twr. basic types of transducers have been utilized in T-burner '
testing. Moust commonly, a piezoelectric transducer is usea to measure
the incipient oscillations and a strain gauge type to measure the mean p
pressure, Kistler Instrument Corp.'s model 603 and 701 transducers and R
the Dynagage model 403 have been used extensively at several facilities.
Kistler model 504 and 568 charge amplifiers and the Kistler model 562
calibrater are used in conjunction with the piezoelectric gauge. Mean
pressures have been measured with Norwood I, Taber 206, and Dynisco
PT 79T pauges.

Transducers should be checked for the effect of acceleration of the

-~ o

T-burner on the data. This can be accomplished by blind mounting an
identical pressure transducer next to the regular transducer and pressur-
izing the burner. Actuation of the suppression device provides the impulse
needed to accelerate the transducer (4-5).

The high temperature gases will not affect the flush mounted
Kistler unit for duraticns of several secoads, with only a thin film of sili-
cone grease as protection. The coating of grease also protects the trans-
ducer from chemical attack by the corrosive products of combustion.

Periodic calibration of the pressure transducers is recommended.
Calibration after 109 routine tests should be adecuate (refs. 4-4 to 4-6), !
Recalibration sooner may be required if a major pressure excursion is
noted, or if the transducer is exposed directly to the combustion products.
Maintenance and care of the transducers, cables, and associated equip- 9

ment can be found in the manufacturers’' literature.

4.3 Oscillograph Records

Recording oscillographs not requiring chemical proces-
sing of the filin or paper are most convenient for recording the data. The
oscillographs are also used io provide a visible record of data played back
from FM recorders and for the quick-look examination of the data. Re-
corders which have been used are CEC models 5-114, 5.124, 5-.133, and :
Honeywell model 1508. The oscillograph should be capable of relatively
high speed recording (recommended 2 60 ips).
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Among the galvanometers used are the CEC 7-362 and 7-.361
which have flat responses within 5 per cent to 2500 and 5000 Hs, respective-
ly. Galvanometers capable of flat response to approximately 25, 000 Hz are

available but generally not required in T-burner operations.

4.4 Filtering

Oscillatory pressure data can be directly recorded on FM and
played back through appropriate filters, or recorded directly on an oscil-
lograph for the permanent record or for guick-look examination. One
procedure is to pass the signal thrcugh a high band pass filter and then
through a get of band pass filters set at £ 10 per cent of the T-burner
natural frequency.

The Spencer Kennedy Laboratories (SKL) model 302 and Krohnite
models 3700R, 330 MR, and 310AB have been used successfully.

Care must be exercised in setting the filters:; experience has indi-
cated that amplification or reduction of the signal may occur if the settings
are respectively too wide or too narrow (ref. 4-5). A signal generator
can be used to determine whether distortion occurs in the amplifiers, or
filters. The appropriate setting of the band pass filters can be de-
termined by examining an oscillograph record of the reference signal

from the generator.

4.5 Magnetic Recording and Spectral Analysis

FM magnetic recording systems are used to provide a wide fre-
quency band of recording capabiliry. The FM tape also provides a perma-
nent record of the data which can be retrieved, manipulated, and examined
at any time. Saturation of the tape could become a problem for some test
conditions because of the high amplitude pressure signal. Thus, the in-
put signal amplifiers must be adjusted for various test conditions. FM
tape decks which have been used for T-burner data recording are: Ampex
FR-1300, Ampex ES-100, Ampex AR-.200, and Sangamo 47B.

The capability of reprocessing the data on the tapes is particularly
helpful for analysis of harmonic content. A Spectral Dynamics Model
101 A (ref. 4-5) and Quan-Tech equipment {(ref. 4-1) have been used for
spectral analysis.

The Quan-Tech equipment incorporates an electrically-controlled
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variable band pass fiiter system having a [requency analysis capability
from 10 Hz tv 56, 000 Hz. The data displayv output of this equipment is in
visicorder format, and several options for data display are avaiiable.
The initial display identified all frequencies present in the data nover any
given time interval. Specific fr zquencies can be selectively tracked to
provide a plot of frequency versus time and amplitude versus time of the
tracked frequency. Frequency data are accurate to within £5 per cent.
This equipment has the additional capability of performing phase analysis
by reading dirvectly the phase difference between the filtered signals from

two channels of data (ref. 4-1).

4. 6 Instrumentation for Suppression Devices

Control of the time of onset of oscillation growth is discussed in
§% 3.2 and 3.3. A Helmholtz resonator coupled to one end of the T-burner
(refs. 4-5 and 4.2}, a retractable paddle at the vent section (refs. 4-1 and
4-2), and a rotatii:g valve (ref. 4-3) have been used to control the growth
period onset. Details of the operation can be found in the literature (refs.
4-1to 4-3, and 4-5).

Monitoring the action of the suppressicn device is recommended to
ascertain its location in relationship to the onset or suppression of the os-
cillatory pressure. A linear potentiometer {(e. g. Collins, LVDT model
55.08) attaclied to the actuation mechanism is satisfactory (ref. 4-2).

The T-burner pressure, frequency, and propellant influence the
force required to actuate the suppression device. The operation conditions
required to achieve rapid actuation of the suppression device must be de-

termined experimentally.

4.7 Peak Follower Circuit (PFC)
An clectronic PFC has been developed (ref. 4-11) which can be

used effectively in simplifying the reduction of T-burner data.
Many advantages are preseat in the application of the PFC concept
to the acquisition and reduction of T-burner data, including:
(a) simplicity of data reductiocn,
(b) higher accuracv,
{c) consistent results,

{d)} time savings.




As an indication of the time which can be saved in the reduction of

T-burner data by using the PFC, the growth or decay constant can be ob-

tained from the oscillograph record in approximately 3 minutes. This

data reduction technique enables an investigator to immmediately determine

whicn are the linear portions of the growth or decay curves. The PFC

reduction method provides ''quick-look' data, for the growth and decay

constants, which are as accurate as the time consuming hand-reduced

data or the expensive computer-.reduced data.

4-6
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5. ANALYSIS AND REDUCTION OF DATA

The purpose of this section is to cover in some detail the general
;roblem of obtaining quantitative results from T.burner tests. Not all
questions have been settled: further discussion and results may be found in
refs. 5-1to 5-6. Most of the material in this section rests on the subjects
already covered in § 2-4. Appreciation of many of the courses of action
suggested here, and the difficulties encountered, will require a good un-
derstanding of the preceding material. Some of the problems discussed
here are also encountered in testing with propellants not containing metal.
Consequently, the earlier T-Burner Manual (ref. 5-7) contains useful

backgrourd information.

5.1 Methods for Reducing Data

In this section, methods are described for reducing data taken with
the pulsed DB/AB and VATDB test methods. For this discussion, it is as-
sumed that the T-burner data are contained on an oscillograph record.
The methods for daia reduction, therefore, are described in terms of
"hand reduction'' approaches. If computerized methods are to be em-
ployed, the same basic information is applicable in the development of the
computer programming. A few brief remarks and references on work
making more elaborate use of computers are given in §5. 1. 3.

5.1.1 Pulsed DB/AB Method

5.1.1.1 Measurements from the pulsed DB/AB test records.
A typical oscillograph record from a pulsed DB/AB test is shown

in Figure 3. 3-8. Data that should be extracted from such a test reccrd
are as follows:

ti the time of ignition. This time is defined as the time

when the mean pressure starts to rise, as shown in
Figure 5. 1-1.
t the burnout time. This tine is defined as the time

corresponding to the intersection of lines frawn
through the pressure (during burning) and pressure
decay (after burning) as indicated in Figure 5. 1-1.
TABO the time after burnout. The time after burnout is the
time interval between tbo and the first ''usable’’ cycle
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of the AD pulse as snown in Figure 5. 1-1. Tho first
"usable' cycle is the first cycle that is sinusoidal in
shape and is followed by oscillations of decreasing

amplitude.

-l

frequency. The averape frequency for the DB and AB
pulse decays is determined from the number of cycles
measured in the decay period and the corresponding
time inte *val for the total number of cycles counted
(Figure 5.1-2).

= _ number of cycles counted
time period of cycles counted

! amplitude of pressure oscillations during a decay_

period. The peak-to-peak amplitude of pressure os-

T

cillation during the decay period is measured as
shown in Figure 5. 1.2. Lines are constructed between
the minimum per'.s of adjacent oscillations (shown as
dashed lines in Figure 5. 1-2); the vertical distance

between that line and the encompassed maximum peak
is measured to give the amplitude of 2 cycle. This

mcasured amplitude can be utilized in subsequent cal-

culativns or converted to pressure based on the cali-

bratior data for the high frequency pressure transducer.

mean pressure fur the test. This pressure is defined

ol

as the initial pressure in the surge tank. Because of
the small amount of propellant used in the DB/ AB
method, the mean pressure rise during burning is

only 2 - 4 per cent.

5.1. 1.2 A Methodof reducing pulsed DB/AB data
In this section, the method used in ref. 5.1 is described. The final

data obtained from a pulsed DB/AB test consist of the iollowing:
run number
propellant type and lot number
grain configuration
T-burner length, L
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burn area ratio, S, ./S or S, /S
fal co - os cO
freguency of oscillations, {
mean pressure, p
web thickness
-t
tbO i

during burning decay constant, o

average burn rate, r =

1
after burning decay constant, O.Z

The only parameters that require discussion are the decay constants, a,
and @, . The decay constant can be defined as

P, - ﬁoexp(-utn) ,
where
;30 is the amplitude of the first cycle,
f)n is the amplitude of the ath cycle,
t is the time interval between 60 and ﬁn.
Ideally, the decay constant can be determined from the slope of a straight
line drawn through the data plotted on a {,n{'ﬁn)versus cycle number plot,

The decay constant is

{nl‘ 18 } }“{: I

2141 7 211 ’ ’

Py Py Po’ Py

QR = or a4 @ —_—n .
t -
n {

where n is the number of cycles between the ;30 and E’n measurements.

However, it has be=n found (ref. 5-8)that the data do not fall along
a straight line on such a plot. More specifically, the slope of the line is
dependent upon the amplitude of oscillations. Thus, this simple approach
to determining the decay .onstant is not employed. Instead, the data are
fitted by an equation representing a nonlinear oscillator (ref. 59). With
the assumption that d3/dap = 0 and Ap =0, the form of the equation used
to fit the experimenial pulse decay data is

2 ZCot

5 . AP~ exp

apé = -2 , (5.1.1)

eC t
2 o
C0+C2.Apo(l -e )

where Co and C2 are ''curve fitting'' parameters.

A computer program can be used to minimize the least squares
deviation of the fitted curve and the data points. The function form of
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Eq. (5.1.1) gives a quite satisfactory fit to the data over the range of ex-
perimental data (Figure 5. 1-3) and also gives a rezsonable value of @
when extrapolated to zero pressure amplitude (ref. 5-1), The explicit
expression for Q is:

2

C A 2 “Cof
o2P €

2 Cct

2 o

c0+c2Apo<1 e )

A computer data reduction procedure for a set of tests involves the

(5.1.2)

a = C +C
o

following steps. The data for the DB pulses are first individually fitted by
Eq. (5.1.1); then the mean value of DB pulse data is obtained from a least
squares fit of the data from individual pulses using Eq. (5.1.1). The
mean value of a, for the set of data is determined from Eq. (5.1.2) as a
function of the pressure amplitude. The sample deviation of a about the
mean curve is also calculated.

The data for the AB pulses are also individually fitted by Eq. (5.1.1)
and & versus Ap is determined for each pulse. The "'raw' tim- after
burnout (TABO') measured from the time of burnout to the first "'usable"
pilse cycle is corrected by the amount of time for the pressure to decay
from the first usable cycle to a given amplitude; that time is decsignated
TABO for that pavticular amplitude. The values of & from different tests
are plotted as a function of time after burnout as indicated in Figure 5.1-
4. In order to approximate the reasoning of ¢ 3. 3. 3.1 regarding the vari-
ation of @ with time for a pulse after burnout, the following is done. The
p » “ed points 0,2 versus TABO are fitted (by a least squares method) with
a third order polynomial. The polynomial is constrained so that it passes

through the mean value of @, for the DB pulses, at an arbitrary time after

burnout (’I'ABO)O less than zlero, with slope of zero. Following this fitting
procedure, ey representing all losses, is taken as the value of a, at the
maximum magnitude as indicated in Figure 5. 1-4. The sample deviaticn
about the fitted curve is taken as the sample deviation about ey

The reasoning behind this procedure is depicted in Figure 5. 1-4.
In the case of a destabilizing contribution from the burning propeliant

(positive ac), the relationship between o, and TABO is reasoned to be
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Figure 5. .-3 Least Squares Fit (Eq. 5.1.1) to Experimental Data
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similar to that shown in Figure 5. 1-4{(a). At TABO's less than zero, e,
should have the value of the mean DB decay alpha, i.e., El equal to 62:
the imposition of zero slope at (TABO)O accounts for a gradual transition
from El to o, . The effect of the "arbitrary" choice of (TABO)_ was eval-
uated in ref. 5-1; it was concluded that a reasonable choice of TABO)O did
not critically affect the value of Gy i.e., tt e variation of 24 with (TABO)o
was small compared to the sample deviation about ay- ,

In the case of a stabilizing contribution from the propellant (nega-
tive e, ), the relationship between o, and TABO is also fit by a third order
polynomial as shown in Figure 5. 1-4(b). The same reasoning as above is
applied in this case, except that a4 is taken as the ''plateau' or inflection
point of the fitted curve. The situation of a negative O has been observed
on occasion. If it were a more common occurrence, one would probably
find that a fifth order curve fit {as indicated by the dashed line in Figure
5. 1-4(b)) would be a much better approximation.

With many propellants tested using the DB/ AB method, the frequen-
cy of the AB decay is sufficiently lower than that of the DB decay so that a
correction in frequency is felt necessary in order to calculate 2. from the
@, and @, data. The procedure used in the DB/ AB method is to conduct
tests at various frequencies to develop an empirical relationship between
ay and frequency. From the relationship ad is ''corrected' to the fre-
quency of a before the calculation of a. is made.

5.1.1.3 Some exaniples of experimental results.

An example of pressure amplitude decay data from a pulsed DB/AB
T-burner test was shown in Figure 5. 1-3. The correlating line for each
pulse decay was the least squares fit to the measured data using Eq.
(5.1.1). The values »{ a for pulses during burning were obtained as a
function of oscillatory pressure amplitude by using Eq. (5. 1. 2): the coeffi-
cients C0 and C2 were determined by the least squares {it to the amplitude-
time data. An example of these reduced data, @, versus Ap, for a par-
ticular test is shown in Frzure 5. 1-5.

The values of @ for pulses after burnout are calculated in the same
manner as above. For the general case where those values, obtained as
a function of TABO, are used to determine @ ,, plots are constructed for

a a# a function of TABO for a series of pressure amplitudes (usually 1, 2,
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Figure 5.1-5 Values of @, for Pulses During Burning as a Function of
Pressure Amplitude for a Typical Test Series (ref. 5-1)
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3, 4 psij; the daia are then fitted by a ieast squares method to a third order
polynomial for each pressure amplitude. A typical plot is shown in Figure
5.1-6 for a pressure amplitude of 4 psi; the value of Uy obtained from
these data is -170 sec” .

The variation of o, with pressure amplitude for ANB 3066 propel-
lant is shown in Figure 5. 1-7(a) to indicate the degree of Ty dependence
on pressure amplitude. The data bars indicate one standard deviation.

The variation of a with pressure amplitude for ANB 3066 propel-
lant is shown in Figure 5. 1-7(b). This was determined by combining al
and ad at the appropriate pressure amplitudes and frequency. The data
bars indicate one standard deviation.

5.1.2 Variable Arca T-Burner Method

5.'.2.1 Measurements frcm the VATB test records.

A typical oscillograph record from a VATR test is shown in Fig-
ure 3.4-.9. An enlargement of one growth cycle is presented in Figure
5.1-8 for the purpose of describing methods of data reduction. Data
that should be extracted from such a test record are as follows:

the time of ignition

t.

1g

This time is measured at the igniter peak pressure as indicated by
the output of the mean pressure transducer shown in Figure 5. 1-8.

tbo the time of burnout

This time is measured at the onset of pressure oscillation decay as
indicated by the output of the high frequency transducer. A line should be
drawn through the limiting amplitude of oscillation preceding decay onset
as shown in Figure 5. 1-8. The intersection of these lines is the time of

burnout.

Pi

This pressurc is ineasured {rom the output of the mean pressuse

the initial mean pressure

transducer after an equilibrium pressure is established following the igni-
tion transient. An example is shown in Figure 5. 1-8.

Ef the final mean pressure

This pressure is measured from the mean pressure transducer at
time tbo.l For pulsed VATB tests (where there is no limiting amplitude os-
cillation at burnout), an orifice is normally placed in the T-burner exhaust
vent to cause a DC pressure rise. Burnout is then determined as in the
pulse technique, as shown in Figure 5.1-1.
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the arnplitude of pressure oscillations during the growth

{or decay) period

This pressure is measured from the output of the high frequency
transducer during the growth period(s). The peak-to-peak amplitude is
measured as shown in Figure 5. 1-8. A series of straight lines is con-
structed along lines parallel to the timing lines. The measurement of
amplitude should be initiated at a time where peak-to.peak amplitude of
sinusoidal waves first exceeds 0. 10 inches and should be terminated at a
time where a limiting amplitude is achieved. The number of measure-
ments depends upon the frequency of the oscillations and/or the number of
cycles occurring during the growth period. The amplitude of at least 10

cycles should be measured during a linear growth period. If fewer cycles

are found to occur during the growth period, thern each cycle should be

i measured. If more than 10 cycles occur, then 10 cycles (with approxi-

] mately equal spacing) should be measured. If no linear regime is found

} from a Lnp' versus cycles plot, additional cycles should be examined in
regimes where linearity is suggested. Of course, the best approach is to
measure the amplitude of each cycle: however, this is very time consum-

ing for cases of high frequency and/or slow growth.

’ t the time of 0™ growth during a VAT test
) This time is measured at the middle of the linear region associated

with the nth growth 2s shown in Figure 5. 1-8.

- fn the frequency of the nth growth durirg a VATB test

This frequency is determired by first measuring the distance be-
A tween x cycles in the growth period. The distance measured is then con-

verted to time by measuring the distance between y timing marks or cy-
’ cles. These initial and final timing marks or cycles should be located to
encompass the space interval dictated by the x cycles considered in the
growth period as shown in Figure 5. 1-2. The frequency of the pressure
oscillations is calcultated from the expression

y timing marks x x cycles
o distance between y timing marks distance between x cycles

f=1

where f0 is the timing mark frequency.
The number of pressure oscillations to be included in this approach

and the oscillograph paper speed dictate the error in this compuatation.
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The following "rule of thumb" is recommended for paper speed:

paper speed - 03 = L - .
period of oscillations

and the number of oscillations should be at least ten, or all that occur dur-

ing the linear region of a Znp’' versus cycles plot.

ﬁ{. the limiting pressure amplitude

This pressure is measured at a point in time where the acoustic
pressure achieves a limiting value immediately following the growth
period.

tl, the time of limiting pre- . e amplitude

This time is measured at th: - »int where f, is measured (e.g. see
Figure 5. 1-8).

5.1.2.2 Methods of reducing VATB data.
The final data obtained from VATB testing should consist of the fol-

lowing parameters (additional nomenclature is shiown in Figure 5. 1-9):
run number; propellant type and lot; grain configuration and length; T-
burner length, L. suppressor cycle, n: time of growth, t inert area as-
sociated with the leading edge of the grain, IA,: end area ratio at the end
/S . end area ratio at the leading edge of the grain, S /S

S : .
bel “co be2 " co
side area ratic, Sbs/sco: crouss-sectional area change, Sco.’Sc: dimension-

cap,

less grain lergth: frequency of oscillations, f: mean pressure, p: average
burning rate r: limiting pressure, ;31: time of limiting pressure, tt;
growth constant, 7.

Methods of calculating the geometric parameters are presented in
Table 5. ' -1.

5.1.2.3 Sorne examples of experimental results.

Figure 5.1-10 shows three portions of a typical pressure record
from a VATB test. Parts {(a) and (b) show the behavior during the time
periods when the paddle suppressor is inserted and withérawn. Part (¢)
shows the growth period subsequent to the time when ihe paddle was with-
drawn. The oscillations in this case grew with no apparent distortion
(but see also Figures 2.4-1 and 2.4-2). Figure 5.1-11 i3 a plot of the
peak - to - peak amplitude for the oscillations. The data are plotted

as measured amplitude versus cycle number. It can Lie seen that
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the growth period is linear on this semi-logarithmic plot and that tho
growth constant is constant over a growth period exceeding thirty cycles.

Figure 5.1-12 shows & plot of VATB data correlated in the manner
suggested by the one-dimensional analysis, Eq. (3.2.1). The coordinates
of the plot are described in §3.2. i and Figure 3.2-1. As noted in the key,
the data were obtained in various laboratories.

In Figure 5.1-13, some of the data from ref. 5-3 are shown plot-
ted directly as growth constant for three area rativs. The data are for
the propellant ANB 3066 tested at 800 Hz and 500 psi in a }. 5-inch burner.
The oscillations are spontaneously unstzble at the two higher area ratios,
bet must be pulsed at the low: st. The data were analysed for the propel-
lant response function and darnping -onstant, with and without the pulse
data included. The results are summarized in Table 5. 1.2; the response to
velocity coupling, introduced in §5.4.4, is assignedthe fixed value 5. Includ-
ing the pulsetests reduces the error bands tva factor of 5, showing the ad-
vantage of the pulsed/variable area technique. The reduced error bars area

result of testing over a wider ranpe of area ratios,

Table 5. 1-2 Pulsed/Variatle Area Data

‘e
Case B ud VF R 1) Correlation
s -1 v Coefficient
i (sec ")
no pu'sed dat . 2.2£0.5 -66x£47 .2 5 0. 853
pulse data included 2.3 0.} -74 9 -1 5 0.985

5...3 Digital Data Reduction. In ref. 5-5, a method for convert-

ing recorded analog data to digital data has been described. Values of the
growth or decay constant 10r each period of an oscillation were produced
as part of the cutput. A similar approach was examined as part of the
progzram reported in ref. 5-2, but discarded because of the expense. The
potent al advantages of data reduction by machine are the subjective bias
might ~= removed, and spectral coutent of ths data can be carried out.

