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ABSTRACT

This research work was directed toward the development of a
consistent experimental and theoretical description of the phe-
nomenon of intrinsic unstabl: combustion in the gas rocket. A
determination was achieved of the contribution of gas phase rate
prccesses, (in particular, chemical kinetics), to the coupling of
a finite-dimensional unsteady turbulent combustion zone and finite
amplitude (linear and nonlinear) longitudinal mode pressure
oscillations.

Experiments with the CO(HZO)/Oz/N2 propellant system confirmed |
the critical importance of the mean combustion temperature in de-
termining the onset of nonsteady burning. As previously observed
in the H2/02/N2 and CH4/02/N2 systems, the spontaneous transition |
from a regime of steady combustion located about the stoichiometric
mixture ratio to a regime of nonsteady combustion characterized by
finite amplitude, constant frequency, longitudinal mode pressure
oscillations occurs at approximately fixed combustion temperatures
independent of the relative dilution of the combustible mixture.
Subsequent investigation in which trace amounts of CH, (which is
known to have an inhibiting effect on the overall rate of reaction
in the CO(H20)/O2 system) were added to CO(HZO)/oz/N2 mixtures
showed conclusively the dominant influence of the propellant
chemistry on the linear and nonlinear system response.

Diagnostic experiments (temperature profiles and direct and
high-speed schlieven photography) showed that the combustion zone
is charac*erized by the existence of distributed high intensity
turbulent reaction zones centered at each injection port and ex- 2
tending axially 1 to 4 cm into the combustion chamber. Reaction q
is completed with the attainment of the equilibrium adiabatic com-

bustion temperature within the mixing zone of the high velocity 3

.

expanding jet. Combustion is maintained in the initially sonic
underexpanded jet by virtue of the recirculation of hot product
gases and the intense mixing of products and reactants. No intrinsic
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fluid dynamic jet unsteadiness was observed. During sustained
nonlinear oscillations the overall turbulent combustion zone volume
is unsteady and undergoes large ampiitude oscillations in size at
precisely the same frequency as the pressure oscillation., The
shock wave passage nearly corresponds to the observed minimum in
the volume oscillation.

These data led to a formulation of 3 model of the overall
burning process which supplied the appropriate combustion zone
boundary condition to the Crocco-Mitchell analysis of the chamber
wave dynamics. The analysis is valid for the case where the small
mean chamber Mach number serves as a measure of the steady level
of combustion as well as the mean nozzle outflow. Overall reaction
rate data from turbulent flow reactor studies was used to calculate
the energy release rate due to chemical kinetics and to identify
a characteristic combustion time. Perturbation in the mean com-
bustion zone thermo’ynamic and gasdynamic properties were linearly
coupled to the pressure perturbation. The important consequence
of a phase lag between oscillations in temperature, combustion
volume, and pressure was noted. A single nonlinear ordinary
integro-differential equation governing the amplitude of the pressure
oscillation was derived. The linear and nonlinear system response
was predicted for the H2/02/N2 and CH4/Air systems for several
particular cases. A strong system resonance was predicted to
occur for ratios of the combustion time to the period of oscillation
of the order of 0.1 to 1.0. Comparison of theoretical predictions
and stability limit and shock wave amplitude data for H2/02/N2 and
CH4/02/N2 systems showed excellent agreement and confirmed the im-
portance of finite overall chemical kinetic rates in the coupling
process. The similarity between experimental results for the CH4/Air
and CO(HZO)/Air systems was explained on basis of available overall
kinetic rate data and the theoretical results. The new theoretical
predictions of the important stabilizing influences of unchoked pro-
pellant injection and preheating of the unburned propellants were

confirmed experimentally.
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K = standard rave constant appearing in overall rate law
L, L = length of combustion chamber
= terms appearing in linear stability limit equation

) M = mean chamber Mach number based on adiabatic burned
gas conditions; a smcll parameter for gas rocket

M. . = mean injection Mach number based on total cross-
sectional area of injection ports

MW, = molecular weight of i th species

.

R = gas constant, universal gas constant

= flame surface area

i n

S = laminar and turbulent flame speeds
= temperature

= adiabatic combustion temperature
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po-
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= adiabatic combustion temperature at stability limit

combustion zone volume

0

= molar concentration of i th species

Rox <o w

= jet expansion (half) angle

a,p, g = dimensionless cocfficients appearing in combustion
zone boundary condition

= ratio of specific heats
= axial extent of unburned gas zone of combusting jet

eddy viscosity; amplitude parameter; ratio of
averaged property to burned gas property

m M O
]

3
ba~]

= phase angle of oscillation in mean combustion temp-
erature with respect to pressure oscillation

= phase angle of oscillation of combustion volume
with respect to pressure oscillation

<
o

= mass ratio of N2 to 02 in initial oxidizer mixture

= amplitude ratio of oscillation in combustion temp-
erature to oscillation in pressure

= dimensionless time
= ratio of unburned to burned gas temperatures

-

= wave length

= stoichiometric mixture ratio of oxidizer mass
fraction to fuel mass fraction

= kinematic viscosity

= density

R

= mass fraction of i th species
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Subscripts

ave
b

c, comb

crit, lim,
lower, upper

f

i, o, u
J

L, n
mix

02, oX
prod

r, recir

Xvii

response function coupling perturbation in the
combustion time to perturbations in the mean
combustion temperature and pressure

response function coupling perturbations in
characteristic combustion time and mean combustion
temperature

response function coupling perturbations in charac-
teristic combustion time and pressure

