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FOREWORD 

-A stïïi‘orÂ;inp:ivrrÆrer cr;,rjct mt>6n-n<-^, 
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July 1973. The technic;!^“™, „ertoí^ ^ °f AugUSt 1971 ‘^»ugh 
Bacchus Works, Magna, Utah and th*Prh Hercules Incorporated (HI), 

Brigham Young Uni^rsity (BYU)f Provoïtah! n8lneering DePartment of 

in accordance^withfItemSB003OrExhibitC°ntract F04611-72-C-000: 
This contract is sponsored by tS Air ForllVTR^uire“nts List. 
Director of Laboratories, Ediards Califo^if^ Rropul8lon Laboratory, 
United States Alt Torce, ^ 

the reports findings'«’conclusions’ "it 1!"’,^^^ i'7 F°rCe approvsl of 
and stimulation of ideas. ‘ 1 1 Published only for the exchange 

This report has been reviewed and i 
s approved. 

When U. S. Government drawinss bdpcI 
used for any purpose other than a dêfinltelj reí^êd r' “ data ara 
ment operation, the Government th-rfhv Y related Government procure- 

obligation whatsoever, and the fact that th^r”0 responsibility nor any 
lated, furnished, or in any way supplied Ih Goy®rum«nt may have formu- 

or other data, is not to be regarded bvim^H^ draWin8s* specifications, 

any manner licensing the holde? or any oíh« ^Íson ^ °therwÍ8e» or ^ 
conveying any rights or permission ? person or corporation, or 

patented invention that My m any „ay be r’Lted’thlr^to“! ^ 
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SECTION I 

INTRODUCTION 

A. INTRODUCTION 

.inH„rCOraby!tÍOn ínstabíUt>' 18 8 Phenomenon that has occurred repeatedly 
under a wide variety of conditions throughout the history of rocketry 
The occurrence can be manifested as a mild vibration, a severe vibration, 
or (in the extreme) as a catastrophic motor failure. The instability 
usually couples with an acoustic mode of the rocket chamber and exhibits 
itself as a pressure oscillation. Velocity coupling is usually (but not 

chaZr aSH ft WÍÍÍ th! aXial (i<e” iongitudinal) "»ode of the combustior 
chamber. Actually, this phenomenon has been referred to by several names 
ncluding axial mode instability, intermediate frequency instability 

acoustic erosivity, or nonlinear longitudinal instability. These names 
probably refer to two velocity dependent phenomena which have occurred at 
different pressures, frequencies, and motor conditions. 

«.r.HM6 CaS?; U8U;U£ referred to 88 acoustic erosivity, occurs when the 
scrubbing action of the acoustic wave increases the mean burning rate of 
propellant, probably due to enhanced heat transfer at the propellant surface. 
The second case occurs when the phasing of the propellant combustion is such 
that it couples with the acoustic velocity wave either to drive or attenuate 
the wave. The latter is the velocity coupling phenomenon which provides 
the basis of the current program. (In a severe form it can also lead to 
acoustic erosivity.) 

nn DesPlte potential adverse effects velocity coupled instability has 
on missiles, the present state of knowledge is not adequate to permit the 

t0 rainimize occurence. Often the problem is not even con¬ 
sidered until its presence is inferred from firings of the rocket motor. 

fíílpní8 h I the problem after the fact are usually expensive, inef- 
íf íh K a?d d° conbzlbute significantly to fundamental understanding 
of the basic problem. This lack of understanding has been perpetuated to 

Lit?A Ti3?* bV , aCt that 3 sultable laboratory test device has not 
existed which permitted quantitative, reliable measurements to be made 
of the combustion response to velocity waves. The lack of such a test 
device provided the motivation for the current program. 

B. PROGRAM OBJECTIVE 

The objectives of this program were: 

• To develop an understanding of the role of velocity coupled 
combustion response in solid propellant combustion instability 

• To evaluate various methods for quantitatively measuring this 
response 

• To select the most appropriate method for future development 
and evaluation. 
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c. APPROACH 

The program was conducted as a joint effort between Hercules and 
Brigham Young University (BYU) over a 2-year period. The program was 
divided into three sequential phases. Hercules and BYU shared the respon¬ 
sibility of Phase I, Supporting Analyses. BYU performed Phase II, a 
Phenomenological Investigation, with Hercules providing a small coordinating 
effort. Phase III, Technique Evaluation, was performed by Hercules with 
BYU providing consulting services. 

1. Phase I - Supporting Analyses 

The objective of Phase I was to provide analytical support and 
direction for the later experimental phases of the program. This was 
accomplished by making parametric studies of the effects and manifestations 
of velocity coupling in a motor environment and in a test environment. 
Phase T was subdivided into three studies that were pursued concurrently. 
The first portion was a study of the fundamental interaction between an 
acoustic velocity and the propellant combustion. The second portion was 
the generalization of an existing BYU computer program describing instability 
in ® T-burner, which ultimately led to the development of a computer pro¬ 
gram describing the velocity coupled T-burner. The third portion was the 
generalization of the existing Hercules motor stability analysis program 
to include the effects of flow reversal and a threshold velocity on velocity- 
coupled acoustic driving. 

These analyses (and the resultant computer orograms) were used 
in both Phase II and Phase III to aid in the technique screening task, and 
to provide guidance as to what data should be obtained and how it should 
be applied. 

2. Phase II - Phenomenological Investigation 

The phenomenological investigation was directed towards deter¬ 
mining relative effects of propellant combustion in an oscillatory environ¬ 
ment for a wide range of test conditions. The primary test apparatus was the 
T-burner modified as discussed in Section V. The principal modification 
permitted high speed photographic coverage of a test sample located at the 
acoustic velocity antinode. Over 100 tests were performed at a wide range 
of test conditions varying pressure, propellant driving area, burner length, 
and propellant formulations. The data were analyzed to determine under which 
conditions the greatest changes in behavior were observed. These results 
were compared and correlated with the analyses from Phase I. The results of 
Phase II were analyzed with the objective of helping to determine the test 
conditions for Phase III testing. 
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3. Phase III - Technique Evaluation 

In the evaluation of test techniques, several techniques were 
considered for possible application based on the results of Phases I and II. 
These included modifications of the T-burner and a small end vented device 
adapted for measuring velocity coupling. The techniques were evaluated on 
the basis of the ability to produce oscillations, the type of data obtained, 
and the practicality of operating the device. 

The velocity-coupled T-burner and an end vented device were 
selected for actual screening tests. A limited number of tests (—30) were 
performed, analyzed, and evaluated to determine which device appeared to be 
most sensitive, and the extent that the data from the device could be 
applied and incorporated into motor analyses. 

Based on the results and interpretation of the screening tests, 
the velocity-coupled T-burner was chosen for further evaluation. Approxi¬ 
mately 60 characterization tests were performed varying frequency, oscilla¬ 
tion amplitude, and propellant formulation. 

The purpose of these tests was to determine the sensitivity of 
the velocity-coupled T-burner to typical variations in test conditions, 
and particularly to determine if the velocity-coupled T-burner could dif¬ 
ferentiate between propellant formulations. 
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SECTION II 

SUMMARY 

A. PHASE I - SUPPORTING ANALYSES 

\n examination of various possible forms of interaction between oscil¬ 
lating velocity effects on propellant burning iate and oscillating pressure 
effects on propellant burning rate was carried out. A more complex inter¬ 
action between the two effects than is indicated by additive or multiplica¬ 
tive interaction was recommended for use until more accurate experimental 
data are available. 

An analysis of the McClure-Hart-Cantrell and Culick theoretical deriva¬ 
tions of acoustic driving was carried out showing the two derivations lead 
to identical results except for the terra describing the convection of 
kinetic energy. This term is negligibly small for end-nozzle motors but 
strongly influences the calculations for center vented T-burners. Para¬ 
metric calculations showed that the position halfway between the T-burner 
end and center vent would produce the maximum velocity coupling for a 
discrete test sample. 

The Hercules velocity-coupled acoustic driving computer program was 
modified to include the effects of flow reversal and a threshold velocity 
in the calculations. In the Minuteman II stage III motor, a 50 ft/sec 
threshold velocity decreases the velocity-coupled driving by 50 percent at 
acoustic amplitudes that are 10 percent of the operating pressure. At 
acoustic amplitudes that are 1 percent of the operating pressure, a 50 
ft/sec threshold velocity decreases the acoustic driving by only 4 percent. 

B. PHASE II - A PHENOMENOLOGICAL STUDY 

During the phenomenological phase of the program, it was observed that 
the standing wave in the T-burner did not have a simple sine or cosine form 
when the nozzle was displaced from the center of the burner or when dis¬ 
similar amounts of propellant were used in the two ends of the burner. 

With all of the propellants tested in Phase II it was found that large 
velocity oscillations (about 70 ft/sec) would cause an abrupt, reversible, 
order-of-magnitude change in flame luminosity. At increased velocities, the 
propellant continued to burn with little or no visible flame. With alumi¬ 
nized propellants, this change was relatively insensitive to the aluminum 
ignition and combustion. 

Differences attributed to propellant composition were difficult to 
quantitize. Although somewhat different velocity amplitudes were required 
to produce the dark combustion, most of the propellants required an ampli¬ 
tude of about 70 ft/sec. However, the magnitude of the luminosity during 
the dark combustion differed greatly from propellant to propellant. The 
CYH flame had the lowest luminosity level of all the propellants, indicating 
a possibly high susceptibility to velocity coupling. 
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A principal objective of thin phase of the program was to define 
optimized test conditions for the quantitative testing to be performed as 
the final phase of the program. The results indicated that using CYH pro¬ 
pellant at 300 psi and 500 Hz should provide a combination of conditions 
exhibiting significant velocity coupling. 

C. PHASE III - TECHNIQUE EVALUATION 

Several devices were initially considered for evaluation of velocity 
coupling. The velocity-coupled T-burner and an end vented burner were 
selected for experimental evaluation. Both used established variable area 
T-burner techniques, instrumentation, and hardware. Propellant samples 
were symmetrically located in the ends of the burner and one quarter length 
from the ends. Approximately 30 screening tests were performed with the 
two configurations. 

Tests in the velocity-coupled T-burner resulted in quantitative data. 
Most test conditions yielded spontaneous oscillations with little evidence 
of wave distortion or harmonic content. The oscillations limited at rela¬ 
tively low amplitudes indicating larger than normal nonlinear limiting 
mechanisms (apparently indicative of velocity coupling). 

Tests in the end vented burner resulted in much poorer quality data 
than the velocity-coupled T-burner. Most of the tests had to be pulsed. 
The resultant oscillations decayed very rapidly and exhibited significant 
harmonic content introducing excessive data scatter. Data interpretation 
is complicated due to the necessity of determining the damping of the end 
vent. Due to these problems, quantitative results were not obtained from 
the end vented burner. 

Based on the screening tests, the velocity-coupled T-burner was selected 
as the technique for further evaluation, and a variety of additional tests 
were performed. The data from these tests indicate that the velocity- 
coupled T-burner can yield quantitative data. The velocity-coupled response 
of CYH propellant was determined to be approximately 13 (at 300 psi and 
450 Hz) which is an order of magnitude greater than the pressure-coupled 
response at these conditions. These data indicate that velocity coupling 
is a very significant mechanism relative to acoustics in solid propellant 
rocket motors. 

Data were obtained with ANB-3066 propellant and with CYH lot SR-28 
propellant both of which showed different characteristics than the CYH 
lot 1-14 propellant. Thus, the technique appears able to differentiate 
between different types of propellant (composite versus CMDB) and between 
different lots of propellant with differing motor characteristics*. The 
data indicate that CYH lot 1-14 is much more susceptible to velocity 
coupling than lot SR-28 which in agreement with actual motor firings. 

*CYH lot 1-14 exhibits significantly more severe oscillations in the 
Minuteraan II stage III motor than CYH lot SR-28. 
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The test technique also showed a sensitivity to frequency. Tests 
fired with the CYH lot 1-14 propellant at 800 Hz gave a lower response and 
dlcrerlng test characteristics than the baseline data at 450 Hz. 

The raensured growth constant versus test sample area ratio plot as a 
straight line for the basic test technique (both the SR-28 and the 800 Hz 
data were exceptions to this observation). This simplifies data inter¬ 
pretation. A very large effect due to either T-burner volume or sample/wall 
Up was observed. As a sample burned out, increasing volume and changing 
the propellant-to-wall Up configuration, changes in the measured growth 
constant on the order of 50 sec'l were observed (for corresponding condi¬ 
tions in the pressure-coupled T-burner changes of approximately 15 sec*^ 
are observed). 1 

No significant difference in the response was observed in the data 
when the driver sample was varied. Thus, it appears that the technique 
gives consistent results independent of mean flow and acoustic pressure 
amplitude. 

Considerable uncertainty remains in quantitative interpretation of the 
data obtained due to the acoustic/flow interaction terms, VF and VFG. 
Until the magnitude of these terms has been defined there will be uncer¬ 
tainty in the value of the velocity-coupled response (the same holds true 
for pressure-coupled data also). A series of tests were fired with the 
Pïrm~f evaluatln8 the8e term8- The results indicate that the net sura 
of VF-VFG is an acoustic loss with a value of -3. Actually, the data could 

e indicating that the formulation of the acoustic equations is not ade¬ 
quate to describe the T-burner; possibly a two-dimensional description is 
required. K 

Nonlinear interpretation of the data indicate that the nonlinearities 
are greater than those observed in a pressure-coupled T-burner. 

The net result from the current contract has shown that velocity 
coupling is significant and is quantitatively measurable. The results 
further show the velocity-coupled T-burner to be extremely promising as a 
quantitative tool for measuring velocity coupling. However, the results 
are somewhat preliminary in nature and considerable future work needs to 
be perfotned to develop the technique and velocity-coupling technology in 

2-3 



SECTION III 

VELOCITY COUPLING BACKGROUND 

At the onset of the present study a literature review was conducted 

to determine the state of knowledge for velocity coupling. The review 

was conducted with the objectives of helping to develop an understanding 

of the role of velocity coupling and to help Identify and evaluate 

potential methods for quantitatively measuring velocity coupling. 

A. INTRODUCTION 

Velocity coupled combustion instability has been referred to by 

several names In the literature including axial mode instability, inter¬ 

mediate frequency instability, acoustic erosivity, and nonlinear longitudinal 

instability. These names probably refer to two velocity dependent phenomena 

which have occurred at different pressures, frequencies, and motor condi¬ 

tions. These two phenomena which Price referred to in 1964 as "mild" or 

"severe" forms will be discussed here as "linear velocity coupling" and 

"acoustic erosivity." Acoustic erosivity occurs when the scrubbing action 

of the acoustic wave increases the mean burning rate of propellant, 

probably due to enhanced heat transfer at the propellant surface. It is 

apparently caused by the same mechanism that leads to erosive burning in 

rockets having large magnitude velocities. In the present case, however, 

the large velocity is caused by an acoustic oscillation which can be 

driven by either pressure or velocity coupled combustion instability. 

It has been studied extensively over the years with the earliest paper 

directed specifically at acoustic erosivity by Hart, Bird and McClure 

in 1960.2 several theoretical papers have been published since then 

considering the interaction of an erosive burning mechanism and acoustics. 

As a result, the basic equations describing an assumed propellant response 

to a velocity wave, interacting with the acoustics of a rocket motor, are 

well defined. 

There are a large number of occurrences of acoustic erosivity docu¬ 

mented in the literature. Price has published two review papers on 

occurrences of combustion instability in rocket motors covering the period 

of time up to 1964.2»® He documents over 20 cases of "intermediate fre¬ 

quency instability," in development or operational motors, the majority 

of which exhibited acoustic erosivity (i.e., a significant mean pressure 

shift due to the acoustic oscillations). In only one of these cases did 

the motor actually fail (i.e., blew up) due to acoustic oscillations. 

However, in most cases performance deviated sufficiently from design 

conditions that the acoustic problem had to be solved before the 

motor was acceptable. 
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Price and Brownlee have performed extensive laboratory testing 
with small sole hardware in both end vented and center vented configura¬ 

tions. A principal measurement in both studies was the ballistic mean 

pressure shift indicating onset of acoustic erosivity. These studies and 

the cases quoted above include composite propellants (all types of binders), 

double-base propellants, and CMDB propellants both with and without 

aluminum; in short, all types of solid propellants and a wide range of 
burn rates. 

The second form of velocity coupling, referred to here as linear 

velocity coupling, occurs when the phasing of the propellant combustion 

is such that combustion couples with the acoustic velocity wave to either 

drive or attenuate the acoustic wave. It is directly analogous to pres¬ 

sure coupled combustion instability in that it is the response of the 

solid propellant combustion to a transient velocity wave over the propel¬ 

lant surface. Examples of this linear velocity coupling are not as 

readily available as for acoustic erosivity. This is due to the fact 

that in a motor or a T-burner, oscillations driven by linear velocity 

coupling cannot easily be distinguished from pressure coupled oscilla¬ 

tions. Actually, linear acoustic oscillations will normally occur as a 

result of a sum of the driving from both pressure-coupled and velocity- 
coupled sources, except in special cases. 

The identification of linear velocity coupling is closely related 

to theoretical analyses of acoustic chambers for velocity coupling. 

Theory indicates that for a symmetrical end vented motor, velocity coupl¬ 

ing in one end cancels that in the other end leaving a net value of zero. 

Conversely, in a center vented motor there is virtually no way to eliminate 

velocity coupling (except, of course, for end burning grains). Thus, to 

verify the existence of linear velocity coupling, the established acoustic 

analyses must be carefully applied to particular cases where test variables 

have been varied to emphasize velocity coupling effects. Price observed 

a mild form or sinusoidal oscillation in his testing, usually preceding 

the more severe form of oscillation. This mild form is interpreted here 

as being linear velocity coupling. Probably the most emphatic evidence 

linear velocity coupling has been generated on the current program. 

Historically, Price reports "Acoustic instability in the axial mode 

of solid propellant rocket motors was relatively uncommon prior to 1958." 

However, as is evident from the literature of the early 1960's, axial 

mode combastion instability became of increasing concern. This was due 

in part to the development of larger motors and to the extensive use of 

aluminized propellants (which appear to be more susceptible to this mode 

of instability). Also, the general increased level of funding in rocketry 

resulted in many studies relating to combustion instability r.f all types. 
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In the early 1960 s, a pulse test technique was developed^ ^ which 

permitted the qualitative evaluation of this form of instability. This 

pulse technique has been used extensively since then in various studies 

of combustion instability (see discussion in paragraph C.). At very 

nearly the same time a mathematical treatment of axial mode instability 

for a solid rocket motor was published.3 These initial studies relating 

¡-o velocity coupled instability provided added impetus to the field and 
many related studies have continued since then. 

In spite of the many programs and the progress that was made, virtually 

no progress was made in developing a small scale laboratory tool for 

evaluating velocity coupling. The lack of such a laboratory tool capable 

of quantitative evaluation of velocity coupled instability has hampered 

progress considerably. However, one laboratory tool has been developed 

that is worthy of mention at this time. The modified T-burner was developed 

by Stepp, specifically to measure velocity coupled instability. The 

mathematical development of the concept is basically sound and initial 

testing appeared to be very promising. However, cost, reproducibility 

and the apparent lack of sensitivity seemed to have hampered extensive’ 
acceptance of the device. 

In the following paragraphs, both the analyses and experimental 

studies that have been performed will be discussed and evaluated in more 
detail. 

B. ANALYSES OF VELOCITY COUPLED INSTABILITY 

1. Basic Theory 

Acoustic oscillations in a rocket motor are driven by an inter¬ 

action between the combustion process and the acoustic oscillations. The 

burning propellant adds energy to the acoustic wave when the mass flux 

from the surface increases during the wave compression half cycle and 

decreases during the wave rarefaction half cycle. The mass flux from 

the burning propellant may, of course, have any phase relationship to the 

acoustic wave but only that component of the fluctuating mass flux that 

is in phase with the acoustic wave (in the sense described above) will 

add energy to the wave and thereby drive the wave to larger amplitudes. 

The acoustic wave is postulated to interact with the combustion 

process in two ways: (1) The combustion is affected by pressure oscilla¬ 

tions normal to the burning surface, and (2) the combustion is affected 

by oscillations in the gas velocity tangent to the burning surface. The 

first type of interaction is known as pressure-coupled response while the 

second type of interaction is known as velocity-coupled response. In 

general, both of these interactions can and will exist simultaneously. 

The development of governing equations describing pressure-coupled and 

velocity-coupled acoustic driving must assume a relationship between the 

fluctuation of mass flux and the acoustic oscillations. This relationship 
(the velocity coupled response) can be defined as 

m'/ñk 
R = ¡--,- 

V [ I u' + u| - J u|j /a 
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The most extensive analysis of combustion instability in solid 

propellant rocket motors has been carried out by Hart, McClure, and 

co-workers in the Applied Physics Laboratory. This group published four 

papers and reports2-^ during the period 1960 to 1965 which are particularly 

important to this subject. In these articles the concept of velocity 

coupled combustion instability is explored in considerable detail. Sub¬ 

sequent work by Culick,13 Hopkins,^ and Flandro15 has somewhat expanded 

the work of Hart and McClure, but has not altered their fundamental 

conclusions. 

The Hart-McClure analysis leads to the following basic equation 

for the experimental growth constant for acoustic oscillations in a 
motor or burner: 

where< > indicates the time average, and the damping constant asso¬ 

ciated with volume losses, and the other quantities are defined in the 

List of Nomenclature. 

Subsequent analysis (See Section IV and Reference 16) leads 
to the equation: 

_ / (7bX) - |(V“>) [n - N dS, 

vc 

/ K2 dv (3-2) 

whereovc is the contribution to the growth constant from velocity 

coupling. Culick13 postulates that there is an additional flow turning 

term which will be discussed in more detail in Sections IV and VII. The 

important conclusions reached when the above equation is applied to 

various test conditions are as follows: 

(a) Velocity coupling can either amplify 

oscillations.2»3 
or attenuate 
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(b) Velocity coupling is dependent on the comparative 

amplitudes of the mean and acoustic velocities. 

(c) The grain geometry, the nozzle placement, ar.J the 

chamber configuration critically affect the velocity 
coupling. »13 

(d) Velocity coupling can cause coupling between various 
modes.^ 

(e) Axial modes will ordinarily be those subject to velocity 

coupling.3 (i.e., Velocity coupling is proportional to 

the product of mean flow and acoustic velocity vectors. 

Transverse modes will generally be perpendicular to 

the mean flow; therefore, their contribution to velocity 
coupling is ~ zero.) 

(f) Velocity coupling nonlinearities may cause a motor that 

is stable to small amplitude pulses to be unstable to 

large amplitude pulses. For example, consider a motor 

where velocity coupling is stabilizing and the motor is 

stable, if a pulse large enough to cause flow reversal 

is introduced, the rectifying effect of flow reversal 

will reduce the contribution of velocity coupling. A 

situation is readily conceived where the effect could be 

large enough to result in an unstable condition. 

Equation (3-2) has been applied to specific combustors^ and 
will be discussed in the following paragraphs. 

2. Analysis Emphasizing Combustion 

Analyses have been performed by Povinelli,18 Price and Dehority,19 

and Marxman and Wooldridge. ^ Each of these analyses emphasizes the 

combustion aspects of the instability more than a general motor stability 

analysis. Povinelli utilized an analysis basically similar to liquid 

rocket motor treatment. His results are couched in terms of an "erosive 

burning factor" which makes his results rather heuristic as far as 

interpretation is concerned. However, he does emphasize a significant 

point; that instability is strongly enhanced at low Mach numbers. This 

effect also becomes evident from several other studies discussed below. 

Price and Dehority have undertaken to simplify the extremely 

complex combustion-flow situation into a simpler phenomenological repre¬ 

sentation, described by simplified mathematics utilizing time lags for 

key, but unknown effects. In this manner, the effects of aluminum burning 

at a considerable distance from the surface and of surface agglomeration 

are simulated. Similar relationships are developed accounting for the 

fact that the head and aft end of the motor simultaneously experience 

different acoustic and flew fields, and that a particular phasing rela¬ 

tionship must exist between them to drive acoustic oscillations. For 

the present discussion, the relationship between the combustion of the 

aluminum and that of the propellant surface is significant. Before draw¬ 

ing a specific conclusion here, it is best to examine the work of Marxman. 
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Marxman and Wooldridge make use of a pressure coupled model to 

describe the onset of axial mode instability and claim success for their 

model. Judging from the discrepancies in data from pulsed motors (see 

Section C), their optimism seems at best, premature. However, their 

approach of utilizing knowledge of pressure coupled instability can be 

very informative, at least until more knowledge is gained about velocity 

coupled response. 