The di:sadvantages are the expense involved; and, particularly in research
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programs, the fact that records for new propellants, and those showinag
unusual behavior, must in any case be examined visually. Autormated data
reduction has not been widely used. It may eventually prove more at-
tractive for application to routine testing wher large amounts of data must

be reduced. No positive recommendation can be made on the basis of ex-

perience to date.

5.2 Preliminary and Qualitative Evaluation of Data

Considerabie expense and effort can be saved if raw data are

carefully reviewed before detailed reduction is carried out. Early display
of the pressure record on an oscilloscope is very useful for detecting
failures of equipment or of experimental procedure. With experience,
more can be learned from records, short of quantitative analysis. It is
the purpose of this section to summarize briefly some of the character-
istice more commonly encountered, and their interpretation. The central
questior: is whether or not a record is to be accepted as valid data.

5.2.1 Acceptance Criteria for VATB Data. Ildeally, data taken
with a variable-area T-burner should satisfy the following requirements:

(a) ignition of the grains should be simultaneous and uniform,

thereby assuring as ncarly as possibie identical histories
during burning, and simultaneous burnout;

(b) the growth of the amplitude of oscillations occurs when the
suppression device is totally inactive- the paddle must be
fully retracted, or tke resonator disconnected;

{c) the amplitude increases linearly on a semi-log plot versus
time;

(d)} the oscillation shuown on an unfiltered trace is a clean
sinusoid at the fundamental frequency, containing little or
no content of higher modes.

The first two items are matters of experimental procedure. Non-simulta-
neous ignition may be exhibited as two hurups in the early . .rtion of the
pressure record, or as an unusually gradual decay of pressure at the end.
If a transducer is installed at each end of the burner, a more precise in-
dication is possible. Because the condition of the suppression device,

e. g. the posiiion of the paddle, should be indicated on the oscillograph
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record, it is a simple matter to determine whether oscillations occcur’
during an acceptable time interval.

The second two items above may not in fact be satisfied, but do not
necessarily constitute a baeis for rejecting the data. It is not possible to
generalize, because different propellants may produce quite different be-
havior. If doubt exists, the obvious recourse is repeated tests. Further
comments on the presence of frequencies other than the fundamental are
given below in §5.2. 3.

If the growth of oscillations is relatively slow, significant changes
in the grain geometry (especially the area ratio Sb/SCO) may occur. This
may produce an uncertainty in establishing the geometry corresponding to
the measured growth constant. Roughly, if the growth constant is less
than 20 sec'l. the change of geometry should be examined and appropri-
ately taken into account.

5.2.2 Acceptance Criteria for Pulsed DB/AB and Pulsed VATB
Duta. In addition to items (a), (c), and (d) listed above, the following
shouwld be noted:

(a) in pulsed DB/ AB tests, if the burniig time of a test devi-

ates by more than £5 per cent of the average of a set, the
data from the pulse after burnout should be rejected;

(b} if the slope of the decay constant versus pressure ampli-
tude for a pulse is positive (i. e., the magnitude of damp-
ing increases with decreasing pressure amplitude as the
pulse decays), then the pulse data should be rejected.

The first should be enforced to eliminate tests in which simultaneous
burnout does not occur. If the behavior noted in item (b) is observed, it
may reflect abnormal burning, such as the presence of a sliver, cr non-
simultanecu: burnout if the pulse is "after-burnout.' The behavior is
rarely seen consistently, but examples of repeated records of this sort
have been found.

5.2.3 Presence of Higher Modes in T-Burners. It i8 an essential

assumption for the test methods described in §3 and most commonly used
that only a single mode -- almost always the fundamental -- is unstable

during a test. However, due to nonlinear effects or broad-band excitation
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{as with a pulse), other modes may be observed. Unfortunately, as re-
marked in £2.5, relatively large amounts of higher modes may not cause
obvious distortion in oscillograph records.

For simplicity, the presence of higher modes will often be re-
ferred to here as "harmonic content.' The importance of harmonic con-
tent,both for the reduction of data and in respect to the fundamental proc-
esses involved in the combustion/flow field coupling, is not understood.
It is necessary nonetheless to examine records at least qualitatively for
the presence oi higher modes. No guidelines can be offered, although it
is clear that if too much harmonic content is present, the data cannot be
interpreted by techniques currently available. How much is "too much"
is not known.

5.2.3.1 Harmonic excitaiion due to pulsing.

It seems inevitable that a certain aynount of harmonic content must
accompany excitation of oscillaticns with a pulse. However, proper se-
lection of pulser location and orientation tends to minimize harmonic
content (ref. 5-.5). The pulser may be located one quarter of the burn-
er length frcm one end and, as nearly as possible, aimed down the axis of
the T-burncr toward the nozzle. This orientation seems to generate os-
cillations that have the cleanest waveforms over the longest length of time.

In general, the harmonic content produced will also be a function
of propellant area, pulse amplitude, and vent arcas. Consistent trends
are not always observed; but in general, larger pulse amplitudes, larger
propellant areas, and smaller vent areas produce a higher harmonic con-
tent.

5.2.3.2 Harmonic content in the VATB.
Certain conditions in the VATB tend to produce a higher harmonic

content. Long grain lengths (B >0.25) which are used with high area ratios
increase the amount of harmonic content caused by velocity coupling. Al-
so, in general, decreasing area ratios decrease harmonic content. Large
negative lips which occur late in a firing with recessed grains are con-
ducive to higher harmonic content (ref. 5-3).

Attempts to test at very low frequencies are often frustrated by an

excess amount of harmonic content. This seems to result when the first
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mode frequency is significantly lower than that at the peak of the curve for
the combustion response as a function of frequency. In that case, the
value for the response at the second mode frequency is much larger than
at the frequency of the fundamental, and the second mode may be more un-
stable than the first. As a rough guide, frequencies of 300 Hz and below
may be in the troublesome regime.

5.2.3.3 Other sources.

Anothe- source of harmonics that can occur even with low ampli-

tude oscillations is the very poorly understood phenomena of mode coupling.
Also, coupling between the surge tank and burner can produce unexpected
frequencies, although these are usually lower than the fundamental.

Finally, vibration of the burner may produce spurious signals that can be

erroneously interpreted as harmonic content or surge tank coupling.

5.3 Reproducibility and Data Scatter

The problem of obtaining good reproducible data with T-burners is
a difficult one. It has not been satisfactorily solved so far as obtaining
quartitative data is concerned. Sufficient experience has been gained that
qualitative testing can usually be done successfully with acceptable repro-
ducibility. The discussion in thisz section is principally directed to ques-
tions associated with tests intended to nroduce quantitative results.

Small variations in propellant composition may cause apparent
scatter in data. This problem is not addressed here. Generally, thosc
directly concerned with a particular program must determine the extent
to which compositional variables affect the data, and whether it is a mat.
ter for practical concern. For example, unstable oscillations in a T-
burner may exhibit obviously different behavior with different samples of
ostensibly the same propellant tested under the same conditions. If this
is a genuine result, not, for example, due to poorly cast samples, then
one must consider the possible implications for behavior in a motor.

It is the intent here to treat briefly somewhat more general ques-
tions related to test techniques. A fundamental problem is the large num-
ber of parameters and variables. These cannot be controlled with arbi-
trary precision and indeed, some cannot be measured precisely. The av-

erage pressure and temperature can usually be set quite accurately and
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measured. On the other hand. ignition processes are crucial, but can be
assessed only indirectly. The many geometrical variables can be fixed
for a series of tests, but the cffects of sall changes are not necessarily
known. Viscous effects, for example, change with geometry, but almost
no analyses are available for the problems arising in T-burners.

The analyses described in 32 and 3 are by no means complete,
particularly in respect to viscous processes. When they are used to in-
terpret and reduce data, it is therefore difficult, if not sometimes im-
possible, to identify disagreement between analysis and experiment as
data scatter, lack of reproducibility, or simple the consequence of an
incomplete analysis.
i"or these reasons, statistical analysis of the data, guided by the
available formal analytical results, has become increasingly useful. That
subject is covered in 5. 4. 3 and in Appendix B. The remarks here are
descriptive only.

5.3. 1 Data Scatter Duc to Geometric Effects. A principal con-

tribution to data scatter is the size of discontinuity in cross-sectional
area which occurs at the c¢nd of the cup or cylindrical grain. The depend-
ence predicted by the vne-dimensional analysis (§2.2) of this lip effect is
shown on Figure 3. 3-1. Theinfluence of both the area ratios, Sb/sco and
SCO/S(_, as wel) as the grain length for the modified one-dimensional mod-
el are also shown on the figure. Experimental data as discussed in §3
have been shown to scatter widely, depending on the condition at the end
of the grain. The dependence of the normalized growth constant due to
combustion only, G.C/Bs , shown on Figure 5. 3-1, does not account for .
any viscous effects. Unexpected behavior was observed with the pulse-
decay technique when ''vortex generator' rings were placed in the T-
burner (ref. 5-1). '
Cylindrical or cup-shaped grains can be tapered to provide a near-
constant area ratio during the burn time and to reduce possible flow ef-
fects due to an abrupt step. This minimizes variations in Sb/sco during
the measurements of the growth @, thus improving accuracy and elimi-
nating the need to calculate a changing area ratio during the time the

growth constant is measured. Data reduction is simplified, and both data
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Figure 5.3-1 The Influence of Geometry According to the One-
Dimensional Analysis (ref. 5-3)
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scatter and uncertainty are reduced. The per cent error in a measured
growth constant can be estirnated from the rate of change of area ratic
per unit time, which can be readily calculated for a cylindrical test sam-
ple. The per cent error in the measured growth constant for a cylindrical

{non-tapered) grain is:

ae  atan oat_se A% aw
T o At & A13b7§c07 AW X

The time over which a growth constant is measured may be estimated as
2.3/a sec. The term Aa/A(Sb/SCO) is approximately the growth constant
e due to combustion only. The rate of change of area ratio with propel-
lant web is DCO for a cylinder, and aw/At is the propellant burn rate.
The per cent error is then

ae | e 55 0F _ aea (5/5 °

AQ b “co b “co

Q 1& D(0 QZ Dco

T

1|

For ANB 3066, the magnitude ¢f the error that can be introduced by the
change in area ratio is shown in Figure 5. 3-.2. The error is most signifi-
cant in a smaller burner and at lower area ratios. The resultant effect on
response function data would be roughly 5 per cent in a 1. 5-inch burner,
and roughly 3 per cent in a 2. 3-inch burner. This demonstrates the po-
tential advantage of using the tapered grains, if other uncertainties are
relatively less than that trcated here.

5.3.2 Measurement Uncertainties. As wilh any experiment, the

T-burner test method should be examined for sources of error and the un-
certainty uf numerical measurements should be estimated. In this sub-
section, attention is focussed on measurement uncertainties.

Because measurement uncertainties are governed by the T-burner
diameter, grain size, and the method of data acquisition, a unique set of
uncertaintics asscoiated with T-burner measurements cannot be stated.
However, gereral guidelines for determining the uncertainties can be

stated along with some typical values for an assumed T-burner.

5.3.2.1 Cuidelines for determining measurement uncertainties.

Table 5.3-1 presents a summary of important quantities that are
mea .red from the T-burner configuration and calculated from the T-

burner data. These quantities are necessary {or determining the response
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functi v of the propellant. The uncertainty expression for each measured
or calculated quantity is included in the table. '

5.3.2.2 Some examples,

A knowledge of measurement uncertainty is useful for identifying
the number of significant figures that should be carried in data recorded
from the T-burner test. In Table 5.3-1, a set of assumed measured
quantities are listed along with assumed uncertainties associated with the
measurements. Based cn the assumed values, the un:a2rtainties for cal-

culated quantities are listed.

5.4 Methods for Obtaining the Response Functions and Particle Damping

from Experimental Data

An essential problem arising in the use of T-burners to obtain
quantitative results is that the items eventually desired cannot be meas-
ured directly. In principle, pressure records contain the information,
but numerical values for the response functions and particle damping can
be determined only by making use of a stability analysis. Consequently,
the resulis inevitably rest on some approximations and assumptions.
After a brief discussion of the assumptions generally used, the direct
application of stability analyses and statistical analysis are treated in
this section. Some of the material has already been discussed in £%2 and
3: further details of specific applications may be fcund in the references.

5.4.1 Assumptions and Approximatio s. The major assumnptions

and approximations used in the one- and three-dimensional cnalyses have
been summarized in 2. For the stability analyses commonly used, the
most important requirements, built into the {ormalism, are that the
Mach number of both the acoustic and average flow fields be small, and,
in fact, the acoustic Mach number should be smaller than the average
Mach number. There is no experimental information which will place
more delinite limits. It seermns tc be true that linear behavior (the am-
plitude grows exponentially in time) is observed not only for larger am-
plitudes than onc¢ has reason to expect, but also under conditions when
the acoustic Mach number, in at least part of the chamber, is much
larger than the average value. The nonlinear analyses discussed in §2

suggest possible reasons for this result, but the question is not yet sa:-
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isfactorily answered.

In any event, the analyses described earlier are used as presented,

or in simplified form for special cases. Beyond the formal assumptions,

a number of approximations are usually made in respect to physical proc-

esses in the burner; these include the following:

(1)

(2)

(3)

(6)

(8)

The response functions are independent of position on the
burning surface. Although a distinction has been made be-
tween the values for lateral and end surfaces, the quantities
BS and Be are almost always assumed to be constant on the
side (lateral) and end surfaces respectively.

Possible influences of the mean flow on the response functions
and damping processes are ignored.

The various contributions to both the growth and decay con-
stant are assumed to be independent of time.

The influence of the products introduced by hot pulse units is
ignored.

The influence of flow from the surge tank into the burner due
to cooling after burnout is ignored when the decay constant or

a pulse after burnout is analyzed.

The combustion of the last layers of propellant is assumed to

be unaffected by cool adjacent wall, so that the combustion
products in the chamber after burnout are the same as those
present during burning.

The influences of residual burning within the volume are usﬁ-
ally ignored, so particle sizes are assumed to be independent
of position and length of burner.

The combustion products, in particular the size of particles,

is assumed to he independent of mean flow.

This is not intended to be a complete list. Additional assumptions

and approximations may be usefully introduced in special situations.

Further discussion of these and related questions may be found in 57.
5.4.2 Direct Methods for Obtaining the Response Functions and

and Particle Damping. The analyses carried out to obtain the response

functions and particle damping, or particle size, range from quite crude
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{which can be very useful) forms Lo application >f the complete results’
discussed in ¢2.
».4.2.1 Values obtained from DB/AB Aata.

Testing by the pulse method has proved most useful ior obtaining

qualitative information and for quantitative comparisons based on the de-
cay constants observed during and after burning. In principle, values “or
the response function can be obtained, but those who have used the tech-
nique most extensivaly (ref. 5- 1 ) have done so only in ar apnroximate

way. The formula (3.2.10) is used,

Sbe
@ = 4fz—Bt+a, (5.4.1)
o
with the following assumptions:
(}; The value of oy during burning is the same as u'd after burnout.

A frequency correction is made (see ref. 5-1) so the value of
oy used is that for the frequency observed during the growth
period.

{2} The vent is assumed to have no influence.

(3) The average burning rate is compuied trom T-burner tests as

the ratio of web thickness to burn time.

(4) The velocity of socad is computed from the length of burner

and observed frequency with the formula a = 2Lf.

Fquation (5.4. 1) may then be solved for Be’ Because only end
discs have been used in DB/AE testing, the response function for end
grains is obtaiied. If one assumes that Q4 is entirely due to particle
damping, then the values of the decay constant for the pulse after burnout
can be used, with formulas such as that given in Appendix D. }, to obtain
an ectimate for the average paiiicle size. Values obtained in this way
have been rerorted, for =xample, in ref. 5.2,

5.4.2.¢ Values obtained from VATB and pulsed VATR data.

Equation (2. 2. 3), or a modified form, has been most commonly

used t. intevpret data taken witl. variable-aresa T-burners. The simplest

forins arise in the cases of end grains, or short lateral grains flush with
the walls:
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T2 “be | ) A

& - LE Sco JBe t oy (end grains only) (5.4.2)
JU— Sbs A 2

a = L"af: SCo %)ﬁ ]Bs Oy (lateral grains) (5. 4.3)

whese (ﬁ/;)s is the pressure tluctuation at the location of the frample. For
(5. 4. 3) to be valid, the grain must be sufficiently short that the pressure
is essentially uniform, but fluctuating in time. Otherwise, the brackets
multiplying Bs caontain tne fruction g, and depend on the length of the
grain as well as 1ts position in the burner. All of the assumptions listed
in ©5.4.1 are used to obtain (5.4. ¢) and (5.4. 3). It should be recalled
(see ¢2. 6. | and Appendix E) that the guantity B is related to the real part

of the response function by

u_b R (r)
- b

a a

u.
B - alfls 2 (5. 4.4,

The original suggestion for testing with variable area (see rei. 5-1)
was based on Eq. (5. 4.2). As suggested above, the ratio a/L can be re-
placed by twice the observed frequency. A plot of the measured values of
a versus a Sbe/LSco has slope Be and intercept Oy if the losses are con-
stant icr the series of tests. A similar plot using (5 4. 3}, subject tc the
many approximations used, will give BS. For metallized propellants,
small disturbances will generally not be unstable if only end graiuns are
used; to obtain Bc' one must then either use a pulse techanique, »r use cv-
lindrical and end grains together. The apjropriate simplified equation is

-5, A -~ S 2 -
- [ le T2 (E) r ey - e
It has already been roted in 8 3. 2 that accurate values for Be are dif-
ficult to obtain in this way bec:use the first term in (5.4, 5) i{s a relatively
small contribution to the r:ght hand side when heavily metallized propal-
lants are tested.

Perhaps the most obvious indication that one cr more of the as-
sumptions may be violat.d is that the plot cf the growth constant versus
the variable brackets in (5. 4. 3 - (£.4.5) is not a straight linef Significant

causes include the finite length of grains, variable combustion response

*
Another possible explanation is that velocity coupling (85. 4. 4) ma: be sig-
nificant. 137
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over the burning surface, and dependence of the losses, i.e., ad' on ge-
ometry. Nevertheless, this simple approach has ofter. been used success-
fully tc obtain =stimates of Be and Bs'

Pulsing with variable area serves most importantly to provide data
in the range of lower area ratios. The curve of @ versus area ratio is
thereby better defined, and yields better values of both B and LT Figure

5.1-3 clearly shows this feature.
To obtain R,\%)

b
of B, the average speed Eb of the gases leaving the burning surface must

, the real part of the response function, from values

be known. This is generally computed in the following way. Conservation
of mass applied to the flow across the solid/gas region at a burning surface
requires

p.T = pg'Jb+FTf . (5.4.6)
Assume that the average speeds of the particles and gases are the same,
and that the local value of p /p = C_, at the edge of the combustion zone
is the equilibrium valne for the piropellant. Hence, (5.4.6) gives

- —
PT [ JRT Pgra
= £ YRT | _ Ps

‘lb = —— 1rC J - — (547)
YP m

where a is the speed of sound for the product mixture in the chamber, and
Y is the ratio of the specific heats for the mixture (see Appendix E). All
quantities on the right hand side of (5. 4. 8) are therefore known.

The procedures become increasingly complicated as the geometry
differs more from a uniform tube, and jf the losses (ad) depend on geome -

try. In particalar, &, contains particle damping, wall losses, and the in- .

fluence of the vent. gll three mav vary with geomectry. The crudest as-
gsumption is that only the particle damping is significant, and is independent
of geometry. The formula (D.24) may then be used as an approximation to
obtain an cffective particle size.

The more complicated result, Eq. (2.2.3)or (3.2.1), is used in
essentially the same way as the simpler formulas just described. Mainly.
the differences 2rise from the attempt to take accouvnt of geometrical per-
turbations, and some of the dependence of the losses on the mean flow fi»ld
and geomnetry. One way of presenting these corrections is shewn in Figure
5.1-12.
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Uncertainties associated with the losses, geometrical complica-
tions, and difficulties with reproducibility ¢! data have led to quite exten-
sive use of statistical techuiques, discussed in the following section.

5.4.3 Statistical Analysis of T-Burner Data. Ultimately, the

purpose of conducting quantitative T-burner tests is to provide input data
for predictions of motor stability. To accomplish this, the quantities Bs'
Be, and 0, must be extracted from the T-burner data. Kegardless of the

d
T-burner test method used to obtain the data, it is apparent from the

earlier discussions that unknown process<s and uncertainties in data meas-

urement occur frequently. Consequently, several tests will be required to
determine the combustion response and particle damping for any given fre-
quency and pressure, and a statistical analysis of the data must play an
important role in the interpretatior of the data.

When applied properly, a statistical analysis can yield a quant'ta-
tive assessment of the combustion parameters and an estirmmation of their
accuracy. In addition, outlying data voints can ke identified, and one can
acqguire guidanc- for the conduct of future tests.

As presented previously, the basic equation for the T-burner is
Eq. (2.2.3): “

s Al veostion 22 a2 )e (s LRy

co

acoustic driving from end- acoustic burning from side-
burning surfaces burning surfaces
14 S . e s s
) S bs ) acoustic driving due to (5. 4.8)
L \ SCo velocity coupling

Both ¢ and i are guantities measured during the experiment. B , B, Cy
and R( 1)

represent; the influence uf velocity coupling, and has been mcluded here

are to be extracted from the data. The term containing R(1

according to the treatment described in ref, 5-6. All other parameters
are functions of the test geometry and observed burning rate and can be
calculated by the piocedures preserted elsewhere in this report. Because
the value of Clm cannct be set unequivocally, it is important that whatever
value is used be clearly explained.

The T-buvner data should be {it to the model through some formof
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statistical optimization; the method of least squares is commaonly used. A
stepwise regression analysis is probably the most infcrmative, but is not
required. Once the data fit has been accomplished and Be, Bs’ and a.d de-
termined, one must evaluate the results and make judgements concerning
the quality of the fit. To accomplish this evaluation the optimization tech-
nique should be capable of computing certain parameters, namely, the con-
fidence interval and/or partial F-ratios for Vg Be’ ad a4 the ''per cent
variation explained'' by the correlation, and a table of residuals showing
the differences between what is actually observed and what would be ''pre-
dicted' by the regression equation. The standard error of estimate (0) is
also useful. Definitions of the various quantities are given in Table 5.4-1.

The first step in evaluating the quality of the fit is the identification
of outlying or ""bad' data points. If the data bank contained a ''normal" dis-
tribution of voints one would expect that ‘hz residual table would show ap-
proximat ; 36%, 5% and 1% of the predicted points to be 10, 20, and 30
away from the observed data. Significant deviatiun from this normal dis-
tribution is generally indicative of a poor quality fit. For example, a large
quantity »f 10 poL. s could indicate a high degree of scatter associated with
the entire dat. bank. Conversely, a large amount of 30 points could be in-
dicative of outlying or '""had'' data points. If one finds a large percentage of
30 he -hould re-examine each of these data traces carefully to ascertain
their validity. Should a basis be found for discarding some of the data,
the data which are retain~d should also be re-examineua by the same pro-
cedure, to avoid a possible bias.