. : . T, - T
dimensionless combustion temperature, c i

Tb i
characteristic combustion time; essentially a
measure of mean rate of heat release
period of oscillation, % period of oscillation
residence time of propellant gases in unburned zone

characteristic mixing time or local eddy stay time
within expanding turbulent jet

equivalence ratio of initial propellant mixture
( § >1 corresponds to oxidizer-rich mixture)

equivalence ratio at lower (closest to § = 1) sta-
bility limit

equivalence ratio at upper (furthest from § = 1)
ctability limit

response function coupling oscillation of mass
injection flux to pressure oscillation

angular frequency

average value (over combustion zone volume)

burned gas property at adiabatic combustion temp-
erature

combustion zone property (volume averaged)

critical values of property at linear stability limit

fuel

unburned gas property at injection port (x = 0)
property within expanding jet

property evaluated at nozzle end (x = 1)
mixing chamber property

oxygen, oxidizer

products

recirculation zone property




Superscripts

Xxviii

!
perturbation quantities of order M, Mz, M3

dimensional quantity
stealy-state quantity

denotes perturbation of quantity from steady-state
quantity evaluated at injector end (x = 0)
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CHAPTER I: INTRODUCTION

The steady-state operation of solid and liquid propellant
rocket combustion chambers is characterized by high levels of
temperature, pressure, and turbulent multiphase mixing. Random
fluctuations in the nominally steady chamber conditions lead to
extraordinary levels of noise generation and are collectively
termed rough combustion. Frequently superimposed on this tol-
erable level of disorganized fluctuations are cyclic gas and
wave motions which may impose detrimental loads on the programmed
functioning of the motor. Such undesirable effects range from
substantial increases in the noise output, unanticipated devi-
ations in the system output in terms of specific impulse and
thermal loads on the chamber walls, structural vibrations and
loss of control, to total system failure. It is conventional to
refer synonymously to these periodic phenomena as unstable, non-
steady, unsteady, or oscillatory combustion. The basic feature
common to all of the observed organized motions is the existence
of a measurable, well-defined frequency. 1In view of the close
relationship between the observed frequency of the oscillations
and the mechanisms by which the oscillations are sustained it is
conventional to distinguish among frequency ranges according to
the mechanism of coupling of the waves and the motor system.

Low frequency or chugging oscillations with frequencies
below 200 Hz were first observed in liquid propellant rocket
motors in the early 1940's. Characterized by in-phase oscilla-
tions of the chamber pressure at all axial locations and sup-
ported by properly phased oscillations in the propellant mass in-
jection flux, this mode of oscillation is experimentally and the-
oretically well understood (1-11)1. Successful elimination of
combustion chamber and propellant feed line coupling has been
achieved by suitable injector and feed line design. Subsequent-
ly, pressure oscillations having frequencies in this range were

observed in solid propellant rocket motors with the advent of

lNumbers in parentheses indicate references, listed beginning
page 318.




geometrically larger motors operating at lower steady-state pres-
sures. Recent experimental and theoretical efforts (12, 13) in-
dicate that the mechanisms of coupling between the nonacoustic
pressure and temperature waves and the burning propellant are
complicated by lag effects in the solid phase. Theoretical de-
velopments (14) indicate that to a close degree of approximation
the pressure oscillations take the form of standing waves.

A second class of pressure oscillations in liquid propellant
motors with frequencies in the range of 200 to 1000 Hz is gener-
ally denoted. This type of oscillatory behavior is characterized
by mixture ratio oscillations which induce fluctuations in the
burned gas entropy or density and the chamber pressure. Crocco
and Cheng (3) and Berman (7) have attributed such oscillations
to the nonsteady injection and burning of the propellants. As
in the case of low frequency chugging this type of unstable com -
bustion is effectively eliminated by appropriate injector desiign
and propellant feed line manifolding.

It is important to distinguish between the aforementioned
types of combustion instability and unsteady combustion wherein
high frequency or acoustic pressure oscillations are supported in
solid, liquid, and gaseous propellant rocket motors. This report
will be restricted to an experimental and analytical treatment of
a particular type of acoustic wave motion observed in a gaseous
propellant motor. The designation acoustic is preferred over the
usual classification of high frequency. This follows from the

observation that pressure oscillations of this type manifest fre-
quencies which depend critically on the combustion chamber geom-
etry and the sound speed of the burned gases and can generally be
associated with one of the principal acoustic modes of the cham-
ber cavity with sealed ends. Thus distinctions are drawn among
acoustic oscillations on the basis of the characteristic dimen-
sion of the combustion chamber associated with the wave motion
rather than on the basis of frequency. 1In fact acoustic mode os-
cillations are observed to span the frequency range from 100 to
50, 000 Hz. Despite this broad range of frequency the mechanism

for sustaining acoustic oscillations is attrikuted to the com-




plex interaction of the pressiure waves with the energy and/or

mass sources in the combustion process. It should be noted that
the term acoustic is a compromise in diction in view of the con-
notation of vanishing amplitude, continuous, linear waves. While
the acoustic oscillations discussed in the report typically as-
sume these characteristics close to intrinsic or natural stability
limits, large amplitude, nonlinear, and often discontinuous waves
are encountered upon sufficient departure from the limiting con-
ditions, Furthermore, in some systems it is possible to excite
high amplitude nonlinear oscillations by artificially disturbing
otherwise intrinisically steady combustion chamber operation. 1In
both situations the characteristic frequency of the excited oscil-
lation invariably lies sufficiently close to a natural mode of

the chamber so that the term acoustic is appropriate in the limited
sense of denoting the frequency. As noted the distinction among
the various acoustic oscillations observed in rocket motors can

be made on the basis of the particular mode excited. The low fre-
qguency (100 to 1000 Hz) end of the scale is generally attributed
to longitudinal or axial wave motion. Higher frequency or scream-
ing (1000 to 50,000 Hz) is associated with oscillations in planes
normal to the chamber axis and which are termed radial, tangential,
and spinning.