The peak of the pressure-coupled response curve generally lies 

in the frequency range of interest for velocity coupled instability 

(e.g., 300 to 800 Hz for typical parameters). Hcwever, the phase of the 

pressure response goes through zero, from positive to negative with ^ 

increasing frequency, at very nearly the same frequency as the peak. 

Reasoning that the velocity response is similar to the pressure response 

phase (i.e. , the acoustic velocity is 90 out of phase with the acoustic 

pressure) one should anticipate both positive and negative values of the 

velocity-coupled response. Positive values would appear to be more 

probable at low frequencies while negative values would be more probable 

with increasing frequencies. It would appear that one could expect to 

find positive, zero, and negative values of velocity coupling all for a 

given propellant but at various conditions. 

3. Application to Motor Analysis 

A computer program has been developed at Hercules for perform¬ 

ing acoustic stability analysis following the approaches of References 13 

and 15 and is described in Reference 14. The program is a motor stability 

analysis which computes both pressure coupling and velocity-coupled 

driving. 

This computer program was used to calculate the velocity-coupled 

acoustic driving in the Minuteman II, stage III rocket motor,^ using a 

velocity-coupled response parameter as measured in modified T-burner tests. 

This program provided the basis for the velocity coupling calculations 

discussed in Section IV.D. 

C. EXPERIMENTAL WORK 

1. Small Motor Testing 

a. GARDE Work 

In the early 1960's an experimental test technique for 

pulsing a subscale rocket motor into unstable combustion was developed at 

GARDE. Since that time a very large amount of testing has been performed 

at GARDE using this technique. The basic technique involved motors 

typically 4 to 5 in. in diameter by 30 to 80 in. long that usually burned 

with a slightly progressive pressure history. At various times during 

burning, a charge of black powder is fired into the motor to create the 
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pulse. Figure 3-1 was taken from Ref. 10 showing typical results tor a 

«ÍÜm 0f £eSt condítions- bottom trace shows a configuration that was 
stable. However, decreasing the throat diameter (increasing the pressure 

^ throat ratio) resulted in a wide range of unstable conditions. 
The instability was evident in the DC pressure shift and in a very distorted 

oscillatory wave form (somewhat analogous to a shock front). The data indi¬ 

cate that the instability is more prone to occur at higher pressures or 

smaller values of J.* Additional data obtained for neutral burning motors 

show that at constant pressure, a motor may be stable early in the burn time 

but become unstable at a later time.30 Thus, pressure is not the only factor 

influencing the conditions for instability. From these later results, two 

factors could possibly be important. As the propellant burns, opening up 

the port, the mean velocity of the gases drops considerably. This could be 

an important factor. At the same time, the nozzle losses should be 

decreasing significant^ (i .e., j) .* 0n the basis of nozzle losses 

alone, one would expect the motor be be more unstable late in firing as J 
becomes small. 

A second factor that was observed in the CARDE work was 

that for a given propellant and pressure, a shorter motor (higher fre¬ 

quency) was much more prone to instability.30,24 Examining the two motors 

at a given value of pressure, the nozzle damping is a factor of—5 greater 

for the short motor and the mean gas velocity is a factor of 2 greater. 

Based on the other results, both of these trends should have a stabilizing 

influence. Assuming all of these observations are correct, the frequency 

must have a very significant effect on velocity-coupled instability. The 

frequencies of these two motors correspond to ~100 aid 250 Hz. 

A considerable amount of work was done varying formulation 
parameters for CTPB and polyurethane systems. For each system studied, 

well-defined trends were observed for systematic formulation changes with 

the given system. However, general trends encompassing both binder systems 

seem to be somewhat confusing. One general trend that seems to hold in 

the majority of cases is that a higher burning rate propellant tends to 
be more stable than a lower burning rate propellant. 

was done in a motor modified for taking movies 
through windows.°There seemed to be a degree of success in 

obtaining high speed movies as well as continuous Schlieren photographs 
of shock-type waves. 

The very extensive testing that has been performed, yield¬ 

ing only qualitative data which are quite difficult to interpret quanti¬ 

tatively, points up the great need for a quantitative laboratory tool. 

★ 
J is the ratio of the nozzle throat area to propellant port area. 
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h. SRI Work 

36 Pulse testing has also been conducted at Stanford Research 

Institute, but the testing there has not been nearly as extensive as 

the work at CARDE. Data were obtained using several different oxidizers 

In rubber base binders. The data were Interpreted in terms of a threshold 
burning rate and a threshold pressure at which Instability would occur. 

This concept seems to be directly contradictory with the CARDE results 

where at a constant pressure, motors were observed to be stable (to a 

pulse) until late in firing. The most recent CARDE publication2^ also 

contradicts the general observations of the SRI group. It again appears 

that there has been a significant amount of data generated in this work 

that cannot be adequately explained on the basis of the existing state 
of knowledge. 

c. NWC Work 

9 
Price reports work done at NWC using a center-vented 

motor (an "ARPA" motor). In his testing the nozzle losses were eliminated 

(with the nozzle at a pressure node) thus reducing the complexity of an 

extra variable. He found that the enhanced stability of the center-vented 

configuration permitted oscillations to grow spontaneously rather than be 

induced by pulsing (however, both pulsed and nonpulsed tests were run). 

The oscillations generally grew sinusoidally at first but with a transi¬ 

tion to a very nonlinear (but cyclic) form. It appeared that the non¬ 

linear form accompanied the DC shift in pressure. Price also observed 

the stabilizing effect of lower pressure that others have observed. For 

the polyurethane composite propellant that was tested, medium sized 

aluminum in the propellant formulation seemed more prone to instability 

than either coarser or finer aluminum particle sizes. 

2. Laboratory Scale Testing 

first quantitative measurements of velocity coupling were 
made by Stepp12 who developed what has come to be known as the modified 

T-burner. The basis of the modified T-burner approach is illustrated in 

Figure 3-2 where the velocity and pressure waves are plotted for a con¬ 

ventional T-burner. Although the velocity wave has a maximum at precise 

locations, propellant at these locations cannot drive acoustic pressure 

oscillations because the pressure amplitude is zero (i.e., a nodal point). 

Therefore, in order for the velocity wave to couple with the combustion 

and actually feed or amplify a pressure oscillation, the propellant surface 

must be located at a position where neither the pressure nor the velocity 

wave is zero. Figure 3-3 shows the configuration used by Stepp where the 

growth constants due to pressure coupling and velocity coupling have been 
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a. REGULAR T-UURNER 

b. MODIFIED T-BURNER 

Figure 3-2. Comparison of Acoustics of Regular and Modified T-Burner 
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plotted. Stepp's procedure was to test at the L/8 and 3L/8 position where 
av is maximum. From the figure it can be seen that 

°L/8 ' °3L/8 ‘ 2ov • (3-3) 

A small number of tests were performed with unmetalized propellant. The 
results showed the potential Importance of velocity coupling. The measured 
values of velocity coupling were on the same order as pressure coaling 
for the propellants tested. Two of the three propellants actually indi¬ 
cated negative values for the velocity coupled response. 

37 
A later program utilized the same burner in an attempt to 

measure the velocity coupling of two aluminized propellants, but the 
results were inconclusive. The reasons why can be seen from an examina¬ 
tion of the test conditions. Assuming a value of 10 for the velocity 
coupling response and rearranging Equation (3-3) yields: 

Sb f2 L Ps>r Í 1 
°L/8 * a3L/8 ’ Tpl- Im KM <3-4) 

co 

if the corrective term for particle damping is neglected. Using the 
appropriate values for the parameters, we find that 

aL/8 " a3L/8 " 14 * 

For typical growth constants of about 50 sec”1 and typical scatter obtained 
in T-burner experiments of ~10 to 15 percent, it is clear that such a 
difference would be difficult to identify in the data scatter for the test 
conditions. 

Practical disadvantages of the modified T-burner were principally 
that (1) the test sample was mounted in the center of the burner and thus 
was subjected to abnormal flow cot dit ions, and (2) there was an undesirable 
mixing of the unmetalized driver gases and the metalized test sample gases. 
These disadvantages, coupled with the insensitivity described above, have 
kept the modified T-burner concept from wide acceptance. 

3. Miscellaneous Burners and Concepts 

Two other small scale burners should be mentioned here. These 
are the pancake burner, developed and tested by Povine11138,39 and a 
"velocity coupling" burner tested by Eisel.40 Both of these burners 
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were developed to obtain qualitative Information on a smaller scale than 
the motors discussed above. 

The P*ncake burn«r consisted of a flat center vented burner 
with a center perforated propellant grain. A gas generator fed gases 
tangentially into the main chamber causing transverse mode instability. 
The burner represents a rather novel approach in that suppressive addi¬ 
tives could be injected independently to the main chamber from the gas 
generator. However, the data obtained were very qualitative and there 
appears to be little prospect of adapting it to obtain quantitative data. 

The burner developed by Eisel consisted of two opposed, burning 
slabs of propellant with rotating vented discs at either end of the 
burner. The discs were aligned so that when one exposed an open vent, the 
other was closed. By rotating the discs, flow could be reversed at a 
desired frequency across the propellant surfaces. The conèustion was 
monitored by a pressure gage and visually through transparent side walls. 
Again, the burner did .iot provide quantitative data and the problem of 
providing a seal between the moving disc and the burner proved to be 
virtually insurmountable. 

An approach to measuring velocity coupling that was considered 
early in the present study was the use of a propellant sample mounted on 
a spinning disc and placed in a hot gas flow field. (See Figure 3-4.) / 
varying velocity would be achieved by moving the propellant relative to 
the gas rather than acoustically moving the gas with respect to the 
propellant surface. However, to achieve frequencies of 1000 Hz would 
require 60,000 rpm disc rotation speed. Even at speeds (and correspond¬ 
ing frequencies) much lower than this, centrifugal forces would probably 
be important enough to obscure effects produced by the alternating 
velocities. Hence, this approach was abandoned. 

Before proceeding, it seems worthwhile to review some of the 
many devices (other than the T-burner) that were proposed, evaluated, and 
rejected as laboratory tools for measuring pressure-coupled instability. 

41 
Price developed a system called the Helmholtz burner that 

consisted of two coupled Helmholtz resonators that were self-excited by 
propellant grains inside the resonators. This system was abandoned 
because the oscillations were erratic and not reproducible. 

Efforts were made at Rocketdyne42'43 to study instability by 

°f Ü üeak Sh0Ck iraposed on the burning propellant. This method, 
which depended on comparing the impinging and reflecting shocks, was 
extremely attractive because of the wealth that theoretically could 
oe obtained from one test. However, it was found impossible to achieve 
the very high precision required for successful operation. 
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To avoid the restrictions imposed by the self-excited T-burner, 

several attempts44"4' were made to use driven systems for providing the 

acoustic field. In all cases, it was found that some measurement, usually 

varying light emission, definitely indicated an interaction between the 

combustion and the pressure oscillations. However, it was not possible 

to use the measurements and analytically calculate the values for pressure 
coupled instability. v 
D. SUMMARY OF PAST EXPERIENCES AND RECOMMENDATIONS 

"Hie acoustic analyses that have been performed by various investiga¬ 

tors (e.g., McClure et al, Culick, Hopkins, etc) of rocket motors are 

very similar in many respects and provide a solid foundation for further 

work. The combustion related analyses of Price and Dehority or Marxman 

and Wooldridge (as discussed above) also contribute to the fundamental 

understanding of velocity-coupled instability. 

The experimental work performed at CARDE, NWC, and SRI is very 

extensive, but a comprehensive understanding of causes and effects is 

lacking. The SRI conclusion that some propellants or motor lengths 

(i.e. , frequencies) are inherently stable seems to be contradicted directly 

by the CARDE work. Also, from the above discussion it appears logical that 

even though a propellant is stable at one set of conditions, there is 

ample evidence to suspect that there are conditions at which it will 

exhibit instability. The trends that do seem to be consistent can be 

summarized mainly as high pressure and lower mean burning rate both 

promote instability. Both are related to a low gas velocity. With all 

of the other observed trends, there appeared to be contradictory data 

‘.or similar but slightly different test conditions (e.g., comparing 

effects with CTPB or PU binder). One interesting observation is that 

Ci^ÍE onTtin8 lndicates a higher level of instability at higher frequencies 
while SRI reports the opposite. It would appear that for the given test 

conditions, each was on opposite sides of a peaked response curve of some 

nature. In spite of all the apparent contradictions, there is a wealth 
of experimental information waiting to be explained. 

The review of various pressure-coupled devices indicates that 

quantitative pressure coupling has been determined only from resonant 

systems in which the amplitude of the pressure oscillations was measured. 

It was possible to use other experiments to obtain qualitative but not 

quantitative results. This observation must be considered in the selec¬ 

tion of an experiment to quantitatively measure velocity coupling. 

Based on the above review, it appeared (at the beginning of this 

program) that to obtain quantitative data on velocity coupling an adapta¬ 

tion of the T-burner looked most promising. Utilization of Stepp's approach 

adapted to overcome the disadvantages of the modified T-burner appeared 

to have the potential of being the sought after laboratory tool. 

It is for these several reasons that the emphasis of the proposed 

program is placed on various modifications of the T-burner as a practical 
tool for evaluating velocity-coupled instability. 
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SECTION IV 

ANALYTICAL APPROACH 

Rifled „„„ parametric calcuUUore ““ 

-lopment ot a computer program describing the velocity-coupled T-burner 
(See paragraphs B and C ) The third norMon of Ph.r, t f T burner 

Äst ä rd— - --«âiâ- 
A. FUNDAMENTALS 

. jaftÄrWÄ?.-»» trs 
~i sr«SÄrÄ!5 aSÄfSÄ-sss* 

1. Prior Work 

, Theoreticians at the Applied Physics Laboratory dealt with 
velocity coupling in several papers.2"5 However, their treatment did iot 

^iîïr11^^^3^" ^e^on'^esïSre^nd ÎeïLuy^s euíer 

r = f(p) + f(u) 
(4-1) 

or multiplicative 

r = f(p)f(u) 

Based upon these assumptions, they developed stability .-quatr 
various motor configurations. ^ 

(4-2) 

ons r^r 

M in d.ÄJnÄSie^ivTb'uX^h* %Z “ä: -ira 
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2. Present Effort 

Two logical approaches might be used to study the fundamental 

phenomenon of velocity coupling. The first is the very rigorous theoreti¬ 

cal approach in which the pertinent relationships would be developed from 

the fundamental mass, energy, momentum, and kinetic equations at and near 

the burning surface. Such an effort was clearly beyond the scope of this 

rather limited program. Instead, a second approach, that of examining 

existing analytical work in related areas and applying the relevant 

portions to velocity coupling, was used to study the velocity coupling 
phenomenon. 

The objective of this task was to identify on the basis of 

available analytical treatments, whether the combustion dependence on 

pressure and velocity is additive, multiplicative (Equations (4-1) and 
(4-2)), or a more complicated relationshin. 

Work carried out in the fields of steady-state heat transfer, 

hybrid combustion, erosive burning, and oscillating viscous flow fields 

yielded results meaningful to velocity coupling. Therefore, the approaches 

defined on these subjects but relevant to velocity coupling will be 
presented in the following paragraphs. 

a. Steady-State Heat Transfer 

Velocity coupling is the result of changes in the propellant 

burning rate induced by a transient parallel gas velocity. Presumably, 

burning rate changes are caused by changes in rate of heat transfer to the 

propellant. Therefore, it seems likely that steady-state heat transfer 

equations that apply to turbulent gas flow should be of a form pertinent 

to velocity coupling. Accordingly, the Dittus-Boelter equation^8 which is 
applicable to fully developed flow was selected for analysis. 

This equation (definition of the symbols is given in the 
Listing of Nomenclature) 

k 
8 

may be written as 

h = (up)0,8 (4_4) 

if a given chamber diameter is selected for analysis and it is noted that 

the Prandtl Number has a value of about 1 and is independent of pressure 

fD up 
co 

v0.8 

(Pr) 
0.4 (4-3) 
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or temperature and the ratio kg/M is relatively independent of temperature 
and pressure.49 Assuming an adiabatic oscillation and noting that in steady- 
state, the burning rate is proporcional to the heat transfer rate, 

K2h „ 0.8 0.8/Y 
jU P (4-5) 

toML^onîî6 ï™6*0™ fS ^uation <4-2>- Therefore, this treatment leads 
to the conclusion that the interaction between the effects of velocity and 
pressure on burn rate should be of the multiplicative type. Other correla- 

conc!Jion!Ieat tranSfer are Similar t0 Ecluati°n (4-3) and lead to the same 

b. Hybrid Combustion 

Previous work50»51 in hybrid combustion has not dealt 
with parameters that change rapidly with time. This deficiency means that 
the equations developed are probably oversimplified when compared to 

f?;¡atí0nü Ke?^redut0 ínClude transient effects. However, the effect of 
flow on hybrid combustion may be similar to the effect of flow on solid 
propellant combustion. Thus, an examination of how pressure and velocity 
changes affect the burning rate of a hybrid propellant could suggest the 
form of the interaction in velocity coupling. Marxman5° suggests that a 
hybrid propellant grain burns according to the equation: 

Because the product 

-0.2 

M (4-6) 

change in chamber pressure, 

h -h 
cs wg . 

2¾ H J is weakly affected by an adiabatic 

m Ks(Pu)0’8(z)“0-2 (4-7) 

This equation is similar to Equation (4-5) , 
action is of the multiplicative type. 

so for this case also, the inter- 

Alternately, the expression derived by Smoot51 
to describe the hybrid grain burning rate. In this case. 

may be used 

m - 0.03(pu)0,8 
67mi 

1 + er: 
(pu) 

0.8 (4-8) 
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which, when an adiabatic oscillation is assumed, can be rewritten in 

functional form resembling Equations (4-1) or (4-2) to give 

m = rps = f(p)f(u)f(p,u,r) (4.9) 

This represents neither an additive nor multiplicative but what must be 
called a complex form of interaction. 

c. Erosive Burning 

The forin of the steady-state erosive burning law should relate 
directly to velocity coupling. An older equation that fits erosive burning 
data-** is of the form & 

r ■ bp11 if u < ut (4-10) 

r ■ bpn [l+kv(u-ut)j if u > ut 

which can be written as 

r * f(p) + f(p)f(u) (4-11) 

This result is similar to Equation (4-9) and again should be described as 
a complex form of interaction. 

An erosive burning rate law that rests on a more solid 

theoretical foundation is the Lenoir-Robillard equation53 

n Vpu) 
m « bpn + - 

„ 0.2 

0.8 

exp 
■V 
Pu (4-12) 

Assuming an adiabatic oscillation and rewriting in functional form 

m - f(p) + f(p)i(u)f(m,p,u) (4-13) 

This suggests a very complex form of interaction between 
pressure and velocity burn rate effects. 

d . Oscillating Flow Fields 

An extensive amount of effort has been expended in the study 
of blood flow in a vein or artery. This work has involved investigating an 
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oscillating flow superimposed on a mean flow. Clearly, this is 
related to the oscillating velocity field in a rocket motor and 
from the blood flow studies could be instructive. 

closely 
the results 

. -, £ Considering an incompressible fluid oscillating under the 
influence of a spatially uniform pressure gradient of the type 

dz (4-14) 

Wormersley54 solved the Navier-Stokes equation and found 
oscillation in a tube could be described as 

that the velocity 

(4-15) 

This velocity distribution, which is extremely difficult to visualize was 
subsequently verified experimentally by Linford.55 Interpretatior 0f’the 
v.lo.ity fl.ld described by Equation (4-15) shows that'hefluîdnear rte 
wall oscillates with an amplitude larger than the mean amplitude and the 
phase is shifted with respect to the phase of the bulk flüid. The 
importance of this effect increases with increasing frequency. 

«il «-k two important conclusions to be drawn. First of 
all, the ordinary equation used to describe the acoustic velocity 

aQ (JUz 
V sin — sin uut T a (4-16) 

is not correct, and any results derived by its use are suspect. 

„ i 4.. 4,,The second conclusion pertains to the means by which a 
!fCiliati°n leadS t0 an “"Plification of the acoustic wave. 

Amplification has been postulated to occur when a velocity oscillation 

Z? bS eîat de,CrZVy W-16) lead, to a perrtrbãtíon rt rte 
thp n rín r8/kte ?f the pr°Pellant- Then, if there is a lead or lag in 

«'ePZ occur iZb”“’ Z11“?"“0" °r attenu“lon °f the acouftlc 
^ If he acoustic velocity and velocity-induced burning 

rate oscillations are exactly in phase, there is no coupling between the 
velocity-induced burning rate perturbation and the acoustic pressure since 

prZeZdt ZtÄ:> <The ”athraatICS bahlad -ra 



If, however, the more correct Equation (4-15) is used to 

describe the velocity oscillation, it becomes apparent that the phase of 

the boundary layer velocity usually leads the bulk velocity phase. Thus 

the velocity perturbed burning rate can be in phase with respect to the ’ 

boundary layer, yet out of phase with respect to the bulk velocity 

Accordingly, because of the phase shifting of the boundary layer, the 

velocity perturbed burning rate should usually be out of phase with 

respect to bulk velocity oscillation. Therefore, velocity coupling 

between the perturbed combustion and the acoustic wave is likely whenever 
such a boundary layer exists. 

^ To make these conclusions definitive, it would be necessary 
to derive the oscillating velocity considering a compressible fluid, a 

sinusoidal pressure oscillation, and a nonisothermal transpiring wall. 

Such a solution has been made by Flandro56 for tangential oscillations in 

a rocket motor and results similar to those of Reference 55 were found. 

Thus, the results suggest a fundamental mechanism that may 
be responsible for velocity coupling. Whether or not such a mechanism 

would lead to additive or multiplicative interaction between velocity and 

pressure coupling cannot be determined until a complete analysis is 
actually carried out. 

3. Conclusions 

Table 4-1 summarizes the type of interaction suggested by the 

various approaches considered in the study reported herein. Considering 

that the erosive burning approach is probably most valid, it is concluded 

that the form of interaction is complex. However, the primitive level 

of experimental effort in the field does not justify a complex representa- 

tion. Therefore, the use of the multiplicative form is recommended until 

such time as a fundamental theroretical study coupled with better experi¬ 
mental data leads to a more satisfactory form. 

TABLE 4-1 

INTERACTION FORMS BASED ON VARIOUS APPROACHES 

__Approach_ 

Steady-State Heat Transfer 

Hybrid Combustion 

Erosive Burning 

Oscillating Flow Fields 

Likely Interaction Form_Equation No. 

f(u)f(p) (multiplicative) 4-5 

f(u)f(p)f(p,u,r) (multi- 4-9 

plicative or complex) 

f(p) + f(p)f(u)f(u,p,r) 4-13 
(complex) 

(unknown) _ 



B. VELOCITY COUPLING ANALYSIS 

1. Analysis Approaches 

The literature currently available on the theory of acoustic 

instability in solid propellant rocket motors is very extensive. The 

principal contributors to the development of the theory are McClure Hart 

and Cantrell, at the Johns Hopkins University Applied Physics Laboratory 

^AnCrCieoícateltheÍr eff0rtS °n instability theory during the period 

f II65' iïïey,r!COuniZed the imPortance of the coupling of the burning 
rate gf the solid with the acoustic velocity of the gas in their early 

work. In later publications *58, the steady-state velocity of the com¬ 

bustion products was recognized to have an important effect on the burning 

rate response to acoustic oscillations and the theory was revised to better 
account for these effects. 