The confidenc: intervals and partial F-ratios for the calculated
combustion parameters should then be examined to establish the accuracy
to which these guantities have been determined. Ce .erally speaking, the
F-ratio should be on the order of 25.0 and the confidencz interval should
be within % 20% of the calculated paramefer. Unfortunately, this degree of
precision is not always obtainable. Probleme generally arise because one
cannot test over a3 wide range of one or more of the indepeinrdent variatles.
Tor example, in the variable area T-buraer, the g:aantity Sbelsco cannot
be varied significantly from 1.0: on the other hand, sbs/sco can range from
2.0 to 8.0. Consequently, Bs can be determined to a much greater pre-

cision than Be .
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The "'per cent variation explained’ and '"standard error of esti-
mate” are guod indicators of the overali correlation of the data by the re-
gression equation. If one had many data points, a value of 0.9 for the per
cent variation explained would be a reasonable goal. For treatment of
twenty to thirty points, 0.95 is not unreasonable. Certainly one tries to
minimize the standard error or estimate: however, it is difficult to place
levels of acceptability on this parameter since its absolute value will de-
pend heavily on the mean of the measured data.

As an exaniple of the data interpretation procedure, a sample prob.
lem was constructed from the data reported in ref. 5-3. A summary of
these data is presented in Table 5.4-1. Note that these data were acquired
with cylindrically-shaped grains; consequently, only B and ad could be
extracted. For the purposes of the sample problem, the vent factor, VF,
was set equal 1o zero. Since the vent effect and the combustion driving by
the side wall are btoth directly dependent on sbs/Sco’ the quantity one as-
signs to the vent effect should have little consequence on the quality of the
data correlation. however, the value of B_ is affected.

The data present in Table 5. 4-2 comprise 39 points and reflect the
results of a well.planned test program. The area ratic was varicd over a
wide range (1.5-7.2); this should allow for a precise determineation of Bs.
Note that several tests were acquired at low area ratios and required
pulsing to obtain data. The inclusion of these points will increase the pre-
cision to which o, will be determined. A least squares regression analysis
yielded the following information:

B_ - 0.00752 = 0.00022 ,

Ctd = -79.9 £ 3.7
The relative smallness of the standard error of covefficient for B, and ey
indicates a high degree of confidence in the data fit. This is further sub-
stantiated by the F-ratios,which were 475 and 1140, respectively. The
per cent variaiion explained" by this fit tc the data was 0.968. There-
fore, one can conclude that the theory, with these values for B_ and a gy
describes the data bank; only 3 per cent of the data variation is attributa-
ble to "scatter' or to some process not considered by the theory. Finally,
a review of the residual error table (Table 5. 4-3) shows that the data fol-
low a normal distribution.
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Table 5,4-1

Definitions of Quantities used in Statistical Analysis

{

m

measured value of growth constant
value given by Eq. (3.22)

g
)
[}
~3

value of ® which is predicted by the theory using the coefficients

)
pred extracted from the data by ''L.east Squares"

g mean value of P
cppred mean value of ¢pred
N number of data points
P number of parameters used in the correlation equation; us. ally,
p = 3, the parameters being Be' Bs and @
VE Percent Variation Explained
N 2 N
r £.-3 ) Z {v.-P )
521 ) pred j=1 1 pred
N
. (ro.-ﬁ)z
. i i
i=1
o] Standard Error of Estimate
N
.fjl (‘pi h c‘:pred)
o = 1=
N-P
For the expression y =b, +b,x i
0 1 N 3
z xf
_ i=
Standard Error of bo = 0 N =
N & (x.-x)
P |
i=1

Standard Error of bl =

otz
.-.A Q
,.c.x
1
x|
o !
[y )
itz
_
)
[
]
% {
(I
[ ]

Partial F Ratio =

(Standard Error of Z2

where Z stands for Bs, Be or o, 142
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A few words of caution concerning the use of statistics to interpret
the data should be mentioned at this point. Since the statistical analysis
will attempt to explain the data in terms of the theoreticcl expression, one
should attempt to acquire data over a wide variation of the dependent vari-
ables, usually Sb
taken at three area ratios with cup-shaped grains. The statistical analyses
essentially will fit a three-parameter expression (Be. Bs’ czd) through the

mean of the data at each area ratio. This is cou2Table to fitting an ex-

s/sco' For example, consider a bank of 12 data points

pression with three unknowns through three points. Although the statisti-
cal paramecters could indicate a high quality fit, a so-called '"false corre-
lation” probably has been obtained. If the experimenter were limited to
obtaining only 12 points, a bank which con”ained six values of area ratio
would be much more preferable.

Even thec most carefully planned test series will frequently result
in data points that were influenced by processes not accountable by theory,
Frequently, the data will have to be screened to extract "bad' data points,
or the basic theory will require modification to encompass all the test
variances and thus ensure a precise determination of the cuombustion pa-
rameters. Several methods have been tried by various investigators, and
the reader : referred to Appendix B for further discussion.

&.4.4 Velocity Coupling. In the variable arca T-burner, the pro-:

pellant extending alonz the burner wall is exposed to the acoustic velocity
parallel to the surface while a disc of propellant in the end of the burner is
acted upon by the acoustic pressure only. The potential effects of velocity
coupliny associated with the lateral grains must be considered. It has been
found that, in some cases, the influence of velucity coupling is such that the
respconse functions for pressure couplinuz, deduced {rom the data, may be
significantly affected. The question remains open and is a subject of cur-
rent work.

A derivation of the contribuiion of velocity coupling in a VATB can
be found in ref. 5-3 and will not be repeated here. The growth constant due

to velocity coupling can be written as

a, = -<;<?:?><5:)<§E)(PL)R" (5.4.9)

where




T TN T~ e —a——
-

-

2
L " I‘;ucf) sinZK{(l-.'S-ﬁo)-cosz(KLﬂ)]. (5. 4.10)

U}

P

A response function for velocity coupling has been introduced, having

imaginary part Rv(l).

for pressure coupling: the fluctuation of mass flux normal to the burner

This is defined analogously to the response function

surface is proportional to the local value of acoustic velocity parallel to
the surface:

:ﬁb = Rv‘f—.' (5.4.11)

a

The value of L is of course simply another additive contribution to the
growth constant. Figure 5. 4-1 shows the variation cf a normalized form
of o.v: with B, for a flush cylindrical sample in a VATB. Note & 2 in-
creases proportionally with frequency, burner dian eter, and the imagi-
nary part of the velocity coupled response.

By using the general result shown in Figure 5. 4-1, oune finds, for
the specific case of ANB 3066 propellant at 500 psi and 860 Hz, the be-
havior shown in Figure 5.4-2. The result shows that for the given condi-
tions, the contribution a . by velocity c(c?upling can be as large as 10 to 20
times the velocity coupled responsz R.vl). For a response of order unity,
this represerts a significant effect; for larger values of the response, ve-
lccity coupling cannot be ignored.

In ref. 5.3, calculations were performed, using actual data, to de-
termine the effect of velocity coupling on data interpretation. Typical re-
sults are sumr arized in Table 5.4-4. Data from velocity-coupled T-
burners discussed in ref. 5-6 have been included in cases )| and 6 to ac-
count for the effect of velocity coupling. In the other cases, variable area
T-burner data are treated with the velocity coupled response assumed to
be zero, some fixed value, or left to float. As can be expected from the
preceding figures, very significant errors are introduced if velocity
coupling is not accounted for.

The conclusion is reached here that in the VATB for 2 0.1, the
effects of velocity coupling must be accounter tor, or significant errors

will be introduced. The velocity-coupled T-burner appears to be a way of

evaluatiag velocity coupling, but it is still in the development stage. Be-
l46
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cause of the magnitude of the errors that are ctherwise introduced, it ap-
pears that data obtained with a velocitv-coupled T-burner, or equivalent
information, must be used in conjunction with analyzing VATB data to ac-
count for velocity coupling. This will complicate use of the T-burner, but
it may be a necessary refinement. If velocity coupling is significant for a
propellant used in a T-burner, then it is likely to be significant for the
same propellant used in a motor. Consequently, one should take into ac-
count this potentially important factor, both in the interpretation of data
taken with T-burners and in considering the stability of motions in a
motor.

5.5 Nonlinear Analysis of Date

Monlinear analysis has been introduced briefly in $2.4. It has not
been used extensively to analyze data, and therefore no standard technique
for data analys.s has been adopted. The basic approach used by one or-
ganization will be referred to here, the interested reader should consult
the references for further details on this subject.

Eased on the idea that the unsteady motions in a T-burner might
be approximated as z single acoustic mmode, Culick {ref. 5.7} has shown
this behavio: can be described as a nonlinear oscillator. The envelope
of the pressure nscillation is described by the first order equation

R/R - at GR + PR | (5.5.1)
where R is the amplitude of the oscillation and a is the usual linear
growth constant. G and P are nonlineer 2nd and 3rd order coefficients.

In attempting to evaluate the coefficients in Eq. (5. 5. 1) by fitting
to T-burrer datz, it was found that equally good fits to a given T -burner
record can be obtained with wide ranges of all three parameters (a, G, P)
{ref. 5-6}. The three degrees of freedom are tno many to {it a simple
curve mcaniagfully. Approaches have been developed to reduce the de-
grees of freedom, but even so, the results have not produced guantitative
interpretations (vets. 5-6, 5-10). Ir these attempts at data analvsis, the
data have been fitted to q. (5. 5. 1) in the form of amplitude ver us time.
Another approach is based on the limiting amplitude that is alt’ .ately
reached. In Eg. (5.5.1) for large times,

R/R = 0 ,
R = Roo {i.e., limiting amplitude).
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Solving for t:./Rcn yields

= - G+PRC° . (5.5.2)
0

In other words, the quantity u./Rco (which is based on two experimentally
measurable quantities) is a measure of the nonlinearities of the system.
Normalizing & with frequency and the limiting amplitude with mean pres-
sure yields a nounlinear parameter that has been somewhat successful in
correlating dat=. This nonlinear correlating parameter has been defined

as

SV S (5.5.3)

Roo/p
Details of thes work and resuits may be found in refs. 5-10, 5-11, and
5-12.
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6. TEST PROGRAMS AND APPLICATION TO STABILITY OF MOTORS

In this section the experiences of some of those who have been
engaged in the 1se of T-burners are briefly summarized. It is not possi-
ble to provide a thoroughly detailed account. Proprietary considerations
prevent inc.usion of some inaterial, and questions and decisicns related
to management problemns, guch as budgets, are not discussed. Only the
technical aspects are treated, and largely in an abbreviated fashion.

Ta2st programs may be divided into three classes according to
their primary purposes: tests for comparison of propellants; tests to
characterize thorcughly a single propellant; and tests directed towards
solving a specific problem of instability in 2 motor. In %6.1 these kinds
of programs are described, and ip §6. 2 the use of T-burner data to study

the stability of motors is discussed.

6. . Test Programs
6. 1.1 Comparison of Propellants. A test program designed to

compare propeliants is principally a matter of qualitative testing. There
is no gquestion of comparing experimental results with a theory, and the
absolute numerical values of the results are not usually important.
There are three situations in which this kind of testing has been especial-
ly useful: development of a stable (or less uncstable) propellant; during
produaction, to monitor the behavior of each lot or baich of propellant,
i.e., a susveiliance program; and tests performed o study the conse-
quences of relatively large variaticns in the ingrediernts. Specific ex-
amples are cited below.

Both DB/AB and VATB test methods have been successfully used
for establishing the relative behavior of propellants (refs. 6-1, 6-2).
The test program is usually not so elaburate as one designed to charac-
terize thoroughly a propellant, but the indivadual tests must be performed
with the same care. Sloppy procedures can easily destroy the validity of
the experimental results even if they are intended only for comparison.

It is likely that this kind of program will be associated with a
particular propulsion system. The characteristics of the motor serve tc

fix the temperatare, mean pressure, and frequencies at which the T-
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burner tests are performed. It is particularly important that the appro-
priate frequencies be used. If the motor in question has exhibited insta-
bilities, then the frequencies and modes can be determined from obser-
vations. Note that a single frequency may not suffice, for two reasons,
First, during a firing as the portopens up, the natural frequencies all
decrease with time. Second, as conditions in the chamber change, a
mode which is unstable early in a firing may subsequently become stable,
and a different mode may become unstable. Should the motor be in the
design stages, then it is necessary to perform an analysis of the cavity
to find the classical modes and frequencies (see 52.5). At the very mini-
mum, tests should be performed at the frequencies likely to be found in
the motor. If time and funds permit, it is highly desirable to test over

ranges of {requency, to gain some idea of the behavior as a function of

frequency. Often, for example, it is helpful to know whether the response

of the propellant is increasing or decreasing with frequency. The infor-
mation may help clarify changes of behavior which may accompany small
shifts of frequency in a motor.

The number of tests required for a DB/AB program has been dis-
cussed in £3.3.3.1. In that case, the configuration is fixed. If the VATB
method is used, some exploratory firings will probably be required to
establish the best area vatio to use. A good starting point is Sbs/Sc°= 6,
for a single grain; cylindrical grains mounted at the ends are probably
simplest to use. Whatever configuration is finally chosen, it is absolute-
ly essential that the same configuration be used in all comparison tests.
Even small changes in geometry and ignition procedures, which might
appear to be inconsequential, may in fact have very large effects de-
stroying the validity of the observations.

Attention should be paid to the possibility that velocity coupling is
a significant influence. This depends very much on the propellant used,
and is more likely important in the case of longitudinal modes in the mo-
tor. Should velocity co.upling be suspected, the type of burner described

in £5.4.4 may be used. Driver grains are placed at the ends, and test

“jt should be recalled that DB/AB testing with end grains only will give
no information about velocity coupling.
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grains (Sbs/sco = 3.5 18 a reasonable first choice) are placed at the
quarter length positions. The behavior with and without test grains is
compared for the propellants being considered. An alternative is to con-
duct tests with cylindrical test grains displaced various distances from
the end. The phase relations between velocity, pressure, and burning
rate are particularly crucial to the net effect of velocity coupling in a
motor (refs. 6-3, 6-4, 6-5). Those relations vary substantially with fre-
quency. The phase relations cannot be dctermined, with a T-burner,
from tests at a single frequency. Consequently, tests must be conducted
over a range of frequencies, even if one is concerned only with a single
frequency in a motor.

When VATB testing is used, it is difficult to obtain a good value
for the losses by determining the intercept of the curve of growth con-
stant versus arca ratio (sec §5.4). Pulsing at low area ratios, for which
the fundamental mode is stable, improves the values obtained, but also
complicates the test program. For qualitative purposes it may prove
useful to compare valucs of the decay constant following burnout. How-
ever, care must be used because large uncertainties may result from
poor ignitiori, continued burning of small slivers of propellant, and pos-
sibly residual combustion within the volume.

At least two attempts (ref. 6-6) have been made to check the losses
determined from the intercept with those found by measurement of the
decay following burnout. Goud quantitative agreement has been found
only under limited conditions. The simplicity of making the decay meas-
urement is an attractive fcature; use of these data for comparative pur-
poses, at least, might profitably be examined further.

The most elaborate program of qualitative testing to date has been
reported in ref. 6-1, using the DB/AB technique for a single pronellant,
in production. ; There are two purposes of the program: to monitor the
combustion and particle damping for production lots of propellant; and to
study the consequences of ingredient variations greater than those per-

mitted by the normal manufacturing specifications. Photographic tests

“Mr. B. T. Mathes (Naval Weapons Center, China Lake) provided the
material for the examples discussed here.
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in a window bomb, and T-burncr tests arg conducted in all cases.

For each sample, T-burner tests are conducted at a single pres-
sure and five frequencies: five tests are made at each frequency. Thus,
sufficient data are obtained to determine meaningful standard deviations.
Figures 6.1-1 and 6.1-2 show results for the quantity & -1, proportional to
the combustion response (see £3.2.2,1) and the decay constant a, for the
-@. are shown for

2 1
a number of samples, covering tests at 800 Hz. The mean, and 20, 3¢

pulse after burnout. InFigure 6.1-3, the results for a

deviations shown are for all tests conducted on all samples at this fre-
quency. Samples giving results lying between 2~ and 35 from the mean
should cause concern: the combustion response is then measurably dif-
ferent from the average of all lots.

For this propellant, lots of propellant showing somewhat higher
response in the T-burner have, in some cases, produced greater than
normal instability in a motor. The T-burner tests have not been used to
reject lots of prupellant which have passed the usual tests for burning
rate, impulse and physical propertics. On the whole, the specifications
for this propellant appear to provide a uniform product, and variations of
instability 1n the motors have been within acceptable limits.

Figures 6.1-4 and 6.1-5 show data fur the decay following burnout,
and for e, -0y, for four differeat compositions, including that specified
for production (labeled ''reference propellant''). In each of the three
other cases, the only change from the reference propzllant was a change
of particle size of one uf the ingredients.

No attempt will be made here to interpret the results, The main
point is that the tests evidently do provide a means of detecting changes
of behavior due to changes of cornposition. A similar conclusion has
been supported by the rasalts of VATBE test programs. It must be em-
phasized that the data shown Lere serve to characterize qualitatively
sutne features of tre behavior, but are insufficient for detern ining quan-
titatively the stability characteristics of a motor.

6.1.2 Characterizing a Single Propellant. Complete Characteri-

zation of a propellant involves essentially all the material included in
this report. The test program necessarily becomes very extensive, be-

cause tests should be carried c¢ut over a range of temperature, mean
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pressure, and [requency. Moreover, to obtain good values with VATR
testing, for the response functions, tests must be done over a broad
range of area ratios, the smaller values requiring pulsed tests. Both
DB/AB and VATB tests have been used for detailed characterizations.
By far most of the work to date has bezn done for pressure coupling, but
for a thorough assessment, tests for velocity coupling should be carried
out.

To gain a rough idea of how many tests are involved, consider
first VATB testing, for a single propellant at one value of mean pressure.
As noted in “3.4, 3,1, the minimum number of tests to define a curve of
growth constant versus area ratio is about {ive at each {requency. To
obtain even an approximation to the shape of the response curve, results
for at least five frequencics are required, yielding a minimuwn number of
twenty-five tests for each value of mean pressure. On the other hand, if
each DBrAB test gives usable data (i.e., there is no d.fficulty with the
timing and behavior of the pulse after burnout), the corresponding num-
ber of tests is {ifteen -- one at each fregquency and pressare.

In practice, more tests will be required, with each technique, to
determine reproduciblity and hence the reliability of the numerical values
obtained from the measurements.

6.1. % Tests for Application to Motor Stability. A test program

designed to give the information required in a stability analysis is essen-
tially like that required to characterize a propellant. The main differ-
ence is that the ranges of pressure, temperature and frequency need not
be so large.

What range of frecuency should be studied . an be determined only
from observations of the motor itself, or by a preliminary stability analy-
sis, Principally, it is nccessary to gpain some idea of what modes might
be unstabie. Teneralily, the juwest twou ur three mudes are most likely to
be troublesome. OQuviously, this cannot be done accurately without
knowing the respouse of the propellant, but at least estimates can be
made. Some effor! spent on this task is worthwhile to reduce the possibly
unnecessary expense of testing over too broad a frequency range.

As a practical matter, more tests are likely to be required at

low irequencies and high pressures. In general, the response of a pro-
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pellant is low at low frequencies (it may also be low at high frequenciés),
and if the T-burner is only weakly unstable it may be difficult to obtain
with VATB testing a good definition of the curve for the growth constant
versus area ratio. The corresponding difficulty in the DB/AB technique
is that, for small combustion response, a2 P Cll and it is then difficult
to extract reliable values fcr the response, or a,-a, . At high pres-
sures, the increased burning rate produces shorter firing times, there-
by reducing the opportunities for cbtaining multiple growth periods in a

VATB test.

6.2 Application of T-Burner Data to Problems of Stability in Motors

A Dbrief introduction to the general problem of stability in motors
was given in €2 see particularly Figure 2.1-.1 for a simplified represen-
tation. Analysis of lincar stability produces the very important result
that the growth or decay constant @ is simply equal to the sum of contri-
butions from the various physical processes taking place in the chamber.
At the present time, T-burner testing is the only practical means of de-
termining the contribution to @ from interactions hetween an unsteady
flow field and surface combustion. In addition, the experimental tech-
niques described in this report provide important clues to the attenuation
of energy associated with particulate matter in the combtustion products.

Testing with T-burners therefore is virtually an indispensable aid
to assessing both the principal gain of acoustic energy and a major con-
tribution to the 10s5ses. Less obviously, effort which has been expended
on reconciling exnari-v.résl rooilfe with analyses of the T-burner is im-
portait as well to the treatment of full-scale motors.

Because the T-hurner is really just a special kind of rocket mo-
tor, the same analyses apply to both. The major formal difference is
that in the T-burner, measured values of the growth constant are used to
determine the combustion response and particle damping; but for a motor,
everything else must be known, and the value of the growth constant is
calculated. The analyses discussed in §2, and Appendices E and F, are
applicable. Surveys of the general problem may be found in refs. 6-7 to
6-12; examples of calculations for specific motors have been published
in refs. 6-13 to 6-16.
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It is important to appreciate that values of growth or decay con-
stants measured in T-burners are not directly applicable tc motors. One -
must extract quantities which are normalized to a unit area or a unit vol-
ume. The response functions are in this sense valid representations of

the surface combustion processes. Values of Rér)

for pressure coupling
and the corresponding quantity R‘ii) for velocity coupling can be used di-
rectly in a calculation of motor stability. It is fortunate that, in principle,
these quantities can be determined from data taken ir T-burner tests
without calling upon a detailed analysis of the combustion processes.

The last statement is really only approximately true. The ap-
proximation is one that must be made, and cannot presently be satisfacto-
rily imprcved upon, namely, that the response functions ‘are independent
of position on the burning surface. It has been emphasized elsewhere in
this report that, on phenomenological grounds at least, the assumption
can not he strictly true (for example, because of the influence of the local
mean flow), but there is no available analysis or date to serve as the
basis for rational improvements.