From an historical standpoint the initial interest of the
liquid propellant rocket designers was primarily with the longi-
tudinal mode oscillations. A great deal of theoretical and ex-
perimental effort (1, 3, 15, 16, 17, 18) was expended toward their
description and elimination. With the subsequent trend toward the
development of low aspect ratio (chamber length/chamber diameter)
combustion chambers and the use of high combustion pressures in-
terest shifted to the higher frequency transverse modes (19, 20).
Oon the other hand, the early encounters with combustion instabil-
ity in solid propellant systems generally involved the higher fre-
quency transverse modes (21, 23, 24). The appearance of these
high frequency modes was inhibited with the advent of the addition
of metallic additives to the solid propellants. The transverse
modes were found to be strongly damped by the presence of con-
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densed phase metal oxide particles in the product gases. The
subsequent trend toward the development of larger solid propel-
lant rocket motors and the use of lower combustion pressures has
focussed attention on the lower frequency longitudinal modes and
the L* instability.

The recognition of the fundamental and practical significance
of the problems presented by the phenomena of acoustic oscillations
in solid and liquid propellant combustion chambers has inspired
extensive experimental and analytical programs in these areas at
Princeton. The specific program to which this report is devoted
is closely associated with the liquid propellant rocket instability
program. While attention is therefore directed to the liquid
rocket studies it has been suggested that certain aspects of the
work may bear a closer relationship with nonsteady combustion in
a solid propellant system.

Theoretical description of the phenomenon of acoustic mode
nonsteady combustion in a liquid propellant rocket motor was
initially undertaken by Crocco (l). Quantitative estimates of
longitudinal mode stability characteristics were achieved through
the linearization of the conservation equations for one-dimensional
compressible flow in a high aspect ratio combustion chamber. Be-
cause of the dearth of experimental information concerning the
physics of the complex combustion processes occurring in the com-
bustion chamber, the interaction of the combustion process and the
pressure waves was expressed through heuristic arguments in which
a pressure sensitive time lag influenced the instantaneous rate
of mass addition to the chamber gases. This pioneering effort sum-
marized by Crocco and Cheng (3) provided the basic guidelines for
a systematic experimental investigation of the phenomena of un-
stable combustion in liquid motors. The subsequent correlations
drawn between the experimental results and theoretical predic-
tions described in (18) confirmed the significant role of a time
delay mechanism in the coupling between the combustion process
and the pressure oscillations. The immediate consequence of this
interim comparison of theory and experiment was the generation of
parallel theoretical and experimental investigations. The experi-
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ments had defined the intrinsic longitudinal mode motor stability
limits1 arnd the mean wave amplitudes as a function of the chamber
geometry and the propellant equivalence ratioz. The growth of low
amplitude sinusoidal oscillations into large amplitude nonlinear
(occasionally shock-type) pressure waves occurred as the regime
of unstable burning was traversed. Theoretically it was necessary
to treat the full nonlinear problem in order to account for the
existence of finite amplitude pressure waves. The new investi-
gations carried out by Sirignano (26, 27) retained the sensitive
time lag model to describe the combustion source terms and re-
sulted in quantitative correlations bhetween the time lag model

and the wave shape and amplitude of axial mode oscillations. Ex-
perimentally a better understanding of the complex processes of
nonsteady combustion in a liquid propellant combusticn chamber
was needed. It was necessary to improve the physical combustion
model employed in the theoretical analysis and, hopefully, to
distinguish those processes which determine the response or coup-
ling (in particular the time lag and its sensitivity to the phys-
ical and chemical properties of the combustion gases) of the com-
bustion process to the pressure oscillations. The original ex-
periments of Crocco, Harrje, and Grey (18) indicated the possible
importance of gas phase rate processes in the coupling process.
This inference was drawn from the observation that the experiment-
ally determined sensitive time lag was in the range that one might
expect if the gas phase (chemistry) was controlling. Thus among
the new experimental investigations, the program of studying lon-
gitudinal mode combustion instability in a simplified rocket motor

using premixed gaseous propellants was initiated3.

lA stability limit is a boundary demarcating a zone of steady

combustion and a regime of spontaneous or intrinsic, combus-

tion-driven oscillations. A point in the unstable regime is
characterized by oscillations having approximately constant

peak-to-peak amplitude and steady frequency.

The equivalence ratio is defined as the oxidizer to fuel mix-
ture ratio divided by the stoichiometric mixture ratio.

Initial experimental results obtained with such a device at
Purdue (58) indicated that in many ways the instability
characteristics observed in the gaseous system were similar
to those encountered in the liquid motors.