K nui rí6 pr°blem of describing velocity effects was recently reexamined 
by Culick.u Following an approach that was different from that of McClure 

et al., he obtained equations for predicting the rate of growth of longitud¬ 

inal acoustic oscillations in T-burners and motors containing internal- 

urning cylindrical grains that contained a damping term not present in 

the prior results. This term arose from considerations of the exchange of 

momentum between the acoustic velocity and the mean flow from a burning 

surface oriented parallel to the acoustic motion. The importance of 

considering this damping mechanism was supported by a simplified analysis 
carried out by Coates.-^ 

In this section, the McClure, Hart, Cantrell Theory (MHC Theory) 

has been critically reviewed and the treatment of steady velocity effects 

has been modified. The modified theory has then been compared with more 

recent equations of Culick. A series of parametric calculations has also 

een carried out to clearly show the velocity-coupling effects predicted by 
the two theories. 

2. McClure. Hart. Cantrell Theory 

In the most recent publication by McClure and Hart60, the 

general equation for the exponential growth constant is given as 
(See Equation 3-1). 

-2 

O' ■(1/2) 
</[pV + +P(u«ul)u,l * dS 

-:—---- a 

P(u')2dV \ 

(4-17) 
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where < > indicates the time average, p' and u' are the acoustic pressure 

and velocity, and a, p, and u are the steady-state sound speed, density 

and velocity. It is noted that the velocities are treated as vector 

quantities, and that the components in a direction normal to the surface 

of the combustion chamber are employed in the integrand of the numerator. 

The vectors are taken as positive if they are directed outward from the 
chamber. 

For comparison with the more recent theory, it will be convenient 

to replace the denominator of Equation (4-17) with an equivalent integral 

in which p is the variable. Since acoustic oscillations of an enclosed 

gas are assumed to follow the general theorem of mechanics that the time- 

average of the total kinetic energy of a system executing small oscilla¬ 

tions is equal to the time-average of the total potential energy61 it 
follows that ’ 

1Z Wl11 alS° be more convenient for comparison with the theory 
if the velocity vectors are taken as positive if directed into the chamber, 

^ith this assumption and Equation (4-18), then, Equation (4-17) may be 
rewritten as J 

(4-19) 

where p and u are the amplitudes of the acoustic pressure and velocity,u,r 

is the time-average component of the velocity in phase with the pressure, 
and M is the steady-state Mach number. 

In Reference 3, McClure, et al., derived equations relating u1r 

at the burning surface to the burning rate response and in turn showed how 

the burning rate response depended upon the acoustic and steady velocities 
According to their analysis 

+ Real (R 
V (4-20) 
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where ue is the steady erosive velocity, or the component of the steady 

velocity parallel to the burning surface, and where ul is erosive component 
of the acoustic velocity. 

For the case of longitudinal waves the acoustic field may 
be described by 

P = pQ cos (fi ß0) 
(4-21a) 

A A 
Ü = üe « (aQ/Y) sin ($ ß0.) (4-21b) 

During the present study it has been shown for the general case 
where u may be either positive or negative that 

[| VUel 'Kl] " " <iaQ/Y>|sin(i? Po)|f (4-22) 

with 

A 
U (4-23) 

p i 
(sin2öf20) 

u 

-1^ ¿1 
A 
U 
e 

and 

u 

A 
U 

< -1 

sin 0 ■ - — 
A 
U 
e 

(4-24) 

Combining Equations (4-20) and (4-22), the magnitude of u5 for 

longitudinal oscillations can therefore be computed by the equation 

and, by defining 

(4-25) 
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1 

E 3 (*/Y> ^ (4-26) 

Rb 

hz a y ^ % (4.27) 

the magnitude of the product Pa$ûr at the burning surface may be computed 
from the equation 

(p^ûr)b - (¾ |y rJ ^ + ef -Ilia-ïiA.ij (¢)2 

The magnitudes of the second and third terms of the surface 

integral of Equation (4-19) may be evaluated rather easily at the burning 

surface. The second term is simply M^ß)2 since the steady Mach number 

is that of the gases issuing from the burning surface. The third term 

vanishes for burning surfaces parallel to the acoustic motion since 

Mb'b - 0. For surfaces perpendicular to the acoustic motion it may be 
shown that 

(pa)2(M’u)u VYRb - (4-29) 

and since is known to be of order unity and M. to be a very small 

quantity, comparison of Equations (4-28) and (4-¾) shows that this term 

is negligible compared with the first term in the integrand. 

It is appropriate at this point to consider the magnitude of the 

terms of the surface integrand at the position of the nozzle or vent. The 

first term is usually expressed in terms of an acoustic admittance. 

A 

A " " P3 A <4-3°) 
P 

Thus, for an imaginary surface extending across the nozzle to enclose the 

control volume, for which Equation (4-19) applies, the magnitude of the 

first term of the surface integrand can be expressed as 

<p*^>„ ■ -vV2 (4-31) 
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The second term would be given by 

M(Ê): -M (p )2 n rn 

where is the steady Mach number at the nozzle entrance. 

For nozzles located at one end of the motor or burner, where for 
longitudinal modes vi ® 0, the third term would be equal to zero. For a 
nozzle or vent located at the center of the burner, McClure, et al. also 
assumed the magnitude of this term to be negligible. This assumption seems 
questionable, however, since it implies M*u = 0. 

The problem of flow through a nozzle having a cross section 
parallel to the acoustic motion inside the combustion chamber has been 
considered by Crocco and Sirignano.62 They assume that when the nozzle 
entrance is short relative to the wave length of the acoustic motion that 
the total flow, composed of both steady-state and acoustic components, 
can be treated as quasi-steady and that the expansion process is adiabatic 
and isentropic. These assumptions imply that the gas retains both its 
mean-flow kinetic energy and its acoustic kinetic energy as it passes 
through the vent, and that the direction of the acoustic velocity vector 
changes along with that of the steady-flow vector, so that both vector 
components are always parallel. Thus, following their reasoning 

-(Pa)2(û)^ M 
n -n (4-32) 

Since the acoustic kinetic energy is assumed to be conserved, (û)^ may be 
evaluated at a position near the entrance where the acoustic fielS is 
approximated by Equation (4-21b), with the result for the center vent that 

(û)2 - (aQ/Y)2 (4-33) 

The resulting equation for the growth constant for the first 
longitudinal mode in the center-vented T-burner for which Equations (4-21a) 
and (4-21b) apply, therefore, reduces to 

a " 2fMb ) / y (cos2y+EF cos y J sin y| ) - -1 L (4-34) 
( Sb c c J V 

The corresponding equation for the first longitudinal mode in a 
motor with a cylindrical internal-burning grain and an end nozzle is 
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a (4-35) 
2fMb /‘yBi (cos2y+Er cos y | sin y^) - /l+r^V 

S. c \ n/ 

+ a 

3. Culick Theory 

The equation for the linear stability of a rocket motor or 

T-burner which is subjected to one-dimensional longitudinal oscillations 
is given by Culick6^ as 

+ 

2 du _ j 
(P) Scdz 

+ nonisentropic terms + volume terms (4-36) 

If the following assumptions or definitions are employed: 

(» k^(pj m (paÄ>2 

(5) scEe ■ / <p)2 dv 
V 
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(6) P , . AlSik ) 

2ki 

(7) M » u/a ■ m/Pa 

Equation (4-36) may be written as 

-Pa 

a 
2 

/ a.21L + üi£i_ 

PaZ 1 
bs 

apm - ^ (Aiû)' dS 

f (^)2 dV 

+ cr + a 
V i 

(4- 

It is noted that Culick defines û and u as positive for motion 
to the right, and ft and m positive for motion inward. Alternatively, they 
may all be defined as positive if directed into the chamber. In this case, 
the term for the end contributions in the numerator of Equation (4-37) may 

be replaced by the integral 

For purposes of comparison with the prior theory, the fluctua¬ 
tion in mass flow, ft, may be expressed in terms of the fluctuations in 
pressure and velocity utilizing the following isentropic compression 
relationships. 

A A A 
m * p u + u p 

A 
P A, 2 p/a 

Thus 

apmr * Papur + M(p)2 

and Equation (4-37) can be rewritten as 

yjpap^ + M(p)2 - M(Pau)2 

f (P)1 
*/V 

dV 

dS 

- + a 

(4-38) 

(4-39) 

(4-40) 

(4-41) 

where the surface integral applies to both the sides and the ends of the 
burner. 

37) 
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., 0,1 '»"paring Equation (4-41) with Equation (4-19) It is aooar.nt 
that they are identical except for the last term in the in earand õf ri! 
surface integral. In the MHC^heory, the sign of this te™ L positive 
of d0t product ÏÜÎ appears. In the Culick theory, the sign 
quantity?1"1 negative> and the acoustic velocity appears as a scala? 

From an intuitive point of view, the positive sign of the MHr 
theory is more appealing since this term ostensibly represents the 
tlon of kinetic energy while the second term in the ïntegrL o.ten.mv 
represents convection of potential energy. Thus, the «o terms miïht 
be expected to have the same sign, both being positive if the energy is 
convected into the chamber and vice-versa. energy is 

loratoH theory also implies that when the nozzle or vent is 
located at a velocity anti-node, as in the T-burner, that the fïoTïhroueh 

This iä rrS aS a !OUrCe 0t aC0usUc enerey rather than as a sink. * 
This is contrary to the reasoning of Crocco and Sirignano.62 

For a T-burner configuration in which Equations (4-21al and (à 
aS n“:â L4¡d41>hcan ?e rpufied foiio“in*the ¿il •.egard to u as used above in the MHC theory to 

2fMb / 
r 2 

y % (cos yfEF cos y|sin y|) + cos2y 
dS, 

+ o (4-42) 

For a motor with a cylindrical cavity, Culick's theory reduces to an 
equation identical with the MHC result. (Refer to Equation (4-35).) 

Initial Parametric Calculations 

rh* 8eJle-\0f Parametrlc calculations were made in order to show 
Lr es î^f rV : 'T''1«10”! from the MHC and Culicí 

theories. The first series of calculations were carried out for the 

.¡vëïntheCêôds8ôfathl0nh0f Fl8UCI 4‘1- Burnln8 Pr'Pellant was assumed to cover the ends of the burner and two small internal-burning cylindrical 
samples „er6 assumed to be placed at various locations between the end 

with ?heUÍT DlsPlac^ samples were assumed to be flush 
A C v|TwbUrner Wal1, and the acoustic mode shape was assumed to be 
¿ .It, Eqiatl°nS (4’21a) and <4-21b)‘ Th“8. fe end grSns would 
be subjected only to an acoustic pressure perturbation and the contribu¬ 
tion of acoustic velocity coupling would be produced only by the small 
internal-burning cylindrical grains. Parametric calculations therefore 

constant? * COntrlbutl°" °f »m-irtcsl Etalns to ?he gro«h ' 
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Figure 4-1, T-Burner Configuration Assumed in Parametric 

Calculations for Comparison of Theories 

a. Modified MHC Theory 

The contribution of the small cylindrical grains due to 

coupling with the acoustic pressure and mean velocity as obtained from 
Equation (4-34) is 

a 
_E£ Y r£ cos2(j ßQ) - 1 (4-43) 

where now denotes the burning surface in one end of the burner. 

Figure 4-2 shows the predicted variation of the pressure- 

coupled contribution with sample position and with the magnitude of the 

product Y Rb. It is interesting to note that the modified MHC theory 

predicts a damping effect for Y R§ >1.0 if the grains are located 

sufficiently close to the vent. Thus, if Y r5 = 3.0, damping is predicted 

to occur if the sample position is a distance of 0.3L from the end of the 

burner. Experimental data which conform to these predictions have been 

reported by the Thiokol Chemical Corp.64 
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„ , These calculations suggest that, in the absence of acoustic- 
velocity coupling, an alternative procec'ure to the variable-area technique 

for measuring the effective magnitude of Y rF would be to use fixed size 

samples and to vary the sample position with respect to the burner vent 

The resulting effect on the growth constant could then be compared with 
the theory using a plot similar to that shown in Figure 4-2. 

The contribution to the growth constant due to coupling of 

the burning rate with the acoustic velocity is obtained from Equation (4-34) 

a 

4f>lb(Sbg/Sco) = Y Rb EF cosO^f2) |sin(^°)| (4.44) 

Figure 4-3 shows the predicted variation of this contribu¬ 
tion with sample position and with the magnitude of the ratio of the steady 

velocity to the amplitude of the acoustic velocity. The most notable 

feature of these predictions is that for a fixed steady velocity the 

acoustic velocity-coupled contribution diminishes with increasing amplitude 

0 the acoustic oscillations. Thus, if oscillations build up to the point 

where u/û <1.0 the effect of this type of coupling would bo greatest at 
the onset of acoustic oscillations. Another interesting feature of these 

predictions is that there should be no effect of acoustic velocity coupling 

t e samples are located in the center of the burner. The effect should 

vent eSt When the SampleS are located Midway between the end and the 

LÍS n0t unreasonable that the acoustic erosivity might 
exhibit a threshold velocity effect similar to that of Equation (4-10) 

^nr!hUlt W°Uîd.be ^ha5 the acoustic velocity coupling would diminish* 
vlín ^f^itude of the acoustic velocity was greater than the mean 
velocity minus the threshold velocity. In other words, as the oscilla- 

ÍÍoner8thL de,ífh\aCOU!itÍC velocity coupling begins to diminish 
sooner than is the case if there is not a threshold velocity. Qualita¬ 

tively, the behavior is otherwise similar, although there would be 

quantitative differences that might be observed if very accurate experi¬ 
mental data were obtained. H 

b. Culick Theory 

-.,. - Utilizing Equation (4-42), the contribution of the small 

cylindrical grains to the growth constant as a result of coupling with the 
acoustic pressure and mean velocity is found to be 

a 
_££ 

4fVSbs/Sco> 
(4-45) 
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Figure 4-4 presents the results of parametric calculaMnna 

. n raay’ tllerefore, be concluded from these calculations t-Har 

a simple test of the validity of the theories would be to carry ouî ï burner 

tests using the configuration of Figure 4-2 with the cylindrical samples 

thiseconLïbeMCentT °ff burner* If the ßrowth constant measured with 

wiíh r tribf °n ÍS f0Und t0 bP leSS than the 8rowth constant resulting 
indicai1? end:bur"ing samPles in the burner, the MHC theory would be 
indicated as the better description of the unstable burning process 

On the other hand, if the difference between the tests with Cylindrical 

samples were negligible, Culick's theory would be indicated as better 

5. 
Calculations for Cylindrical Grains of Extended Length 

.v, J,rjAJSec0nd 8eries of Parametric calculations was made by aDolvimr 

Th^r? Í ? ™C t0 the T’burner configuration shown in FigSre 4-5 
These calculations were made to provide insight as to the relative contri- 

utions from pressure and velocity coupling resulting from the type of 

configuration currently being used in the variable-aL T-b^neï technique. 

hurnina ^ ^hc contribution to the growth constant produced by coupling the 
burning rate to acoustic pressure and steady velocity is obtainedV S 

Eauations°i4 of S«“«“"' <4-24) for'the code shapes of 

equation is( > * and the configuration of Figure 4-5 The 

a 
_E£_ 

SiMhiL/D) yRbr 
1 + 

sinOrßp 

~~W— 
- 2 (4-46) 

ÏÎieUïnte;!sMn!efS,the "f UÍtS °f the calculabio^ ">ade with this equation, 
e interesting feature of these calculations is the prediction that in 

genera!, cylindrical grains of length equal to approximately one-fourth 

the burner length provide stronger driving of acoustic oscillations than 

do longer length grains. Furthermore, the theory predicts that if the 

product Y r£ is less than 1.5, a full length grain would be stable but 

quarter-length grains would produce substantial driving energy. 

o ...» ^ontribution to the growth constant of coupling with the 
acoustic velocity is obtained from Equation (4-34) as 

O' 
ß. 

VC 

8^(1./0)3 F|sin(rr2/L)|cos(nz/L)d(^) (4-47) 
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Figure 4-4. Contribution of the Cylindrical Sample to the Growth Constant 

According to Culick's Theory (Pressure and Steady Velocity 
Coupling Only) 
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Figure 4-5. T-Burner Configuration Used in Parametric Calculations 

Showing the Effect of Extended Grain Length 

The integration indicated by this equation was carried out numerically for 

four different combinations of and Q. The results are presented in 

Figure 4-7. The curves in Figure 4-7 show that the theory predicts the 

velocity-coupled contribution to increase continuously as the grain length 

is increased, with the maximum occurring for a full-length grain. It also 

predicts that the effect increases with increasing M. and diminishes as 
the amplitudes of the oscillations increase. ° 

C. T-BURNER APPLICATION 

1. Approach 

The objective of this study was to develop a computer program to 

calculate the linear acoustic behavior of a velocity coupled T-burner, 

accounting for the effects of burner geometry, steady flow, particles, and 

propellant combustion. The approach taken was to extend the modified one¬ 

dimensional analysis of T-burners developed by Culick.65 This was done 

by adding a velocity coupling response calculation and by modifying the 

mode shape and complex wave number analyses to account for effects of an 

additional pair of propellant samples. The analyses and nomenclature of 

References 63 and 65 were used without change wherever possible. Exten¬ 

sions of these previous analyses are described in subparagraph 2. 
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Figure 4-6. Contribution of Extended Cylindrical Samples to the Growth Con¬ 

stant According to the Modified McClure-Hart-Cantrell Theory 

(Acoustic Pressure and Steady Velocity Coupling Only) 
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Figure 4-7. Velocity Coupling Contribution of Extended Cylindrical Samples 
According to the McClure-Hart-Cantrell Theory 
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The extended .nalys 's was i icorporated into a comprehensive computer 
program that calculates veloc ty coupling in addition to the other driving 

an damping effects thac contro1 T-burner acoustic behavior. Calculations 

may be performed for variations of seven basic burner configurations. Each 

configuration involves a practical combination of disk (or cup) and 

cylindrical propellant samples. The computer program is used in conjunction 

with a nonlinear regression analysis to yield estimates of propellant 

acoustic parameters from experimental test data. It may also be used alone 

to calculate the theoretical variation of acoustic growth rate as a function 

o the T-burner configuration. The program was successfully tested and used 
to reduce data as described in Section VII. 

2. One-Dimensional Acoustic Mode Analysis 

, , Jeven ^a3aic configurations that are considered in the analysis are 
own in Figure 4-8. One or two pair of symmetrically placed propellant 

samples have equal diameters, which may be larger or smaller than that of 

t e tube. Ends of the samples may be either tapered (to maintain a constant 

ü™ - 3Tre, ' "h1"” °£ P3"“11? ‘“P »«»Pies are rounded. 
In the modal analysis, sample surfaces are all assumed to be square with 

voiumetricaHy equivalent lengths calculated for tapered samples and 

rounded fillets to simplify subsequent calculations. These configurations 

^h^racteri^d by a single cup-cylinder configuration, as shown by 
the half-burner schematic in Figure 4-9, by properly choosing the values 

of the sample dimensions. (Thus, for example, if the choice Li = L = 0 

and D = Dg0 is made, then a simple disk configuration is obtained)! 

Lengths and cross-sectional areas are shown in both dimensional and non- 

míf|erf0naLf0?!1S i" Flfuro 4-9 ‘ Mode shapes of the first three pressure 
modes for the flush surface condition are also given. 

Gas dynamics of the T-burner are assumed to be 1-D for the 

characteristic mode analysis. Wave behavior is assumed to involve 

equations^re'therefore^3 ^ ^ ^ momentum 

Ò , r) 
7Ç <puSc) + ^ (PSC) = 0 Continuity 

?*t + (Pu Sc) + Sc ~ = 0 Momentum 

(4-48) 

(4-49) 

Differentiating the continuity equation with respect to time and 

momentum equation with respect to z and combining yields 

(0»2SC) + 5 (Sc!f> o 

the 

(4-50) 
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The gas variable^ are expanded inco their steady and linear 
acoustic mode terms: p-p+p', u-ü + u' -u' and p-p + p', where 
the unperturbed condition is assumed for the modal analysis. The speed 

2 
of sound formula, a ■ 

P1 p' 2 
” = Y — to obtain a 
P P 

YP 
^—, is combined with the 

* p'/p'. For sinusoidal 

isentropic condition 

oscillations, p' = p^e 1 Y, 

u r ÖP ' 
therefore * i uj p . Combining the foregoing results with Equation (4-50), 
the 1-D acoustic field equation is obtained as 

^Sc. qp£ 
c'a òz (4-51) 

where = u^/a is the wave number of the ith acoustic mode. 

The mode shape is assumed to be piecewise sinusoidal with 
continuity of pressure and mass flow existing at discontinuities of area 
created by propellant samples. These assumptions imply discontinuities of 
momentum, and therefore energy, at the area discontinuities. The result is 
that on opposite ends of the burner, energy appears to be respectively 
removed and added. The effects on the mode shape of this contradiction 
to the conservation of energy have not been fully investigated but appear 
to be small. 

The frequency and mode shape analysis is simplified by consider¬ 
ing only a half-length section of the T-burner and applying the appropriate 
boundary condition at the center for the particular mode being determined. 
The boundary conditions are 

and 

djV 
dz¿ 

= 0 

L/2 

dz 
0 

o 

Odd Modes 

Even Modes 

All Modes 

(4-52) 

(4-53) 

(4-54) 

Using these conditions and the piecewise sinusoidal pressure 
distribution, the acoustic pressure for the general configuration of 
Figure 4-9 is defined by 

0 5 2 ^ L1 = cos k^z All Modes (4-55) 

L1 á Z ^ L2 Pl a c08 HZ + Ai ' Sin ki (Z"LP A11 Modes (4-56) 
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All Modes (4-57) 

Odd Modes (4-58) 

Even Modes (4-59) 

l2 * z - 1.3 

L3 s 2 " ! 

n 
fi 

■ cos k^z + KO • sin (z-L,) + B« 
• sin kj (z-Lp X 1 i 

cj • sin k^ (j - z) 

C| ‘ cos k^ (| - z) 

Equations (4-55) th ough (4-59) satisfy the acoustic field 
Equation (4-51) and the boundary conditions (4-52), (4-53), and (4-54) for 
the proper choice of coefficients , , c| and Cj and the wave number 
k^ . Subsequent analysis is made more convenient by transformation of the 
equations to their equivalents in nondimensional variables. For the trans¬ 
formation the following definitions are made. (Refer to Figure 4-9.) 

H (a) 

Lo * L2 " Ll* Lv “ L3 - Ll’ Lb “ L1 + Lv (b) 

ß: = 2L.7L i = 0, i, 2, 3, V (c) 

ß » 2 Lb/L (d) 

k^L: = K^ßr (e) 

( * 2z/L (f) 

(4-60) 

By the use of Equations (4-60) in Equations (4-55) through (4-59), 
the nondimensional forms are obtained as follows: 

0 s £ - ßj 

P1 £ S S P2 Pi 

P2 S { S B3 P/ 

P3 S * S 1 P/ 

COS £ All Modes 

cos K^£+A^*sinK^(£-ß-|) All Modes 

cos Ks £ + A* * sin Ka (£-ß.)+ 
B^ * sin i £ - [^2) All Modes 

• sm (1- £) Odd Modes 

cj * cos (1-0 Even Modes 

(4-61) 

(4-62) 

(4-63) 

(4-64) 

(4-65) 

Continuity of pressure and mass flow across the changes of cross-sectional 
area at the propellant sample ends are used to simplify the determination 
of wave distribution coefficients and wave number. Thus: 

4-28 



? 