The situation is similar for particle damping. One can compute
an expression (see Appendix D.1) for the dissipation of energy per unit
volume associated with a given number density of particles having a giv-
en size. This can be extended in a straightforward manner to accommo-
date a distribution of particle sizes. Thus, if the damping due to particu-
late matter in a T-burner could he determined accurately, one could ex-
tract a value for the dissipation of energy per unit volume, which could
then be used in the stability analysis of a motor. The crucial assumption
must be made, however, that the average particle size produced in a T-
burner is the same as that produced in a motor. This is not likely to be
exactly true because of residual burning or agglomeration of particles,
or both.

At the present time, estimates of particles sizes, and hence par-
ticle damping, rest on intelligent guesses. These are justified by the re-
sults of T-burner tests, and direct measurements of particle sizes from
experiments with combustion of single particles, or from collections of
combustion products produced in motors and T-burners (e.g. see refs.

6-17 to 6..19 for recent work). It is really the weight of various evi-
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dences rather than the unquestioned accuracy of any single measurement
which has justified the particular choices of particle sizes.

In the work reported in ref. 6-15, several motors, both sub-scale
and full size, have been studied using the techniques described abov;e.
Tests with T-burners provided data for both the combustion response and
attenuation by the condensed phase. Numerical analysis gave the natural
frequencies and mode shapes. Calculations of the linear growth constant
(a) were carried out prior to the motor firings. Generally, the predic-
tions showed roughly the trends which were found in the tests although,
as one should expect, the comparison was not particularly good quantita-
tively. This work is the most extensive yet published, and with the work
reported in ref. 6-1, illustrates very well the practical values of T-
burner testing.

Figure 6.2-1, taken from ref. 6-15, shows one example, for &
demonstration motor thirty inches long, having fins in the aft end. Three
propellants, referred to as VMV, VMO, and VMH, were tested in T-
burners and fired in the motors. The motors were all stable initially,
and later in the firing oscillations were observed, a trend predicted by
the analyse’s. Measured valuces of the growth constant were substantially
larger than those predicted. The discussion in ref. 6-15 contains several
other exaruples and includes a detailed description of the results.

The use uf data taken in T-burners for the study of behavior in
motors raises the question of scaiing: generally, T-burners are smaller
than motors. One might hope that the values of the response functions
and particle sizes determined {rom tests with T-burners would be appli-
cable to motors. The hope, however, will probably not be fulfilled to
perfection.

In ref. 6-20 an attempt was made to examine quantitatively the in-
fluence of diameter. Six scts of data obtained in the 1.5- and 2.9-inch T-
burners, at pressures of 200, 560, and 700 psia, were examined. Ex-
perience with motors has shown that the burning rate decreases as the
size of motor is increased, tending (roughly) asymptotically to the value
measured in strand burners. If one assumes that the same behavior is

exhibited by T-burners, this suggests plotting the data as shown in Fig-
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ure 6.2-2 for the response function. The data are shown correlated for
two different combinations of the factors VF and FT,

The value of B_ appears to be within~ 98 per cent of 'full scale'"
for the 2. 9-inch T-burner and within ~ 90 per cent for the 1.5-inch T-
burner. Th us, typical T-burner data are roughly ~ 5 to 10 per cent in
error relative to the values one might use in full-scale motors, if this'
reasoning is correct. A greater degree of confidence is expressed in the
500 psi data vecause more data were available. The scaling factors that
appear most reasonable for the 500 psi data are 1.06 for the 1.5-inch T-
burner and 1.015 for the 2.9-inch T-burner. The data at 200 and 700 psi
indicate larger scaling factors. However, fewer data were obtained at
these pressures and less confidence is placed in the data.

Dased un the data taken at 500 psia, it appears that a scaling
factor of the form

scaling factor - | IA,/D(‘j

is required to scale T-burner data. For the ANB-3066 propellant at 800
Hz and 500 psia, the value of A is ~ 0,13 inchcsz. For the 200 and 700
psia data, the value of A appears to vary with Bs; the results are less
conclusive. The postulated scaling relationship indicates that for a scal-
ing cffect of around | per cent or less, a T-burner diameter of about 3%
to 4 inches vould be required.

Similar results were found for the values of the decay constant
associated with particle damping. The conclusion is that to scale T-
burner data to motors larger than 10 inches in diameter, both Bs and the
decay constant racasured in [-burners should be increased by 1.06 (data
from the 1.5-inch burner) or 1.02 (data from the 2.9-inch burner). This
conclusion cannot be represented as a general result; indeed it rests‘ on
very little ev.dence. Moreovver, the diameter is of course only one of
several variibles. DBut the intent is certainly valid and must be recog-
nized. 'There ig, in all probability, an influence of scale; it appears to
be at most a few per cent, which can nevertheless be significant in cal-
culations of stability. The general question »f scaling remains unan-

swered,
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In summary, the general problem of treating the stability of
small motions in a motor is a bootstrap operation. It is impossible to
produce quantitative results from first principles. Many independent
pieces of information are required, and the T-burner is currently an in-
dispensable source of values for two crucial items: the driving of un-
stable oscillations by surface combustion, and the loss of energy associ-
ated with the particles produced by the combustion of a metallized pro-

pellant.
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7. CONCLUDING REMARKS

Despite its apparent simplicity, the T-burner has been the subject
of continued development during the period of almost twenty years since it
was introduced (ref, 7-1). Initially, the purpose was to produce oscil-
laiory combustion in a laboratory device so that the phenomenon of com-
bustion instability could be studied systematically under controlled condi-
tions. As studies progressed, the burner was adapted to more sharply
defined objectives, and the observed behavior was subjected to increasing-
ly detailed measurement and interpretation. Principally as a result of the
trend to widespread use and quantitative interpretation of results, the ex-
perimental and analytical techniques were standardized as far as possible
and summarized in ref. 7-2. '

It has only been since the publication of that report that the T-
burner has been widely applied to testing metallized propellants. The
techniques have been summarized in the preceding sections of this report.
Particular emmphasis has been placed on procedures, both experimental
and for interpretation of data, which are currently used. Significant suc-
cess has been achieved, both for research and for direct application to the
design and development of motors.

Thervc remain, however, a number of problems and unresolved
issues, some of which have already been alluded to or discussed briefly.
Because the T-burner continues to be the most important laboratory de-
vice for studying combustion instability, it is appropriate here to take
notica of thoze osroblems which might profitably be éncirined more thor-
~ughly in subsequent work. Even though the user of the T-burner mav not
Le - .worned with fine details, it is essential that he be aware of possible
difiiculties that he rnay encounter.

The following discussion covers a wide range of subjects, none of
which are explored theroughly. No attempt is made to assess the relative
importance of the iteme covered. Indeed, it is impossible to do so, be-
cause the significance of a particular problem will vary with test condi-
tions and the intended application of the T-burner. It is quite possible
that some of the difficulties noted may in the future be either shown un-

important or they may be trivially resolved.
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7.1 Analysis of the T-Burner and the Assumption of One-Dimensional
Flow.

Analytical modeling of the T-burner serves two major purposes.

Ii provides a rational basis for design of experiments and interpretation of
results; and it provides a sufficiently rigorous look at the conservation
argume nts to avoid any gross omissions. On the other hand, the physical
processes are very complicated, and a tractable analysis is necessarily a
simplified representation. Available analysis of the burner involves the
assumption at some stage that the flow is one-dimensional and/or isen-
tropic. Modifications are then made to ''correct'’ for the more gross de-
viations from the assumptions, modifications based on theoretical or ex-
perimental examinations of the three-dimensional nonisentropic processes.
Since neither the original analysis nor the corrections provide a rigorous
treatment of these aspects of the T-burner behavior, they merit specific
discussion.

7.1.1 Nonisentropic Oscillati ns of the Combustion Zone (Pres-

sure-Coupled). In representing the dynamic response of the combustion

zone to incident pressure disturbances, the admittance function has been
introduced, Eq. (E. 34): _

4, ’a

P/YP,

This has becn relatad, Iqgs. {IZ, 38) and (2. 6. 4), te the respense function

Rb and nonisentropic temperature fluctuations Af/To by

T m AT/T
b _ — b < ' o >
Ab + — EEEAY :—- Rb + ————A/
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where
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The actual fluctuation of temperature at the edge of the (presumably thin)
combustion zone is Tf, and the second term is the isentropic fluctuation
associated with a pressure fluctuation in the chamber. It may be noted
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that by use of the perfect gas law, one can also relate Ab and Rb by

u o/
e N pfp0>
Ay =y =Ry - <
a p/p

o)
where ﬁf is the actual density fluctuation at the edge of the combustion
zone.

The pressure-coupled response function, Rb’ has been the subject
of both analytical and experimental studies (e.g. refs. 7-3 through 7-7).
For high frequency oscillations, when a small element of gas in the com-
bustion zone dues not move appreciably during a cycle of oscillation, it
has often been assumed that the actual temperature and density fluctua-

tions are iscntropic,

Loyl s L p
0 v Pa Po v Py
In this casc, A TTx'bR.b/'zT. Most cxperimental determinations of the re-

sponse function have used this assumption, but its validity is highly sus-
pect at frequencies of interest. In fact, the assumption appears to be in-
compatible with the assumpti~n of quasi-steady behavior of the gas phase,

comrmonly used in analyses of R, for the combustion zone.

b
While most analyses will produce formulas for T[/T0 and ;'Sf/p0 )
within the context of special models of the combustion zone, it appears

that we are not in a position to separate R, from Af/To (or Ef/po) in

b
present experiments. This is especially true for aluminized propellants
with their slow-reacting aluminum droplets and distributed combustion.

7. 1.2 Boundary Layer - Combustion Zone Interactions. The prin-

cipal combustion reactions occur (in side wall burners) in a region sub-
stantially coincirdent with the boundary layers of the mean flow and acous-
tic flow. The fluw in this region is neither one-dimensional nor isen-
tropic -- but its interaction with the combustion .can apparently be critical
to both combustion response (ref. 7-8) and the droplet size of the product
Al.z "3, and the associated energy dissipation (refs. 7-11,7-12. )These ef-
fects are discussed in greater detail in §§ 7.3.2 and 7. 6. They appear to
be important to interpretation of T-burner test results, and may be even

more important in motors. One reflection of concern for these effects is
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the use of different response functions (Be' Bs) for end anrd side grains.
A recent calculation, ref. 7-10, is the first to treat the acoustic
boundary layer with average mass flow normal to the surface. Combus-
tion was not accounted for and the results have not yet been incorporated
in the interpretation of T-burner data. '
7.1.3 Flow-Turning of the Mass Addition at the Sidewalls. The

one -dimensional analysis produced a '"damping'' term previously unsus-

pected, a contribution related to the fact that in some burner designs, the
propellant products are introduced at the side walls of the channel, with-
out the axial acoustic momentum of the main stream. In the one-dimen-
sional model, mass addition is accommodated by assuming the mass '"ma-
terializes' uniformly over the plane of addition, and shares the state and
motion variables of the main gas column at that axial location; the flow
variables are modified incrementally by the addition of the new mass, in
accordance with the conservation equations. In the one-dimensional mod-
cl, this set of assumptions and calculations gives rise to an acoustic loss
term [sce Eqgs. (E. 33) and (F.18)] which, in motor stability analyses, is
often large, particularly in the early part of a firing when mean flow ve-
locities are high. Because some motors have exhlibited first axial mode
instability particularly at this time during burning, one might suspect that
the mass addition flow-turning losses may not be as large as calculated.
One can judue from the description of the way in which side wall mass ad-
dition is accommodated in the one-dimensional analysis that it does not
represent a mechanistic description of the actual three-dimensional non-
isentropic mixing - flow turning of a two-phase oscillating flow from the
side wall. Thus, it seems reasonable that the indicated loss process is
real, but the magnitude of the loss remains uncertain, and is probably
less than that given by Eqs. (E. 33) and (F. 18).

7.1.4 Flow Adjoining Channel Wall Discontinuities. The one-

dimensional analysis is adapted to accommodate steps in channel area ‘
such as occur at the ends of side wall charges. However, this does not _‘
cover the effects of three-dimensional viscous flow, such ar vortex forma..
tion or boundary layer detachment and reattachment. These effects in
themselves may not be important., but they may exert perturbation effects
on the comhustion zone that are not encompassed as such in interpretation
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of test results. Because of uncertaintics involved in this area, many in- )
vestigators restrict their data-taking to configurations and times during
burning when the test sample is nearly flush with the burner wall (§§ R
3.3.2.2 and 3.4.2.2). '
7.1.5 Vent Out-Flow. The reaction products flowing toward the

mid-point of the T-burner must execute a right angle turn to flow out the
vent. Within the one-dimensional model, one is confronted with the ques-
tion, what becomes of the acoustic (kinetic) energy of this exiting material?
One might assume that the acoustic waves with their high velocity propa-
gate throuch the turning flow without distortion; or at the other extreme,
that all exiting flow carries with it its full complement of acoustic energy
(see Appendix C). In effect, both of these assumptions have had advocates,
although the resulting debates have led to an intermediate view, which is
currently being guantified by experiment and by computations of three-
dimensional viscous flow. This vent contribution, first identified in one-
dimensional analysis, may yet turn out to be near zero, but the correct
value or its quantitative dependence on test conditions remains to be de-
termined.

7. 1.6 Flow Immediately Following Polses. In the pulsed DB/AB

method, the oscillations often decay rapidly, leaving only ten or so meas-
ureable cycles. The first one or two cycles are ordinarily excluded from
data reduction becanse of concern (and evidence) that normal osciila.ions
are not established (%5.1.]1). One probable (but unevaluated) cause of this
anomalous character of the first oscillations is no doubt the three-dimen-
sional nonisentropic injection and mixing of the pulser jet, with its foreign
and possibly reacting materials. At present, this effect, which differs
with the method of pulsing uscd, has received relatively little study. In-
stead, it has been customary to exclude as many as five cycles at the
start of ovscillation when enough cycles are available. Even then, there
may be residual effects related to the presence of the pulser gases -- an
uncertainty that dictates care in pulser design and use of minimum usable
pulse size.

7.1.7 D..tributed Combustion. The concept of a combustion re-

sponse function that is characteristic of the propellant is closely linked to

the assumption of a 17.i., ~ombustion wone (localized near the propellant
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surface), and our handling of combustion instability problems rests heavily
on these concepts., The cne-dimensional modeling of the T-burner behav-
ior makes a provision fuor a portion of the combustion occurring in the bulk
gas field, but the process has not yet been treated in detail.

In the casa of aluminized propellants, the aluminum droplets often
burn so slowly that their combustion can no longer be r.egarded as localized
near the burning surface. Combustion of the aluminum droplets as a
""cloud’ raises quesiions such as (a) how should the dynamic combustion
response of the cloud be determined and included in the interpretation of -
burner tests? (b) how should the droplet size distribution and damping be
handled? and (c¢)how should the spatial distribution of the properties of the
medium (density, temperature, velocity of sound, etc. ) be handled in the
flow and mode calculations? The magnitude of this problem is unknown at
prescnt, although it is preswmnably less serious for situations where the
aluminum agglomeration - droplet sizc¢ is small and/or mean flow veloci-

ties are low so that aluminum combustion is concentrated near the burn.

ing surface.

7.2 Wonrecproducibility

Aside ‘rom any questions of absolute accuracy of the test measure-

nemrs L, gaantitie?® derived therefrom, the utility of any repcotitive experi-
men. ;s doie oot on the ability to duplicate the test. The alternative is to
run enough repeat tests to have condifence in the average of the results.
From the sample results discussed in #5.4.3 and Appendix B, it is evident
that considerable economy in testing i&:ou.ld be realized if more rcproducibie
results could be achieved. While efforts have been made in this report to
minimize sources of nonreproducibility, unrelenting efforts to find and
control sources of variability appear to be in order. These sources pre-
sumably include the propellant, the burner and component ''fit, '' the in-
strumentation and calibration, test record measurement, and data reduc-

tion.

7.3 Some Problems Associaled with the Reduction of Data

To the present time, '"reduction of data'' means in the first instance
measurement of the slope of the envelope of oscillations. That this should
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be an important guantity is based on the results of an idealized representa-
tion of linear behavior. Consequently, quite apart from the usual diffi.
cult‘es with accuracy of measurement, more fundamental problems arise
because the real behavior in the T-burner is imperfectly accounted for by
the model, Considerable effort must be spent interpreting the numbers

obtained from the data.
7.3.1 Nonlinear Growth and Decay. It is a basic result of linear

behavior that an unstable motion grows exponentially with time,
p' ~ expl(at), and a stable motion decays exponentially, p' ~exp(-at). The
growth or de<ay constant, &, is ideally constant in time. Fortunately --
and in a sense remarkably -- much of the data obtained with T-burners
does produce values of @ which are constant over fairly broad ranges of
amplitude well above the noise level. Substantial deviations are, however,
seen occasionally during growth but usually during decay. Especially for
the decay following a pulse, the apparent nonlinear behavior cannot be ig-
nored. The scheme for reducing data, discussed in £5.1.1, at best pro-
vides a method for accommeodating this difficulty. It can produce essen-
tially no explanation for the physical basis.

In a general sense, there are at least two important reasons why
the quantity @ may vary with time. One or more nonlinear processes are

necessarily acting when an unstable motion approaches a limiting value.

It is an assumption in the linear analysis that such processes are negligible

during some portion of the growth and decay at relatively low amplitudes.

If the quartity @ is not constant, then an obvious possibility is that in fact

not all nonlinear processes are negligible. Another assumption in the line-

ar analysis is that the oscillatory motions take place about constant aver-
age values. If the average values change with time, then one or more pa-
rameters may change, causing apparent nonlinear behavior. One possi-
bility, for example, is a shift of the average temperature which, among
other things, affects the velocity of sound.

7.3.2 Extrapolation of the Variable Area T-burner Results to

Zero Area Ratio. The original concept of a variable-area burner was

based on the idea that the combustion response should be a property of the

propellant, independent of location in the burner or mean flow conditions.
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Likewise, the damping was viewed as a property of the combustion prod-
ucts and burner, independent of changes related to variation of area.
Under these conditions, the variation of the growth constant with area ra-
tion (Figure 5. 3-3) was viewed as a straight line having o, and intercept
(area ratio = 0) equal to 84 (ref. 7-13). For the end burner configurations
envisioned in ref. 7-2 this was probably an adequate interpretation. How-
ever, the use of large area ratio side-burning charges, required for test-
ing aluminized propellants, brings in effects producing a curvilinear vari-
ation of a.g with area ratio (§§7.1.3, 7.6). Further, because no spontaneous
oscillations occur at low area ratios, the method requires a long extrapo-
lation of the 2 - area ratio curve to obtain the intercept representing the
value of 0 associated with the losses. As a result, large uncertainties
may be introduced. To solve this problem, efforts are being made to fit
the experimental results for the growth constant versus area ratic in such
a way as to include such effects as velocity coupling, position on the
2coustic mode, effect of acoustics/mean flow interactions and vent effects.
In addition, data points are sought at lower area ratios by pulse-testing,
thus reducing the range vf extrapolation. If these corrective measures are
all used, the value of the decay constant @

d
have more consistent meaning in successive experiments. However, the

obtained by extrapolation should

proper value of some of the corrections (e. g. vent effect) are still uncer-
tain; and the use of data from pulsed tests bLrings the uncertainties associ-
ated with that experimental method. For best results, according to ac-
cepted practice, the procedures treated in £5.1 should be followed.

7. 3.3 Reconciliation of Results of Different Test Methods. Ideally,

the combustion and damping effects of interest should be measured by two
or more independent methods, and found to be consistent among methods.
In the work conducted in support of the present report, a concerted effort
was made to achieve consistent results with different forms of the T-burner
experimert, particularly with ANB 3066 propellant. The trend of results is
suggested by Figure 5-3.3 for a given test frequency and pressure. It will
be noted that the results from the pulsed end burner tests are not a natural
extension of the datz from tests on cylindrical test samples. This differ-

ence has been demonstrated to be a consistent effect for aluminized propel-
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lants. While the difference may be related to systematic errcers in one or
both experimental methods (pulsed DB/AB and VATB), the same contrast
in results did not occur in tests on an un-aluminized propellant (ref. 7-11).
Thus, it seems likely that the combustion-flow coupling is different for
end burners and side burners with aluminized propellants.

The difference must oe accommodated in the interpretation of data;
accordingly, the two response functions B, and Be have been introduced.
To date, the daca available are insufficient to merit any quantitative con-
clusions. Work devoted to this aspect of the problem must continue, par-
ticularly because of the relevance to understanding bekavior of motors.

7.3.4 Correlation of Particle Damping. In view of the importance

of AI,ZO3 particle damping, it is notable that the T-burner measurements

of particle damping are subject to some undertainties, and information of
the particle size distribution (critical to the damping) is minimal. Ul¢i-
mately, one would hope that systematic measurements of damping and of
particle size distribution will be made and successfully correlated. In the
event that the droplet size distribution is dependent on {low conditions
{87.6.2), burning surface orientation, or any unsuspected variable, this
will presumably have to be reconciled before successful correlation of T-
burner results will be achieved (§¢7.3.2, 7.3.3). Once again, the informa-
tion involved will probably be crucial to accurate calculation of motor
stability as well.

7.4 Nonlinear Behavior
Modeling of the T-burner and interpretation of the data are based

nrimarily on the cne-dimensional small perturbation theory summarized
and used in this report. The extent to which nonlinear processes are im-
portant in detail is as yet undetermined; but, for example, the observa-
tions of limiting amplitudes, non-sinusoidal oscillatiors, and non-expo-
nential decays after pulsing are evidences of nonlinear behavior. There
are specific processes that are believed to exert nonlinear iniluences;
among these are nonlinear gasdynamics, velocity coupling, particulate
damping, and droplet combustion.

As far as interpretation of linear behavics is concerned, the non-

linear processes are unimportant if they do not cause inaccurate measure-

ment of the behavior of the {irst axial mode of the burner, and do not af-
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fect the behavior in the {irst axial mode {e. g. transfer of first mode en-

ergy to higher modes}). The report directs considerably attention to the ;

questions of signal conditioning (filtering) and data processing to deal

with the presence of higher modes and non-exponentia! pulse decays

(§6§3.3.1.5, 5.1.1, 5.2,3) so as to obtain accurate measurements. !
Our knowledge of the nonlinear processes is too limited to assure

that they are not affecting the behavior of the first mode during the periods

of growth or decay when linear behavior ie normally assumed. The non-

linear analysis of data described in §5. 5 is a crude attempt to study the

observed limiting amplitudes. Linear behavior at very low amplitudes is

built into the representation, and whatever nonlinear processes are acting !

are all contained in coefficients evaluated from the data. A few specific

processes should be noted.