2
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The gaseous propellant rocket motor or gas rocket was de-
signed as a research tool to accomplish a specific goal. 1In brief,
the system provides for the control of those parameters observed
to be of significance in determining the longitudinal mode sta-
bility characteristics of 1iquid propellant systems. A combus-
tion zone is established at one end of a high aspect ratio com-
bustion chamber by the injection of premixed energetic gaseous
propellants. The combustion chamber geometry including the cham-
ber length, the injection pattern, and the nozzle shape is easily
varied. By adjustment of the propellant mass flow rate and the
nozzle contraction ratio a range of propellant equivalence ratios,
combustion pressures and mean flow Mach numbers can be achieved.

It was originally hoped that by eliminating liquid phase phenomena
an explicit determination couid be made of the influence of gas
phase rate processes (in particular chemical kinetics) on the
phenomena of axial mode unstable combustion.

It should be emphasized that despite certain similarities be-
tween system operation and the observed stability characteristics
in liquid and gaseous propellant systems the study of the stability
characteristics of the gas rocket must not be taken as an end in
itself. Knowledge of the system's stability characteristics is
useful only insofar as this knowledge can be integrated with a
satisfactory physical and analytical description of the coupling
between the gas phase combustion process and the oscillating pres-
sure waves. In this regard the gas rocket conceptually provides
the simplest form of a dynamically coupled combustion zone and
combustion chamber flow field. As such it presents a system amen-
able to a analytical treatment. 1Ideally one would hope to combine a
realistic description of the combustion zone with an analysis of
the combustion chamber dynamics and, after including an appropriate
description of the nonsteady nozzle behavior, determine the stabil-
ity characteristics of the system as a function of the principal
system variables. It is only after the estapblishment of a real-
istic and consistent analytical and experimental argument that use-
ful information from the gas rocket investigations can be extracted.
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Following an initial series of experiments by Pelmas (28),
Bertrand (29), and Schob (30), Bowman (32) in 1966 completed an
extensive catalogue of the stability characteristics of the gas
rocket. These investigations included a description of the motor
stability limits as a function of the combustion chamber, injector,
and nozzle geometries, the steady state combustion pressure, the
mean flow Mach number, and the propellant equivalence ratio or
combustion zone temperature. The waveform of the compustion pres-
sure oscillation was observed to be distinctly nonlinear and gen-
erally assumed the form of a steep-fronted shock wave propagating
axially at approximately the fundamental longitudinal mcde fre-
quency. The systematic appearance of regimes of harmonic mode
oscillations in the form of two or three propagating shock waves
was noted. Comparison of these experimental results with an analyti-
cal model formulated by Sirignano and Crocco (26) was attempted.

In view of the fact that the theory represented a first attempt in
the application of a simplified zero time lag combustion zone
boundary condition to a nonlinear analysis of the combustion chamn-
ber dynamics, the tentative agreement between theory and experiment
on certain points was encouraging. A more complete discussion of
these experimental and analytical results is offered in Chapter II.
Suffice it to say at this point that significant quantitative and
qualitative discrepancies among theory, accumulated experimental
data, and published kinetics data were wupparent. In addition cer-
tain anomalies in the experimental results were totally puzzling.

The present work represents a logical sequel to the preceding
investigations and is keyed to the development of a consistent
theoretical model which accurately predicts the experimental ob-
gservations. In this regard, special effort is devoted to charac-
terizing the role played by gas-phase rate processes - specifical-
ly chemical kinetics - and a finite-dimensioned flame 2zone in the
coupling between the combustion zone energy release and the non-
linear longitudinal mode oscillations. In view of the definitive
nature of this work a particular effort is made to place the pre-
vious and the present researches (at Princeton and elsewhere) in

the proper perspective especially with regard to the fundamental
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bearing of gas rocket investigations on the more practical prob-
lems of nonsteady combustion in liquid and solid propellant sys-
tems. To this end a critical examination of several related in-
vestigations is undertaken in Chapter I1. Chapter II1 presents
a description of the basic gas rocket system. Certain important
changes in the basic system were necessitated in the course of
the experimental work. Several of these are discussed in Chap-
ter III.

It was felt that most of the discrepancies between the
Sirignano-Crocco analysis and the experimental results could be
attributed to the simplifications in the theoretical model neces-
sitated by a virtually complete lack of experimental information
about the structure of the gas rocket combustion zone. These
discrepancies are discussed in Chapters II, 1V, and V. Further-
more, the predicted critical dependence of the system stability
characteristics on the propellant chemistry (the activation en-
ergy) had not been confirmed experimentally. Chapter IV details
the results of a l:ngthy series of experiments performed with the
CO(Hzo)/oz/N2 propellant system to which minute traces of CH, were
added in order to accurately test this prediction. The inhibiting
effect of the CH4 molecule in the Co/o2 reaction, expressed as an
increase in the one-step or overall reaction activation energy is
manifest in a marked shift of the stability limits in gqualitative
accord with the 1 eoretical prediction of the original Sirignano-
Crocco model. A discussion follows of four separate experiments
designed to improve the understanding of the combustion zone dis-
tribution under steady and nonsteady conditions and thereby facil-
itate the formulation of a more realistic combustion zone model.
Radial steady state combustion zone temperatures were measured
with "wall mounted" thermocouples. BAxial profiles of the steady
state combustion zone temperature as a function of the propellant
equivalence ratio and the injector configuration were obtained
using *raversing uncooled and water cooled thermocouple probes.
Direct photographs of the combustion of H2 and air under stable
conditions were obtained employing a specially designed combustion

chamber section with quartz windows. A description follows of a




series of experiments employing instantaneous spark schlieren and
shadowgraph photography of the combustion zone under steady and
nonsteady operating conditions. A brief discussion of the schli-
eren system and a second redesigned windowed chamber section is
included.