Al I = V 
cos 01 - cos K^1 + * sin (K^ • 0) 

Sc ‘sin l'ißi = Sco[sin K£ßi - kl * cos(K^0 )j 

so kn = (1 - All Mode(s) 
CO (4-66) 

At I = 0, 2 ' 

B/ * sin (K^r 0) * 0 

sco[sin k^s2 • ycM ■ sdsin y2 • aí' cos k£ a< 

- • cos (Kjj • 0) j 
S 

so - -(1 - _Ç.f-) (A^ ■ cos - sin (4-67) 

Let 

and 

Df 
cos K fß3 + A¿ sin Kg(ß3 - ^) -! sin K^v - p^C^^) (4-68) 

Fß = -sin + kg cos Iÿ(/?3 - ^) + Bg cos K^/0^ 

1 dpf 
rtu (t* a3); 

(4-69) 

then at £ =/3 

7 = 

and 

Cp sin Kp(1 - ö3) 

Cp cos Kp (1 - /33) 

-Cp cos Kp (1 - 03) 

Odd Modes (4-70) 

co 

Even Modes 

Odd Modes 

(4-71) 

(4-72) 

Cp sin Kp (1 - ß3) Even Modes (4-73) 
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Th® values of Dj and Ff are known from 
(4-69). By combining related pairs of Equations 
unknown coefficients C^and are eliminated to 
odd and even characteristic equations: 

Equations (4-60) through 
(4-70) through (4-73) the 
obtain respectively the 

D/ 

cos K^(l - 0 

sin Kp(l - 3 

c 
5 
CO 

) - Sc° 
» S~ 

c 

35 + s F/ 8ln V1 -^3) 

cos (1 - 33) 

0 

0 

Odd Modes (4-74) 

Even Modes (4-75) 

The characteristic equations are solved by assuming a preliminarv 
estimate of K/ and solving by Newton's method. As and B/ are also known * 
so the determination of Kjf completely determines the acoustic field. 

3‘ Energy and Acoustic Growth Rate Enuations 

K ^ The customary method of solving the governing equations and 
boundary conditions for a T-burner is to linearize the equations and 
obtain a linear wave equation. An integral equation solution of the wave 
equation is then obtained in the form of a complex wave number. The 
acoustic growth rates are then calculated by evaluating the terms of this 
solution. The development of this solution is found in Reference 63 and 
in Reference 65. The result in the same notation as Reference 65 is: 

+ e w ' + (Q1 + Q ') S dz 
P P P c (u* V> w S dz 

c 

- i 
a R /LAT' dq dz 
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^ Hercules extensions to this anelysis were made In the evalua¬ 
tion of the integrals or Equation (4-76). The effects of velocity coupling 

on T-burner stability were accounted for by modifying the integrals involv¬ 

ing mass addition to include the effects of acoustic velocity coupled 

propellant combustion. The damping and driving integrals were also evaluated 

samples 6 aC°UStÍC m0de Shape e<luatlons drived for two sets of propellant 

Individual acoustic growth and damping rates for mean flow 

Interaction, particle damping, and pressure and velocity coupling are 

obtained by evaluating the related integral terms in Equation (4-76). 

tot = a*+aj + 0r + a + a TOT mf pd pc avc d 

The equations for the individual growth and damping rates used in the 
computer program are given in the following paragraphs. 

MEAN FLOW INTERACTION: 

(4-77) 

mf 
2L£^ co ̂ Stl + 8fv)vIG + 2 W T6- cf 

co co 
(4-78) 

= t / sin k/> z dz 
(4-80) 

rl3 
J Jsin k^z - A£ cos k^(z - Lj) - cos k^(z - L2)j dz 

(4-81) 

* c 1116 0,1 S¿v includes the effect on mode shape of the second 
pair of propellant samples. Parametric plots of g/ versus 8 the 

°f the Vel0City COUPlin8 -'pi¬ 
are 
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PARTICLE DAMPING: 

pd 
m 

1 + (cüt) 2 
+ <s 

2T 

a 

2LÇ 
(4-82) 

The effects of the mode shape changes on particulate damping are also 
contained in the gßv term. 

PRESSURE COUPLED DRIVING: 

âïib 
a = 2 
pc 

2U¡ 
Ab/Mb + 1 

"be 

co 

K+ 1 - 
Li 

= ^ f 1 L, J 

bl 

co CO 

cos k^z dz 

(4-83) 

(4-34) 

2 P \ 
»¿V = IT J |cos klz + sin k/(z " + sin k^(z - L2)]2 dz (4-85) 

The effect of the mode shape changes on pressure-coupled acoustic driving 

are contained in the term E^,. The magnitude of this term has been 

calculated and is plotted as a function of 0V in Figure 4-11. 

VELOCITY COUPLED DRIVING: 

a 
vc 

. !A./L\ 
-fci Prf, + ffev p. 
S *1 s £v 

. CO CO 

R . 
VI (4-86) 

ph 
_L 

2L 
(cos k 

1 i L1 • (4-87) 
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b 

JL 
2L 

_ 2 
First Mode 

2 
^ sin k|(L/2 - L3) 

C¿ COS kf(L/2 ‘ l3) 
Second Mode 

-[cos k^L2 + A^sin ^(^-Lj)]2 

(4-88] 

StalU, to^Lde"^:ssror'”1thnefm0eranVen»tl[^™Pt1U„r‘r^haS a [rm 

as'^function 4 haS(been calculated ^d shown in Figura "-Îa 
length fl for J nondimenslonalized velocity coupled sample grain 

dlame«r ïltlô Parametric values of sample diameter/T-burner 

given by: 
The energy in cavity is proportional to^| which, in turn, is 

co 

L1 

/ 
2 

cos kp dz + IS cos k^ z + sin k^(z-Lj) 

2 S 
_ç 
L S 

/*L3 

- y [cos k/2 + A¿ sin ^(z - Ll) + sin k^z - L2)j2 dz 

L/2 

C/ sin2 - z) 

^ lcJ cos2 k^(~ - z) 

’ dz 

Odd Modes 

Even Modes 

(4-89) 

The quantity is plotted as a function nf fí -in cir, / i-> 

determine^he^m^înltude^ofrtheSpropel lantnl^aaa*"ir*^^S^°^ analysl^to^ 
Acoustic parameter confidence lim^P llant acoustic response parameters, 

calculations illu'ItraUn ^ Úí /Ind“^rs^lu^:?'^16 
program are given in subparagraph 4. ersatility of the computer 
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^• Parametric Calculations 

, ÏWU ielies of Parametric calculations were carried out usine the 
omprehensive T-burner analysis computer program. One set of calcula- 

^HÍ8^a9iP''rf0rmed for the Pressure coupled T-burner, determining the 
individual pressure coupled, mean flow coupled, and velocity coupled 
acoustic driving rates and the effects of sample area ratio and T-burner 

iameter/sample diameter ratio on the net acoustic growth rate A 

T-burner^et ^ Calculations was also cairied out for the velocity coupled 

i k -k Wcutical propellant and T-burner acoustic parameters were used 
in both sets of calculations: CYH propellant at 300 psi and 450 Hz 
VF (vent function) « -1 indicating acoustic damping at the vent VFG 

CYH°DroDelikt “ +1 indicati"8 acou«tic damping due to flow turning, 
propellant pressure coupled response parameter of 3.0, velocity 

of U-8' “d a propellant total damping rate 
ec . Parametric values of propellant area ratio from 0 to 6 and 

paramntric values of T-burner diameter/sample diameter ratios 0 6 to 
1.2 were used in the calculations. ° 

The calculated net growth as a function of sample area ratio is 
given in Figure 4-14 for the pressure-coupled T-burner and Figure 4-15 
for the velocity coupled T-burner. It is evident that for equal area 

in thS 0f1CY?rPr0Pelila!ít’ considerably lar«er growth rates can be expected 
in the velocity coupled T-burner than in the pressure coupled T-burner 

on grwíh0rate nt V ^ effeCt °f T“burner diameter/sample diameter 
on growth rate is much greater in the velocity coupled T-burner At an 

area ratio of 5, varying the diameter ratio from 0.6 to 1.2 in the pressur. 
coupled T-burner changes the net growth rate by 15 sec'1; the comparable 
change in net growth rate in the velocity coupled T-burn^r is 

ratio - 1 5?eatC^StÍCHdrlíÍn? by ithe driVer Pr°Pellant samples (area 
1,5k h endS °f the velocity coupled T-burner is given by the 

difference between the total damping rate (-66 sec'*) and the^et grLth 

+r29 seaM area T“0 °f 2er°- ^18 ac0Uatlc d^ing! 
T-burner aV ^ Same ‘í® acou8tic driving in the pressure coupled 
T-burner at an area ratio of 1.5. F 

The separation of total acoustic driving into pressure muni pH 
mean flow coupled and velocity coupled driving rates is given in 
igures 4-16 and 4-17 for the pressure-coupled and velocity-coupled 

; ^:r!irrper r • dri?ins rates are f°r the «-h sample alame ter, i.e., a T-burner diameter/sample diameter ratio of 1.0. 

Figure 4-16 shows that, for the pressure-coupled T-burner both 

areaSrIt’io0up to In1!1”8 fQlow damPing are essentially linear with 
area ratio up to an area ratio of 9, while velocity coupled driving is 
nonlinear „Uh area rallo. This velocity coupling n^lLarlly provides 
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Figure 4-15. Calculated a Versus Tpqt- Samni a 
Coupled T-Burner P ^ Sati° for th8 Velocity 
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slight curvature in the ne.: growth rate versus area ratio curve seen in 

is arresûu'o-^h T of velccity coupling at low area ratios 
is a result o£ the low acoustic velocity amplitude near the T-burner ends 
As the area ratio increases the propellant sample enters regions of greater 
acoustic velocity amplitudes resulting in a nonlinear driving rate-area 

40 wrc^’f ÍÍ hlEh area ra,:l0S the TClocIty c°"PUd driving exceeds 
40 percent of the pressure coupled driving and failure to consider 
velocity coupling in pressure coupled T-burners will lead to erroneous 
propellant response values being obtained. 

(Figure 4-m drÍVÍn\rates in the velocity-coupled T-burner 
8i a t L ar al1 linear Wlth test sample area ratio. In the velocity 

coupied T-burner, the sample is centered at the maximum value of tie prí-" 
acoustic velocity and acoustic pressure amplitudes. Increasing the 

area ratio adds propellant to regions with lower values of the velocity- 

rIÍaMreiamPilt:,í 6 pV0duct but the magnitude of this product changes 
V!n S ;Wly S° that the Velocity ^Pling-area ratio curve is 

ÍÜ "!ar_0!ef f,Wide.ra^e of con,Jiti°ns. This can also be • r- i** in is can a 
inferred from Figures 4-10 to 4-12 where it is seen that 8/J 
P^v are relatively constant up to —0.2. ^ and 

Cross plots showing the correction a as a function of T-hnrnor 

ÍnTlguÍn^fo^1'" latlü “lth art'a rati0 as a P“«-'- are given in Hgure 4 18 for the pressure coupled T-burner and in Figure 4-19 for 
the velocity coupled T-burner. The correction a is defined £ the d f- 
ference between the net « with a given diameter ratio and the net o af 
the flush condition. The correction a is much larger in magnitude for 
the velocity coupled T-burner than for the pressure coupled T-burner. 

a f j1!1636 calculations also point out the necessity of including 
cous ic riving contributions from both pressure-coupled and velocitv- 

coupled mechanisms in the T-burner data reduction orocedurp Th o y i 
agreement between the trenda observed from tLse ca cut» L Sd fh""“ 

TZluZlÍT:"1 data IS aPParent and "U1 discussed°in “Îetrail 

D. MOTOR APPLICATION 

Pnahi?16 Herc^leS vel°city-coupling computer program was written to 
enaMe an analyst to calculate velocity-coupled a.oustic growth rates in 

generarthree-dimensi1 Cor,1Puter can accommodate a 
general three dimensional grain cavity geometry and any arbitrary three- 
dimensional acoustic pressure distribution. As originally «ten use of 
the computet program was limited to those situations where flow reversal 

removed “ere ab::f"'t- ^13 has now been 
tio^-^iJ0““1"8.^«^^3 the computer program modifica- 

carried out to include flow reversal and threshold velocity 
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effects in the acoustic growth tat. calculations. The application of the 
modified program is illustrated by a parametric analysis of velocity¬ 
coupling in the Miniteman II stage III motor at 2 in. burn distance. 

1. Velocity Coupling Equation 

An equation was derived for the velocity-coupled driving contri¬ 
bution to the acoustic growth rate following the procedure used by Flandro 
for pressure-coupled acoustic driving. The MHC model was used to describe 
the coupling of the acoustic wave and the propellant combustion. This 
model assumes that the oscillating mass flux leaving an incremental pro¬ 
pellant surface consists of a pressure dependent mass flux that is 
proportional to the difference between the instantaneous pressure and the 
steady chamber pressure and a velocity dependent mass flux proportional to 
the difference between the instantaneous parallel (or tangential) velocity 
and the parallel mean flow velocity. 

15 

By further assuming that the maximum amplitude of the acoustic 
velocity is always less than the mean flow velocity (no flow reversal) and 
that the mean flow velocity is always greater than any threshold velocity 
(defined as that velocity below which mass flux is independent of velocity), 
the velocity-coupled mass flux contribution is obtained as a term with 
sinusoidal time dependence and a frequency equal to the acoustic frequency. 
Since all other quantities entering into the nonhomogenous wave equation 
and nonhomogeneous boundary conditions describing the acoustic oscilla¬ 
tions have the same time dependency, the time dependency can be factored 
out and the wave equation solved to give the acoustic growth rate as a 
function of space and acoustic variables. 

The resulting velocity-coupled contribution to the acoustic 
growth rate is 

a 
vc 

2 
a 
2 

(4-90 

Where Vtp is the acrostic pressure gradient tangent (or parallel) to the 
propellant surface, the quantity PubRv is the change in mass flux normal 
to the propellant surface/unit velocity difference (instantaneous minus 
mean flow) and Utis a unit vector in the direction of the mean flow. 

Acoustic growth occurs when the mass addition is in phase with 
the acoustic pressure. Damping will result when the mass addition is 
180 out of phase with the acoustic pressure. Since the acoustic velocity 
is 90 out of phase with the acoustic pressure, it is the imaginary part 
of the velocity-coupled propellant response function iRy1 which gives that 
part of the oscillating mass flux which contributes to the growth rate. 
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Mo.dífíçations to Include How Reversai ar.d che ¡.b rt :,h il d Vplnrífy 
Effects -——Z. 

Recalling that the derivation of Equation (4-90) was for the case of 
no threshold velocity and no flow reversal, it was desired to extend the 

applicability of Equation (4-90) to include these nonlinear effects. The 

surface"^ flUX ^ t0 3 fluctuating velocity tangent to the propellant 

m _ R ug + u cos cdt 
MUelj if ut. + ^ co« cot > ut (4-91) 

m = 0 if u^ + û cos cot < ut (4-92) 

where: 

Ug = n'6311 flow velocity tangent to propellant surface 

A 

u = amplitude of a-oustic velocity tangent to propellant surface 

ut = threshold velocity 

The general case (Equations (4-91) and (4-92)) shows that the change 
m mass flux caused by tangential velocity oscillations is periodic but 

nonsinusoidal. The time dependency, therefore, cannot be factored out of 
the governing nonhot.iogeneous wave equation and boundary conditions. A 

rigorous solution of the wave equation would include a time variable and 

would result in nonsinusoidal acoustic oscillations (since the driving is 

nonsinusoidal). Obtaining such a solution would be a problem of extreme 
difficulty and is far beyond the scope of this program. 

Instead, the assumption is made that the nonlinear effects of 
velocity-coupled driving (flow reversal and threshold velocity effects) are 

small in comparison with linear velocity-coupled driving, mean flow driving 

and pressure-coupled driving. This assumption will allow us to further 

assume that the acoustic pressure and acoustic velocity retain sinusoidal 

ime-dependence. At those locations on the propellant surface where non- 

1 mean ties occur, nonsinusoidal oscillations in tangential velocity are 

replaced by sinusoidal velocity oscillations with an amplitude so calculated 

that the acoustic driving (or damping) per cycle is identical to the driving 

(or damping) produced by the actual nonsinusoidal oscillation. The 

oscillating mass flux resulting from these linearized velocity oscilla¬ 

tions is sinusoidal and, therefore, the time dependency can still be factored 

out of the wave equation and boundary conditions. The velocity-coupled part 

of the solution to the wave equation, the velocity-coupled acoustic growth 
rate given in Equation (4-90), remains valid. 
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Salving Equation (4-90) to evaluate the velocity-counled vrouth 
rate requires two steps. First, for each incremental propellaSt su?f™e 
areä, determine whether flow reversal and threshold velocity effects occur 

acen<5t-Î”he °f these effects and the amplitude of a sinusoidal 
acoustic velocity is calculated that results in equivalent acoustic driving 

(or damping) per cycle, -he calculated amplitude is used in place of |^-|, 

the amplitude of the true acoustic velocity, in Equation (4-90) to deteraiL the 
growth rate contribution of the incremental area. At each incremental ™r- 
face area, there are four possible combinations of mean flow velocity u • 
acoustic velocity,u cosc:t; and threshold velocity, ut. These cases are:’ 

Case I (u A\ u) 

(u - u) 

0 

> u 

Case II (u - u) > 0 

(u - u) < U, 

Case III 

Case IV 

(u. 
n 

- u) < 0 

= 0 

(u - Û) <0 

(u A \ - u) 

no flow reversal 

no threshold velocity effects 

no flow reversal 

velocity is smaller than the threshold 
velocity at some time during a cycle 

flow reversal 

no threshold effect 

flow reversal 

velocity is smaller than the threshold 
velocity at some time during a cycle 

The equations giving the amplitudes of sinusoidal velocity oscillations 
to be used in Equation (4-90) for Cases II, III, and IV are derived in 
Reference 67 and given in the following paragraphs. 

the half-cycle when thfa^sac^velocity^s^negat1 l0W rpVt>rSal ÜCCur 
absolute value of the total taneenti^i ^ • fe^tlve* Figure 20a shows the 

tlon. „hen the »Snitl^f^ir":“ , 
larger then the mean velocity u n™, . , velocity, u cos tut, is 

tangential velocity is less than^he threZídleíoc";* u^'ther' 
effect on the velocity-coupled mass flux Tg« * • ^ere 18 no 
are shown in Figure 4-20aasût1 and At.. thÍS situa,:ion e>;ists 

in producid6tí"eSíeíÓacniet"ScoieD1ird1^sfn»thismesh^;1OCíny’ 
area in Figure 4-20b Thu off ! . , ’ sho”n as thc' trosshatched 

the negative acoustic vq^Âf'-c'ÎÂu^’Îr,,""?, ^ 
the absence of mass flu, effects duri^V “d 1 ^ 

2 ‘ 
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(a) Oscillating Velocity Showing Flow Reversal and Threshold Velocity 

I 

Figure 4-20. Nonlinear Velocity-Coupling Effects 
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Assurie that the phase relationships between acoustic velocity and 
acoustic pressure are such that Figure 4-20 illustrates an incidental area 
where the velocity effects are driving, then the increase in mas. flux 

above the mean between u>t - 0 and ^andwt - and 27T reinforc, s the 

acoustic pressure. The decrease in mass flux below the mean between 
. 7T « 3 _ 

0>t » 2 and 27T reinforces the negative pressure (rarefaction) occurring 

during this time. Because of the flow reversal and threshold velocity the 
decrease in mass flux will be reduced in magnitude and the amount of rein¬ 
forcement during the pressure rarefaction will be less than that which 
would occur in the absence of these nonlinear effects. 

The correction for the flow reversal and threshold velocity effects 
consists of calculating the cotai crosshatched area in Figure 4-20b which is 
proportional to the amount of velocity-coupled driving and finding 4e 
amplitude of the sinusoidal acoustic velocity that would give the same cross- 

a• Case II - No Flow Reversal. Threshold Velocity Effects 

The area during the negative acoustic velocity half cycle is 

where the first integral is the area in the absence of threshold velocity 
effects and the second integral is the threshold velocity correction. The 
xower limit of integration of the second integral is the time in the cycle 
where the total velocity equals the threshold velocity, Û coswt + u * u 

Adding the area under the positive half cycle, integrating, and equating t 
to the area under a sinusoidal velocity with amplitude A gives: 

(4-94) 

b. Case III - F_low Reversal. No Threshold Velocity 

The total area is: 
ir 
2 

COS tut + J 
7T 

(-ue) (4-95) o 

2 
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The first integral gives the positive area during the half cycle where the 
mass flux it; greater than the mean. The second integral gives the negative 
area in the absence of flow reversal while the third integral gives the 
reduction in negative area due to flow reversal. The lower limit of integra¬ 
tion in the third integral is that time in the cycle where flow reversal 
begins, u cos tut ■ - u . Integrating and equating to the area under a 
sinusoidal velocity with°-‘mpl itudo A gives: 

(i 
A = 2 

1 + 
(Û -u„ ) 

TT [*' c08"‘(if)] I (4-96) 

Case IV - Flow Reversal and Threshold Velocity 

The area during the negative acoustic velocity half cycle is 

where the first integral is the area in the absence of flow reversal or 
threshold velocity effects, the second integral gives the contribution 
of the flow reversal area, and the last two integrals give the area when 
the total velocity is less than the threshold velocity. Equation (4-97) is 
applicable only if the reversed velocity is greater than the threshold 
velocity. That is, if 

A +u /A V t e (u - u£) > ut or — < 1 

If the reversed velocity is less than the threshold velocity, the 
flow reversal does not affect that mass flux and the situation is equiva¬ 
lent to Case II, threshold velocity effects but no flow reversal. This 

ut + u 
L G 

can be seen in Equation (4-97). For -¿- > 1 the upper limit in the 
u 

fourth integral must become jr and the terms involving u in integrals two 
and four cancel each other. Adding the contribution of the positive 
acoustic velocity half cycle, integrating, and equating to a sinusoidal 
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velocity with amplitude U ^ives 

3. Parametric Calculations for the Minuteman II Stage III Motor 

The modified Hercules velocity coupling computer program was 

used to calculate the velocity-coupled acoustic driving in the Minuteman II 

stage III (M57A1) motor. The grain configuration at 2 in. burn distance 

was used in the analysis. The grain design in this motor is essentially a 

slotted tube type in which the center core extends only part way through 

the chamber. Slots connect the center tube with four nollow cones that 

extend into the four nozzles. The M57A1 grain geometry at zero burn time 
is shown in Figure 4-21. 

The acoustic pressure distribution used in the analysis was 

measured in a full-scale inert model of the grain geometry. This acoustic 

pressure distribution is shown in Figure 4-22. The frequency of oscillation 
is 550 Hz. 

A constant value of 1.0 was used for the propellant velocity- 

coupled response function. Since the velocity-coupled acoustic driving is 

proportional to the response function, acoustic driving rates for other 

values of the response function can be calculated by simple scaling. 

Three parametric values of threshold velocity were used in com¬ 

bination with three levels of acoustic pressure amplitude. The threshold 

velocities used were zero and 100 and 200 ft/sec. Acoustic pressure 

ampli :udes used were 1.0, 10.0, and 20.0 psi at the aft end of the motor. 

The maximum acoustic pressures produced by these aft end amplitudes are 

3.3, 33, and 66 psi at the forward end of the motor. These maximum acoustic 

pressure levels are approximately 1, 10, and 20 percent of the motor 
operating pressure. 
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CYH PROPELLANT 

IGNITER 

Figure 4-21. Minuteman II Stage III (M57A1) Motor 

Figure 4-22. Wave Form of First Longitudinal 

Mode in M57A1 Acoustic Model 
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Th..* results oí the analysis is uiven in Figure 4-23. The effect 
of a threshold velocity is to decrease the magnitude of the velocity- 
coupled driving. At low acoustic amplitudes, approximately 1 percent of 
the mean chamber pressure, the velocity-coupled growth rate is halved by 
increasing the threshold velocity from 0 to 100 ft/sec. An additional 
increase to 200 ft/sec results in the velocity coupled damping the 
oscillation. 

With the 10 and 20 psi acoustic pressure amplitudes, the decrease 
in acoustic driving in going to higher threshold velocities is considerably 
reduced. The larger amplitude waves provide a total velocity (mean flow 
plus acoustic) that exceeds the threshold velocity over a larger fraction 
of the propellant surface area. 

The effects of flow reversal on acoustic driving can be seen by 
comparing the growth rates for the three pressure amplitudes at zero 
threshold velocity. An increase in amplitude from 1 to 10 psi decreases 
the growth rate slightly while increasing the amplitude to 20 psi decreases 
the growth rate by almost half. 