7.4.1 Casdynamic Nonlinearities; Mode Coupling. The develop-

ment of a small-amplitude compressive wave into a sharp-fronted wave,
or shock, is of course a well-known and basic phenomencr: in gasdynamics.
One of the remarkable aspects of the unsteady motions in both motors and
T-burners is that quite large amplitude sinusoidal waves are observed to
have unexpectedly little content of harmonics. The tendency for a low am-
plitude wave (usually the first mode) to develop sharp fronts, or other
forms of distortion, seems to be mitigated by other processes in the sys-
tem. Because any sort of distortion of the fundainental mode can be inter-
preted as a generation of higher modes, mode coupling associated with the
gasdynamics has become an interesting and potentially important phenome-
non to study. :
A complete treatment of non-linear behavior necessarily must be
done numerically {e. g. refs. 7-16 to 7-19). It is difficult to extract de-
tailed information about the generation of higher modes, but some features
-- e.g. the behavior of the sum of all even modes -- can be displayed
quite easily. The approximate analysis constructed in ref. 7-19 is based
on an expansion in the normal m.odes and therefore provides more direct
information about mode coupling.

7.4.2 Nonlir.earities Associated with Combustion Proucesses. With

a relatively simple model as the basis, treatinent of nonlinear presaure
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coupling has been ctudied in numerical analysis, refs.7-16 tc 7-19, The
results suggest that there are conditions under which the driving of waves
by the combustion processes will depend on the amplitude of the motions,
even at modest amplitudes. Because of the many approximations involved,
and because the results are limited, it is not possible to s tate how im-
portant this influence may be in practical situations. It has never been
accounted for in reducing data.

Therz is an intrinsic nonlinearity associated with velocity coupling,
namely rectification, which tends to couple modes. This will cause the
response of a burning surface to depend on the amplitude of the disturbance,
and both the growth and decay of oscillations will depart from the ideal ex-
ponential behavior. Although an increasing amount of work has been de-

voted to velocity coupling (see §5.4.4), most aspects remain poorly under-

stood. What has been dune relates mainly to the kinematics of the problem.

Very little is known about the crucial physical processes involved
in the nonlinear combustion of either surfaces or droplets. It is amply
clear from combustion phutography that, particularly for aluminized pro-
pellants, the prucesses occurring at and near the gas/solid interface
must be very sensitive to the amplitudes of oscillation.

7.5 Assumptions Concerning the Mode Shapes
All calculations ..f stability, for both motors and T-burners, in-

volve integrals containing the mode shape. For example, the total acous.
tic energy itself is the integral of the square of the mode shape. One
would anticipate that both combustion and mean flow should affect the mode
shape: it is certainly not a priori cbvious how precisely one must know the
actual mode shape. What is required for most practical applications is
surprisingly simple. According to the formal analysis outlined in Appen-
dices E and F, a proper and good {irst approximation is that the mode
shapes to use are those appropriate to the real geometry, with 2 closed
boundary, and with no mean flow. In T-burners, it is important that
changes of area long the duct be accounted for. Additional corrections
might be necessary under some conditions, but n. detailed results are

available. It is worth remarking upon the sources of possible refinements.
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7.5.1 Heat Transfer. The analysis in %2 and Appendices E and £

involves the assumption that the mean local density and velocity of sound
in the com.bustor cavity are uniform (i. e., independent »f position), In
tests where propellant surface area (and therefore the total mass flow) is
small and burner wall area is large (low frequency burner), the effect of
heat loss is large and the assumption of uniform conditions in the burner
m?y need attention. For example, Figure 3. 3.2 shows the reduction of
frequency with increasing length due to heat losses. This is accompanied
by internal temperature gradients which influence the speed of sound,
mode structure, and natural frequency. Apart from a correction noted in
ref. 7-2, this problem has not been treated.

7.5.2 Strong Acoustic Scurces and Sinks. For all calculations of

stability which have been carried out to date, tre classical mode shapes,
undistorted by combustion, mean flow, or any other sources or sinks of
acoustic energyv, have been used. There are broad conditions under which
that approximation will be entirely adequate for computing the growth or
decay constant, @. Of course, the _ﬂa_l mode shapes in 2 combustion
chamber are in fact slightly distorted, and the formal analysis can be
used to produce cerrections to first and higher orders in the average Mach
number of the mean flow, The formulas for @ and w given in Appendices
. E and F are really the first terms for an iterative solution.

For high burning rates, and in motors early in a firing when the
Mach number may be high over large regions of the chamber, the distor-
tion of the acoustic field by the average flow may be so large that the ap-
proximation calculation should be carried cut to higher order. There is
no fundamental difficulty in doing so, but no numerical results are avail-
able; there are no experiments relevant to this problem.

7.5.3 Rate of Change of Oscillation Amplitude. A further assump-

tion that is built into the analysis is that the amplitude of osciilation does
not change rapidly: specifically, ¢/w << 1. This is a consequence of the
fact that the correction to the unperturbed frequency is proportional to the
average Mach number, Mb , but a itself is proportional to Mb. Thus,
a/w~ M,.
ues of 8/w are large, then the analysis used must be changed to accom-

which is required to be much less than unitv. If observed val-

modate this. Formally, and on physical grounds, one might expect that
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this situation and the problem discussed in 7.5.2 are iniiimately connected.

7.6 Influences of the Mean Flow

The basic analysis includes the presence of mean flow in the burn-
er insofar as the conservation laws for the gas motion are concerned.
However, the mean flow is apparently responsible for some effects that
are not encompassed in the data reduction, effects that have yet to be
evaluated quantitatively.

7.6.1 Assumption of Spacewise Uniformity of Combustion Re-

sponse. It has been noted (37.3.2) that interpretation of test results has
incluced the assamption tnhat the combustion response is not affected by
the siurrounding mean flow field., However, it is observed that with high
area ratio (long) propeilant charges, the mean burning rate is higher to-
ward the downstream end of the charge, indicating that the mean flow en-
croaches on the combustion zone. It is reasonable to assume that such
encroachment will modify the dynamic behavior of the combustion zone

as well, although there is no information regarding the magnitude of this
effect. In the case of charges with high area ratio, Sb/Sco, it may be
necessary to relax the assamption of uniform response function - - just as
present results indicate that a different value of the response is needed
for end burners and side burners (§7.1.2 and ref. 7-11}. This is a matter
of greater cuncern with rocket motors, where very high mean {low ve-
locities prevail. It is the acoustic counterpart of the classical eronsive
burning problem. As an alternative to assuming that the response func-
tion may vary with position on the burning surface, which would greatly
complicate interpretation of data, it might be better to limit the lengthof .
grains us~d. Experimental measurements bear only indirectly on this
problem: the influence of meaan flow may be partly responsible for the ob-
servations leading to the restriction on Sb/Sco (or B) noted in £3.4.4.2.

7.6.2 Aluminum Oxide Droplet Size. The size distribution of the

A‘LZO3 droplets in the combu:tion products is critical to the damping in
T-burner tests (and motors). The factors governing this droplet size

distribution are qualitatively understood; of the steps involved, the key
process of formation of aluminurn accumulations on the burning surface

appears to be particularly responsive to mean flow in the burner (ref.

183




-7

— - -

7-9) ard hence of charge area rates. Modification of the aluminum ac-
cumulation could thus change AL203 droplet size digstribution in a manner )

dependent on area ratic of the charge, and hence on location in the burn-

er and time during burning (these effects could be misinterpreted as '"lip .
effects, ' ''stay-time effects,' etc. ). The data available to date suggest .

that this is a significant effect, which is probably dependent on pressure,

frequency, and type of aluminized propellant. It has obvious implications
for §§7.3.2 and 7. 3. 4, and for quantitative applicability of Eqs, (2.2.2)
and (2.2.4). It is also of concern in motor applications.

7.6.3 Comparison of During Burning and After Burnout Pulses.

The accuracy of the assumption that decay rate of a pulse (properly timed)
after burnout is a measure of damping during burning (§3.1. 1) is suspect
on several grounds. One is the presence of mean flow to the vent during
burning, and possible flow into the burner from the surge tank during the
pulse after burnout. Until the irnportance of the mean flow - associated
vent effect is established, the test technique using pulses during and af-
ter burning involves a potentially serious uncertainty. Because of the
low mean flow Mach number in pulse tests, ‘he uncertainty is not a large
percentage error in damping determinations (the two pulse decay rates
are nearly the same;. But the combustion response is calculated by
forming the difference between two large and nearly equal numbers: the
error may then be quite substantial.
7.7 Closure

The preccding paragraphs erncompass a broad spectrum of prob-
lems which remain unresolved. Neither are they all of comparable sig- .
nificance nor should the recognition of them be allowed to obscure the
demonstrated value of the T-burner as a test device for both research
and applications as discussed in §6. It is important to emphasize that
many of the questions which have been raised during work with the T-
burner arise also in connection with motors. Most of what is learned
from experience with the simpler and much less costly laboratory de-

vice is directly applicable to full-scale motors.
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APPENDIX A
NOMENCLATURE h

A few symbols defined in the text and used but briefly are not
included in thic Jist.

a speed of sound for a two-phase mixture, Eq.(E. 19)
A parameter in the response function, Eq.(2.6.6)
Ay admittance function for a bu.ning surface, Eqs. (2.6.3) and
(E. 34)
B parameter in the respons: function, Eq. (2. 6. 6)
Be admittance function with mean flow, end surface, Eq..
(2.6.5)
Bs admittance function with mean flow, lateral or side sur-
face, Eq.(2.6.5)
C specifi: heat for the particulate material
C‘_,]l mass fraction of particulate material, Cﬂ-= = Pp/ pg
C specific heat for the gas only
P __ (c+c C)
Cp specific heat for the two-phase mauxture, Cp = W—-
C specific heat for the gas .
. v (Cv+ CmC)
v specific heat for the two-phase mixture, C: = -7 Tt—mj—
| cL° coefficient defined in Eq. (C. 7) and given by Eq. (C. 11) .
CL function defined in Eq. (C. 16)
D diameter of the chamber
Dc port diameter for a cylindrical grain

DB/ AB  abbreviation for '"during burning/after burnout' pulsed test

e, stagnation internal energy for the gas ~—
epo stagnation internal energy for the particles
e ,e e and e evaluated at the surface
o8’ "pos O po
E time-averagsd totzl acoustic energy in a chamber,
2 -




(FT)

P

P

-

h

h

integral defined by Eq. (E. 39) for the 2P longitudinal mode

integral defined by Eq. (F. lu) for the Nth

three-dimensional
mode ‘
energy source, introduced in Eq. (F.?2)

normalized acoustic energy, 8)42 = ZELZ/ScoL

function defined by Eq. {F. 14)

function defined by Eq. (E. 17)

flow-turning factor, introduced in Eq. (E.51)

force of interaction between particles and gas, Eq. (D.6)
differential force of interaction, Eq.(E. 11)

function defined by Eq. (C. 15)

function defined by Eq. (F. 13)

function defined by Eq. (E. 16)

stagnation enthalpy of the gas, evaluated at the surface
wavenumber for the £, th longitudinal mode, k, = lUL/E
wavenumber for the Nth three-dimensional mode, kN-—-mN/E
dimensionl;ass wavehumber, K, = Lk&/z = LLL‘L/ZE

length of the burner, Figure C-1

displacement of a cylindrical grain, Figure C-1

length of grain along the lateral boundary, Figure C-1
mass flux {(mnss/area-sec. )

mass flux of gas at and normal to a burning surface

mass {lux of particulate material at and normal to a
burning surface

Mach number for the gas leaving a burning surface,
M, = ub/a

unit vector outward at a boundary

pressure
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{5’ spatial mode shape of pressure for the l,th longitudinal mode *
;'iN spatial mode shape of pressure for the NP three-dimen- f
sional mode 'ﬁ
‘ P stagnation pressure \i
} P function defined by Eq. (F. 10)
! P, function defined by Eq. (E. 18)
! Pr Prandtl number, Pr - C—Z;u/k ;ﬁ
' q perimeter of a surface
heat source derined in Eq. (F. 20}
b heat transfer between particles and gas, Eq. (D.7)
\ 6Qp differential heat transfer, Eq. (E. 12)
N R gas constant, for the gas only
R gas constant for the two-phase mixture, Eo. (E. 4)
R’b response function, defined by Eq. (E_3%
P Re Reynoids number based on the particle diameter and rela-
. tive speed, Eq. (D. §)
( Sb area of burning surface in one-half of a T-burner
} Sbel defined in Figure C-1 ‘
“ SbeZ defined in Figure C-2 .
sbe ?:r-ela of burning surface on one end of a T-turner, Figare
sbs area of burning surface on the lateral boundary in one-half
of a T-burner, Figure C-]
SC port area for a cylindrica! grain, Figure C-1
SCo cross-sectional area of the burner, Figure C-1 1
t time
T temperature (usually, of gases in the chamber)
I‘o stagna:ion temperature 1
189
4
.




-

&T
p

AT

=

VATB

(VF)

4

<|

temperature of the particulate material
differential temperature defined by Eq. (E. 10)

temperature difference between the gas in the chamber and
the gas ieaving the burning surface, AT = T'Ts

velocity

speed of gas leaving a burning surface
velocity of particulate material

differential temperature defined by Eq. (E. 9)
volume, V = I“Sco for a uniform tube
abbreviation for ''variable-area T-Burner"
vent factor, introduced in Eq. (E. 51)

source of mass, rate of conversion of particulate material
to gas (mass/volume-sec. )

coordinate parallel to the axis of a T-burner, z = 0 at the
left-hand end

decay or growth constant, in exp(at)

decay constant measured for a pulse during burning
decay constant measured for a pulse after burnout
growth constant due to combustion, Eq. (3.2.12)
decay constant due to particle/gas interactions
defined by Eq. (E. 48}

defined by Eq. (E. 50)

B = ZLb/L

Bo = ZLO/L

ratio of specific heats for the gases, y = Cplcv

ratio of specific heats for the two-phase mixture,
J-C.UT
p v
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complex function of the dimensionless frequency, {i, ap-

pearing in Eq. (2. 6.6): A(A-1) = iQd
viscosity
kinematic viscosity, u/p

E

density of the two-phase mixture, p = pp+pg
gas density

density of particulate matter, mass per unit volurne of
chamber

average density of the two-phase mixture
density of the condensed material
average diameter of the particles
relaxation time defined by Eq. (D. 11)

relaxation time defined by Eg. (D. 12)

Subscripts and Superscripts

time-averaged value

fluctuation value

amplitude for a harmonic motion, e.g. p' = pexpliwt)
average value for the two-phase mixture

value for an end surface

value for the Lth longitudinal mode

valve for the Nth three-dimensicnal mode

value for a side (lateral) surface

value for particulate material

imaginary part

real part
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APPENDIX B

Statistical Analysis of Data

Difficulties with reproducibility of data, and limitations of the theo-
retical description of the T -burner have been thoroughly discussed in the
body of this report. Frequently, data scatter is such that many points are
actually "bad'' data and should be discarded. This has been mentioned in
§ 5.4.3 where it was suggested that the points 30 or greater from the "pre-
dicted" values be re-examined for possible reasons to exclude them. Often,
however, significant differences between theory and experiment may be due
to the fact that the data are not acquired under conditions to which the simpli-
fied expressions for the T-burner apply., For example, large variations in
Scolsc can produce significant deviations from the intended fundamental fre-
quency. If the combustion response and the losses are assumed to be constant
when the analytical results are used to correlate the data, considerable errors

may be introduced.

Additional complications may arise from the influence of velocity
coupling, Moest applications of the analysis to igterpretation of data have
accounted only for pressure coupling; this produces an erroneously high value
for the pressure coupled response if the test data include tests with long grains
(large B).

Other errors may be introduced simply due to assump*ions used in the
development of the statistical optimization procedure. As an example, the
pracedure known as ''least squares' inherently assumes that the data scatter
(error) is independent of the magnitude of the quantity being measured. Since
very high or very low (near zero) values of growth constant are difficult to

measure, this assumption frequently fails for data presently available.

Among the problems likely to be encountered are those associated with
velocity coupling and large variations in the measured frequency. To illusirate
possible techniques for accounting for these effects a sample problem has been
compiled from the data for ANB-3066 prope lant reported in refs, B-1 and
B-2, summarized in Table B-1, In contrast to the sample case discussed in
§ 5.4, 3, these data contain information related to end burning grains., A
least squares fit of the data to Equation (3. 2. 1)without velocity coupling yields
the following values: 192
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. e e

B, = 0. 006747 = 0, 00024

B 0.00290 + 0,00132

e

a -79.48 + 4,11

d
VF = 0.974

g = 90 32

The effects of velocity coupling could be analyzed by using the ex-
pression used in Ref. B-3 and shown in Eq. (3.2-3). One tests the data for
the influence of this phenomenon by adding this term to the T -burner expres-
sion and extracting a value for Rv' When this is accomplished for the data

set of Table B-1, the following results are found:
B8 = 0,00578 £ 0, 00038
Be = 0.0027% & 0, 00106

@y = -75.1 + 3. 40

R =3,00zx0,58
v

g =17,46
VF = 0,984

The inclusion of velocity coupling did improve the quality of the fit; the de-
crease in C is significant. A substantial improvement in VF' could not be
expected because the relatively low values of P preclude a significant impact
due to velocity coupling. Although R, appears to have been determined to a
high degree of precision, it is probably safest to follow the recommendations
presented earlier, namely, minimize the effects of velocity coupling by
testing at relatively low values of p and Sbs /Sco and conduct specialized tests

to measure Rv'

The data shown in Table B-1 cover tests conducted over a frequency
range of 770 Hz to 835 Hz, Because both the combustion response and particle
damping depend on frequency, it is probabie that the data are affected, In

Ref, B-1, the following expression is used for particle damping:
2

a. ~ -cm % T4

d 2

I+(wTd)Z+Cm

rather than the constant damping
194
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term a ;. This approach requires a nonlinear regression analysis rather
than the simple linear techniques presently under discussion, Another ap-
proach is to assume that the frequency variation is narrow enough that
particle damping is nearly linear with frequency. The damping could then
be represented by

a, ~ K

d f

d
The correlation analysis would extract K.

Another approach to the problem of frequency variation involves the
combustion response, One could use, instead of Bs and Be' the formula for
the combustion response discussed in ref. B.4. However, this expression is
fairly complicated and would require a non-linear regression analysis, As
an alternative, the procedure suggested above for particle damping may be
used, with the approximation to Ba:

BS= BSO + Bsff

The regression analysis then extracts BBo and Bs Thris approach was

£
applied to the data of Table B-1 and yielded the following:
= 0.00237 £ 0.00106

B

€
Beo © 0. 00499 + , 000240
B

8

o

(= 1.550 x 105 +2,97x10°¢
ay = -T8B.4£3.29
VF = 0.984
o} = 7.44

This correlation does not appear to offer any significant improvement over
the case where velocity coupling was added to the theory. However, this
is somewhat to be expected since pressure coupling alone is explaining
~97% of the data. The result that Bsf

ing with frequency at 800 Hz. However, because only data over a narrow

is positive supgests that Bs is increas-

frequency range have been used, no firm conclusion can be justified.

195




The data were tested further by adding both velocity coupling and
frequency dependent terms to the correlation analysis. The best fit was
obtained with the following values:

B, =7.84x10°% % 4.7 x107"
B, =00 .
B, = 0. 00256 0. 00096

R _=2.08% 0.58
v

&d=76.0*3.l4
VF = 0,986
g = 6.86

The '"best" overall correlation of data was obtained with B$c equal to non-
zero value. However, the inclusion of Fsc significantly decreased the
precision of the other parameters, and it was decided to eliminate the Bsc
term. This problem is most likely due to the limited number of data
points ~vailable for the correlation.

It should be emphasized that the methods outlined in this appendix
are indended as guidelines to be followed in the event that one has difficulty
interpreting any given collection of T-burner data. The procedures have
not been fully explored to ascertain their validity and have not yet gained
universal acceptance. The T-burner experimenter is definitely encour-
aged to follow the procedures presented earlier to ensure that velocity

coupling is minimized and that the frequency is carefully controlled.
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APPENDIX C

CALCULATION OF THE ACOUSTIC MODES FOR A T-BURNER

All analyses of linear and nonlinear behavior require complete
knowledge of the unperturbed acoustic modes for the geometry of the
cLamber. In general, for motors it is necéssary to carry out numerical
calculation; closed-form solutions cannot be found for configurations hav-
ing slots and fins, re-entrant nozzles, or ports other than simple cylin-
ders. In T-burners, the geometry is relatively simple, but the perturba-
tions due to extended lateral grains are often significant. For these cases,

both numerical analysis and a one-.dimensional analysis can be used.

C.1 Oune-Dimensional Analysis of the Acoustic Modes

A complete description of this problem may be found in refs C-}
and C.2. The analysis is carried out for configurations of the sort
sketched in Figure C-1, in which the various geometrical variables are
defined. As shown in Appendix E, Eqs. (E.28) and (E.29), the prob-
lem of finding the normal modes for a chamber having variable cross.
sectional area SC reduces to the problem of solving the wave equation with

boundary condition:

dp
1 d ' r 3N -
57 %= (5. T;)”‘U’a = 0 (€. 1)
dﬁL
—au—z— = 0 (z - 0: L) (C.Z)

For general distributions of area, Sc(:), the problem cannot be solved in
closed form; but for the cases sketched in Figure C-1, the cross-sectional
area is uniform (i. e., Sc is constant) between zbrupt discontinuities, and
piecewise solutions can be found without great difficulty. Really, one has
to solve the equation

2a

L 0 B (C.3)
e Pt T §] d@ :

The right hand side is either zero or, at the discontinuities, infinite. The
problem is solved by using solutions to (C. 3) with the right hand side
equal to zero, and matching at the discontinuities so that the pressure and

mass flow are continuous.
197




198 . ¢

(a) cuP GRAINS

E
]

NN
¢
g
o

NN

(b) CYLINDRICAL & DISC GRAINS

g s

m m_l_
e L gt L l |

S, = CROSS-SECTIONAL AREA OF THIN CYLINDRICAL GRAIN
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B =2Lb/L
Bo= 2Lo/L
=Lk /2 = Lwy/23

Figure C-1 Configurations and Definitiors of Geometrical Variables
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That the pressure should be continuous is obvious. To see that
continuity of mass flow is the correct second condition to apply, multiply
(C. 1) by Sc and integrate the result from just downstream to just upstream

of a discontinuity located at, say, z,
z +€ z +€

dp o
f.e %(S L)dz+k: zJ.e Scﬁ(‘dz = 0
o
For € = 0 , the second term vanishes, because in any case both ;31, and S _
are finite. The first term gives
dp
(s, == dp' o - (s, p") (C.4)
o
But the acoustic velocity is proportional to dp{/dz, so after multiplication
by p, (C.4) obviously represents continuity of mass flow for the acoustic
field.