Chapter IV concludes with the results of a series of experi-
ments employing techniques of high speed schlieren photography to
observe the combustion zone under steady and nonsteady operating
conditions. A discussion of the system to allow remote operation
of the high speed Hycam framing camera and the correlation of the
photographs with the transient pressure record is included.

Chapter V presents the details of a more realistic model for
longitudinal mode combustion instability in the gaseous propellant
rocket motor. A nonlinear analysis (originally due to Crocco and
Mitchell (33, 34) and reformulated by Crocco) ¢ ¢ the wave dynamics
in the combustion chamber for the case of low mean flow Mach num-
ber is performed. The important contribution of the diagnostic

experiments in the formulation of the combustion zone boundary
condition is discussed. An initial model, paftially motivated by
the comparison of Bowman's experimental results with the original
Sirignano-Crocco model and with kinetics data, in which the com-
bustion zone is assumed to take the form of extended noninteracting
cone-shaped flamelets is outlined. The influence of the experi-
mentdl work and initial numerical results from the first model on
the formulation of the alternative combustion model is pointed out.
Emphasis on the physical aspects of the "real" system is shown to

lead naturally to a distributed combustion model which can be pos-
tulated independently or derived by appropriate spacial averaging

of a one-dimensional recirculation-stabilized combustion zone. Un-
steady effects arise due to the sensitivity to the oscillating
pressure of the burning rate, the injection mass flux (in the case
of unchoked propellant injection flux), and the overall combustion
zone geometry or burning zone volume. The development and solu-
tion of the ordinary non-linear integro-differential equation gov-
erning the form of the dimensionless pressure wave for the linear
and nonlinear system response are discussed. Additional particulars
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g of the numerical techniques and the digital computer programs
are contained in the Appendices.

Two additional experiments designed to test the important
! new predictions of the analytical model are described. The
results are shown not only to corroborate the theoretical pre-
dictions but also to serve to explain an otherwise anomalous
experimental observation.

Chapter VI presents a general summary of the experimental

and analytical results. Relevant conclusions are discussed. The

inappropriateness of comparing the results of Tsuji and Takeno
(and perhaps those of the Purdue investigators) to results ob-
tained at Princeton is indicated. The existence of two modes or
operational regimes for a gaseous propellant rocket-type system
is noted. The relevance of gas rocket data to practical liquid
systems is discussed. The possibility of relaxing the quasi-
steady treatments of the gas phase reaction zone in theoretical
analyses of liquid and solid propellant rocket combustion insta-
bility is suggested.
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CHAPTER Il: Nonsteady Combustion of Premixed Gaseous Propellants

A critical discussion of researches relevant to
the investigations discussed in this report.

A. Early Investigations

The development of the gaseocus propellant rocket motor at
Princeton was motivated by the expressed desire to improve the
understanding of the influence of gas phase rate processes on
the phenomena of unstable combustion in liquid propellant rocket
motors. Jomewhat similar devices were constructed at Purdue
University and at the University of Tokyo with more or less the
same goal in mind. Previous experimental and analytical research-
es pertaining to these three systems form the necessary context
in which the present work should be considered. These will be
critically reviewed in the paragraphs to follow.

The study of nonsteady combustion in systems utilizing pre-
mixed gaseous reactants is certainly not a recent development.
Indeed, the well known temporal and spacial Rayleigh criteria (35)
for the support of oscillations by the periodic addition of heat
were formulated in the mid 19th century. Excellent reviews of
basic research work on combustion supported acoustic oscillations
including those prior to World wWar II are to be found in (41, 48).
During the early 1950's Kaskan and Markstein indeper-dently per-
formed basic experimental studies of nonsteady flam« propacation
(36, 37, 38, 39, 40). These works are summarized by Markstein
(41) and represent the first systematic attempts to study the
physics of the coupled interaction between pressure waves and a
zone of gas phase combustion. Wwhile the observations made by
these investigators are not directly applicable to the gas rocket
studies, they succeeded in delineating certain mechanisms of pres-
sure wave amplification by flame systems which have been applied
by investigators in the propulsion fields. Markstein and Kaskan
concluded that the fluctuation of the total burning surface or
flame area in response to applied fields of varying pressure is
an important coupling mechanism. For low amplitude sinusoidal

pressure waves they observed that this source of coupling may
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dominate the expected amplification due to increased burning rate
in response to the pressure and temperature variations. Kaskan
concluded that this is especially true in the case of higher fre-
quency oscillations (A~ 4000 Hz) where the oscillation period be-
comes of the order of the expected chemical reaction times in near
stoichiometric flames. A completly theoretical analysis of the
generation of acoustic waves at a thin planar flame front whenever
there occurs a change in the burning velocity, the heat release

per unit mass, the specific heat ratio of the gases, upstream en-
tropy variation, or the interaction of a thin flame front with a
pressure or velocity wave was presented by Chu (43). The ability
of a steady premixed laminar propane-air flame (established at omne
end of a long thin tube at atmospheric pressure) to drive or damp
artificially impressed longitudinal mode acoustic oscillations was
studied analytically and experimentally by Blackshear (44, 45).
Blackshear analytically treated the flame as a pressure-velocity
discontinuity and used the conservation equations of mass and mo-
mentum to develop a simplified wave equation. The assumptions of a
nonsteady, short, flame zone and low Mach number of the combustion
product gases allowed predictions from the wave equation analysis of
the effeccs of flame area change, mixture ratio, unburned and burned
gas density ratio, and the impressed wave amplitude on the driving
characteristics of the flame. The generation of pressure waves by
virtue of momentum fluctuations (velocity fluctuations) was empha-
sized. The use of energy conservation relationships was avoided
and a step change in temperature and density across a zero thick-
ness flame was considered. Blackshear's analysis also supported
the conclusion that fluctuations in the flame area can be critically
important in determining the ability of a flame to drive standing
waves. The omission of the possibility of coupling through the in-
fluence of the pressure waves on the burning rate represents a

serious shortcoming of this early work.