Table 4-II gives the fraction of the total propellant surface that 
falls into Cases I-V for each analyzed combination of pressure amplitude 
and threshold velocity. Table 4-II shows that the extent of flow reversal 
decreases with an increasing threshold velocity* 

While the numerical results presented are specific to the M57A1 
motor at 2 in. burn, the analysis clearly shows that flow reversal and 
threshold velocity effects can strongly affect the magnitude of velocity- 
coupled acoustic driving. Under some conditions, velocity coupling may 
even provide acoustic damping. 
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Figure 4-23. Minuteman Velocity-Coupled Growth Rates 
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SECTION V 

PHENOMENOLOGICAL STUDY 

A. INTRODUCTION 

This phase of the program was used to identify test conditions where the 

propellant combustion was strongly influenced by acoustic velocity oscillations. 

It was not intended that the measurements be quantitative. Rather, it was 

intended that an inexpensive test technique be used to screen propellants and 

test conditions so that regions of strong interaction could be identified. 

Then, in Phase III, a more sophisticated technique could be used with a higher 

probability of success because of the guidance available from the Phase II 

results. 

The approach used was to find a device capable of imposing high amplitude 

velocity oscillations on a burning propellant sample but with negligible 

pressure perturbations. The response of the combustion was inferred from 

the fluctuating luminosity of the flame. The test variables were frequency, 

pressure, propellant composition, mean gas velocity, and acoustic gas velocity. 

In the following paragraphs, the test device is described as are the 

tests conducted, the results obtained, and the conclusions reached. 

B. EXPERIMENTAL APPROACH 

1. Test Device 

The selection of an experimental combustor depended on several 

factors that are not intuitively obvious. Therefore, prior to describing 

the device, the reasons for its choice will be examined which can best be 

done by considering some pertinent equations. 

For illustrative purposes, a cylindrical chamber containing a 

first-mode longitudinal, standing acoustic wave will be considered. The 

acoustic field can be described by cosine and sine functions (see Equations 

4-21a and 4-21b). Such an acoustic field can interact with the combustion 

of a solid propellant in several ways. Of particular concern relative to 

acoustic instability is the perturbation in burning rate due to the coupling 

of the combustion with the acoustic velocity and pressure. 

The perturbed velocity of the gases leaving the combusting surface 

can be written in terms of a pressure coupled response R. and an acoustic 

erosive constant Rv> (See Equation 4-25.) 

Equation 4-25 shows that in general, the combustion simultaneously 

exhibits a pressure coupled and a velocity coupled response. Only when 

propellant is located at the T-burner midpoint does the propellant show only 

velocity response. This conclusion is general and applies to all test devices 

and acoustic fields. If it is desirable to study velocity coupling in the 

absence of pressure coupling, experiments must be conducted so that the 

propellant is subject to velocity oscillations only. 
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The acoustic field best suited to the study of velocity coupling 

has thus been defined. Equation 4-25 implies that the velocity of the gas 

leaving the combusting surface should be measured in order to characterize 

the velocity coupled response. Alternately, the instantaneous mass burning 

rate could be measured. Unfortunately, the required experimental technique 

for measuring either of these parameters has not been developed. 

Because this program was largely concerned with aluminized pro¬ 

pellants, it was possible to select a variable that would indirectly indicate 

the burning rate of the gases leaving the propellant surface. This variable 

was the luminosity of the flame and the rationale behind its choice was as 

follows: It was first assumed that the amount of light emitted by the flame 

was proportional to the number of burning particles in the flame. The number 

of particles being emitted would then be proportional to the burning rate 

of the propellant so that the amount of light being emitted would be directly 

related to the burning rate. Therefore, it was reasoned that the velocity 

coupled response of a propellant could be qualitatively determined from 

measurements of the luminosity of the propellant flame when the propellant 

was burned at the theoretical velocity anti-node (pressure node) in an 
intense acoustic field. 

To satisfy the need for flexibility in test conditions and to sat¬ 

isfy the requirements discussed above, the half T-burned shown in Figure 5-1 

was initially selected as the test device. However, before tests began, results 

from another program showed the operation of the half T-burner to be more 

complex than preliminary results B8had suggested. (See Discussion in para¬ 

graph D.) Accordingly, the alternate T-burner shown in Figure 5-2 was 

selected as the basic test device. This burner differed from a conventional 

T-burner in three ways. First, a sample of test propellant was placed and 

burned in a small recessed cavity (1/2 x 1/2 x 1/16 in. deep) located at 

the center of the burner (at the theoretical pressure node). Adjacent to the 

cavity was a window through which the combustion of the test sample could 

be observed. (See Figures 5-3 and 5-4,) Second, the gas vent was displaced 

2 in. from the center of the burner toward one end so that the test sample 

would be subject to an erosive velocity determined by the amount of driver 

propellant burning in the end of the T-burner. Third, the inside cross 

section of the burner was a 1 in. square rather than the usual circle. Thus, 

inexpensive, rectangular, flat propellant samples could be used in the burner 

rather than more complex, cylindrical samples that would be required in a 
conventional T-burner. 

In a given test, it was desired that the test sample of propellant 

be observed as it burned at a given steady pressure and mean erosive velocity 

with an imposed acoustic velocity wave of a specified frequency and amplitude 

and no acoustic pressure. (As will be discussed in paragraph D, it was 

virtually impossible to achieve these conditions.) Initially, the specified 

conditions in the test device were to be achieved as follows: The desired 
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CROSS SECTION 

Figure 5-1. Half T-Burner Configuration for Phenomenological Study 
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FASTAX MOVIE CAMERA 

PLEXIGTASS 

WINDOW 

PHOTO SENSING DEVICE 

TEST SAMPLE 

Figure 5-3. Cross Section View of Test Sample 

Figure 5-4. Side View of Test Sample 
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pressure was to be controlled by mounting the T-burner on a prepressurized 

surge tank. Mounting the test sample at the center of the burner would place 

it at a theoretical pressure node so a steady pressure but not an oscillating 

pressure would be experienced by the sample. The sample would only be exposed 

to velocity oscillations. The amplitude of the velocity oscillations would 

be controlled by placing slabs of JPN propellant at the sides of the burner 

near the ends. Because JPN was known to be rather unstable, only a small 

amount of propellant was needed to produce the specified oscillation amplitudes. 

To also achieve the desired mean velocity, unequal amounts of JPN driver 

propellant were used in the two burner ends. In the end containing the test 

sample, sufficient JPN was used to achieve the specified mean velocity across 

the face of the test sample. The balance of the driver propellant required 

to generate the desired acoustic velocity was placed in the other end of 

the burner. In the event that a very low acoustic velocity was specified, 

the driver propellant samples were displaced from the burner ends toward the 

nozzle, thus maintaining the desired mean velocity but with reduced oscil¬ 

latory amplitude. 

2. Experimental Procedure 

Figure 5-2a shows that the T-burner consists of four main parts: 

(1) The center body, (b) the extensions, (c) the propellant holders, and 

(d) the end caps. These parts were assembled as follows in order to conduct 

a test: First, the 6 in. long center body was mounted on the surge tank. 

Then, two extensions, the lengths of which were chosen so that the burner 

would oscillate at the desired frequency, were fastened to the center body. 

Before the burner was further assembled, the required amount of driver 

propellant (usually two 1-in. square pieces of JPN) was cut with a knife 

from 1/4 in. thick slabs. The sides and back of the propellant were then 

inhibited with transparent General Electric RTV silicone rubber and th° 

propellant was slipped into the propellant holders. Thiokol X-255 igniter 

was painted on the top surface of the propellant. Next, an igniter-covered 

piece of high resistance wire connected to copper lead wires was placed 

in the holder and the copper wires soldered into the power leads. 

The propellant holders were then mounted on the extensions and 

the end caps fastened to the holders. A previously cut 1/8 in. thick by 

1/2 in. square piece of test propellant was inhibited with RTV silicone on 

all faces except the top (i.e., that exposed to the burner cavity) and 

the one adjacent to the window. A new plexiglass window was fastened into 

place, care being taken to insure a snug fit of the window against the 

adjacent propellant. The propellant face adjacent to the window was not 

inhibited because inhibitor was found to dirty the window and obscure the 

field of view. No igniter was used on the test propellant sample because 

the combustion products of the igniter also fouled the window. 

Two Kistler 606 A pressure transducers were mounted on the burner 

and connected to 504 D charge amplifiers. One transducer was mounted in the 

end of the burner and the other was mounted opposite the sample of test 

propellant. A 16 mm Wcllensak Fastax camera containing 100 ft ot Ektachrome 
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EF 7241 film was placed outside the window and focused on the test pro¬ 

pellant surface. Alongside the camera lens a Texas Instrument Co. LS-400 

photo resistor was mounted.* Thus, both optical devices were about 2 in. 

from the propellant surface "looking" down at the propellant surface with an 

angle of about 30 degrees. The output from the charge amplifiers and the 

photo resistor circuitry were connected to three M-1000 galvanometers in a 

Honeywell Model 1501 Visicorder. 

The surge tank was pressurized and then leads from a 35 volt ac 

source connected to the igniters. A prefiring check list was reviewed to 

insure that the instrument settings were correct and the burner was ready 

to fire. A Bliss Signal Co. Eagle timer (model HM701A607) started the 

camera first so that a speed of 4000 frames/sec would be achieved prior to 

ignition. Later, the Visicorder was started and allowed to reach its opera¬ 

ting speed of 80 in./sec. At that point the power switch was closed so that 

the propellants ignited. After a time sufficient to allow all of the pro¬ 

pellant to burn, the instruments were turned off. The surge tank was bled 

down and the test record was rolled up, marked, and stored. The film was 

taken from the camera and sent to be developed. Any apparent peculiarities 

were noted on the data sheet, and the run was completed. 

3. Data Analysis 

From viewing the movie film, it was usually possible to determine 

the propellant combustion characteristics before and after the oscillations 

began. Inhibitor failure and window fouling could also be identified and 

taken into account when the Visicorder trace was analyzed. The field of 

view was such that the propellant surface and about 1/4 in. of the flame 

above the surface could be observed. To some extent, the agglomeration of 

A1 on the surface as well as its ignition and subsequent combustirn could 

thus be described. 

The alternating current pressure traces and the total luminosity 

trace were recorded on the Visicorder record. Conditions varied during the 

firing so most measurements were made midway through the combustion of the 

test sample when the propellant surface was flush with the burner wall. 

At this time, the pressure and luminosity oscillations were measured and 

recorded. However, there were some amplitude-dependent phenomena that 

occurred when the flush condition did not exist. Naturally, measurements 

of interest were taken when such phenomena were observed. 

*In series with the LS-400 photo resistor were a 22.5 volt dc battery, a 

510 ohm resistor, and the combination of a M-1000 galvanometer and a 22 

ohm resistor in parallel. The circuit provided a linear deflection up to 

about 3 in. (2000 foot candle luminosity). Above this level, the 

circuit became nonlinear with saturation occurring at a deflection near 

7 in. 
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C. TEST PROGRAM 

Variables of interest in the test program were propellant composition, 

frequency, mean pressure, steady erosive velocity, and acoustic velocity. 

The standard test conditions selected were 60 ft/sec, 500 Hz, 300 psi, and 

200 ft/sec peak-to-peak oscillatory amplitudes. A low mean velocity should 

enhance instability, therefore the value of 60 ft/sec was selected. A 

frequency of 500 Hz was selected as the midpoint in 100 to 1000 Hz frequency 

range normally associated with velocity coupling and because this is typical 

of the oscillation frequencies observed in many full-scale motors that at 

present are exhibiting instability. Three hundred psi was selected because 

it is a typical operating pressure for the first propellant to be tested 

(CYH). The 200 ft/sec amplitude was selected as being a typical oscillatory 

velocity that might be observed. 

During the program, these conditions were found to be equally satis¬ 

factory as a baseline for all propellants and were so used. 

Table 5-1 presents í summary of the tests that were planned and conducted. 

Essentially, the program called for testing a variety of propellants over 

a range of experimental conditions to screen for regimes where velocity 

coupling was apparently large. The test matrix encompassed a wide range of 

test conditions for several propellant formulations (Table 5-II) with a 

considerable degree of flexibility. In addition to looking at different 

propellant families, the variation of ingredients for a single formulation 

was to assist in pinpointing relative effects of ingredients on velocity 

coupling. The ANB-3066 propellant system was chosen for the formulation 

study because of ease of mixing at Brigham Young University and because it is 

a typical state-of-the-art composite propellant. Formulation variations 

(Table 5-II) were mixed containing less* aluminum, coarser* aluminum, finer* 

aluminim, coarser* ammonium perchlorate and finer* ammonium perchlorate. The 

variations were considered typical of the changes that might be made either 

during propellant development or in an attempt to solve an instability 

problem. 

The test variables shown in the Test Matrix (Table 5-1) included ranges 

of 300 to 1100 cps in frequency, 13 to 700 psia mean pressure, 0 to 200 

ft/sec steady erosive velocity, 0 to 500 ft/sec acoustic erosive velocity, 

and 0 to 70 psi peak-to-peak oscillatory pressure. 

*A11 formulation variations were made relative to the basic ANB-5066 formu 

lation. 
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TABLE 5-II 

PROPELLANT COMPOSITIONS 

CYH is a typical composite modified double base propellant that 
contains Al and added oxidizer. 

ANB 3066 is a typical composite propellant made with aluminum, 
ammonium perchlorate, and Butarez. 

A-87 (modified) is a standard ICRPG research propellant made with 
aluminum, a unimodal ammonium perchlorate grind, 1 percent copper 
chromite burn rate catalyst, and 18.5 percent PBAN binder 

No A1 is the designation for the base ANB 3066 modified by 
replacing the A1 with AP and keeping the ratio of ground to 
as-received AP constant. 

1/2 A1 is the designation for the base ANB 3066 modified by 
replacing half the A1 with AP, the ratio of ground to as-received 
AP was kept constant. 

H-15 is the designation for the base 4NB 3066 modified by 
replacing the A1 which has a weight average size of 17M* by H-15 
A1 having a weight average size of 25 p . 

H-5 is the designation for the base ANB 3066 modified by replacing 
the 17M A1 with 8M H-5 Al. 

40M is the designation for the base ANB 3066 modified by 
replacing the fine AP having a weight average particle size** 
of 120M with American Potash spherical 40/4 ammonium perchlorate. 

400M is the designation for the base ANB 3066 modified by 
replacing the coarse AP having a weight average particle size 
of 220Mwith American Potash spherical 400M ammonium perchlorate. 

*Values were established by analyzing the ingredients with a 
Coulter Counter 

**AP sizes were determined by sieve analysis 
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D. EXPERIMENTAL RESULTS 

1. T-burngr Behavior 

There were several Interesting discoveries made about the operation 
of T-burners and these will be related before the more relevant velocity 
coupling results are discussed. First, before experiments began, it was 
learned on another program that the proposed half T-burner was a rather 
complex device not suited to the program. This was because the burner would 
couple with the surge tank to produce unanticipated frequencies; hence, it 
would be difficult to test at the specified variety of conditions. 

It was, therefore, decided that the program would be carried out 
with the T-burner having a vent displaced 2 in. from the center. The dis¬ 
placed vent allowed the test sample to be placed at the velocity antinode. 
It was believed that this burner would be satisfactory inasmuch as prior 
experiments^69) showed that the major effect of the displaced vent was 
to slightly stabilize the burner. It appeared that the test conditions 
could be realized if enough driver propellant were placed in the end con¬ 
taining the test sample to produce the desired mean velocity. Then, a 
Judicious location of the proper amount of driver propellant along the side 
and in the other end would yield the programmed oscillatory amplitude. 
However, it quickly became apparent that this burner also functioned in an 
unexpected way. When the desired test conditions required that different 
amounts of driver propellant be used in the two ends the standing wave was 
no longer of the type described by simple sine and cosine functions. Rather 
than being a cosine wave having a pressure node at the center, the wave had 
some other functional form. In general, the amplitude of the first mode 
pressure oscillation at the center position was about 25 percent of the 
amplitude at the end. This pressure oscillation confused the results, as 
it was impossible to separate pressure and velocity coupled response since 
the test sample was subject to both. 

Accordingly, the ability to obtain mean erosive velocities across 
the test sample was sacrificed and the center-vented T-burner, as shown in 
Figure 5-2b, was used. The acoustic mode structure in this burner was much 
improved. However, the loaction of the test sample of propellant was optimum 
to generate second mode pressure oscillations, which it did to some extent. 
Nevertheless, this system performed sufficiently well that it was used for 
most of the tests. 

Very early in the program, personnel training tests were conducted. 
In these tests, a conventional double-end T-burner was fired at room 
pressure. Surprisingly, intense oscillations (Q * 0.6, a * 30 sec'1) were 
observed. This severity of oscillation was beyond that shown by the pro¬ 
pellant at higher pressures. The conclusion is that atmospheric pressure 
is a favorable test condition to be used in studying T-burner behavior inasmuch 
as neither a surge tank or nozzle need be used. 
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2. Test Results 

Over a hundred tests were conducted in the program and the results 

from each were fairly complicated. So that the following reading will not be 

tedious, the detailed results are presented elsewhere^®^ while only the 

general results are discussed here. 

a. Conventional Velocity Coupling 

As was mentioned in paragraph B, the velocity coupling was 

to be inferred from a recording of the fluctuating luminosity caused by the 

velocity oscillations. In the absence of a mean erosive velocity, each 

velocity maximum, regardless of direction, should produce a maximum pertur¬ 

bation in burning rate. The absolute value of the acoustic velocity reaches 

a maximum twice for each pressure cycle. Hence, a first mode pressure 

oscillation in the burner ought to generate second-mode velocity coupling 

response from the test sample located at the velocity antinode. A large 

second mode luminosity fluctuation ought to indicate a large degree of 

velocity coupling. In addition, the velocity induced perturbation in burning 

rate can only transfer energy to or from the acoustic wave if the burning 

rate response and acoustic velocity are 90° out of phase so this condition 
would be of particular interest. 

One of the most important results of the program was that the 

behavior described above did not occur. It is true that second mode lum¬ 

inosity oscillations, sometimes of a fairly large amplitude, were sporadically 

observed. However, the oscillations were invariably in phase with the pressure 

oscillations and out of phase with the velocity oscillations. Because the 

luminosity oscillations always had this peculiar phasing, the inescapable 

conclusion is that they are not due to a velocity-induced change in burning 

rate but rather were the product of the test procedure. They are probably 

caused by motion of the combustion plume from the test sample of propellant. 

At any rate, if the anticipated form of velocity coupling was present, it 

was too small to be observed by the present test method. 

b. Dark Combustion 

Another important discovery made during the program was that 

a totally unexpected form of velocity coupling was observed. It was found 

that as the oscillations grew in amplitude, a point was reached where the 

luminosity of the flame decreased by an order of magnitude or more. As 

Figures 5-5 and 5-6 illustrate, the movies showed that the oscillations 

largely prevented or retarded the combustion of the aluminum in the pro¬ 

pellants. In the case of the unaluminized propellant, the change in lumi¬ 

nosity seemed related to changes occurring in the number of hot spots seen 

on the propellant surface. 
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RUN #27
CYH Propellant 
450 Hz 
300 psig

PROPELLANT SURFACE

.GAS PHASE WITH 
BURNING ALUMINUM

(a) Normal Combustion Mode

I
(b) Combust ion During Change in Luminosity

(c) Dark Combustion During High Oscillatory 
Pressure Amplitude

Figure 5-5. Film Sequences Showing the Transition from Normal Combustion 
to the Dark Combustion Mode for CYH Propellant
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Run #107
ANB-3066 Propellant 
800 cps 
500 spi

PROPELUHT surface

•GAS PHASE WITH 
BURNlliG ALUMINllH

(a) Normal Combustion Mode

(b) Combustion During Change in Luminosity

(c) Dark Combustion During High Oscillatory 
Pressure Amplitude

Figure 5-6. Film Sequences Showing the Transition from Normal Combustion 
to the Dark Combustion Mode for ANB-3066 Propellant
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There were some minor differences that could be attributed to 

different propellant compositions and these will be discussed later. \t this 

point, those features common to all the compositions will be discussed. 

First of all, as Figure 5-7 shows, the change in luminosity occurred almost 

as a step function. The oscillatory level which caused the change varied 

but when the change occurred it was usually sudden and large. Second, the 

change was reversible in that bright combustion was suppressed early in 

the firing as the oscillations grew. This is illustrated in Figure 5-8. 

Later, as the driver propellant burned out, the amplitude diminished and 

the bright form of combustion was reestablished. There was some suggestion 

that a large steady erosive velocity could also induce the dark combustion. 

However, the acoustic erosive velocity was much more effective in causing 

the dark combustion. 

When the dark combustion occurred, there was not only a 

velocity oscillation present but also a small pressure oscillation. Hence, 

it was necessary to show that the change was not caused by the pressure 

oscillation. This was done by conducting tests wherein the test sample was 

displaced toward the burner end thereby increasing the oscillatory pressure 

seen by the sample. The observed result was that unless the oscillating 

velocity grew to the usual critical value, dark combustion did not occur 

regardless of the oscillating pressure amplitude. Much larger pressure 

oscillations by themselves were inadequate to cause the dark form of 

combustion. 

At 300 psi and 500 cps, the dark form of combustion resulted 

when the oscillating velocity was greater than about 70 ft/sec. At higher 

frequencies or higher pressures, the critical velocity became slightly larger 

in general. At lower pressures or frequencies, interpretation of the data 

was difficult and no quantitative evaluation could be made. However, it 

appears that the phenomena is produced in much the same way as at the baseline 

condition. It was clear that the dark form of combustion was less dark at 

higher pressures so not only was the phenomena harder to cause but it was 

also less apparent when it did occur. Particularly interesting was the 

fact that dark combustion was fairly easily produced (u = 80 ft/sec) with 

ANB 3066 at the RPL T-burner workshop condition^of 500 psi and 800 cps. 

Several differences were attributed to propellant composition. 

First of all, somewhat different velocity amplitudes were required to produce 

the dark combustion. Most of the propellants (CYH, A-87, ANB 3066, No Al, 

400M, and H 5) required a peak oscillating velocity of about 70 ft/sec 

before dark combustion would occur. The others (1/2 Al, H-15, and 40 ) 

required larger acoustic velocities of about 150 ft/sec to produce the dark 

combustion. The luminosity of the dark combustion differed greatly from 

propellant to propellant. These results are summarized in Table 5-III 

where the velocity required to produce the dark combustion and the lumin¬ 

osity of the dark combustion are tabulated. The numbers shown in Table 
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TABLE 5-III 

EFFECT OF PROPELLANT COMPOSITION* ON THE TRANSITION 
TO THE DARK COMBUSTION MODE 

Propellant 

CYH 

A-87 

ANB-3066 

NO A1 

1/2 AI 

H 5 

H-15 

40M 

400 M 

uj (ft/se 

70 

70 

60 

60 

140 

60 

170 

100 

80 

c) Lj (foot candles) 

200 

1000 

1200 

1500 

2000 

600 

2000 

2000 

1200 

*The data are for 300 psi and less than 600 cps when dark 
combustion was clearly established 

5-18 



5-III are only qualitative but do show that the harder It was to produce 

the dark combustion, the brighter the resultant dark combustion. It is 

noteworthy that at the baseline conditions, the CYH flame became almost 

invisible during the dark form of combustion. 

Another phenomena that was frequently observed was an inter¬ 

related change in mean luminosity and oscillatory amplitude. As the slowly 

growing oscillations caused the luminosity to decrease abruptly, there was 

often a simultaneous rapid increase in the oscillatory amplitude. An example 

of this phenomenon is shown in Figure 5-9. In some cases the amplitude 

doubled. This phenomena was especially prevalent with ANB 3066. A reasonable 

explanation for this is that as the aluminum ceases to burn efficiently, 

the AI2O3 particles ordinarily formed are no longer present or are present 
in a different configuration and concentration. With this source of acoustic 

damping now absent or modified, the oscillations suddenly grow to a larger 

amplitude. 

It also seemed possible that the JPN driver propellant might 

be responsible for causing dark combustion. This possibility was eliminated 

by utilizing the same driver propellant in the ends of the burner as was 

tested at the center of the burner. The movies also clearly shewed that the 

dark form of combustion resulted from a given amplitude of oscillations 

regardless of the propellant used to drive the oscillations. In one test 

a T-burner with a transparent wall was used to study this phenomenon. CYH 

propellant was used in the ends and at the center. The test sample was 

seen to burn with a very luminous flame until the velocity oscillations 

became large, at which time the flame became too dark to see. The CYH 

propellant in the ends of the burner continued to burn brightly throughout 

the test. 