It is simplest to divide the hierarchy of modes into even and odd
classes. Since mainly the fundamental mode is excited in T-burner firings,
only odd modes will be examined here. Since cup grains (Figure C-la)are
special cases of the cylinder/disc configuration, results will be given here
for the latter. For odd modes, in addition to the boundary conditions (C. 2),
the pressure fluctuation itself must vanish at the center of the chamber:

= 0Oatz = L/2. Thus, for the geometry shown in Figure C-1lb, the pres-
sure field may be represented in three pieces for a half-chamber:

OSzSLo pL:cosklz (C.5)
L, SzsL+L, p, = cos kLz+BL°sink!7(z-Lo) (C.6)
L+L, s25SL 2 Py = c£°sinkL(L/z-z) (C.7)

Continuity of pressure and mass flux a! z - LO and z - I.,o'rLb lead

to the four relations:

z=L
cos(KLBO) = COS(K{PO) (C. 8a)
S sinlK,B ) = Sc[sin(KLBo)-Blo'] (C. 8b)
= Loﬂ'—‘b
cosK (|3+i3 HBL smKL- L ®sin K (l -f [3 ) (C.9%a)
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s (sinK (B+p )-B cosK,B) : 8 C, cosk (1-5-6 ) (C. 9b)

The first of these is an identity becau: e of the way in which the represen-
tations (C.5)-(C. 7) were chosen. Hence, thecre are three equations for the
three unknowns, K, = Lk,/2, Blo. and Clo. It is a matter of algebra to

fmd ﬂ‘e l‘esu.lts:
B = - -g-‘co - l )sx"lK p (C 10)
. L &) -

(SC/SC )

S
o _ ) - co .
C{ = =53 K’ - = [‘smK‘t(ﬁﬁﬁo){(-S—c_ -l)smKLﬂocos K’ﬁ] (C.11)

S sinkK ﬁ cosK ﬂ
tanK (548 )1+ 5= -1) —ozg (Mi 7 S.o
tanK{“-ﬁu-ﬂ) smK, o.mK,;’i - Sc - (C.12)

o 3 4
'Sc_' 'l) cost’ lBO+BT_

Equation (C. 12) is, of course, a transcendental equation for K, and must
be sulved numerically. -

Sonie typical results are shown in Figures C-2 to C-% for the fre-
quencies and mode shapes. Note that all results are for unit pressure
amplitude at the ends of the chamber. The acoustic velocity at the center
vent is proportional to CLO. Hence, C,O is an interesting quantity be-
cause it enters explicitly in discussions of energy losses due to the vent
(see £q.(2.2.4 ) and Appendix G). A few values are shown in Figures
C-6 and C-7. More extensive results may be found in ref. C-2.

Another important quantity is the acoustic energy in the chamber.
The time -averaged total energy is

1

=2y LPy *—’(T) j€ dz
4p a

(C.13)

The second term can be integrated by parts, and after use of the wave
equation (C. 1), one {inds that it is equal to the first term Hence, the

time -averaged energy is simply E{ /Zp?£ , where E, = is defined as

-2
P, S dz . (C. 14)
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The energy in the chamber depends on the geometry; some results for the

normalized energy, CLZ = ZE.{,Z/ScoL , are shown in FiguresZC-S and C.9.

The expressions (C.5) to (C. 7) have been used to « valuate ﬁL in (C. 14).
Two other integrals arise in the analysis of the stability of T

burnets:
L dp, 2
1 1 AW
B 54 ~7 () [ass (c.13)
s 0 kl,
c, = —-l—jl“ﬁzj‘dqdz (C. 16)
L5t

The first is a measure of the magnitude of the 'flow-turning'' loss, Egq.
(2.2, 4 ) and the second weights the energy grain due to combustion of
lateral surfaces, Eq. (2. 2 .3). Figures C-10 and C-11 show some nu-

merical results.

C.2 Numerical Calculation of the Acoustic Modes

For analyzing the stability of small disturbances in practical mno-

tors, it is necessary to be able to compute numerically acoustic modes
and frequencies., The geometries are usually such that analytical solu-
tions cannot be found. For most work with T-burners, the one-dimen-
sional analysis discussed above is adequate: limited two-dimensional nu-
merical calculations have shown that the one-dimensional approximation
is satisfactory for the grain configurations commonly used. More to the
point, recent tests (ref. C-4) have been conducted in chambers at room
temperature with no flow. The predicted fre. -encies are really quite
close to the measured values over the range of geometrical configurations
normally used in T-burners.

If very large discontinuities in cross-sectional area are used (a
precise statement of the (imits cannot be given), then numerical calcula-
tions may be necessary. Difficulties may algso arise if the diameter of the
vent is comparable to the diameter of the burner; this problem has not
been examined. In ref. C-3, a brief description is given of one numerical

technique which has been successfully used.
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APPENDIX D
APPROXIMATE FORMULAS FOR PARTICLE DAMPING
AND SURFACE LOSSES

For ideal conditions it is possible to compute quite accurately the
dissipation of energy due to the particles suspended in a gas. The early
analysis reported in ref, D-1 gave results from non-interacting inert
spherical particles. Measurements (refs. D-2 and D-3) have supported
the predictiors, and also the validity of later simplified calculations (ref.
D-4). The formulas for the decay constant and change of the speed of
sound are in the first instance valia for particles having the same size.
By simple superposition, however, they can be generalized for distribu-
tions of particle sizes,

In a T-burner, and in motors, the particles are neither all spheri-
cal nor inert. Moreover, the distribution of sizes is unknown, and ag-
glomeration may occur. It is within the limits of what is presently known
to use rather simple formulas. and to assume that the particulate matter
can be characterized by a single average size. These approximations
have been used in practically all analyses of data obtained in T-burners.
1t is the purpose of § D. 1 to show how the simplified for-..ulas can be de-
duced from the linear analyses described in Appendices E and F.

Similarly, the classical formula for the dissipation of energy in a
laminar acoustic boundary has been verified (e. g. refs. D-5 and D-6) by
measurements within about 8 - 10 per cent. The analysis is valid only for
a flow having uniform average temperature, and the measurements have
all been taken at room iemperature. Especially the influence of non-
uniform average temperature through the boundary layer may be impor-
tant in T-burners (ref. D-6). Present knowledge is such, however, that
an improvement on the classical formula cannot be accomplished; some
sort of average temperature must be used and the results accepted as
estimates. For testinyg with heavily-loaded metallized propellants, the
surface losses are generally much smaller than the losses associated
with particle damping. A derivation of the decay constant for surface
losses i§ given in 5D. 2, also based on the linear analysis of Appendices
E and F.
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D. ! Attenuation of Acoustic Energy hy Particle/Gas Interactions

if only the contributions from the particulate matter are retained,
and the residual combustion of the particles is ignored, the imaginary
part of Eq. (F. 17) becomes a formula for ap, the decay constant due to the
presence of particulate matter.

w 2 Aqs
z(_-g-’z“- Ey )8, = [6F -

vp dv+-—2- j‘a“(”‘ . (D. 1)
The calculation of 6§(i) and GQ(r) is done for linearized motions of the
particles and with no average ﬂow. Moreover, it is perfectly adequate to
assume one-dimensional flow, so that in fact one can use Eq. (E. 33). The
problem solved here is therefore that of the attenuation of waves in a
closed box having rigid walls.

The differential force and heat transfer are given by the linearized
forms of Eqs. (E. 11) and (E. 12):

_ déu
F, = Py - (D.2)
_ dsT
Q, = -p,C L - (D. 3)
Hence, it is necessary to compute 6up and 5T . These are found by solv-
ing the linear forms of the equations of motion, (E. 7) and (E. 8), for the
particles:
du 1
= - - = F, (D. 4)
Pp
i R W (D.5)
at f_’pc o ‘

Approximations to the force and heat transfer have been quoted in ref.
D-T:

F_=7p 18y (u_-u){1++R ""31, (D.6)
P P o2 6 i
ps
12C_u
Q -3 (T -T){1+.23Pr %3Re % (D.7)
p P Pro ol P

where
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P ‘
Re = —Lu \up—ul . {D. 8)

The diameter and material density of the particles are 0 and Pg the vis -
cosity coefficient and specific heat of the gas are u and C

The linear motions (Stokes' flow), Re—= 0, and (D.6) and (D. 7) be-

come ‘;
Fr - £ sa (D.9)
P Td p
e
Q H —L—' &T (D. 10)
p t P
where
2
Ps
‘rd 1 8 ’ (D.11)
3 C
-rt ) 2—(__-—p pr-rd (D. 12)

are the relaxation times for momentum and heat exchange between the par-
ticles and the gas.
With (D. 9) and (D. 10}, Eas. (D.4) and {D. 5) can be written

dbdu
1 du
tE,T_d_bup - {D.13)
dé6T
1 ~ dT
tE + .;;. 6Tp = - —-—dt . (D. 14)

Here, u and T represent the local acoustic velocity and temperature.
Short-term transients, behaving as oxp(-t/Td) and exp(J’Tt) are ignored,

and the solutions to (D. 13) and (D. [4) are

-t/ T t T
du_ = 2 e d_j e dudt-u . (D. 15)
-
d 0
) -1;/'rt t t/'vt
6T — e f e Tdt-T . (D. 16)
jod h o
t a

Because the short term transients have been ignored, arbitrary initial con-

ditions, 6up(0) and 6Tp(0) don't appear. Substitution of (D. 15) and {D. 16)
into (D.2) and (D. 3) gives the formulac
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ry d ¢t /- - g
5Fp = }.2 {._e__._____ f e dudt-u}+ P %—:l , (D.17)
d " 'd 0 i
- “t/ >
p C - t t t/-, d
s - ?f‘Lc - [ e *rde- T_]+ppC i (D. 18)

What is required here are the results for harmonic motions in the

t .
N h acoustic mode:

u = GNeNNt T - fNe”Nt (D. 19)
where
Gy - = %Z_N , (D.20)"
PN
. ¥-1 PN
Ty (T)To;: . (D.21)

Use of {D.19}-{D. 21} in (D. 17) and (D. 18), plus a Lit of arithmetic, lcads
to

it it
8F = &F e N 5Q WQ e N
P p p p
with
. P LT dp
T (D. 22)
p 5 Ty 2
Q, = -~k Hm, v - 1)(—;2-—);: X (D.23)

(The fact that P ;RTO - Vpoig has has been used here: see Appendix E
for a summary of the properties of the mixture. )

Finally, substitution of (D.22) and (D. 23) into the un>-dimensional
form of (D. 1) leads to

) tNOnTa) - ¢ NN
o, = Z(HC ) ! Zﬂ\,_“__.__t.____zj X (D.24)
- 4T
m (e y74) Cp Pl gT,)

Particular note should be taken of the factor \Jm/(HCm) multiplying the

& a— -
Note that ; and y here are the average density and ratio of specific heats
for the gas/particle mixture.
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brackets and the fact thaty and C-p are properties of the mixture. Both
are consequences of combining the equations for the two-phase flow (Ap-
pendix E) in such a manner that the equilibrium properties of the mixture
are correctly used in zeroth order. The accuracy of {D. 24) has been
demonstrated by comparison with exact numerical results for waves in a
box (ref. D-8); agreement within about 1 -2 per cent has been obtained for
some special cases. The factor 1+Cm is crucial for the agreement. It
should be noted that the same formula can be obtained by the method of
ref. D-4, although the result does not appear as the form (D.24) in that
work.

1f the real part of (F.17) is treated in the same way as the irnagi-
nary part, then a formula for the frequency is found. This shows the in-
fluence of particle size un the speed of sound, and.again is equivalent to the
result given in ref. D-4. Changes in the speced of sound with particle size
are much smaller than the reduction already accounted for in the formula
(E. 19) for the gas/particle mixture. It has not been possible to detect the

influence of particle size on the speed of sound in T-burners or motors.

D.2 Lincar Viscous Losses on an Inert Surface

Consider waves in a uniform tube, c¢losed at the ends, with no mean
flow or cornbustion. In the three-dimensional formulation discussed in Ap-
pendix F, let the only non-zerv perturbations on the right hand sides of the
conservations cquations be the force F in the momentum equation and the
heat addition €. 'Then the imaginary part of Eq. (F. 17) gives the formula

for U.s, the decay constant associated with surface losscs:
o o —
+ "N 2 = (1) " N R palr)- )
g = g . 9 7} e Foo. .
2( Ey)o, * [F PudV + = — [T 5 v (D.25)
a a C
v
Now F and € are net force and heat addition per unit volume: they may
- -
therefore be taken cqual, respectively, to 7.7 and -v-Q where T is the
viscous stress tensor and Q is the heat flux vector.
In particular, [or one-dimensional viscous motion in the acoustic

boundary layer near a surface,

. e 0 ou \»

1 J.oT - _Oy <u —-By)L'/. (D.206)
. ~ 9, BT

£ 7. x5 <k -——8y) (D.27)
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where 'iz is the unit vector parallel to the surface. Once again, uand T
represent unsteady velocity and temperature, the velocity being .p'a.rallel
to the wall; the coordinate y is measured normal to the surface. Both f
and E are supposed to be significant only near the surface, and vanish far
away. The volume element dV is dSdy where dS is the eleraent of surfuce
area; then the terms on the right hand side of (D.25) can be partially inte-

grated as follows:

dp o) A(1) dp .(1)
[FW RN Ndsgé%@i‘g_)dy_-‘l_dﬂ “—5—) dS  (D.28)
. @ A(r) 2(r)
[EF)sav = d\‘ﬁNds(j)‘ 5%(1( %)dy SN (" o1 ) ds (D.29)

’

Subscript ( )w denotes values at the wall. Hecence, (D.25) is

_dp (i) ~(r)
(s - W (o) o I o oo

The known solutions for the velocity and temperature in an acoustic

boundary layer are (ref. D-9)

. dp

A oA -y _d N -Ay

8 = G[1-e™ )]s = —[1-e7""1 (D.31)
PN

T = 'fN[l-e‘/; My ] (Y 1) ‘/pr My J (D. 32)

where GN’ TN are the acoustic solutions far from the wall, given by (D. 20)
and (D. 21) above. The complex quantity X is

LR (D. 33)

g

i

where
& NV (D. 34)

is cssentially the thickness of the ucoustic boundary layer. The kinematic

1

viscosity of the gas/particle mixture is v = u/p .
For a cylindrical tube having diameter D, the surface element is
dS = tDdz. With (D.31)-(D. 33), the integrals in {D. 30) are easily car-

ried out to give
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)(lJNTTD

2
g 2 .
s (nnlg/‘;) ' ‘

dpl\(ﬂa() . wrD 6( pN)dz:

'_n a

aeal(r)
kfﬁN(%—-‘)wds . »mD )(Y l)—»JPr ( DN/4) \

Substitution of these results into (D. 30), and use of the relation k/y -

Ep.’Pr , gives eventuaily

2 /"”N\’ -1
= -2 1+ X . (D. 35) y
D/ 2 JFr - -’

Note that the kinematic viscosity is based on the density of the mixture, s
v = u/p, which is a function of temperature. The temperature to be used
evidently lies between that of the gas and the wall temperature. A brief
discussion is given in ref. D-6. The experimental results reported in that
work, for un-metallized propcllants, suggest that (D. 35) should be used
with caution. The dependence of frequency has apparently been verified,
but not the variation with diameter. Tkhis failure seems to be due to the
connections between diametcr, heat transfer, amplitude of uicillations,
and surface temperature at inert walls, but the matter has not been settled.
The preceding calcualations not only provide the two useful formulas
(D. 24) and (D. 35) but also show how the general lincar analysis described
in Appendices E and ¥ can be used to produce the correct forms for the
contrivutions to the constant &, for both surface and volume processes.
Also, (D. 35) applies only if the inert surface extends the entire
length L of the tube. For a VATB, this is not so, and the integrals over
the surface in (D. 30) must be carried out only for the regions on the lateral
boundary not covered by burning propellant. Incidentally, it should also be
noted that one should not assume a priori that the numerical value of (D. 35)

15 negligible compared with the decay constant (D. 24) for particle damping.
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APPENDIX E
ONE-DIMENSIONAL STABILITY ANALYSIS

Because the one-dimensional analysis has been discussed in great
detail elsewhere, in references (E-1 to E-5) which are readily available,
the treatment here will be quite brief.

All linear analyses for unsteady motions in a combustion chamber
are based on the idea that the influences of combustion and flow may be
represented as perturbaiions of an acoustics problem in a ciosed cham-
ber. The accuracy of the results obtaincd for the problem with combus-
tion and flow -- i. e., the situation one is studying -. depends very much
on how much can be incorporated in the unperturbed problem. This is a
general feature of perturbation analysis which is particularlv important
for the case at hand, unsteady motions ia a variable-area T-burner uscd
with metallized propellants.

The simplest unperturbed problem is that of purely longitudinal
waves in a uniform tube containing only gas. Then the perturbations of
this problem include the mean flow, the combustion at the burning sur-
faces, residual combustion within the volume, the influence of condensed
material in the gas, and nonuniform cross.section area. Of these, re-
sidual combustion will be represented in the analysis but, owing to the
lack of quantitative information, no numerical results will be obtained.
The mean flow and surface combustion will be treated entirely as per-
turbations.

However, the influences of the particulate matter and nonuniform
geometry are so large that they must partly be included in unperturbed
(*'zeroth order'') problems. To zeroth order, the particles in the flo af-
fect the speed of sound, causing a reduction which may be as large as 20
per cent or more in realistic cases; and nonuniformities in the cross.
section area affect both the frequencies and the spatial st ncture of the
normal modes. Treatment of the nonuniform tubes has been discussed
in refs. E-1 to E.4, particularly the last two: but the ccrrect handling of
the influence of the condensed phase had not been done until more recent-

ly, ref. E-5,

The basis for the computations is the set of .onservation equations
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for the two-phase flow. As usual, the gas is assuined to be a single aver-
age species, obeying the equation of state for a perfect gas. Allowance
must be made (or combustion of the lateral grains, which is represented
as a source of mass, momentum, and energy in the conservation equa-
tions. After some rearrangement and combination of the primary conser-
vation equations, discussed in refs. E-3 and E.5, one finds the two equa-

tions  for the velocity parallel to the axis, and the pressure:

du . Ou 9 _
pSc - + pubc 5-z—+ S = SC(BFP-U) (E. 1)

ot c 9z @

3 R 3 p R .
Fe SR ()P gz B S 35 = o [lhgg-eg+C Timydg

C Oz

O e

R (p) R
+ E_I(epos'eo)mb dq + (_:— SC [(up-u)Fp+uc".
v @ v
R =
+ __—Scf(epo-eo+CvT)wp+ (Q+6Q ) (E.2)
c
v

The symbol p stands for the density of the two-phase mixture having spe-
cific heat 5v and ''gas' constant R. Thus, if Py is the gas density, and

Pp the mass of condensed phase in a unit volume of chamber,

= + = 1+C E.3
7 Pg t Pp pg( m) ( )
R = R/(1+Cm) (E. 4)
_ Cv+CmC
CV - T‘-— (E.S)

m

C = / E.6
m pp P { )]

It will be assumed that even under unsteady conditions, the mass fraction
Cm is constant and fixed by the original composition of the propellant.
The force of interaction Fp and heat transfer Qp between the particles and

gas are defined as

Y

"1t is assumed that the flow through the lateral houndary enters or leaves
in directions normal to the axis. See ref. E-4 for the general case.
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~ Ou du - .
Fp = -ppL st + up 325 J ) (E-7)
3& ae 3
QP = -pp[—a-ta tug —59—2 - (E. 8)
With .
bup = up-u (E.9)
8T = T _-u , (E. 10)
P p
the differential values of Fp and Qp are
d6u du
8F , = -pp[—&ﬁ + (up TZE)] , (E. 11)
asT oT -
- aTy
6Qp = -ppC[——a-FE + (up TZR -u 5?) o (E. 12)

Momentum exchange between the gas in the chamber and the flow entering

at the boundary, and between the gas already present and that produced by

residual burning, is represented by 0©:
.ol (p) J
g = S: { Iumbdq + jupmb dq r(u-up)wp . (E.13)

The four groups of terms on the right hand side of (E. 2) represent
respectively:
1 energy addition associated with flew of gas through the lateral
boundary;
2 energy addition associated with flow of particulate material
through the lateral boundary;
3 dissipation of energy associated with gas/particle interactions

and momentum exchange represented by 0 ;
4 energy addition associated with residual combustion of the

condensed phase, homogeneous chemical reactions, and heat
transfer between the particles and the gas.
For stability analysis, Egs. (E. 1) and (E. 2) must tirst be linearized ac-
cording to a procedure based on expansion in two small parameters (see
Refs. E-1 and E-4, for example). They may then be combined to produce

the following wave equation and boundary condition for the pressurve fluc-
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i @ ap 1 3%
(NETON NP S s Y 14)

c a ot
.aaE_ (z =0, L) (E. 15)

where

h_—az-—.ﬁ - '—Lisi)‘i(_ dns_ | 8P}
1“"5‘;2’“ 35‘%‘ é"éLsca P3 ““’Tz"'a-_zT
(E.16)
;Qgt-+p—-(uu)-(6plo+u), (E.17)

and P'l in hl is the linearized form of }:’1 .

i —— 3 2 2 r
5P, = (1+cm)j(y RT+YRAT)m, dg+ 2*5"“(%'“ )+Cm(ups-uP)]mbdq

R R = .
+ E—-SC[(up—u)Fpmo] + :C"T.SC[ (epo-eo+(1+Cm)cvr)wp+(Q+6Qp)] (E.18)
v v

The speed of sound a appearing here is that for the mixture, given by the

formula
- P P
-2 Y o _ —"0 _ —=
= I3C - = Y - = YRTO N (E.lg)
mp, 3
where
_ C +Cmc
Y : . (E.20)
Cv+ m

and Po’ To are the average values of pressure and temperature. This
speed of sound is the raie at which a small disturbance travels when the
particles and gas are in both mechanical and thermal equilibrium: u = u
and T = T_ at all times; ref. E-6 contains a good discussion of the be-
havior of a two-phase flow.

The functions hl and fl contain the perturbations of the classical
acoustics problem of waves in 2 tube having variable cross-section area

Sc(z). Thus, the zeroth order problem is governed by the equations

2
1 ap' 1 3% .
S_T(s 'é%"::‘_g' =0 (E.21)
c a &t
3p'/8z = 0 (z = 0,L) (E.22)
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Note that the speed of sound in the unperturbed problem is that for the
gas/particle mixture.