B. Studies of Putnam and Merk

The first systematic observations of spontaneous combustion

supported oscillations in a premixed gaseous propellant combustor
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were reported by Putnam, et al. (46, 47, 48, 49, 50). Schematics
of the devices employed in these investigations are shown in
Figure II-1. Putnam referred to these system geometries as
"rocket shaped". This term is appropriate only in the sense that
combustion is concentrated at the upstream end of the cylindrical
burner. He also applied the term "low duty" in describing the
operating characteristics. Again the appropriateness of this term
lies in the fact that the 3ystems were generally operated at at-
mospheric pressure with no aft end nozzle. While use was made of
energetic premixed gaseous reactants such as hydrogen and air, the
total mass flux was on the order of 0.2 gms/sec or about two orders
of magnitude lower than that used in the gas rocket studies dis-
cussed in this report. 1In addition the injection Mach number was
approximately 0.03. Putnam reported the effects of the system
geometry (the relative lengths of the plenum and combustion cham-
bers) and the percent theoretical air on the frequency of acoustic
longitudinal mode standing wave (organ pipe) pressure oscillations
sustained in the plenum and combustion chambers. By virtue of the
small pressure drop across the injector ports the injection mass
flux was strongly coupled to the pressure variations in the com-
bustion chamber. 1Invokiig the Rayleigh criterion (for the driv-
ing of periodic oscillations) that requires an oscillating com-
ponent of the heat release rate to be properly phased with the
pressure fluctuation at the point of heat release, Putnam argued
that energy is periodically input to the standing wave system due
to the coupled interaction of the combustion chamber, the plenum
chamber, and the injection ports. For the "short port" system of
Figure II-la, Putnam suggested that pressure fluctuations originating
in the combustion chamber pass upstream, reflect from the end of
the mixing chamber, return to the ports, and produce a surge of
premixed reactants into the combustion chamber. This additional
slug of unburned propellant is then consumed after an appropri-
ate time lag (the nature of which is not specified). For a proper
match of the characteristic frequencies of the plenum and combus-
tion chambers and the right time delay between injection and con-
sumption of the extra globule of reactants a system resonance will
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occur and standing waves will be driven, the final amplitude de-
pending on the system losses (which were not specified), A sim-

ilar coupling mechanism was postulated for the system in Fiqure II-1lb
where the size of the plenum chamber is sufficiently large to pro-

duce a mismatch between the characteristic acoustic frequencies

of the two chambers.l Putnam suggested that the mass injection !
flux varies in response to pressure fluctuations in the combus-

tion chamber by virtue of the sensitivity of the mass of gas in

the long column of unburned gases in the extended injector tubes

to the pressure changes. The important action of a time delay

mechanism between injection and consumption of the extra reactant

mass (accumulated in the tubes during the higher pressure portion

of the combustion chamber pressure cycle and subsequently dumped

into the combustion chamber during the low pressure phase of the |
cycle) was emphasized. Putnam logically argued that only by vir-

tue of the time lag between the oscillating component of the flow

rate (which is always oppositely phased to the pressure fluctu- |
ation for a zero inertia gas system) and the oscillating component

of the energy release can standing waves be driven., It should be

emphasized that Putnam®s arguments are essentially qualitative.

No formal analytical structure was proposed to model the system,

While the physical reasoning is persuasive no diagnostics of the

system were performed other than measurements of the mixture ratio,

the blowoff limits, and the supported frequencies. The basic ob-

servations revealed the presence under certain conditions of low

amplitude, linear, standing longitudinal mode waves, It is of in-

terest that preferred frequency ranges depending on geometry were

observed with the regimes of sustained oscillations falling at and
around the stoichiometric mixture ratio. For the ethane-air system
second harmonic standing wave oscillations prevailed at the stoi-
chimetric mixture ratio with the fundamental mode "limits" fall-

ing at off-stoichiometric mixtures., A lower combustion chamber

lThe characteristic frequency of the plenum chamber filled

with cold unburned reactants and the combustion chamber
filled with hot combustion products,
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length limit1 for the appearance of nonsteady combustion was pos-
tulated,

A comprehensive theoretical analysis of the nonsteady com-
bustion of premixed gases in systems analagous to those studied
experimentally by Putnam was carried out by Merk (51-56), A de~
tailed review by Putnam of this work is found in (4l1). The anal-
yses represent a significant contribution toward the understanding
of mechanisms by which acoustic oscillations in simplified flow-
combustion systems are coupled to the energy release in a pre-
mixed gaseous reactant flame zone, Merk (52) considered the sys-

tem shown in Figure II-2,

Feed Burner head
systom  mixing tube Flame tube

— =1 !
I——‘ '. —l-{—-

Supply system J Lunbuotlou gystem
Flow lylrt;m

Figure I-2. Combustor analyzed by Merk

The standard principles of linearized dynamic stability analysis
were applied to the conservation equations of mass, momentum, and
energy for the system, The conventional acoustics treatment of
the system components by means of lumped element electrical cir-
cuit analogues allowed a determination of the linear stability
characteristics, Quantitative comparison of the theory with ex-
perimental data was precluded by the introduction of several un-
determined parameters in the analysis and the inability to cal-
culate a priori the necessary acoustic impedances and admittances
for various components of the system, The analyses showed quali-
tative agreement with Putnam's results.,