In a second test in the transparent T-burner, several CYH 

propellant samples were spaced down the wall of the T-burner as is shown 

in Figure 5-10. This was done to more closely approximate the combustion 

field present in a motor. The results showed that the 1/2 in. wide test 

sample located at the burner center transisted from the light to dark 

form of combustion in the characteristic way and at the usual amplitude. 

However, the 1 in. wide samples located next to the center did not transist 

even though the velocity amplitude became well larger than the critical 

value for that location. The apparent conclusion is that the dark combustion 

is produced only with small propellant samples and is not relevant to 

situations such as are encountered in a motor. Nevertheless, when dark 

combustion is encountered, it is apparent that the velocity fluctuations are 

strongly interacting with the combustion. Larger propellant samples should 

also interact strongly under the same test conditions although the inter¬ 

action would show in different ways. 

c. Burning Rates 

An attempt was also made to observe the effect of the 

acoustic velocity on the burning rates of the test samples. However, in 

general, the test samples were so thin (1/8 in.) that the measured burning 
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rates were very imprecise. No conclusions could be drawn from the scattered 
data In a few cases, however, the driver propellant and test sa^p e were 

centîr ^ the8e teat8' the burnin8 rate» the end and center of the burner were essentially identical (within 5 percent the 
mwimum resolution possible). The conclusion is, at least in the¿e cases 
that the acoustic velocity did not alter the burning rate. This is in 

WÜr'k ) WhÍCh 8U88est8 that ®uch small amplitudes should not influence the burning rates significantly. 

E. SUMMARY 

The results of the program are summarized as follows: 

(1) A nonsymmetrical T-burner produces unusual 
differ from the usual sinusoidal form. 

oscillations that 

(2) A peculiar, nonluminous form of combustion is caused 
oscillations when small propellant samples are used. 

by velocity 

(3) Propellants interact most strongly with velocity oscillations 
in the neighborhood of 500 cps and 300 psi. 

(4) The propellants tested all 
propellant composition was 

responded in a similar manner 
a surprisingly weak variable. 

and 
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SECTION VI 

EXPERIMENTAL TECHNIQUE 

A. INTRODUCTION 

A fundamental objective of the program was to evaluate methods for 
measuring velocity coupling. Several techniques were considered for 
possible application based on the results of Phases I and II as discussed 
In Sections III, IV, end V. Those appearing to be most practical were the 
modified T-burner, the velocity-coupled T-burner, the 1/2 T-burner, and 
an end-vented device (utilising T-burner hardwere) adapted for measuring 
velocity coupling (See Figure 6-1 and Table 6-1.) Calculations discussed 
In Section III.C.2 have shown that the modified T-burner (Figure 6-la) will 
not provide the desired resolution unless large. Impractical test samples 
are used. It also has the disadvantage of being somewhat large and cumber¬ 
some. The Phase II results indicated that in the 1/2 T-burner (Figure 6-lc), 
the disadvantages outweigh the advantages for quantitative testing over a 
range of test conditions due to coupling with the surge system. The calcu¬ 
lations performed during Phase I (Section III) indicated that the velocity- 
coupled T-burner showed promise as a quantitative device. Therefore, It 
was selected as a technique for experimental evaluation. The end-vented 
configuration (Figure 6-Id), was proposed as a second technique for evalua¬ 
tion. The principal disadvantages of the end-vented burner are that the 
nozzle damping must be determined accurately If quantitative velocity 
coupled measurements are to be made. It has the advantage of eliminating 
the "vent terra" from the necessary analysis and the velocity coupling Is 
determined in a slightly different way. Thus, based on this line of logic, 
the velocity-coupled T-burner and the end-vented burner were selected as 
the most promising devices to be tested In the screening tests. 

Approximately 30 screening tests were performed, analyzed, and evalu¬ 
ated to determine which of these two devices appeared to be most sensitive 
to velocity coupling, and which was the most practical to operate In a 
laboratory environment. Based on an evaluation of the screening test 
results, the velocity-coupled T-burner was chosen for further evaluation. 
As the final phase of the program, approximately 60 characterization tests 
were performed varying frequency, oscillation amplitude, and propellant 
formulation. The purpose of these final tests was to determine the sensi¬ 
tivity of the velocity-coupled T-burner to typical variations In test 
conditions, and particularly to determine if the velocity-coupled T-burner 
could differentiate between propellant foiavlations. 

This section discusses the experimental hardware/system used for the 
velocity-coupled T-burner and the end-vented burner, and a summary of the 
test matrix that was pursued. 
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•) MODIFIED T-BURNER 

b) VELOCITY COUPLED T-BURNER 

TEST SAMPLE 

c) 1/2 T-BURNER 

TO SURGE SYSTEM 

d) END VENTED BURNER 

Figure 6-1. Configurations Considered for Velocity Coupling Testing 
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TABLE 6-1 

INITIAL EVALUATION OF LABORATORY DEVICES 

Device 
Oscillatory 

Natur« 
Data 

Obtained Practicality 

Modified T-burner Usually 
spontaneous 

a, ÛP, T Large propellant 
samples required to 
overcome large volume 

Several propellant 
samples used 

Velocity-Coupled 
T-burner 

Usually 
spontaneous 

a. ¿P, r Four propellant 
samples used 

1/2 T-burner Usually 
Spontaneous 

a, ÛP, r Coupling between 
burner and surge 
tank is excessive 

End-Vented Burner Requires 
pulsing due 
to nozzle 
damping 

a Nozzle damping must 
be determined 
accurately 

Controversial "vent 
term" is eliminated 
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B. GENERAL T-BURNER DESCRIPTION 

The basic hardware used in support of the present contract was the 1.5 

in. hardware used for the variable area T-burner with the appropriate modi¬ 

fications. The test procedures, support hardware, and instrumentation for 

the variable area T-burner have recently been reported in detail. 

Therefore, in the following paragraphs the techniques, procedures, and 

hardware common to the velocity-coup led T-burner and the variable area 

T-burner are only described in brief. 

1. T-Burner Hardware 

The 1.5 in. variable area T-burner is basically a length of 1.5 

in. inside diameter steel tubing with provisions for bolting end plates to 

a center section. Propellant grains are located at the ends of the burner 

and grain lengths can be varied to achieve different area ratios. Standard 

sized spacers are available for conducting tests at area ratios of 1.5 to 

7.5. 

The pressure transducer, a Kistler model 701A, is located in the 

end plate and is exposed directly to the gas cavity. The pressure is 

measured from this location for both spontaneous growth and pulse tests. 

The squib used for pulsing is brought into the burner through the end plate 

opposite the transducer. 

T-burner extension tubes were available for testing at two fre¬ 

quencies, 450 Hz which corresponded to a length of 40-1/2 in., and 800 Hz 

requiring a length of 24-1/2 in. 

2. Surge Tank and Heat Exchanger 

A 35 cubic foot surge tank was used for all testing to hold a 

nearly constant pressure during the tests./J A heat exchanger filled with 

chain was used to cool the exhaust gas before it passed into the surge 

tank. Typically, less than 10 psi static pressure rise was observed in 

the burner with the use of the heat exchanger and surge tank even for 

large area ratio firings. 

3. Grain Configuration 

The basic test configuration was a cylindrical grain tapered on 

the downstream end. The standard grain had a 1.25 in. ID and a 2 3 in. OD. 

This resulted in a positive lip initially, a flush condition at 1/3 of the 

burn distance, and finally a negative lip, as shown in Figure 6-2. This 

means that it is possible to analyze the effects of propellant lips, both 

positive and negative, along with the effect of increased volume in the 

burner as a result of burning. 

6-4 



Figure 6-2. Grain Configuration During Burning with Definition 

of Propellant Lip as Related to the T-Burner Wall 
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The grains were tapered to provide a near-constant area ratio 

during the burn time and to reduce pojsible flow effects due to an abrupt 

step. This minimizes variations in Sb/Sco during the measurements of the 

growth or, thus improving accuracy and eliminating the need to calculate a 

variable area ratio during the time the growth a is measured. This 

simplifies data reduction and reduces both data scatter and uncertainty. 

The outside diameter of each grain was covered with a thin coating 

of silicon grease and the grains were press-fit into the sample holder. 

The positive lip of the propellant grain is inhibited with grease to re¬ 

strict irregular burning of the leading edge. The effectiveness of the 

grease as an inhibitor in this situation has been verified through the use 

of high-speed movies. 

4. Air Driven Paddle 

An air cylinder operated paddle was used as a suppression device to 

prevent pulsing the burner into oscillation during ignition and to allow 

multiple growth rates to be obtained during a single firing. Sequencing of 

the paddle into the burner was timed to give a growth rate measurement when 

the propellant was just flush with the T-burner wall and usually two addi¬ 

tional growth rate measurements. An indication of the paddle position during 

the firing is provided through the use of a linear potentiometer which is 

attached to one end of the double acting piston rod. Through this measure¬ 

ment, it is possible to assure that the paddle is completely out of the 

burner at the time oscillations begin to grow and before measurement is made. 

The advantages of this system are given in more detail in Reference 74. 

5. Ignition Technique 

Standard bag igniters (as described in Reference 73) were used 

throughout the program. The bag igniter consists of an Atlas match, 

BKNO3 powder, and Mg-Teflon pellets. Two bags were used, one in each end 

of the T-burner. 

6. Pulsing Technique 

For conditions where the T-burner is anticipated to be stable, 

a pressure pulse is imposed on the burner. Normally, three pulses are 

fired during a single test. The pulses are produced by igniting MKII Mod 0 

squibs located in a special adapter in one end plate and protected from 

the combustion gases by a 0.200-in. thick layer of RTV rubber. The pressure 

transducer is located in the opposite end plate of the burner. 



The pressure oscillations (with an initial amplitude of approxi¬ 
mately 10 psi) can be introduced at any time sequence during the firing. 

The standard procedure is to pulse once at flush conditions and twice with 
small negative lips. 

7. Standard Instrumentation 

The standard instrumentation is shown in Figure 6-3 and consists 
of: 

Kistler 701A Piezoelectric. Pressure Transducer 

Kistler Model 568 Charge Amplifiers 

Krohn-Hite Model 310-AB Band-pass Filter 

Ampex Model AR-200 FM Tape Recorder 

Honeywell Model 1508 Visicorder 

Tektronix Model 555 Oscilloscope (quick look record) 

A complete description of the operational capabilities and limitations of 

the system can be found in References 71 and 73 and will not be repeated 
here . 

To observe DC pressure rise during the firing and to permit 

measurement of harmonics, one channel of the FM and oscillograph is recorded 

with no filtering and with low amplification. Low signal to noise ratios 

and poor resolution, however, leave much to be desired as one attempts 

to obtain growth constants from data of this nature. By filtering the data 

with a band pass filter, both DC shifts and low and high frequency noise 

can be eliminated. Once the signal is properly filtered to pass the 

funoamental it is greatly amplified to improve resolution and accuracy of 
the exponential growth constant measurements. 

The unfiltered trace is normally set for a maximum peak-to-peak 

deflection of approximately 1 in. while the filtered trace is set for 2 

to 4 in. for deflection. Through this method, peak-to-peak amplitudes of 

less than 1 psi can be measured in determining the portion of the data 
over which the growth is linear. 

When conducting tests in which oscillations do not grow spon¬ 

taneously, it becomes difficult to determine total burn time for burning 

rate data. This problem is eliminated by placing a small orifice in the 

exhaust tube. A 0.25 in. diameter orifice was used and a mean pressure 

rise of 10 to 15 psi was typically observed. A side benefit to using the 

otifice is that it helps to damp out low frequency pressure surges which 
are stimulated by the pulses. 
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8. Preliminary Data Reduction/Re 1¿ct Criteria 

A preliminary check of the test results was performed with the 

purpose of identifying unacceptable tests, and to provide a quick-look 

a measurement to aid in determining the day-to-day direction of the program. 

The oscillograph record of a test firing was examined for any 

indications which would render the test data invalid or unreducible. 

Criteria which were used to determine if the data were invalid included: 

(a) Suppressor malfunction 

(b) Pulse unit malfunction 

(c) Growth starting before the suppressor paddle was fully 

withdrawn 

(d) Burning behind the grains as indicated by an unusually 

rapid burnout 

(e) Growths starting too close to burnout to allow for a 

full growth 

(f) Growths starting from a finite amplitude (due to 

failure of the paddle to fully suppress oscillations) 

The occurrence of any of these was considered sufficient justifi¬ 

cation for rejection of the data from that particular test. In pressure- 

coupled T-burner tests, paddle or pulse malfunction are the most frequent 

reasons for loss of data. However, in the velocity-coupled T-burner, the 

driving was sufficiently strong that occasionally the growth of oscillations 

began before the paddle was withdarwn, or the paddle did not fully suppress 

oscillations when activated. This resulted in the loss of several tests, 

particularly during the screening phase of the program where the test 

results were not fully anticipated. As experience was gained with velocity 

coupling, tests were planned so that lower growth rates occurred, and as a 

result, fewer tests were lost. 

The second aspect of the quick-look data analysis was the measure¬ 

ment of the growth rate, a. Two pressures were measured between a low 

pressure and a higher pressure less than 50 percent of the limiting ampli¬ 

tude. The growth or was then calculated based on this rough measurement. As 

the different test series were fired, plots of this preliminary growth a 
versus area ratio were kept current to monitor and aid in directing the 

program. Later, these preliminary data were compared to the results of 

the final data analysis; gross differences between the two were investigated 

for possible errors. 
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9. Data Reduction Procedure 

The methods used In the reduction of the velocity-coupled T-burner 
records obtained during this program were standard hand reduction techniques 
which have previously been used in the variable area T-burner and are 
reported in detail in References 71 and 73. These techniques are outlined 
briefly in the following paragraphs. 

For a spontaneous growth measurement the peak-to-peak amplitude 
of a number of cycles was taken starting from the first cycle having an 
amplitude of 0.1 in. This starting amplitude was chosen to reduce the 
uncertainties of measurement errors. Measuremerts of the peak-to-peak 
amplitude were continued from the 0.1 in. displacement to the point where 
the limiting amplitude was reached as indicated in Figure 6-4. For a 
pulsed decay a the amplitude was measured from about the fifth cycle after 
pulsing to the point where the amplitude dropped below 0.1 in. The delay 
in starting the measurements was to allow the transient shocks and harmonics 
to die out leaving the undisturbed fundamental mode oscillation The 
measured growth and decay alphas were taken from the linear portion of a 
semilog plot of the amplitude displacement as a function of the cycle 
number. The measurements and calculations were made according to those 
described in Reference 71. 

The frequency was determined by dividing a given number of cycles 
by the time over which they occurred. Ten to thirty cycles, centered 
about the linear growth region, were used. 

The burn rate was calculated by dividing the average web thick¬ 
ness of the propellant grain by the total burning time. The burning time 
was measured from the maximum pressure peak at ignition to the point where 
the oscillations began to drop from limiting amplitude on the last growth. 
(See Figure 6-4.) The burnout point was determined by drawing a line 
tangent to the peaks of the decay portion. The intersection of the two 
lines was taken as the burnout point. The drop in mean pressure as recorded 
on the unfiltered pressure transducer trace was used to determine burnout 
for cases where no oscillations were present at burnout (i.e., the pulse- 
decay tests) . The intersection of two lines drawn in a manner similar 
to the oscillating case was taken as burnout. Comparisons of the oscilla¬ 
tion decay and mean pressure drop methods were made on several firings and 
the results were identical for burnout calculations. 

C. VELOCITY COUPLED T-BURNER 

Based on the T-burner analyses described in Section IV, it was apparent 
that for a small discrete sample of propellant, the maximum velocity 
coupling occurs when the sample is placed half way between the vent and the 
end of the T-burner (i.e., the L/4 location). Because of the objective of 
developing a laboratory measuring device, using small propellant samples 
it was decided to adapt the T-burner, placing a small test sample at the L/4 
location. It was also recognized that propellant was needed in the end of 
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the T-burner to provide a continuous flow of hot gases throughout the T- 
burner and to provide some pressure-coupled driving. With the availability 
of the variable area T-burner described in Paragraph B, it has been possible 
to use the same propellant as both the driver and the test sample rather than 
use an unmetallized driver propellant as Stepp did.12 Therefore, the 
standard configuration that has been adopted in this program is a T-burner 
with four propellant samples, two driver samples at the end of the burner, 
and two samples at the L/4 location. This configuration is referred to as 
the velocity-coupled T-burner. 

Figure 6-5 is a schematic drawing of the velocity-coupled T-burner 
as has been used throughout the program. Hardware extensions were con¬ 
structed to give frequencies of 450 and 800 Hz. Both the driver and test 
sample are tapered to give constant area ratios, and the test sample is 
tapered on both ends to minimize flow disturbances both upstream and down¬ 
stream of the sample. 

For a test series the size of the driver propellant was held constant 
and the area ratio of the test sample was varied. Calculations performed 
early in this phase of the work showed that a driver propellant area ratio 
between 1 and 2 would provide sufficient flow to maintain relatively 
uniform temperature throughout the burner and yet would not result in an 
excessive amount of pressure-coupled driving relative to the velocity- 
coupled test sample. Theiefore, a driver area ratio size of 1-1/2 was 
established as standard, lest sample area ratios of 1-1/2, 3, 4-1/2, 6, 
and 7-1/2 have been used depending on the propellant and test conditions. 

Other test procedures and hardware are essentially the same as used 
for the variable area T-burner as* described in Paragraph B. The velocity- 
coupled T-burner is fired into the heat exchanger/surge tank system to 
control the mean pressure. The same propellant sanple holders are used to 
hold the propellant grains in place as shown in Figure 6-2. The instru¬ 
mentation is the same and the paddle suppression device is used to permit 
multiple growth constants to be obtained. Two standard bag igniters are used 
in each end of the T-burner. Separate igniters were not used in conjunction 
with the test samples, due to complications in the instrumentation and 
hardware. This resulted in an ignition delay time associated with the test 
sample, as it did not ignite until the hot gases from the driver sample 
reached it. This normally required 40 to 50 ms. In calculating propel¬ 
lant area ratios and diameter ratios, this ignition delay time had to be 
accounted for. Other than this slight difference in determining the igni¬ 
tion time, the data reduction techniques were the same as described for the 
variable area T-burner. 
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D. END VENTED BURNER 

The end vented burner utilized the same basic hardware as the VCTB. 
The difference being that the vent of the T-burner was blocked and an 
orifice was located in one end of the burner. During some of the screening 
tests the burner exhausted to a sufficiently low pressure to obtain sonic 
conditions at the orifice. However, problems were encountered in igniting 
the propellant samples at atmospheric pressures due to small propellant 
samples relative to large areas of metal walls. Apparently, the walls 
absorbed so much of the heat from the igniters that the propellant samples 
did not reach sustained combustion. Additional pyrotechnic material was 
used in the bag igniters for several tests but this did not solve the 
problem. The problem was finally resolved by pressurizing the burner with 
the T-burner surge tank and venting through a subsonic nozzle. The principle 
disadvantage of using the subsonic nozzle is that any shift in mean burning 
rate during oscillations is not as readily observed from a subsonic test 
as for a sonic test. However, the principle objectives of evaluating 
acoustics could still be determined from the subsonic test. 

The tests that were fired used propellant located in the ends of the 
burner and at the L/4 position as in the VCTB. The test sample size was 
varied as in the VCTB technique. The size of the orifice was also varied 
dependent on the amount of propellant used. 

E. TEST SUMMARY 

As has been discussed, the final phase of the program was separated 
into two tasks. The first was a series of screening tests to determine 
whether the VCTB or the end vented burner was more practical as a 
laboratory device. The final task of the program was to evaluate the 
device selected from the screening tests (the VCTB) for a variety of typical 
test conditions. 

Twenty-two screening tests were originally scheduled and 29 were 
actually fired. All tests were performed at 300 psi and 450 Hz with CYH 
oscillatory propellant based on the results of Phase II of the program 
(Section V) and to allow comparison with previously obtained T-burner data. 
Of the tests, six pressure coupled T-burner tests were planned at three 
area ratios* to establish the characteristics of CYH Lot 1-14 propellant. 
Six VCTB tests and 10 end vented tests were planned for evaluating the two 
techniques. Both symmetric and nonsymmetric tests were planned for the end 
vented tests. 

Table 6-II summarizes the tests that were actually performed. Addi¬ 
tional tests were performed in the VCTB because the initial tests at large 
area ratio oscillated so hard that the paddle did not suppress oscillations, 
and thus, a valid measurement of o was not obtained. The raw data from 

★ 
Two duplicate tests were planned at each test condition. 
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all of the tests are tabulated in Appendix A. 
performed than had been planned, because of a 
the propellant grains to ignite properly. 

More end vented tests were 
problem in getting all 

nnf oBr ► a °f Î6 Prob,lcms in obtaining data, the end-vented burner was 
not selected as the final technique for evaluation. However, the technique 
showed sufficient promise that a test series was included in the final 
test matrix to study the technique further and to provide an independent 
method for determining the velocity-coupled response. 

The final test matrix consisted of seven test series with the overall 
objectives to determine the sensitivity of the velocity-coupled T-burner 

if the VCTBVco Id^ff1" ter CO"ditions- and Particularly to determine 
if the VCTB could differentiate between propellant formulations. These 
tests are sunmarized in Table 6-III. Several tests were fired at the stand¬ 
ard baseline conditions at area ratios optimized to fill in data where tl^ 

tiveeofnd*íeSt? T1"6 .lacking> A series of te8ts ««« ^red with the objec¬ 
tive of determining the magnitude of the vent term. Test series wer* fíraH 
with ANB-3066 and CYH SR-28 propellants to determine if the VCTB could 
«ní Híff ! between different classes of propellant (CMDB versus composite) 

different lots of a given propellant. The tests with the CYH SR-28 
particutlar significance because the SR-23 lot of propellant 

exhicits much lower amplitude oscillation in the Minuteman II, StLe^I 
than does lot 1-14. The ANB-3066 was tested at 500 psi and 800 Hz to 
aciUtate comparison with the data available from the RPL sponsored T-burner 

rirRnn°ï con“ac,:s'65’71»75'77 A test series was performed with CYH-1-14 
vÍr!«M determine if the test technique is sensitive to frequency 
of 3 lí«?!« i fteiSt,/lerÍeA WaS performed with a driver sample area ratio 
of 3 instead of 1-1/2 to determine m effect of acoustic pressure amplitude 

t ’ °r T3" fl0W velocity- Varying the driver sampU size ’ 
results in a change in both the mean flow velocity and the pressure amplitude 
tests were not performed to separate the effect of these variables. The fina 
test series performed was with the end-vented configuration to evaluate 
that independent test technique. 
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SECTION VII

ANALYSIS OF VELOCITY COUPLED T-BURNER F)ATA

A. APPRavCH

varUMe area r-bumer. (See Reference 71.) The basic test conditions

to the coaputer for a test series. The area ratios and required geone^ic 
factors are calculated internally. The coaputer uses the analysis of 
Section IV.C to calculate the theoretical value of a corresponding to the 
given test conditions. A nonlinear regression analysis is then used to 
c^are the actual datua points to the calculated theoretical points. The 
difference between calculated and actual is ainiaized by varying floating

?“ variables that are allowed to float (or be fUed in varying 
c^lnatims) are B„ Rvi. VF, VFG, and T (l.e., particle daaping relaxa-

in frequency
due to voluae change and propellant area ratio are aore Accurately 
accounted for'*. A- - - - —^ ^* •  - - - - - - - - — — —— —’ ee%>v«e&mwv

. ^ - praasure and frequency dependent acoustic loss is also
input to account for heat transfer. Thus, the value of o. actually 
represents the sun of both a heat transfer loss as well as particle 
ing losses. It should also be noted that the a. term will vary as the 
frequeMy varies from datum point to datum point. The reported in the 

paragraphs is an averaged value for the particular data set 
while the reported frequency is a nominal value.

computer program also calculates 95 percent confidence limits for 
all floating parameters, a correlation coefficient and the percent 
variate «plained for the data set. The correlation coefficient is 
calculatad from the equation

f ^
<*l.r.d - * )

i -
n

(®i - «)^

Z
i -

(7-1)

• »«f8htlng factor defined below. The percent variance 
explained is the correlation coefficient squared.

issatissf.
degrees of freedom. A more restrictive approach was to fi: the valu s 
of VF a^ \FG, floating the remaining three variables. This would i..- 
the logical approach if the values of VF and VFG were known accurately.
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For reasons discussed in the following paragraphs, VF/VTC combinations of 
-1/+1, -1/+2 and -2/+1 were used in several instances with the -1/+1 taken 

as a standard combination. Even with this approach some inconsistencies 

were noted and it appeared that perhaps the computer still had too much 
freedom in fitting the data. 