Now for linear stability analysis, it is unnecessary to solve the
general problem of tiime-dependent behavior. The idea is that an arbitrary
disturbance can be decomposed into its Fourier components. For the dis-
turbance to be stable, all of the components must be stable; and if one is
unstable, so is any small disturbance containing that component. The
Fourier components are the normal modes of the chamber, which by defi-
nition vary harmonically in time. In practice, it is almost always the
case, particularly in T-burners, that at most only one normal mode is
unstable. Thus, if the burner is intrinsically unstable, the pressure re-
cord shows a single well-defined frequency. The primary purpose of
linear stability analysis is to produce formulas for the growth (or decay)
rates of all the normal modes in the presence of combustion and mean flow.

The first step is to assume that all fluctuations vary harmonically
in time; thus, the pressurc fluctuations in the real flow and for the Lth un-
perturbed normal mode are expressed in the form
6ei'§kt

P' {F.23)

. iyt
p}’ = pe (E.24)
The complex wavenumber k is related to the frequency & and growth con-
stant @ by
ak = w-ix . (E.25)
Consequently, p' is proportional to exp{at) and increases in time (i.e., is
unstable) if a is positive. The actual mode shape p and that for the normal

mode, ﬁ&’ are functions only of the axial position z. They satisfy the

equations
1 d dp 2, o~
§:E(SCES)+kp = hy (E. 26)
dp/dz = ‘fl (z =0,1) (E.27)
dp
1 d L 2.
S—c H(Sc_d'—z )+kLpL = 0 (E.28)
dp,/dz = 0 (z = 0, L) (E. 29)
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The wavenumbers for the unperturbed modes are real numbers:

k, = :u,'/'a“ . {E. 30) ‘¢

A formula for kz may be deduced, as covered in more detail in
the references, by the following method. Multiply (E.26) by p,. (E.28) by

p , form the difference of the results and integrate over the chamber.
One eventually finds:

(1+C

(kz-kl,Z)ELZ = i;:kc{[p&( q, + —-Z_ 15 ] g p)I[rrxb+mb -—-—]dqdz

combustion and exhaast nozzle
dp 2

k (1+C_) L
l—i{—-—m— k—lz-(-a-—-)j'm dqdz}
L

a @

mean filow/acoustics interactions ("flow turning")

L _dp k, = L L dp
- L . FA R -~ PS L - (p)
-{ j‘ GFPB-Z-—SCdZ‘H«:—Tj‘édpp"scdz-jéup—az—jnlb dqu}
o a Cv 0 0
contributions from particulate matter
k - L L dp
ri {0 (5255 g T, gk 5 ao
a p 0
-3
_E, Lf) [(ITC e w_te w }-C C6T w +Q]S dz} {E.31)
g b7t PP PP ' )
v
residual combustion
For simpler writing, the terms arising from residual combustion :

will hereafter be dropped. A direct comparison with the *hree-dimensional
calculation (Appendix F, Eqg. (F. 17)) shows that those terms and the first
two involving the condensed phase are the same in the two computations.
However, the one-dimensional calculation produces a new -- and impor-
tant, both physically and numerically -- term, called "mean flow/acoustics
interactions'' above. The boundary conditions associated with surface com-
bustion and the exhaust nozzle also appear to be different for the lateral
and end surfaces. (It should be noted that it is the form shown for the end

surface which arises naturally in the three-dimensional analysis. ) The
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difference is only apparent, however, for one can show (refs. E-4 and E-5)

that
- (1:C_) - -m 2 -
" - m ,~ = AT =1t AT
Gptip o0 = —— Ry, ) 2 G == (E.32)
pa p 0 mb e}

Hence, the two representations have the same form. However, as argued
in several places, one should allow for the possibility that the combination
(E. 32) will have different values for different elements of burning surface.

The velocity fluctuation 4 in (E. 32) is in the direction normal to

the burning surface and arises because the burning rate fluctuates in re-
sponse to an external disturbance (pressure or velocity). One must ex-
pect that the response of the propellant may Le different, for the same
P unsteady disturbance, if it is exposed to a different steady flow field.
For example, particularly for aluminized propellants, the presence of a
L steady erosive velocity (i. e., parallel to the surface) may well affect the
} response to unsteady disturbances: and for a given pressure fluctuation,
: the response may be different for the two extreme cases of acoustic ve-
l tocity all parallel or all normal to the surface.
Consequently, even though the formal representation of the cou-
pling between the unsteady field and the surfaces -- the first iwo terms of
(E. 31) -~ is the same everywhere on the boundary, one must assume that
the values will in general be a function of position on the surface. More
. detailed discussion is given in ref. E-5, particularly related tu the ques-
tion of representing the surface response for a general acoustic field, a
problem which arises in application to motors.
r The growth constant @ is computed from the imaginary part of
(E. 31), because -aqzk?.r: wz-Ziauz-uz. One eventually finds, with residual

ey
combustion ignored ,

“‘The last form involves the agssumption that the density of the mixture
leaving the burning surface is the same as the average value p in the
chamber. Thus, m, = pgub = pub/(l+Cm).

**The factors (l+Cm) have been suppressed by making use of the obser-

vation appearing in the previous footnote.
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L & . Slr)
I =, {Lo “"‘5‘>sc] Lo 0n 22 45T aaus)
0 ¢ m, o

combustion and exhaust nozzle

L dp
1 AN -
- [ = dqd
ZELJ(') L( )j‘uqu

mean flow/acoustics interactions (''flow turning'')

X ——z{féf}?)'a—s d‘*%—fmm‘écdz'% ;“——Im(p)dqdz}
v

L L
contributions from particulate matter (E. 33)

it should be noted that in work prior to that reported in ref. E.5, the line-
arized equations for the two-phase flow were not combined in the manner
described here. The result (E. 33) is to be preferred, both for accuracy
and rigor: the main points to bear in mind are
(1) the properties ( , a, R, Ev are for the two-phase mixture:
{2) the representation of the contributions from the particulate matter
(GFP. 6Qp) arc new.
Recent comparison (ref. £-7) of calculations with exact numerical calcula-
tions show that the result (E. 33) is a substantial improvement over earlier
work.
When applied to T-burners, the purpose of Eq. (E.33) is to produce
numerical values for some quantity characterizing the coupling between
surface combustion and the unsteady flow field. It is useful and couven-

tional to intruvduce admittance or response functions Ay, Rb , defined by

& /3 4, /u
A, - L‘ﬁa_ .M, b (E. 34)°
P/YP, p/yp,
-~ /—
R, * _“‘l"_“i A (E. 35)
p/p,

* — R —

It must be ernphasized that Mb = u.b/a is a convenient definition. While
Kb
speed of sound in the chamber, not the local value.
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Because of the potential dependence of the response funciion on the posi-
tion of the surfacc, and because it is the real part which appears in (E. 331,

it is convenient to use the notation

B = A (r] Y erd suiface (E. 36)
e b b
B, - Ab(r) 4 h—Ab side (lateral) surface (E. 37)
It is easy to show by using the definiti s of Ay and Rb that (E. 32) implies
the relation
;po ~ Ebﬁ = =T AT/TO (“Cm) ~ - at ‘7})0
=2 (8 =) = AR TR (R ——2) L I (e, ) =2
ap pa P/p, P o ap
(E. 38)
Hence, the combustion terms in (E. 33) are readily expressed in terms of

B, and Bs .

In ref. E.2, and in more detail in ref. E-8, Eq.(E. 33}) has been ap-
plied to variable arca T-burners. The configurations treated and the def-
initions of the gecometrical variables are snown in Ficure C-! and discussed
in Appendix C. A simpler and more explicit form of (E. 33) for practical
purposes is obtained in the following way. In the one-.dimensional repre-
sentation, the mode shapc fSl. for the pressure depends only on axial posi-

tion. The integral of its square over the volume of the¢ chamber is

2 F.2
E, - % Py Scdz (E.39)
Numerical valvec [or the dimensionless quantity 3{2 have been given in
Appendix C;
e . 2£fns . (E. 40
J (e}

W ith the definitions (E. 36)-(E. 38}, and Ez \—(;)D/F , the cumbus -

tion terms in (E. 13) ¢an be written

uz“‘ ‘:
Py J B dadS( . (E. 41)

a. - Py 2
L S 0
Because of symmetry, the terms at the two ends are equal, and because
{Appendix C) ‘3{, l atz - 0, L,
c.2 - L
LPLScBe—JO = Bpe1Be - (E. 42)
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if the ends of the lateral pgrains are not inhibited, a second contribution

to end-burning arises,

2 cos® (BK,) S, , (E.43)

an e
where the factor cosz(ﬂKL) is the value of §£2 at the ends of the lateral
grains. If one assumes that the response of the lateral surfaces, and

hence B5 , i8 independent of position, then
f-"szdd -Bf"zdz-ZCS (E. 44)
Op{ ghagzr = sqopa = 2C05heBs :

where the area of lateral surface is Sbs = qu and the dimensionless

function C’ is

1 }‘/z.z
L $Sdz . (E. 45)
1 Lb 0 4

For short grains, C, - ], and for grains extending thne entire length of the
chamber, CL -~ 0.5, “Numerical values for C& have been published in ref.
E-8; see also Appendix C.

When ]:‘.L2 in (E. 41) is replaced by (E. 40}, the ratio a/L appears.
The speed of sound is not directly measured, so it is common practice to

replace this ratio by

2 w, Wy
= — E—— (E'46
T Lk, = 2K, !

Here, v, represents the measured angular fregquency, and Kl. is the di-
mensionless wavenumber, k‘L/Z , calculated according to the prescrip-

tion given in Appendix C. With these results, (E. 41) is writter

a 7{[ “be1 + cos (px ) bez_lB +C, S#". } . (E. 47)
K, &y “co o

The mean flow/acoustics interactions provide two contributions.
First, over the burning surface only, if .Jb is assumed independent of po-

sitiop, the integral over the perimeter can be carried out to give
<

u he g
a;’:r . I‘lg _iz , (E. 48)
co &l
where 2
g, = . \"L (dpt\dz (E. 49)
R 2 ™5\ "ds ! . .
” Lb 'b ka— dz
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. 2
Like CL and SL ,

When there are no lateval surfaces, 8, -0 and g, = 1 if the grains ex-

the function g, depends on the grain configuration, -

tend the entire length of the burner. Some numerical results appear in
ref. E-8. _

A second contribution arises formally from the center vent. Be-
cause the flow is out from the chamber, the sign changes, and the mean
flow/acoustics interaction according to the one-dimensional representa-

tion provides a gain. The formal result (refs. E-2 and E-8) is

u S 2
v 3 b

; _ |6 (o)

co
where Sb is the total arca of burning surface in one half of the burner,
and C{'O is essentially the amplitude of the pressure oscillation at the
vent, defined in Appendix C. Equation (E. 50) is valid for a center vent
only, and vanishes for the even modes.

Because both (E. 48) and (E. 50) are at best approximations to real
processcs, it has become fairly common practice when data are correlated
to introduce unspecified numerical factors, FT and VF. The values of
FT and VF are then determined as part of the statistical analysis of data.
The total influence of the mean flow/acoustics interactions is therefore

written

ST .
a - (FT)af ' v (vFRrY . (E.51)
m m m

The last set of terms in (E. 33) are collectively the ''particle

damping', denoted by :LU

-2 o L . dp = Lo,
L 2 {0y ()“ dfs dzsy, — | mél Jﬁjs(dz
. 1 4 < = v e
Z‘bIEL N ! C‘ 0
L .. dp ,
Coall) T e —(p),
(»up O .My dqgdz . (E.52)

0
It happens that the last term, representing essentially a mean flow/acous-
tics interaction for the particulate matter entering at the burning surface,
is a relatively small contribution. In Appendix D an approximate calcula-
tion is given; the result is Ea. (D. 24, an explicit form for the {irst two
terms of (E.52). That result is restricted to the case when the particles

are assumed to be adequately represented by a single . o size,
231
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APPENDIX F

THREE-DIMENSIONAL STABILITY ANALYSIS

The stability of three-dimensional motions has been analyzed in
two different ways: by constructing the integral balance for energy in a
combustion chamber (refs. F-1 and F-2); and computation of the complex
wavenumberrs of the normal modes, by using the differential equations of

motion (refs. F-3, F-4, and F-5). Both methods will be summarized
very briefly here.

F.1 Calculation of the Complex Wavenumber

Recent numerical calculations (a preliminary report has appeared
in ref. F-6) have shown, by comparison with exact calculations, that for
satisfactory accuracy, the equations for the two-phase flow should be
combined as described in Appendix E for the one-dimensional problem.

If an additional forcc* F (per unit volume) is introduced in the momentum
equation, and another source tcrmi', €, is included on the right hand side
of the energy equation, then the equations for the velocity and pressure

can be written:

~

E)u - - " P - - —
p —a* 4 jrare Tu ¢ ‘/p b (;l' D + F_ - (I‘, l)
.= (BT R = 2w 22 ,
W}lu\pi( = 1 )pTeu = ._(up-u) Fpm. (u-E)%(Epo-cn)wp-h(Q+Qp)
v \%
+(1+C IC Tw +€71 | (F.2)
m v p

where the properties for the mixture are defined in Appendix E, and cor-

responding to (E. 9)-(E. 12) one has now:

~4 -t bl

;\u;) : up-u (F.3)
6T = T -7 (F.4)
P P
- a&: - o - T
&Fp . -ppi atp + (uP- ‘Tup-u- ‘~.'u)_i (F.5)
26T o -
6Qp = -ppC[ —(Tt_E + (up- VTP—u- v’r)] (F.06)

" These are included for the calculations discussed in Appendix D.
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The momentum exchange represented by g is only that related to residual
co'nbustion if the purely three-dimensional problem is treated. If, how-
ever, one includes additional source terms w in the original continuity

equation for the gas, and w(p) in the original equation for the particles,

then
- - - - -. (P) - -
o = - + + = -5 + W, F.7
(u up)wp ww upw upr ( )
The linearized forms of (F. 1) and (F.2) are
= duw vp' = ‘(E T v )+8F' +F' -0 (F. 8)
P -st_ P P s .
a ! R- -‘I : i R % : 1
-ar;—+(-:—+l)poV-u = -U'Vp —(:—‘I'l)p V-u+P N (F.g)
C C
v v
where .
K - = - ,
P = = [(14C__ )e'w 4+e w')-C CoHT'w +Q'+86Q'+8&' . {F.10)
c L+ C o Mew e wp)-Cry COT W, 't

Upon differentiating (F. 9) with respect to time and substituting (F. 8) for

aII-/at, one finds the wave equation for the pressure,

2

vp

v

;;_2[ = h, (F.11)
a ot
with the boundary condition

n. 9p' = -f . (F.12)

The functions h and f are

-t -t — -

__:_.'-o -_— l_al ai._ _.|'-.;|..' lap»
h = -p9-{G-Yu'+u'- Vu )+§2—u-v-5:;+ a% 7);Lv 0+9- (6F ) +F'-0")- ?W ,
(F.13)
- a:! R — :‘ -, : - - = -
f = pT-n+p(|,,-Vu Vu)n-(pr+F-0)-n. (F.14)
The square of the wavenumber for the Nth perturbed mode is given by the
formula
2 2 l [ ~ - -
K" = ky + =3 { [hppdV + ﬁprds} (F.15)
En
where
2 a2
Ey - JPnev . (F.16)
and kN' I‘JI“ are the wavenumber and mode shape for the Nth unperturbed
(i.e., classical) mode. After some of the integrals are worked out and
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combined, (F.15) becomes

8 2
~ k -
2 2 2 —— "’ ~ { .= ” N R 2 A }
- = ip e | - " L Vp,  dV+ — — |8 av
(kK% -k By = ip aky J(up\], —:z u) Ads j'érp By - f Q By
v
combustion and exhauast contributions from particulate
nozzle matter
kN <{- ] r IZ ~ d — —-— A
+1i E—{—;}-:—J prpdV JSU s prPdV- = -YPN 1+ Cm (epwp cpwp)

g v
residual combustion

. A k —
g I A PN A . N R A 1
- v Q- [ Fe7p dV - (W @ —_
CrnCoT W 1 QTdV (- [ ¥ 75 dV JW-op dVii — 2 Jepyavy
v
(momentum) {(mass) (energy)

additional source terms
(F.17)

Equation (I'. 17) is to be compared with the one-dimensional result, eq.
(E.31). First note that in the sccond combustion term in (E. 31), the inte-
gral over the perim«ter ¢.foliowed by the integral over the length, can Le
replaced by the integral over the surface avea, S. Hence, in view of the
equality (E. >2), all th.: combustion terms have the same form. Howecever,
the possibility {sec remarks following (E. 327 that the numerical values of
the responsc may be different for surface elements exposed to acoustic ve-
locities having different orientations must be accounted for. This problem
has becn discussed in refs. -} and F-5.

In the one-dimensional problem, the volume clement is dV = Scdz .
Hence, all the volume intesrals arising from the presence of the particu-
late matter and residual combustion are identical in (E. 31) and (F. 17).
The "flow-turning' term and the surfacc term involving f)ﬁp in (E. 31) do
not appear cxplicitly in (7. 17). These are the new contributions found in
the one-dimensional anaiysis*. On the other hand, the last brackets in
(F. 17) contain contributions from source terms representing undefined

processes.

"It is worth noting that recent numerical calculations have shown that the
term involving A _ is probably negligible under most conditions which pre-
vail in T-burncrs and motors. 235




Because the source terms f, W, and € are not defined specifically,
one may use them in various ways. If they are taken to represent proc- \
esses occurring in a thin region near the surface, then it is possible (ref. :
F-5) to reproduce the one-dimensional terms referred to in the preceding .;
paragraph. As givern here, Eq.(E.31), the one-dimensional contributions .i
apply to the limiting case in which the unperturbed acoustic velocity is en-
tirely parallel to the burning surface. The inviscid three-dimensional

analysis produces results which are entirely correct only for a limiting

' case when there is no component of acoustic velocity parallel to the sur- 'x
face. The way in which the general case is handled rests on a separate

| argument given in refs. F-4 and F-5,

| For the limiting case of acoustic velocity all parallel to the surface, ‘1

the three-dimensional cc:nterparts of the two one-dimensional terms are:

| (1+C_)
& i:__r_n_ ﬁ (VﬁN)Zr-ﬁde {flow-turning) (F.18)
b p akN
‘ and .
I @ 6a_- vp i Plas . (F.19)
p b
The sc. sce terms may also be used to represent the influences of

baffles anu suppression devices, although little has been done in this re-

spect For example, a baffle may be characterized by a pressure drop,

which may be represented by the force f‘. in the momentum equation. Dif-

: ficulties arise in the representation for unsteady flow conditions.

F.2 Construction of the Balance of Acoustic Energy )

" The analysis provided in ref.F-1 was done for gases only; the in- .

fluence of the pari.culate matter was subsequently included as an additive
term in the formula for the growth constant. This procedure presupposes
that one knows how to compute the contribution from particle damping. As
gshown in Appendix D, the form to be used for accurate results is far from
obvicus. If the approach of ref. F-1 is followed, the {first step is to con-
struct the balance for the total energy, CVT+ u2/2, in the chamber. The 1
rate of change of total energy within the entire chamber must equal the
rate at which energy flows in due to convection plus the rate 2t which
work ie done on the material within the chamber, plus rhe rate of heat ad-

dition:
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If all variables arc written as sums of steady and time-varying parts, the

time average of {F.20) can cventually be written
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(F.21)
For simplicity, all othcer contributions associated with residual combus -
tion and the particulate matter have been ignored.

The reasoning of cf, ¥'-1 is now that the left hand side of (F.21)
may be interpreted as the time.averazed rate of change of acoustic energy
in the chamber (actually, it is the time average of the time-varying part
of the total enerpy). Ience, if the definition (2. 1) of & is used, the formu-

la is obtained

-

— -

- Z - e re
< ‘r‘r‘dfﬁﬁ L})'tl' 3 j_.__:}_. ; 7(: u' )“v-‘ > . ( ,_‘\ Q'dv )
-2 - ' L= . (F.22)

Note that two terms have been dropped in passing from (F.21) to (F.22);
this approximation restricts all subsequent results to first order in the
average Mach number (see refs. I'-4 and 1'-5).

Becausc all terms in the niuncerator will he of first order in the
average Mach number, zeroth order quantities must be used in the de-
nominator. (If, say, a {irst order term is rctained in the denominator, it
will eventually contribute a second order term to &, which must be
dropped. ) Hence, one must use unperturhed acoustic values for a' and p'
in the denominator; it is then casy to show (sce ref. F-4 among others)
that

] —

fav(irme) - fav B (F.23)

237




v e

-

vanishes, because () varies harmonically in time and hence has average
value equal to zero. This is a consequence of working with the total
energy in the chamber rather than the acoustic energy. If the acoustic
energy is treated, Q' is weighted by p' (see below, and also Eq. (F. 17),
for example): in that case, the average value does not vanish. This re-
sult is typical of any process occurring completely within the volume, and
shows explicitly why in this approach one is forced to add arbitrarily
extra terms in O ; see refs. F-4 and F-5 for further Yetails.

If low-turning terms are represented by lm and other losses (in
particular, the attenuation due to condensed material) by @, then (F.22)

can be written

=% A (r) -— a2 2:.:.1
e = -La_zﬁ[pu 4u5+ a-uu |- ndS+Clm+G-d . (F.24)
ZEN pa

Although it is not indicated, it is the maximum amplitude in time which
should be used for u in the third term under the surface integral: this
becomes clear when the time averaging is done.

Following Eq. (2. 3. 4), it is remarked that the third term under the
integral also arises in the analysis involving calculation of the wavenum-
ber. It is fairly clea. that this must be so, but to show il requires more
detailed manipulations than are appropriate here. The demonstration re-
quires carrying further some second-order terms which were dropped
early in the calculation outlined in 2F. 1.

It has also been shown in ref. F-4 (§8. 2) that if the acoustic energy
balance is formed by beginning with the linearized equations (F. 8) and
(F.9), then eventually an expression for € can be found which is identical
with that deduced from the imaginary part of (F. 17). The procedure fol-
lows the more traditional path. First, take the scalar product of G with
(F.8 ) multiply (F.9) by p‘/F?Z: and then add the results. The first
terms on the left hand sides of (F. 8) and (F. 9) combine to give

==, 3 . dp' _ @ /;,':;-2 1 P.Z)
ot ot = ot \ 2 2 ——2
a pa

This is just the rate of change of acoustic energy, as required ia the

definition of @. Details of the computation are given in the reference.
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APPENDIX G
REMARKS ON THE PROBLEM OF THE VENT
G.1 Analysis

The problem of determining the loss or gain of acoustic energy due
to the vent is complicated, because there is an average flow through the
vent: and because for much of the work with T-burners, the flow is not
choked. At the time of writing, the prollem is not only unsolved analyti-
cally, but no unambiguous conclusions have been drawn from experi-
mental data (see § G. 2).