Merk considered the case where the plenum or mixing chamber
and the combustion chamber are acoustic resonators closely coupled

through the low pressure drop ports in the burner head., One-di-

1

That is, a characteristic chamber length below which, stable
combustion prevails for all propellant equivalence ratios.
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mensional flow with low Mach number was assumed with friction and
heat conduction neglected, Laminar premixed flames are anchored
at each injection port and have a characteristic length which is
short compared to the characteristic chamber lengths, Merk wrote
the conservation equations valid across the injector in order to

relate the uniform properties in regions 1 and 2 of Figure II-3,

Figure I-3. Flow system near the burner ports

The nonsteady effect of the fluctuation in the flame volumes, Vfi’
was included in the conservation equations. Oscillations upstream
(region 1) of the flames were shown to be isentropic., Merk demon-
strated the nonisentropicity of the downstream oscillations but
also showed that in the limiting case of low mean flow Mach number
these are unimportant, The heat release fluctuations at the flames
were coupled to the acoustic standing wave oscillations in 1 and 2
through the sensitivity of the heat release rate to the fluctua-
tions in density, flame speed, and the flame area, The sensitivity
of the flame speed to fluctuations in the particle velocity and
the pressure upstream of the flames was accounted for by linearized
transfer functions, Following the approach of Crocco and Cheng (3)
used in the treatment of combustion instability in a liquid propel-
lant system, a time lag was introduced to account for the delay
between injection of the premixed gases and their consumption in
the thin flame front. All perturbation quantities were taken to
be of order Mach number and proportional to ei"’t° As will be dem-
onstrated in this report this is not quite correct for the case of
low mean flow Mach number and led Merk to the incorrect conclusion
that the only pressure sensitive energy source of importance in
the heat release-pressure oscillation coupling is the fluctuation
in flame area., Nevertheless, the theoretical analyses of Merk
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viewed together with the experimental results of Putnam provide a
firm foundation for understanding the nonsteady operation of the
"low duty" gaseous propellant combustor. The emphasis placed by
Putnam and Merk on the importance of the acoustic and fluid dynamic
interaction of the propellant mass injection flux and the upstream
flow and downstream combustic.i systems in determining the overall
stability characteristics of the combustor is well substantiated

by their results.

C. Gas Rocket Experiments: Zucrow, Osborn, et al. at Purdue

As was noted earlier, the development of the gas rocket as a
viable research tool for the determination of the influence of gas
phase processes (within the combustion chamber) on the phenomenon
of unstable combustion occurred independently at Purdue University's
(57-71) Jet Propulsion Center, the University of Tokyo (72-76) and
at the Guggenheim Laboratories at Princeton (26-32). These re-
searches have been motivated by interest in the practical problems
of rnonsteady combustion in liquid propellant rocket motors. Thus
the combustors were developed with an eye toward simulating the
geometry and the critical parameters observed (1, 3, 5, 6, 7, 18,
19) to influence the appearance of acoustic oscillations in the
liquid systems. It is of interest to reiterate and to contrast
the principal experimental and analytical results obtained in these
three programs and to comment on the systems themselves. As will
be shown in this report the steady and nonsteady operating charac-
teristics of the system employed by Tsuji and Takeno at the Uni-
versity of Tokyo differs markedly from that used at Princeton princi-
pally due to the failure of those investigators to uncouple the
mass injection flux of unburned propellant from the pressure
fluctuations in the combustion chamber by suitable injector design.
As a result of the extensive diagnostic program carried out by Tsuji
and Takeno further doubt is cast on the appropriateness of compar-
ing the longitudinal mode stability characteristics of either their
motor or the Purdue system to those observed with the Princeton system.

The studies of nonsteady combustion in a gaseous propellant
system by Osborn, Zucrow et al. at Purdue have been primarily

e e bt e
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experimental, Both longitudinal mode and transverse mode oscilla-
tions have been examined. Here only those experiments related to
the investigation of longitudinal mode acousticl waves will be dis-
cussed, 2Zucrow and Osborn (58) studied the influence of the com-
bustion chamber length, the mean combustion pressure, the nozzle
geometry, and the equivalence ratio of methane, ethane, super-
heated propane, and ethylene on the longitudinal mode stability
characteristics of the system shown in Figure II-4a, 1In contrast to
the low amplitude standing acoustic waves monitored by Putnam in
his low duty system, Zucrow and Osborn observed, during nonsteady
combustion, finite amplitude sinusoidal or nonlinear shock-type
waves propagating axially at approximately the fundamental acous-
tic frequency of the combustion chamber (with closed ends). Under
certain conditions (e.g., higher mean chamber pressure) there was
observed a shift from the fundamental longitudinal mode to a trans-
verse mode, Larger amplitude, higher frequency shock-type waves
were supported at higher mean chamber pressure (an increase in ﬁc
from 52 to 130 psia produced a shock amplitude increase from 20

to 35 psi although the dimensionless amplitude actually decreased
from 0,39 to 0,27). An increase in the length of the convergent
nozzle for fixed contraction ratio effected a shift from the shock
type wave form to a nonlinear continuous waveform, Subsequently,
Osborn and Bonnell (64) reported the maximum amplitude of longi-
tudinal mode oscillations supported by ethylene, ethane, and
methane in air as a function of the chamber length, Osborn and
Derr (66) using a somewhat different system than that shown in
Figure 4a determined a so-called lower critical combustion cham-
ber length below which no oscillations are sustained, Zucrow,

et al, (61) cor.celated the oscillation in the (ethylene-air) com-
bustion zone luminosity with the fluctuation in combustion pres-
sure, The results of these investigations are summarized in Fig-
ure II-4b, c, 4, e,