An examination of the basic equations led to the next approach. Con¬ 

sidering flush conditions (i.e., Sco/Sc = 1.), the growth constant can 
be written as 

0 , o w * a = 4f M, 

+ h bco 

bl 

CO 

R 
jd p 
2 ?tl 

VFG 

r spi+ VF ch 
(7-2) 

vi 

2 '•V + Bseiv - VF Cfl 

Consider first the driver sample. For short propellant grains, J8f~l, 
Tf 2 X 1 

- "2 ß > ~ 0 an<^ = 1. For the pressure coupled data 

~ 4f M, 

sco 

B + VF + R . ^ , 
s vi 2 1 (7-3) 

Thus, in fitting pressure coupled data (where only samples in the ends are 

used) the computer will fit to a value of Bs + VF + Rvi (small number). 

The correction due to the velocity coupling is usually — Rvi/7 for 0~O.l 

which has a significant value for Rvi — 12 as in the data considered here. 

However, it was found that the computer was apparently fitting the pressure 

ccupled data to the sum of B + VF + constanc. 
s 

Now consider the growth constant due to the velocity coupled sample. 

For propellant grains with0v <0.2, - -1, g^ ~ 1, CjJ - 1 and - 1/2. 

From equation (7-2) the growth constant can be written 

| g ' 

a° = 2f Mb (Rvi + Bs + 2VF - VFG) -lY ^ - constant (7-4) 

Sco ' 

where the constant is the sum of the driving from the end samples plus the 

net damping of the system. From equation (7-3), it was concluded that 

Bs + VF - constant. Therefore, from equation (7-4), it is apparent that 

Rvi + VF - VFG — constant. From data varying the end sample area ratio, 

Bs + VF is determined, while from varying the L/4 sample area ratio, Rv + 
VF - VFG is determined. 

r P r a 
— rs m 
^ Œ _ where a^ ig the gas/particle speed of sound determined 

TP 
from the actual frequency of a firing. 
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Based on this logic the following approach at data analysis appears 

to be very consistent. Values of VF and VFG were fixed, and then the 

pressure coupled data was analyzed with a fixed value of the velocity 

coupling response, • The value of Ryi was estimated from the uncorrected 

velocity coupling a versus area ratio plots. From the pressure coupled 

data values for the pressure coupled response, Bs, and particle damping, 

ad> terms were determined. The values of Bg and <*d> were then fixed in a 

run with both pressure coupled and velocity coupled data. In this manner, 

Bs and ad were determined from the pressure ccupled data with velocity 

coupling appropriately accounted for, and Rvi was determined from velocity 
coupling data with Bs and orj properly accounted for. 

An extensive study was also undertaken using what is termed the 

"baseline" set of data which includes the pressure coupled data (PC), the 

velocity coupled data (VC), the driver variation data (DV), and the vent 

test data, all at 300 psig and 450 Hz*with CYK 1-14 propellant. A total 

of 76 datum points comprized the set (35 PC., 7 vent, 15 DV and 19 VC). 

With the pressure coupled data giving 3S and ad, the velocity coupled and 

driver variation data giving Rvi, and the vent test data to give VF and 

VFG, it was felt that much could be learned from such a set of data. Some 

of the results from analysis of the data set are summarized in Table 7-1. 

In the first case, all parameters were floating. In the second and third 

cases VFG was fixed at 0 and +1, respectively. In the next five cases, 

various values of Bs were fixed with od fixed at a predetermined value. 

In the last three cases, different values of VF/VFG were fixed and run 
in the computer. 

There are several significant observations to be made from these 

analysis. First, the value of Rv¿ for such a wide variety cf assumed and 

optimized values of Bs, VF and VFG is virtually a constanc, 13+ 0.8 

except for Case No. 10. For the VF/VFG case (No. 10) of -1/+1 ã low 

value of <*d resulted, along with low combinations of VF-VFG, Bs + VF 

and Rvi + VF-VFG. Also, that particular case had by far the lowest 

correlation coefficient, again indicating some inconsistency. With the 

exception of that one run it is significant that tne sum of Bs + VF is a 

constant (~1.35), that Rvi + VF - VFG is a constant (~10), and that VF-VFG 

is a constant (~-3) . Because of the form of the equations and the test 

setup, a value of Ryi of 13 can be determined, exclusive of the uncertainty 

in VF and VFG. However, the pressure coupled response, Bs, cannot be 
determined because it appears in the sum with VF. 

A result of these tests is also shown in Figure 7-1 where VFG is 

plotted versus VF, showing the data fall on a line (except the -1/+1 case) 
which gives VF-VFG ---3. 

•k 

The quoted frequency is a nominal value. The actual frequency correspond¬ 

ing to a given datum point typically varies +30 Hz of the nominal value. 

For data reduction purposes, the actual measured frequency is always 
used. 
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, ,.1?^rf"!inin8 the correlation coefficient to determine which combination 
of VF/VFG gives the best fit of the data, the combinations with VF-VFG 
closest to J.O (i.e., -1/+2) seem to give a maximum correlation. (See 
Figure 7-2a.) In Figure 7-2b, the maximum correlation appears with a Bs 
vaiue of ~ 2.5 to 3 which would give a VF of — -1. As should be expected, 
with al! parameters floating a maximum correlation was achieved resulting 
in VF/VFG of -1.3/+1.8 and Bs of 2.5. 8 

Based on this approach to analyzing the data it appears that the com¬ 
bination of VF/VFG which correlates the data best is -1/+2. The 
corresponding value of the pressure coupled response function is ~2.5. 
The velocity coupled responso function has a value of 13 independent of 
the values of VF and VFG chosen. Thus, the velocity coupled response is 
a factor of 5 greater than the pressure coupled response. 

TyPÍ£31 data 8<;atter at the 95 percent confidence level is +20 percent 
in Bs, +26 percent in ad, and+10 percent in Rvi. Even after eliminating 
the uncertainty due to VF and VFG, the inherent data scatter in deuermin- 
ing Rvi is half that of determining Bs . 

The final topic considered here is that of weighting the data. The 
possibility of weighting the data was considered due to the uncertainty 

U the “ow conditions over the velocity-coupled sample, particularly 
when the sample was recessed or protruding. With either a positive or 
negative lip there is an uncertainty in a datum point due to flow-related 
conditions. Also, experience with the pressure-coupled T-burner indicates 
that non-flush data are more suspect than flush data. Therefore, a weight¬ 
ing function was imposed on the data which allows the results to be weighted 
most heavily on the flush data. 6 

Originally, arbitrary weights were assigned in steps depending on the 
degree of deviation from flush condition. Figure 7-3a shows this step 
weighting and the corresponding values of Sco/Sc. Full weighting was 
given for points with 0.9 < Srn/S„ < 1.1; half weight was assigned points 
with 0.75 < Sco/Sc < 0.9 and 1.1 < Sco/Sc < 1.25; ¡nd one fourth weight 
was assigned points with SCO/SC<0.75 or >1.25. However, since a datum 
point with a vaiue of Sco/Sc = 0.749 should carry the same weight as a 
point with Sco/Sc = 0.751, assuming the step comes at 0.75 as in Figure 
7-3a, a continuous weighting function was considered to be more correct 
than a step weighting function. 

Figure 7-3a suggests a parabolic-type distribution of weights as a 
function of SCo/Sc. This type of a distribution gives relatively uniform 
weighting to the near flush condition data and drops off rapidly as the 
value of S /Sc increases or decreases beyond flush condition. Equation 
(7-5) describes the weighting function, SYi, (see Equation 7-1) as a 
function of (Sco/Sc)2 where 50 is the value of a weighting factor to 
position the curve properly within the limits of the step graph in Figure 

SYl = 4.0 + I (1 - Sco/Sc)2| 50 
(7-5) 
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Figure 7-2. Data Correlation Resulting from Different Values of VF-VFG and 
Bs for Baseline Data 
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Therefore, u datum point with a small weighting function, SYj, will cause 
greater adjustments in the parameters than one with a large weighting 
function. 

Figure 7-3b is a plot of Equation (7-5) over the limits of Sco/Sc 
encountered in the variable area T-burner. The relative weighting of each 
point is shown on the right hand ordinate while the weighting function 
values form the left hand ordinate. These results have been incorporated 
into the data analysis computer program to provide a continuous weighting 
factor for each datum point based on the value of Sco/Sc for that point. 

A conparison of the effect of weighting the data in this manner was 
performed with the baseline data set. The data were analyzed with the 
weighting described by Equation (7-5) and with no weighting at all for 
several combinations of VF and VFG. The values of the parameters deter¬ 
mined by these two procedures are presented in Table 7-II. Three sets 
of conditions were considered with VFG floating and fixed at values of 
0 and +1. The value of the velocity-coupled response function is — 13 
for all cases; and the sum of Bs and and VF is also constant (~ 1.4). 
The differences in the values of Bs and Rvi are small but could well be 
significant. In addition, the percent variance explained is better with 
the weighted data than with the unweighted data. 

Because of these differences in the values of both response functions 
and the concern for interpretation of nonflush data, the weighting was 
used as standard procedure in all computer data analysis. 

TABLE 7-II 

COMPARISON OF EFFECT OF WEIGHTING DATA 
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B. TECHNIQUE ANALYSIS 

In this paragraph, the general characteristics of the VCTR 
are examined and compared with those of the pressure-co^ed ï-hurne^ 

r )tioFf8Unt\7’K ÍS,! Pl0t °f “ (corrected for volume changes) versus area 
i/i? f0p, ,e ^aseline Pressure-coupler, conditions and VF/VFG equal 

-1/+1. Plots for other combinations of Vr'/VFG are very similar as th, 
correction is a weak function of VF/VFG. The upward curvature of the 

Figure8? 5eis°tí °í Velocity coupling as shown in Paragraph IV C 
7tr 1 he corresP°ndin8 Plot for the baseline velocity-coupled ' ’ 

Irea r Werf obtained by varying the velocity coupling sample 

tL Har Íng íhe driVer area rati0 constant a^ ^ value of 1-1/2 
The data appear to fit a straight line as predicted by theory. 

It is convenient to examine the raw data as a function of lip for 

e vee :: - ThiS iS faclUtated by use of the tapered Sample's^hich 

g « tla y 9 C?nra"t area rati° (e-8-’ only one variable is changing 
' Figure 7-6 shows the Pressure-coupled data plotted versus 8 * 

the diameter ratio with area ratio as a parameter. The growth c^s^t 

larler^reríatÍr^M^t^TÍ"/8“0' effeCt bi'ln8 8reotcr "lth 
predictions " SectiL IV F aÛre 7 TTsll T" ^ 
velocity coupling da^atL ÎaL^ûE tt 
magnitude of the chance with *5 /9 t e u ^ 
coupled data tí Co/ c Í nUch 8reater thai> for pressure 

: U t ;,/°r Pre8Sura coupled data at an area ratio of 4-1/2 
H- \ difference of ~ 10 to 15 sec"! between the flush data and a 
diameter ratio of 0.6. With the velocity-coupled data at an aÍL «tL of 
3, the corresponding difference is ~ 50 sec-1 f 

A comparison was made to see if velocity coupling influenced rh* 

KuoVm^d“" rrataú ST 0f the theoretical analyaes dïscuaseS t„ 

fduioci:;"“p"-TOas—-a-"eo"d‘:tr:;p:artrb:h: 

coupled xir™;; írtírítinurrcí^^Tü^r1^^ 

drivern:rèa°SÏati„rleSThaS deter"‘ne if thers “as effect of 
-th a drive^areá 

¿»i iu“tLa;r:sr:;:“:0uMepdet:sret: ^L1n;cept ls -0 l,,ea8ree- 

signilicant dllterence in^he iata “ 
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Figure 7-6. Baseline Pressure Coupled <» Versus Diameter Ratio with Average 
Predicted Values for VF/VIG Combinations Listed 
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The pressure-coupled, velocity-coupled, and driver-variation data 
are compar,,! further in Table 7-III. The preaaure-couple,! data »ere run 
with various combinations of VF/VFG fixed, and with a fixed value of R„, 
(chosen so that Rvi + VF-VGF - 10) . The value of Bs + VF ls essential^ 

ith^r:/1^;"6 '7rhli"e da;a SSI;- The beSt IS Obtained with VF/VFG of -1/+1, and the results are essentially independent of the 
value of VFG, as should be for pressure coupled data. 

fl„a,Ihe P:ess“re-couP;ed data were run with the velocity-coupled data 
. „p“"® the threc <=™bustion parameters. The values of Bs + VF and Rv, 

G are constant for the three combinations of VF/VFG that were 
assumed giving an Rvi of ^ 13. The best correlation was obtained with 
the -2/+1 case. The third combination of data considered was the pressure- 
coupled data plus the driver-variation data. The value of Bs was 
essentially the same as in the two previous data sets but both the R„j 
and od are lower than determined by the standard data. 

The conclusion reached from analyzing these sets of data is that R • 
can be determined from voloeity-coupled rente with approximetelJ Se same 
confidence level as can the pressure-coupled response. However, Rv, ls 

vel^ïri" eVa Ua“"8 pre'SUre'C0UpU<1 and Bs ls nee«‘«!‘l i" evaiiating 
■xclusivl f,led da ; C“u teSC tech"lques are bF no means mutually 
of the dr,' appears that there may be a small effect due to the site 

required^Q6verify^this?WeVer' addUi0"iil data would be 
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c. TESTS [0 DETERMINE THE VENT TERM 

A series of tests were proposed and conducted in an attempt to 

evaluate the vent term, VF, and/or the flow turning term, VFG. The 

problem considered was to determine an experiment that would deemphasi?" 

the combustion terms, Bs and RVi» and permit the isolation of the flow 

terms VF and VFG. It is apparent from the theoretical analysis that the 

geometry terms multiplied by the pressure-coupled and velocity-coupled 

response functions are proportional to the acoustic pressure and the 

product of acoustic pressure and acoustic velocity, respectively. There¬ 

fore, the contribution from the combustion will be zero at the pressure 

nodal point, the vent of the T-burner. Conversely, the flow terms are 

proportional to the acoustic velocity and both the g and C terms are 

maximum at the velocity antinode, the vent position. Thus, for a test 

sample located near the vent of the T-burner, —** 0, g^v-^2, 

C^v-►l.O, and P^v;-►O. In other words, the combustion contribution 

is essentially eliminated near the vent while the flow terms have signi¬ 

ficant contributions. Assuming short propellant grains near the T-burner 

vent, the equation for a becomes (See Equation (7-4): 

o 
nr + VF) (VFG - VF) 

+ ad 
(7-6) 

Therefore, locating a test sample near the vent and systematically vary¬ 

ing the area ratio of the vent sample results in a dependence on VF and 

VFG only. In other words, 

= 4fMb(VF - VFG) (7-7) 

Constant 

driver 

Based on the above logic, a series of tests were performed with the 

test samples located as near the vent as was physically possible. 

Figure 7-9 shews the configuration that was used. The hardware and 

instrumentation system that was used was the same that has been used in 

variable area T-burner testing^* and for the velocity coupled T-burner 

testing described above. The tests were performed with CYH propellant 

at 300 psi and 450 Hz (i.e., standard conditions). 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 machined to 

fit into the 1.5 in. ID of the T-burner wall (e.g., the sample has a 1.25 in. 

ID and 1.5 in. 0D), resulting in the vent sample having a smaller web 

than the driver sample as shown in Figure 7-9. This resulted in the 

test sample burning out while the driver sample continued to burn, showing 

da 

d<Sh/Snn) D CO , 
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an instantaneous effect of the test sample on the acoustic environment. 

The driver sample was chosen large enough (Sbi/Sco = 6) to drive the 

T-burner spontaneously unstable at an a of ~ 80 sec-1 and an amplitude 
of ~ 80 psi peak to peak. 

The results were rather dramatic. Figure /-10 shows the oscillo¬ 

graph record of three of seven tests that were fired. Actual data from 

all of the tests fired are tabulated in Appendix A. The figure shows 

the AC pressure trace for the firings; the test conditions are noted. 

Test sample area ratios of 1-1/2, 4-1/2, and 7 were used. The test 

records show that both the limiting pressure amplitude and the measured 

growth constant were larger after the test sample burned out than 

while the tost sample was burning, indicating that the test sample 

represented a loss to the system. The test records also show that the 

change in both a and amplitude becomes greater for larger test samples. 

Figure 7-11 shows a plot of the corrected a versus the test sample 
area ratio (because the data were taken at very nearly flush conditions, 

the correction is negligible except at the area ratio of 6 where it is 

snail). Calculated curves for various values of VF/VFG are superimposed 

using appropriate values of Bg, od, and Rvi. The result is rather 

emphatic. The only curves that fit the data are those with a net loss 

of 3 (i.e., VF-VFG = -3). It should be noted that there is considerable 

curvature in the predicted curves whereas Equations (7-6) and (7-7) 

indicate a straight line should result. The curvature comes about due 

to the fact that the samples were not located precisely at the center 

of the T-burner. As shown in Figure 7-9, the samples were located 

1 in. from the centerline of the burner. Also, the large samples (Sb/Sco 

= 7) were 2.75 in. long, extending a significant distance into the mode 

shape. Therefore, the effects of combustion driving must be accounted 

for, which results in the deviation from the straight line. Referring 

back to Figure 7-1, the baseline set of data seemed to optimize on a 

value of VF-VFG 3. This was apparently due to the influence of these 

vent tests which virtually require such a result in order to agree with 
the data. 

The results of these tests have considerable impact on interpreta¬ 

tion of T-burner analysis. According to Culick's interpretation, VF/VFG 

have values of +1/+1 which would have no net effect acoustically for the 

present system. In other words, there would not have been any change 

in a or amplitude when the test sample burned out or when the area ratio 
was varied. Coates interpretation gives VF/VFG of -1/0 and a net loss 

of one which gives too little change in o with varying area ratio. 

Thus, neither is in agreement with the observed data. 

While the results of these tests have not isolated the value of 

the vent term, VF, the net effect of the flow interactions terms has 

been shown to be a loss to the system of magnitude 3 (i.e., VF-VFG). 

Because the indicated loss is so large, the data could well be indicating 
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Flfur* 7-10. Vent Test Result* for Firings with Three Different That 
Sasiple Area Ratios
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that the formulation of the acoustic equations Is not adequate to 
describe the T-burner; possibly a three-dimensional description will be 
required to obtain an accurate description of the T-burner. 

D. EFFECT OF FREQUENCY 

A test series was devoted to determine if the technique was oensi- 
tive to frequency. Both pressure-coupled tests and velocUy-coupled 
tests were fired with CYH 1-14 propellant at 300 psig and 800 HZ The 
800 Hz was chosen because of available hardware and because of the 
possibility (discussed in Section III.fi.2) of R going from positive to 
negative with increasing frequency. v* 

iFí8floo u"l3 13 the alpha VerSUS area ratl0 Plot for the pressure 
coupled 800 Hz data. Although the normal trend of a increasing with area 
ratio was observed, a very different trend was observed in that a tends 
to increase with decreasing diameter ratio. This is exactly opposite 
from the normally observed trend. At this time there is no explanation 
for such an occurrence. Figure 7-13 is the alpha versus area ratio for 
the velocity-coupled data. The system was stable (i.e.,o < 0) for 

aïnü/ltl0Vf Td tW° initial paddle ?ulls at 4'1/2- Aga1". 
r*M waa obsarved to increase significantly with decreasing diameter 
ratio. This is shown dramatically in Figure 7-14 where alpha is plotted 
versus the diameter ratio. Theoretical curves are superimposed for area 
ratios of 1-1/2, 6, and 7; the theory does not agree with the trend of 
the data. 

The difference in pressure coupled data at 450 and 800 Hz is small 
but significant. The difference between the velocity coupled data at 

8 HZ iS Very striking a”d grossly different than that observed 
with the pressure coupling. Quantitative analysis of the 800 Hz data 
was not accomplished. Table 7-IV summarizes several of the computer 
runs that were made. For the -1/+1 case, what appeared to be reasonable 
vaiues of Bs> <*d, and Rvi were determined. However, for this case a was 
predicted to decrease with decreasing diameter ratio which is opposite 
to the observed trend of the data. Several runs were made with negative 
values of (fixed) to determine if this would give the correct 
trend with diameter ratio. This appeared to be the case, but the magni¬ 
tude of the predicted changes were much smaller than those observed, and 
when Rvi was floated, the computer gave R^ > 0. When all variables 

IT/L ^teu : negative ™lues of Bs were determined with VF/VFG becoming 
+4/+1 which is rather unreasonable. 

A definite effect of frequency was observed in the VCTB; however 
it was not possible to quantitize the data. Additional work is needed 
to quantitatively evaluate the effect of frequency 
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Figure 7-14. CYH 1-14 800 Hz Velocity Coupling a Versus Diameter Ratio with 
Average Predicted Value Line for VF/VFG - -1/+1 





E. EFFECT OF PROPELLANT FORMULATION 

A primary objective of the program was to develop a technique 
that could differentiate the velocity coupling characteristics of 
different propellants. Therefore, two test series were fired, one 
with ANB-3066 a composite propellant and the other with CYH SR-28, a 
nonoscillatory* lot of CYH pnpellant. 

1. ANB-3066 Propellant 

Testing with ANB-3066 was performed at 500 psi and 800 Hz, the 
standard conditions for extensive testing of this propellant.^^,71,75-77 
The pressure-coupled data are shown in Figure 7-15; only four tests were 
fired at area ratios of 1-1/2 and 6 to verify that the data were con¬ 
sistent with previous ANB-3066 data. The Hercules-generated data from 
a previous program^ are superimposed on the ci rrent data showing that 
the propellant used here is the same as that used on the previous program. 

Figure 7-16 shows the velocity-coupled data. The same trends 
observed with CYH 1-14 at 450 Hz are observed with the ANB-3066 (i.e., the 
data fall on a straight line with a positive slope and Q decreases as 
S /S decreases), 
co o 

The data analysis ^s summarized in Table 7-V. The first three 
cases are those previously performed and reported on the Hercules 
variable-area T-burner program.Cases 4-6 are the same data reanalyzed 
with velocity coupling included. It is significant that the sum of 
Bs + VF varies in the two different approaches. Based on cases 4-6 it 
is apparent that some of what has previously been considered pressure 
coupling is really velocity coupling. Cases 4-6 have improved correla¬ 
tion coefficients over cases 1-3 but this is expected because the com¬ 
puter has an extra degree of freedom with as a floating variable. 

Cases 7 and 8 show an interesting factor that must be con¬ 
sidered in the data analysis. As mentioned above, only four PC tests 
were run at two area ratios. When these were analyzed in Case 7 with 
all five variables floating, ridiculous values of the variables were 
determined. The computer simply had far too many degrees of freedom 
to fit such few data. In Case 8, where VF, VFG, and Ryl were fixed, 
the degrees of freedom were reduced sufficiently that reasonable results 
were obtained. Compare this to Case 9 where all the pressure coupled 
data from this program and the previous are analyzed (corresponding to 
area ratios of 1-1/2, 5-1/2, 6, and 7). The resulting numbers are much 
more reasonable even though a VFG of - 4 resulted. The conclusion 
reached here is that it is important to have more da.a at varying area 
ratios rather than numerous repetitive tests at few area ratios. 

* 

Nonoscillatory as characterized by its performance in the Minuteman II, 
Stage III motor. 
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Ic is significant to note that when the data from the two 

different programs were analyzed in the same way with VF, VFG, and 

fixed (Cases 4 and 8), the resultant values of Bg and were the same. 