There are several sources of energy transfer associated with un-
steady flow at a vent. Consider {irst the case of no average flow. There
are two mechanisms causing loss of energy from the acoustic field in the
chamber: radiation and internal d ssipative processes. Non-zero pres-
sure fluctuations cause the gas in the vent itself to oscillate, and this mo-
tion is communicated to the outside world. The result is an acoustic field
which, far {rom the vent or hole, consists only of outgoing waves., As far
as the waves in the chamber are concerned, this constitutes a loss of en-
ergy by radiation. Viscous stresses and heat transfer cause additional
losses, principally in the vicinity of the hole itself.

‘The simplest case of radiation is that for a hole in a plane wall.,

A treatment of the radiation from a hole at the erd of a duct has been
worked cut in ref, C-1, based on the acoustical analog to a result of scalar
diffraction theory in optics. The starting point is the formula for the os-

cillating pressure at an observation point P far from the hole:

- i N g_é -ikr()l
p(P) . ~§;JJ 3n e ds , (G. 1)
hole

where L is the distance frum an arbitrary point on the hole to the obser-
vation point. The gradient of pressure normal to the plane of the hole, in
the outward direction, is 0p/dn. This is equal to ~i1‘—f;ﬁp. However, the
acoustic velocity fluctuation u;l, through the hole, is unknown except in
special cases.

For example, a standard problem discussed in texts on acoustics
concerns the energy radiated by a piston in a wall. Then ur" is constant

over the hole (now a piston), and the integral in (G, 1) can be worked out.
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But for T-burners, with wave motions parallel to the hole, the.ve-
locity u is unknown and must be found as part of the solution. This
amounts of course, to a calculation of the admittance function u' (r)/p for
the hole. An approximate analysis has been reported in ref. G- 2 for a T-
burner with an annular vent, encircling the _entire tube. The result is that

for odd modes, the contribution to the decay constant is

- 4 2 4
a m(24+1) d
un E= --1—4 2 z » (G.Z)

(8. 44)°

where d is the width of the vent and D is the diameter of the burner. Sup-
pose a = 3500 ft/sec, L. =2 ft, D=1.5in , d= 1in , and take 4 = 0 (the
fundamental mode). Then Q.n ~ 7.4 sec” L But this is for an annular
opening. If the vent is, say, square, one inch on a side, then the value of
e, is reduced by the ratic of the area of the square vent to the area of the
annu.lus i.e., (G.2) is multiplied by d /dnD = d/nD. For the numbers
given above, e, is then approximately 1. 6 sec -1 This is a rather large
vent, but even so, the radiation loss is negligible compared with other
losses in the system. For the even modes, the pressure of the acoustic
field has an anti-node at the vent and the radiation loss is large: numerical
values will not be examined here because the question at hand has to do
with the influence of the vent on the fundamental mode.

Approximate formulas for the losses associated with sonic and sub-
sonic vents have been given in ref. G-3, based on essentially the same
representation as that used here. Both of the analyses covered in Appendix
F lead to the general expression for the decay constant due to the vent or

exhaust nozzle:

- a (r)
“n--'-—zﬂfA +M]pN . (G. 3)
2E
N
where the admittance function A (ﬁn/ﬁ)(ypols,) has been introduced. For

the fundamental mode of a T- burner, ﬁN vanishes at the center of the burn-
er, so for a vent at that location, C!n given by (G. 3) is negligibly small. It
is on this basis that until recently the influence of the vent {either sonic or
unchoked) on the fundamental mode has been ignored. The formulas given
in ref. G-3 are deduced from Eq. (G. 3) and hence show qnz 0 for the fun-

damental mode if the vent is at the center of the burner,
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What is meant by "the problem of the vent" is the conflict of two
non-zero results deduced for a center vent: one is a formal deduction
from the one-.dimensional analysis: the other is based on Eq. (F.24) for
three-dimensional flow, but involves an additional assumption in respect
to the interactions between the average flow and the acoustic field at the
vent.

It should be noted again that the one-dimensional analysis already
incorporates certain assumptions concerning the behavior of the flow. In
particular, it is assumed that the flow passing through the boundary has no
component of momentum, parallel to the axis of the chamber, when it is
outside the boundary. This applies equally to flow entering and leaving.

To see the difficulty, write equations for the real part of (F. 17)
with the flowturning term (F. 18) included, and (F. 24),

Q- a.b+u.d:<1m (3- plus 1-dimensional analysis, 3F.1) (G. &)
a= O-b+°-d+a.v {3-dimensional analysis, %% 2) (G.5)

where LN represents the contribution from surface combustion; ud stands

for energy losses, mainly particle damping and viscous losses at inert
surfaces;: and

_ . 1 Y -~ 2— -ub Y -~ Z
Qm = -(1+Cm)mﬁ(VpN) mde mz—é—z-k—z-ﬂ(va) ds , (G.6)
PENN NN
e A & R
e, - - 2,0 @ §)uids . (G.7)
ZEN

First, a remark on sign convenctions:
(i) ;‘b is positive for flow into the chamber at the boundary,
(ii) .ne normz' ,ector n points outward, so u-n is positive for
flow outward through the boundary.
Because of the convention (i), & given hy (G. 6) is negative at a

m _
burning surface and hence represents a loss of energy, the 'flow-turning'

*As noted in §F, this term also arises in the three-dimensicnal analysis
covered in #F. 1, but in the original work it was always dropped as a high-

er order term. Hence, the term is identified as »art of the analysis (§F.2)
in which it has not been omitted.
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loss, denoted atl:r . But at the vent, ;ﬁb is negativa, 80 c.m is positive
and represents a process causing the waves in the chamber to gain energy.
denoted a':n . A more explicit formula can be obtained; suppose that the
outward flow is approximately uniform over the vent. Then, because for
the longitudinal modes

2

(VﬁN) = (kLSinkLZ)z e kcz {center vent)

and
L LS
2 ~2 2
Ey = [Bpnav = scj(”)cos kyzdz = —<
so (G. 6) applied to the vent gives
(1+C_) .
P : Y [ﬁr?m ds]
m L - v
pSc vent

The term in brackets is the total time-averaged mass flow through the
vent, which must equal r't_'beb = F'Jbsb ., the total average mass flow in
from the burning surfaces. Hence, the contribution from the vent is

u S
g:’n = ;ri 3‘% {center vent, odd harmonics) . {C. 8

It must be understood clearly that this is a formal consequence of the one-
dimensional analysis. Because the flow is strongly three-dimensional in
the vicinity of the vent, the approximations used in the one-dimensional »
analysis may be very poor. In particular, viscous effects (including sepa-
ration) may be so important that the approximate analysis is simply not
applicable. The factor VF in (G. 14) below is a crude means of incorpc-
rating viscous effects.

If the T-burner is operated with short lateral grains at the ends
{or only end grains), then the flow-turning loss is negligibly small and °'m
consists only of the positive contribution from the vent, the ''vent gain. "

Now consider the term Q. Eq. (G-7). Over the burning suriace,
the mean flow is in the formal direction, so the velocities in the inte-

grand become

et
(=]
[=3 §3

{

ja b o= 5,607 (G.9)

*See also Eq. (E. 50) and remarks there.
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where Kb and G‘n are both positive inward., Because U is non-zero at a
burning surface only because of the combustion response, it is of the
order of the mean flow speed; thus, (G. 9) is of the order of the cube of the

mean flow speed and is negligible -- indeed, it must be dropped.

At an exhaust vent, Fb = 'Gv because the flow is outward, and {(CG.7)
is
—l
_ pa = (a2
o, - Z—Z-f:j u (8 )7ds . (G. 10)
En

Consider first a center vent. If the unperturbed acoustic field is a longi-
tudinal mode, the quantity ﬁn represents a perturbation due to the opening
in the lateral boundary. It is the fluctuating velocity causing the rzadiation
of acoustic energy from the chamber.

If, in addition, there is an average flow through the vent, there
will be a further contribution to the perturbation Gn. The position taken in
refs. C-4 and C-5 is that this additional perturbation (which has never
been calculated) must be at most first order in the average speed, and the
right hand side is thereiore negligible, being of second {or higher} order
in small quantities. The acoustic and mean flow streamlines appear
roughly as sketched in Figure G-l(a).

On the other hand, the authors of refs. G-6 and CG-7 assume that
the component of acoustic velocity parallel to the mean flow leaving the
verlt has the full value appropriate to the uriperturbed acoustic field at the

center of the chamber. That is, if 5,\, = cosk,z, then from the momentum

4
equation for the acoustic field, the unperturbed velocity parallel to the axis

is
.1 9py Ky o i
= - - xl— sink,z - — skaz
lp'JJN ipvl.N pa

The factor i is dropped for use in (. 19) because time-averaging has al.
ready been done. Hence, because sink, 2z - 1./72, (C.10) becomes
-2-2 u©s w ,S
- a vv _ b b
v T TS T2 =3 TI(?,‘;) . (G. 11)

If Gn has the large value implied by this substitution, then the acoustic

streamlines would lock something like those sketched in Figure G-1(b).
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supported by the data; and a loss as large as that given by FV = -1 is also
not shown by the data.

Some tests, referred to in §G.2, have been done with burners hav-
ing no center vent but one ernd open to the atmosphere. Without a sonic
exhaust nozzle, the unperturbed acoustic field is that for an open organ
pipe; the burner is approximately a quarter-wave tube. In that case, the
acoustic velocity is a maximum at the open end, and the integral in (G. 7)
is correctly of first order in the mean flow speed. The contribution to a

is then, with no other assumptions, correctly given by (G. 11).

G.2 E:xperimental Results

As noted in §G. 1, there is uncertainty concerning the proper
treatment of some acoustic/mean flow interactions in the T-burner, par-
ticularly those associated with flow through the vent. Neither the use of
formal analysis nor the usec of pressure-coupled T-burner data has satis-
factorily resolved the difficulty. Therefore, special tests have been per-
formed to obtain results that would assist in the selection of the correct
representation. The following pages contain a summary of the useful
equations, a description of the tests, a summary of the results, and the
conclusions reached. -

The equations used to describe unsteady motions in a T-burner, |
refs. G-4 and G-8, include mean flow terms that combine in such a way
as to prevent one from evaluating their magnitude from pressure-coupled
T-burner data. Special T-burner configurations have therefore been se-
lected to obtain appropriate data and to resolve uncertainty.

Figure G-2 shows one burner used with the test variable being the
amount of propellant surface area near the vent. The grains are rela-
tively short and, for the conrditions under which data are taken, essenti-
ally flush with the wall. The contribution to the flow-turning loss at the
end grains is negligibly small, because the local acoustic velocity goes
to zero at the ends. At the center of the burner, the acoustic velocity is
a maximum for the fundamental mode; the flow-turning loss, ngT, due
to the sample grains near the vent, exactly cancels the '"vent gain'' con-
tribution in Eq. (G. 12) if the formal results are assumed tc be valid.

Hence, the change in growth constant due to a small change of surface
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But in Figure C-1(b), much of the acoustic field has a node at the center
of the burner, so the half-wavelength %/2 approaches L/2; and because

the frequency is always equal to the speed of sound divided by the wave-
length, the frequency associated with the field suggested by Figure G-1(b)
is much less than a/L. The frequency for the field sketched in Figure
G-1(a) is approximately 2 a/L, which is essentially that observed value for
the fundamental mode in T-burner tests.

However, (C. 11) has been proposed as a representation of losses
for the fundamental mode, and a number of tests have been done in attempts
to determine the true influence of the vent. To summarize, the formal ap-
plication of (G. 4) and (G. 6) tc the vent lgads to

FT

a - o, ta i + (G. 12)
m

o™
nm‘ U‘m

{vent)
where G.II;T represents only the "flow-turning' loss associated with the
flow at the burning surface. Equations (G. 5) and (G. 7) plus the crucial

assumption noted above give

[+

S
~ b b
(1_ogb+cxd.1--.Z . (G. 13)

{veut)

Equations {G. 12) and {G. 13) can be written together as

u_ S g a,_ S
] b “bs & b b

a - a,b+ﬂ.d-(FT)-—L SCO —ze +{VF) i —SC , (G. 14}
, >

where VF is the ''vent factor” and FT is the ""flow-turning factor. " Equa-
tion (E. 49) has been used for c.f;r .

Obviocusly, VF - +1 if the vent provides maxim'un gain of energy,
and VF - _] i the loss is that expressed in (G. 13). Because of the doubts
co:u cerning the true value of VF, this has often been treated as a floating
parameter in the interpretation of experimental data. To date, the re-
sults are net conclusive (8G.2), primarily because it is not possible to
senarate totally the influence of the vent from other contributions. How-

.ver, it does seem that a vent '‘gain' (i.e., VF positive) is not strongly
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area of the sample grain vanishes.
ﬁT .0 (G.15)
bs ¢
Equation (C. 15) is based on the purely one-dimensional analysis.
On the other hand, if the flow-turning loss is ignored, and the vent is as-
sumed to contribute the loss shown in Eq. (C. 13), one finds

u,

da ~ b
d—(sbj-s—c-)— = —2-—1:- . (G. 16)

Here, and in the following, 3 s denotes the burning surface area of the

sample grains on the lateral goundary in one half of the T -buarner.

Other tests have been done with a special combustor called the
quarter-wave burner, shown in Figure G-3(a). The acoustic velocity
reaches a maximum at the open end, and the contribution defined by Eq.
(G. 7} must be retained. The flow-turning loss is negligible for the grains
at the closed end, and because tlh-re is now no side vent, both approaches
described in §G. | produce the same result,

u

da _ b
TS ST 22 (G.17)

Finally, some tests have been done with sample grains displaced

from the ends, shown in Figure C.3{(b}). The two approaches then lead to

- .
da o fp(r), B '
=757 - T Ry (B -1 (G. 18)
bs ¢ P s
G - - ~ Z
T ey - 2 LRy R (G. 19)
“bs Tc P s

The first is based oun the three-dimensional analysis, and the second on
the one-dimensional analysis described above and summarized as Eq.
{G. 14). 1t has been assumed that the grains are chort, so that the pres-
sure fluctuation is essentially uniform over the samples, and represented
by (B/P), -

Equations (G. 15) - (G. 19) have been used as the basis for several

series of tests. One series of tests was conducted in the burner shown in
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Figure G-2, with the test samnples being located as near the vent as physi-
cally possible. The hardware and instrumentation systems used were the
same as those used in variable-area T-burner testing (ref. C-9) and for
velocity-coupled T-burner testing (refs. G-10 and C-11), The tests were
performed with CYH propellant at 300 psi and 450 Hz. Because of the
proximity of the test sample to the vent, the normal propellant sample
holder could not be used. Therefore, the test sample was located one
inch away from the centerline of the burner, and was machined to {it into
the 1. 5-inch ID of the T-burner wall (e. 2. the sample had a 1.25-inch ID
and 1. 5-inch OD). The test sample near the vent therefore had a smaller
web than the driver sample. Consequently, the test sample burned out
while the driver sample continued to burn, showing an ix;stantaneous el-
fect of the test sample. The driver sample was chosen large enough to
drive the T-burner spontancously unstable with a growth constant of
roughly 80 sec”! and a limiting amplitude of ~ 80 psi peak-to-peak.

Another group of tests, ref. C-7, was conducted at a test pressure
of 215 psia in the T-burner shown in Figure C-3(b}, which differed from
those commonly used. First, it was smaller than most described in the
literature, having a cross-sectional area of approximately one square
inch. Second, the cross section was nearly square rather than circular.
Third, there were recesses machined in the internal walls of the burner
into which flat slab-shaped propellant samples could be placed. For some
tests, additional propellant samples were placed at various positions be-
tween the ends and the vent. In different runs, the additional samples
were placed at different positions and thus the instability deterrmined as a
function of sample poueition.

The guarter-wave burner shown in Figure CG-3(a) was constructed
with the same square tube material and the same type of sample holders
as were uscd in the square T-burner. To simulate an opening attached to
an infinite flange, the vven end of this burner was attached to a two-foot
square plate of steel. The metal plate had a hole in the center that matched
the hole in the bLurner.

Both square burrers were equipped with a retractable air-driven

paddle located at the vent. The propellant was ignited with the paddle in-
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serted into the burner, so that unstable motions were suppressed. When
steady burning had been established and the propellant samples had burned
to the point where the burning surface was very nearly flush with the tube
walls, the paddle was rapidly (within approximately 20 msec) retracted
and oscillations were permitted to grow.

Another series of tests was conducted in a T-burner that had ro
vent pipe but simply a hole in the side of the burner. This burner was
fired at atmospheric pressure and the plume behavior studied through the
use of high speed photography.

The results of the first series of tests were rather dramatic and
showed that after the test sample burned out, both the limiting pressure
amplitude and the measured growth constant were larger than while the
test sample was burning, indicating that the test sample at the vent
caused a loss in the system. The test records also showed that the
change in both @ and amplitude become greater for larger test samples.

Figure G-4 shows a plot of & versus the test sample area rativ
(because the data were taken at very nearly flush conditions, the correc-
tioris for nonuniformaties are negligible at all area ratios). Calculated
curves are superimposed using values of BS, ud, and Rvi determined
from extensive testing with CYH propellant at these conditions (refs. G-
10 and G-11). The resuits are striking. The only curves that fit the data
are those resulting from an arbitrary use of a large mean flow damping
that has no theoretical basis. The damping is not only larger than that
predicted as the flow turning or vent loss alone, but also larger than
their sum. It should be noted that there is considerable curvature in the
predicted curves, whereas Eq. (C. 14) suggests a linear variation. The
reason is that the samples ware not located precisely at the center
of the burner, as Figure G-2 shcws. Moreover, the large samples
(Sb/SCO © 7)were 2.75 inches long, extending a significant distance
along the burner. The pressure varies over the sample, so that both
oy due to combustion and 8y depend on the length of the grain.

The equations for a different series of tests, ref. G-7, were used
to compute resgonse function values for two PBAA-AP propellants (refs.

C-17 and G-18) tested in the T-burner and also in the quarter.wave
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burner. This was done from the least-squares, best-fit slopes for the @
versus Sb/sco data plots. The computed response functions are tabulated
in Table G-1. Itis apparent that the use of a vent loss term yields more
consistent response function values from the two different burner con-
figurations.

TABLE G-1. Experimental Values of the Responaze Function

Ry
Theory A-17 A-18
Three-dimensional
T-burner 1.6 2.1
Quarter -wave burner 1.5 2.9

One -Dimensional
T-burner .0.4

Quarter.-wave burner 1.5

Finally, data have been taken in the T.burner shown in Figure G-
3{a), in which the position of the test sample was varied. In reducing the
data, it was assumed that the mode shape was a simple cosine. Then the
incremental growth constant caused by the additional propellant samples
was determined by using the appropriately simplified forn: of Eq. (G. 14).

Figure G-5 shows the data from these test. plotted as ¢-a_ versus
Z/L , where Z represents the average distance of the variable position
samples {-om the ends of the burner and L. is the burner length. & is the
growth rate with samples present only in the extreme ends oi the burner.

The least-squares best-fit values of Rb for the data are listed in
Table G-2. The combination of Rb - 2.64, VF=.2and FT: +]1 resulted in
an amazingly good courrelation of the data, substantially better than the
other combinations that were tried and better than could be expected from
the precision of the data. As with the other data, these values for VF and
FT indicate a large magnitude of mean flow damping and also a flow-

turning loss.
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Figure G-5 Comparison of Experimental Results and Calculations for
a Smokeless Propellant Tested in the T-Burner Shown in

Figure C-3(b)
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TABLE G.2. Statistical Comparison of Theory and Data

Theory Best Ry Z(G-ai)z
FT_ vE _
0 -1 2, 46 831 sec”!
+1 +1 - .02 3201 s,ec'l
41 .2 2. 64 25 sec”!

E(a-ci)z is the sum of the squares of the deviations between the best-fit
theoretical line and the individual data points.

Part of the theoretical description of the vent involves the question
of whether or not there is a '"convection' of acoustic energy out of the vent
of a T ~burner. In a brief study (ref. G-12) of this problem, high-speed
motion pictures wevre taken of the flow exhausting through a hole cut at the
center of a T-burner. The flow exhausted directly to the atmosphere,
and there was no vent pipe attached to the burner. When oscillatory com-
bustion began, the exhaust was perpendicular to the T-burner. Later,
oscillations began to grow, and the exhaust began to vibrate. As the oscil-
lations grew to large amplitude, so also did the vibrations in the exhaust.
Ultimately the vibrations, whose frequency matched that inside the burner,
became quite violent. These visual observations suggest that, at least for
the geometry vsed, the oscillatory inotion parallel to the burner is indeed
communicated to the exhaust flow.

One interpretation is that the acoustic energy is convected from
the burner even though the acoustic and mcan flow vectors are perpendicu-
lar. Such a ceonvective loss cannot be formally described by Eq. (G. 7)),
but the following intuitive approach to its use is propoused. First, note that
a loss term of the magnitude 4fMb Sb/Sc results formally if the mean
flow and acoustic flow vectors are parallel at the vent. Physically, this
means that all of the lucal acoustic kinetic energy is convected from the
chamher by the exiting gases. It is suggested that in a T-burner, all of
the local acouscic kinetic energy is carried from the burner into the vent
pipe. Thus, even though the vectors are perpendicular, there is a loss

term whose magnitude is 4fMb Sb/SC . The result is that one artificially

treats the flow prcbhblem as if the two velocities are parallel and the term
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Eq. {C. 7} is retaired in the analysis of the T-burner and treated as helng

—~ne2 a2
pa u u

rather than

EZZ(E

<4’
(73]

C.3 Summary )
Taken as a whole, the results seem to support the conclusion that

both a flow-turning and vent-loss term ought to be used in the analysis of
T-.burner data. However, for various reasons, this is only a tentative
conclusion. One reascon is that thn experimental work is incomplete, and
is continuing. Ancther is that many of the tests were carried out at at-
mospheric pressure where conditions are far removed from those en-
countered at the higher pressure. used in motors. Lastly, many of the
results were obtained in burn«:rs and geometries which have seen very
limited use. It is possible *hat these systerms may nout behave as one
would expect based on exp:rience with other T-burners. The best pro-
cedure to follow for interpreting experimental results is to allow the coef-
ficients VF and FT to vary, and determine those values producing best

correlation of the data.
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