Cases 10 and 11 are the results of analyzing all the pressure- 

coupled and velocity-coupled data together. Case 11 is the -1/+1 

standard case while in Case 10 all the variables were floated. The 

results are almost the same. It should be noted again that the sum of 

B + VF and + VF - VFG are constants even though and Bg vary 

slightly between the two cases. Also, no tests were performed to verify 

the values of VF and VFG for these test conditions. It is assumed that 

VF and VFG should be constants, but this has not been verified. Assuming 

that VF-VFG = -3 holds for the current test conditions then Bs and 

can be inferred to be ~2.5 and —6.5. For ANB-3066 R^ is only about 

half that for CYH at 450 Hz. 

The objective of this test series was to see if the VCTB 

technique could differentiate between different classes of propellants. 

The data indicate that there is a definite difference between the two 

propellants, R^ differing by a factor of 2. 

2. CYH SR-28 Propellant 

A test series was performed with CYH-SR-28 propellant to 

determine if the VCTB technique could differentiate between oscillatory 

and nonoscillatory lots of CYH propellant. In the Hinuteman II Stage III 

motor the oscillatory lots of propellant (lot 1-9 and upward) exhibit a 

high amplitude pressure oscillation at 550 Hz while earlier nonoscilla¬ 

tory lots (lot 1-8 and previous) were essentially stable. The chemical 

composition of the propellant did not vary outside of specification. 

Tests run with pressure-coupled T-burners (e.g., Ref 73) and other labora¬ 

tory devices have shown some difference between the two categories of 

propellant. Window bomb movies show a rather extensive filigree struc¬ 

ture to the oscillatory propellant lots, with the nonoscillatory lots 

burning significantly different. 

Pressure-coupled data were obtained previously for SR-28^ and 

are compared to the 1-14 data in Figure 7-17. The difference is statisti¬ 

cally significant but small. The velocity-coupled data are shown in 

Figure 7-18. The difference between oscillatory and nonoscillatory 

propellant is dramatic. For example, at a test sample area ratio of 

4-1/2, the oscillatory propellant oscillates so hard that it is difficult 

to make a quantitative measurement (a > 175 sec“^-). At the same condi¬ 

tions, the nonoscillatory propellant oscillates weakly and only late 

in the firing. To be absolutely sure that something in the test 

procedures had not changed which would affect the results, three tests 

were fired in succession using identical hardware and procedures. These 

tests are No. 883, 884, and 885, listed in Appendix A. All were at 

300 psi, 450 Hz, driver area ratio of 1-1/2, and test sample area ratio 

of 4-1/2. Tests 883 and 885 were with lot SR-28 and test 884 was with 

Lot 1-14. The lot 1-14 propellant oscillated before the paddle was 
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withdrawn on the first tvo paddle pulls indicating an o > lio, while the 

nonoscillatory propellant did not even oscillate. On the third paddle 
pull, lot 1-14 had an a of 109, lot SR-28 had a values of 23 and 25. The 

general result is that the propellants are conclusively different. 

Figure 7-19 shows the data as a function of diameter ratio 

The trend is the same as for the 800 Hz data; increasing a with deceas¬ 

ing diameter ratio, which is the opposite of the standard 1-14 data. 

c e j The data Were sufficiently different that a quantitative analysis 
of the data was not totally successful. The computer runs are summarized 

in Table 7-VI. The data from Reference 71 are included as the first 

three cases. Cases 4 through 10 represent various attempts to fit the 

data (particularly to fit the trend of a with Sco/Sr). None were really 

successful. In Case 11 the tests with Sbv/Sco> 3 were excluded, and 

only the pulsed data were included, a very good fit of the data resulted 

(cc ~0.99) and a value of Ryj ~ -2 was obtained. However, the predicted 

trend with diameter ratio is not sufficient to give good agreement with 

the larger area ratio test points when they are added to the data set 
(see Case 12). 

As with the 800 Hz data, it is apparent that the theory is 
not fully adequate to describe the results obtained. 
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F. END-VENTED TEST RESULTS 

One test series of the final test matrix was to employ the end-vented 
urner to see if consistent data were obtained relative to the VCTB tech¬ 

nique. Considerable difficulty was experienced with the original end-vented 
screening tests due to faulty ignition, etc. (See Section VI.D.) Therefore 
the final end-vented test series was fired into the prepressurized surge 
tank system used for T-burner tests. In this manner the ignition problem 
was circumvented A series of 10 tests were fired with varying symmetrical 
and nonsynm.etrrcal configurations. All tests were at standard test conditions 
(CYN 1-14, 300 psi and 450 Hz). The data from the tests are tabulated in 
Appendix A. 

fired ln the end-vented burner with the propellant located 
symmetricaHy as in the VCTB. The results are plotted in Figure 7-20 
with the data from the VCTB tests included for comparison. The basic’ 
differences between the two tests are that in the end-vented configuration 
velocity coupling is eliminated due to symmetry; there is no "vent term" 
because the mean flow does not turn at the acoustic velocity antinode- 
and losses are introduced due to the end vent (i.e., nozzle losses). ’ 
Equation (7-2)ldescribing the VCTB can be modified to describe the end- 
vented burner, recognizing that ^-*"0 and 

- \ S 
4fMbj r1 (v/i 

CO 

VFG 
r 8/i>+ r2 

CO 

•“d - “noz (Sb/Sc„> (7-8) 

where <*N0Z represents the losses due to the end vent and is some function 
_r . I_1,,. - an<u burnt; tunc 1 

the mean velocity (i.e., the propellant area ratio). For the same 

written asS ^ ^ ^ EqUati°nS (7'3) and (7"4>* Equation (7-8) can be 
fbv 
S 

.0 . . Kl C _ 

(B • VFG) I -»d-«NOZ (7-9) >] 
The slope of an a versus area ratio plot is 

o' — d01 
a » 2fMb (Bs - VFG) NOZ 

Calculating nozzle damping by 

d(Sh/S,„> b co 

NOZ 
aJ 

0.65 — 
Li 

(7-10) 

(7-11) 

°f a3 und 48 SeC'1 are calculated for the two sets of data 
in Figure 7-20, and the rate of change of a is ~ -8. The slope of the 
data is approximately -17. Therefore, N0Z P 

Zf^ (Bg - VFG) - -9 (7-12) 
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For VPG of 0, +1 and ^2, d would bt 2 l oc _ j qc 
uo-td i . j , s WIJU1U De ¿‘¿j, i.2b and 0.2¾. i espectivolv 

The VCTB data indicated that values of B -2.5 and VFO -2 were optimum’ 
Thus, there appears to be a discrepancy.“ I timum. 

Z SÂÂ-lírCÂÍSTTÂr 
- Sbl - s 

“VCTB ‘ aEV = 4fMb VF “ + 2fMb (R + 2VF) + a 
co 1 S NOZ 

co 
(7-13) 

(7-ur^rSt ^1118 area ratl0- the «< Equatio 

<«VCTB -«Ev) - 4£Mb VF +.N0Z , 40 „.U) 
co 

For the given test conditions and VF = 0 -1 or -2 « u u u /« 

a^value'of VF^O^ií^h'i' n°ZZle ^ or’le^which would give 

(7-»ra„i (7.^0) :“tei:„:Mrai:r"fv:ith the resuus- 

“VCTB -“ev - 40 + 4¾ + 2 “b (Rvl + 2VF) !bv (715) 
c CO 
CO 

At an area ratio of 1-1/2, <* 
VCTB EV -140; solving for Rvi + 2VF yields 

(Rvi + 2VF)1.5 ~ 15 

At an area ratio of 4-1/2, o 
VCTB 

- a 
EV 325, therefore 

(Rvi + 2VF)4.5 .tv 13 

data Z TïcZZZl V ÎU- AUhOU8h the “Eraanent batoeaa thaaa ata and the VCTB data alone is not quantitative, it is apparent that R. • 
10 15 which is in general agreement with the VCTB data. 

nonsymmetrically^in ÍrlTr to eÍalua^'r^strictl" Phr°pellant located 

During tha phano.anological atudy (Sactfín V) Î Ls “baa'^edlhiríaíng“' 

S?Lrrd,? pr°peîlant ln.a T-burner cauaad tha La shape to“. 

£or theoretically and, therefoLt^rLlci d^LLLLL“"^ 

íh edr:trraLl0L0„?ïen Furria"“ dbe POSSlble ”lth the test, ^ udca are snown in Figure 7-21, and tne raw data are tabulated in 
Appendix A. In these firings a single driver sample (S /S - 1 1/?i 
uaed in the head end of the humar,Ld a teat ^te'!^ ÍScItad aith“ a 
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quarter length from the head end (nonsymmetrical forward) or a quarter length 
from the aft end (nonsyometrlcal aft). The difference between the forward 
and aft tests should be directly proportional to R Because the forward 
tests gave a higher value of a than the aft test, Rv\ must be greater than zero 
However, the magnitude of Ryl calculated from the average difference of the 
two data sets is on the order of 3 which is much smaller than obtained from 
the VCTB. However considering the data scatter and the uncertainty in the 
actual acoustic mode shape, the agreement can be considered qualitatively 
correct. 7 

A factor which tends to cast further doubt in the end vent data is the 
large disagreement between the nonsymmetric and symmetric tests at an area 
ratio of 1-1/2. Based on the VCTB data a difference of ~ 35 to 50 sec"^ 
should have been observed, while the actual value is -125 sec ~l (which 
infers an Rv^~30). There are two possible sources of error leading to 
this discrepancy. The first is the uncertainty in the mode shape and the 
applicability of the equations for a nonsymmetric burner. The second is 
related to measuring a correct value of a for a pulse test with large inher¬ 
ent nonlinearities. Based on the discussion in the following paragraph the 
nonlinear coefficient, G is on the order of -15. Assuming an o of -loo’sec'1 
Table 7-VII was constructed to show the errors that can be introduced in 
highly nonlinear pulse data. 

TABLE 7-VII 

ERRORS INTRODUCED IN PULSE DATA INTERPRETATION DUE 
TO NONLINEARITIES 

Pressure Amplitude (0 to pk psi) 0 1 5 10 

(sec *) 

Nonlinear contribution (sec"^) 

Observed rate of decay 

Error due to nonlinearity 

-100 

0 

-100 

0 

-100 

- 15 

-115 

13% 

-100 

- 75 

-175 

43% 

-100 

-150 

-250 

60% 

For a 5 psi pulse and a measured or of -175, the actual linear a is -100, 
causing a very significant error in interpretation of such data. With the 
inherent scatter in the end vent data (due to high harmonic content) it was 
not possible to eliminate the nonlinear effects by reducing the data using 
techniques available to account for the nonlinear terms. 

Although the end-vented burner appears attractive as a technique for 
evaluating velocity coupling, the results obtained were less than satis¬ 
factory. The basic data are much more noisy than typical T-burner data, 
and considerable harmonic content is apparent in the pulsed tests. Because 
of nonlinearities, the uncertainty in the measured value of o is excessive. 
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Uncertainty Is also introduced via the calculation of acoustic losses due 

to the end vent. To determine velocity coupling in the end-vented configura¬ 

tion, a nor.symmetric propellant arrangement must be used which at present 

cannot be properly described theoretically. Further work (both experimental 

and theoretical) would be required to develop the capability to describe the 

nonsymmetry. Therefore, the end-vented burner is not recommended as a 

standard tool for future use unless the appropriate development of theory 

and experiment is performed. Even then it does not appear to be as practical 
as the VCTB. 

G. NONLINEAR INTERPRETATION OF DATA 

Nonlinear interpretation of the data obtained on this program is based 

on previously published work on analysis of nonlinear effects.'®’ 79> 80 

The expression for the envelope of acoustic oscillatory pressure is 

R = o + GR + PR2 (7-16) 

where R is the oscillatory pressure amplitude, a is the linear coefficient 

of the pressure amplitude (i.e., the growth constant normally measured in 

a T-burner), G is the second order (or quadratic) coefficient, and P is the 

third order (or cubic) term. At the limiting amplitude, the derivative 

R, becomes zero, and Equation (7-16) can be rearranged to give 

ir— = -(G + P R ) (7-17) 

Therefore, the linear growth constant divided by the limiting pressure 

amplitude is a measure of the nonlinearities of the system. It should be 

noted that Equation (7-17) does not apply to a negative o or a decay 

constant because the value of R does not reach zero at a finite limiting 
amplitude. 6 

Normalizing Equation (7-17) leads to a nondimer sional parameter that 
has been used successfully in correlating instability data 

IT s 9_ _P_ (7-18) 
f 00 

Visualization of the nonlinearities of a system can be obtained by plotting 

a versus limiting amplitude. The slope of such a plot will be proportional 

to the 7T parameter. Figures 7-22 and 7-23 show both pressure-coupled and 

velocity-coupled data for CYH lot 1-14 and ANB-3066. The value of w for the 
velocity-coupled data is ~ 10 while for the presrure-coupled data it is 1 

This infers that the nonlinearities related to vexocity coupling are an 

order of magnitude larger than pressure-coupled nonlinearities. 
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Figure 7-22. Comparison of Data Obtained from Pressure-Coupled and 

Velocity-Coupled T-Burner 

7-44 



Figure 7-23. Plot of a Versus Limiting Amplitude to Evaluate the System 
Nonlinearities 
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H. FLOW REVERSAL 

The effects of flow reversal have been explored to determine if the 

method of measuring the growth rate, « , should be modified or if effects 

of flow reversal can be seen in the data. Calculations were made to 

determine the flow reversal conditions in the T-burner for various values 

The flow reversal calculations were based on the following assumptions: 

(1) Flow reversal occurs when the acoustic 

velocity U1 exceeds the mean flow velocity 

Ug_. The onset of flow reversal is when U' 
= Ug. 

(2) The mean flow velocity Úg increases linearly 

over the propellant surface. 

(3) There is no decrease in Ü as the gas travels 
through the burner*. 

(4) U' has a sinusoidal distribution with no mode 
shape disturbance. 

(5) Flush conditions were assumed, eliminating 

the influence of either a positive or nega¬ 

tive tip, possible mode shape disturbances, 

and localized decelerations or accelerations 
due to changing volume . 

acoustic pressure 

PL, from the data 
amplitudes (0 to peak). The final lim 

is also indicated for each area ratio. 

* 

Actually Ug will decrease as the temperature decreases due to heat 
losses along the T-burner length. 
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An inicial observation is concerned with the limiting amplitude versus 

area ratio and the amount of the propellant sample subject to How reversal. 

The amount of the sample subject to flow reversal decreases with decreas¬ 

ing area ratio. For an area ratio of 1-1/2, none of the test sample 

experiences flow reversal at limiting amplitude. Samples at area ratio of 

3 and 4.5 are partially into the flow reversal regime b foie limiting 

amplitude is reached while at an area ratio of 6 the entire sample is in 

the flow reversal regime. An important correlation can also be seen which 

indicates that the greater the acoustic velocity (i.e., the sooner the 

condition of flew reversal is reached) the greater the data scatter. 

A correlation between the onset of flow reversal and the end of the 

linear portion of the growth is also apparent where large flow reversal 

velocities are present. Figure 7-25 shows plots of ln P versus time for 

three growths at different area ratios. It can be seen that the onset of 

flow xeversal corresponds very closely to the end of the linear growth 

for the two largest area ratio tests. For the area ratio 3.0 test, limit¬ 

ing amplitude was only slightly higher than that required for flow reversal 

and the linear growth was apparently terminated by some other nonlinear 

mechanism. This behavior corresponds to a much smaller data scatter than 

conditions where flow reversal occurs at low amplitudes. For example, 

pressure-coupled data result in less data scatter than velocity-coupled 

data. This may be linked to problems caused by flow reversal which are 

not experienced to the same degree by a pressure-coupled sample as by 

velocity-coupled samples. The conclusion is that increasing flow reversal 

causes erratic behavior. This would indicate that the greatest confidence 

should be placed in data where the test sample undergoes the least amount 
of flow reversal. 

From the above analysis, the following conclusions can be made: 

(1) By exercising caution, linear growth rate measure¬ 

ments can be obtained before the onset of flow reversal. 

(2) The greater the acoustic velocity exceeds flow reversal, 

the greater the tendency for data scatter. 

(3) The onset of flow reversal appears as an important 

factor in amplitude limiting for test area ratios 

where flow reversal occurs over 80 percent or more 

of the sample. 

I. HARMONIC CONTENT 

Velocity coupling is often associated with nonlinear wave form and 

generation of higher order harmonic modes.^ However, it must be recognized 

that the wave form distortion comes about principally due to flow reversal 

effects. When the acoustic velocity exceeds the mean flow velocity (i.e., 

flow reversal), a rectification-type process occurs due to the fact that 

burning propellant responds to the magnitude of velocity, not the direc¬ 

tion. To quote from Hart, et. al..."whenever flow reversal occurs, 
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Figure 7-25. Standard VCTB Data Showing Onset of Flow Reversal Relative 

to the Termination of the Linear Growth Rate Regime 
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erosive response of propellants will lead to the generation of harmonics." 
Therefore, in analyzing nonlinear mechanisms that lead to amplitude limit¬ 

ing, nonlinear wave forms and harmonic coupling are very Important. For 

linear analysis (the normal determination of growth rate and response 

function in the VCTB), harmonic coupling appears to be of secondary 

importance because growth rates are measured at amplitudes below where 

flow reversal occurs. 

It was also very apparent that the wave form generated by the VCTB 

was very sinusoidal with minimal harmonic content. Data were obtained 

through Quantech analysis for the first five modes of the T-burner and 

are tabulated in Table 7-VIII. The data are recorded as a percentage of 

first mode amplitude. It is very evident that the relative magnitudes 

of higher modes are approximately the same for pressure-coupled tests as 

for velocity-coupled tests (comparing corresponding area ratios). 

Actually the second mode amplitude is lower in the VCTB than for the 

pressure coupled T-burner. This is probably true because the test sample 

is located at a pressure nodal point in the VCTB. It should be noted that 

the actual limiting amplitude did change drastically, from values ~100 psi 

for pressure coupling down to values ~ 25 psi. Although the limiting 

amplitude changed a factor of 4, the change in relative magnitudes of the 

harmonics were small. Based on these experimental data, the conclusions 

reached were: 

(1) Harmonic coupling does not influence linear growth rate 

measurements. 

(2) The limiting mechanism in the VCTB appears to be of such a 

nature that the amplitude limits while the harmonic content 

is very small. 
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TABLE 7-VIII 

RELATIVE AMPLITUDE OF HARMONIC MODES IN T-BURNER AND VCTB 

Type of 

Test 

Area 

Ratios 

Test 

Number 

Percent Amplitude Relative 

to 1st Mode 

2nd Mode 3rd Mode 4th Mode 

Pressure 

Coupled 

Tests 

Velocity 

Coupled 

Tests 

4-1/2 

6 

1-1/2 

3 

4-1/2 

6 

_ 

(683) 

(682) 

(732) 

(731) 

(730) 

(729) 

(728) 

10/14/9* 

18/21'16 

3/1 

5/4/5 

5/6/6 

5/7/7 

7/10/8 

5/4/3 

13/12/8 

0 

8/12/10 

12/14/7 

13/11/8 

14/12/8 

- 1/2 

1.5/2/1 

0 

~ 1/2 

- 1/2 

- 1/2 

~ 1/2 

The data nre ordered as lst/2nd/3rd paddle pull. Thus each paddle 

pull repr«sents a larger negative lip. 

Note: Q antech analyses were performed for 5th mode but there was 

not any discernable signal (no 5th mode). 
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SECTION VIII 

CONCLUSIONS AND RECOMMENDATIONS 

A. CONCLUSIONS 

The principal objective of this program was to evaluate various methods 
for measuring the velocity-coupled response of solid propellants and to 
select the most appropriate method for future development. Based on the 
program results, the velocity-coupled T-burner was selected as the most 

promising technique for future evaluation. Data from tests performed indi¬ 
cate that the velocity-coupled T-burner can yield quantitative data. 
Therefore, it is recommended for future development as a standard test 
device . 

In addition, it was an objective of the program to develop additional 
understanding of the role of velocity coupling in solid propellants This 
was achieved in numerous observations, test results, calculations etc 
The most significant o^ these are listed. ’ 

During the phenomenological study portion of the program, a "dark mode 
combustion was observed. When velocity oscillations exceeded about 
70 ft/sec, an abrupt, reversible, order-of-magnitude change in flame 
luminosity would occur during which the propellant continued to burn with 

little or no visible flame. Ultimately, it was concluded that this mode 

of combustion was a localized phenomenon peculiar to certain test conditions. 

«tt-h velocity-coupled T-burner resulted in quantitative data 
with littie evidence of wave distortion and larger than normal nonlinear 
limiting mechanisms. Harmonic content appeared to be equal to or less than 
that observed for the pressure coupled T-burner. 

Testing in the end-venter burner resulted in much poorer quality data 

than the velocity-coupled T-burner. The data exhibited significant harmonic 
content, excessive data scatter, and quantitative results were not obtained. 

A plot of the measured growth constant versus test sample area ratio 
is a straight line for the basic test technique in most cases, simplifying 
data interpretation. A very large effect due to either T-burner volume or 
sample/wall lip is observed (approximately three times as large as the 
corresponding effect in a pressure-coupled T-burner). 

No significant difference in the response was observed in the data 
when the driver sample was varied (i.e., the mean flow and acoustic pressure 
amplitude) . 

The velocity-coupled response of CYH propellant was determined to be 
approximately 13 (at 300 psi and 450 Hz) which is almost an order of magni¬ 

tude greater than the pressure-coupled response at these conditions. These 
data indicate that velocity coupling is a very significant mechanism 
relative to acoustics in solid propellant rocket motors. 
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Data were obtained with ANB-3066 propellant and with CYH lot SR-28 
propellant both of which showed different characteristics than the CYH lot 
1-14 propellant. Thus, the technique appears able to differentiate between 
different types of propellant (composite versus CMDB) and between different 
lots of propellant with differing motor characteristics. 

. .T®®t8/lred With the CYH 1-14 Pr°Pellant at 8°0 Hz gave a lower response 
and differing test characteristics than the baseline data at 450 Hz. Thus 
the technique appears to be sensitive to frequency changes. * ’ 

Considerable uncertainty remains in quantitative interpretation of the 
data obtained due to the acoustic/flow interaction terms, VF and VFG Until 
the magnitude of these terms has been defined there will be uncertainty in 
the value of the velocity-coupled response (the same holds true for pressure- 
coupled data also). The results of a series of tests fired with the purpose 
of evaluating the acoustic flow interaction terms indicate that the net sum 
of VF-VFG i* an acoustic loss with a value of -3. Overall analysis of the 
data indicate that a combination of VF/VFG of -1/+2 correlates the data 
best. Actually, the data could be indicating that the formulation of the 
acoustic equations is inadequate to describe the T-burner. 

The conclusion is reached that Rvi can be determined from velocity- 
coupled tests with approximately the same confidence level as can the 
pressure-coupled response, and that the two test techniques are by no means 
mutually exclusive (i.e., Rvi is needed in evaluating pressure-coupled data 
and Bg is needed in evaluating velocity-coupled data). 

The net result from the current contract has shown that velocity 
coupling is significant and is quantitatively measurable. 

B. FUTURE WORK 

The current program can be considered successful, but the results 
have really only scratched the surface and considerable future work needs 
to be performed to develop the velocity-coupled T-burner technique and 
velocity-coupling technology in general. 

The velocity-coupled T-burner technique needs to be completely 
developed and evaluated as a quantitative technique for measuring velocity 
coupling. It should be determined whether consistent data may be obtained 
for widely varying test conditions, if particular test conditions lead to 
inconsistent results, and what are optimum test conditions. 

To expand the basic understanding of velocity coupling the magnitude 
and shape of the velocity-coupled response of typical propellants needs to 
be determined using the velocity-coupled T-burner. Tests should be per¬ 
formed to determine the velocity-coupled response of both smokeless and 
metalized propellants for a range of pressures and frequencies. 

The current program has been directed specifically at linear velocity 
coupling with no attempt to explore or study acoustic erosivity. A 
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laboratory device is needed which will allow the characterization of acoustic 
erosivity. Also because of the manner that acoustic erosivity couples with 
motor ballistics, a theoretical interpretation of acoustic erosivity/ 
ballistic interactions needs to be performed. 
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