1 wacoustic® in the sense indicated in Chapter I. The fre-
quency can be associated with wave motion determined by
the combustion chamber geometry and the sound speed of the
hot combustion products,
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Essentially no systematic analytical formulation of the coupled
system-pressure oscillation instability phenomena was offered. The
work of Goede (69) is insufficient and open to criticism on several
grounds (e.g., the "system" was not analyzed and no mechanisms
for energy removal were included). A qualitative argument for the
mechanism of coupling between finite waves propagating axially in
a high aspect ratio combustion chamber and a pressure sencitive
combustion zone was proffered by Zucrow and Osborn (58). The pos-
tulated mechanism follows closely the concepts introduced by Crocco
(3) and developed at some length by Smith and Sprenger (25). Zucrow
and Oshorn envisioned a finite amplitude pressure wave passing
through a gas phase combustion zone characterized by a pressure-
temperature sensitive burning rate. 1In response to the increased
pressure-temperature field following the wave (after a delay of
approximately 10-4 seconds due to the inertia of the finite rate
kinetics and corresponding to the observed lag in the luminosity
traces) the burning rate accelerates and pumps energy into the
travelling wave system thereby sustaining the wave. The inverse
dependence of the wave amplitude on the oscillation frequency for
frequencies close to that observed at the lower critical chamber
length followed from the condition that more propellant is available
for driving if the positive portion of the pressure cycle is
temporally extended (assuming system losses to be unchanged for
small changes in the chamber length).

Specific criticisms of this argument were offered by Crocco
(59). While certain of these remarks must be modified by our mest
recent theoretical and experimental work, Crocco made the import-
ant point that the critical factor determining whether an oscilla-
tion will be supported by a pressure sensitive combustion zone is
the "balaace between the excess energy" (released during one cycle
in response to increased pressure) "and the excess energy absorbed
by dissipative processes and by the nozzle". The basic point to
be made in reference to the Purdue work is simply that, in lieu of
diagnostic experiments {(which would, for example, discern wrether
the apparent fluctuation in combustion zone lumincsity was "real".
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or merely due to a fluctuation in the axial location of the com-
bustion zone), little gain in physical understanding from a series
of empirical measurements of motor stability characteristics can

be achieved unless a systematic consistent analytical formulation
of the complete problem is achieved. As pointed out earlier the
accumulation of experimental data in the form of stability charac-
teristics of a gas rocket should not be considered an end in itself.
Only as these observations are shown to relate directly to phenom-
ena occurring in practical liquid or solid propellant systems, or
to be consistent with a realistic model thus allowing definite con-
clusions to be drawn about what is and what is not important can
they be considered useful. As will be indicated, the failure to
achieve either of these goals and the subsequent results of studies
by Tsuji and Takeno employing a similar gas rocket system casts
doubt as to the appropriate coupling mechanism active in the Purdue

experiments.

D. Theoretical Model of Gas Rocket Instability: Culick

It is appropriate to review the theoretical work of Culick
(79, 80) at this point in view of the fact that he made explicit
comparison of his results with the experimental results of the
Purdue group. Culick determined for the general three-dimensional
case the stability of a cylindrical combustion chamber with regard
to the support of acoustic standing wave oscillations by energy re-
lease. A linearized treatment of the equations of conservation of

e

mass, momentum, and energy for the case of low mean flow Mach num-
ber allowed the derivation of a single inhomogeneous wave equation
applicable to liquid or gaseous propellant motors. The effects of

1In this regard the observation of Osborn and Derr (66) that an
3 apparently longitudinal mode acoustic oscillation (referred to by
the authors as an "air whistle") was sustained in the absence of
combustion is interesting. The measured frequency of this os-

! cillation was sensitive to the chamber length and was of the same
‘ order of magnitude as that characteristic of oscillations observed
] during nonsteady combustion of ethylene and air. The possibility
' that the mechanism by which the "air whistle" was sustained may
1 indeed play a significant role in the support of combustion
oscillations was acknowledged but not investigated.
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energy release due to combustion and of the steady mean flow were
concentrated in the inhomogeneous term, The nozzle boundary con-
dition was specified in terms of an admittance function A= %E'
where 'P; is the dimensionless pressure perturbation and &a the
dimensionless velocity perturbation, both at the nozzle end, A
separate detailed calculation of the admittance function was per-
formed., By setting the perturbations in pressure proportional to
e_"'°""'t , Culick could have determined the stability criteria for
each mode (distinguished by appropriate wave number AR where a
is the burned gas sound speed) by equating the imacinary part of
the complex frequency (afR =«r+éA) to zero following standard sta-
bility analysis procedures, Instead an expression for A the am-
plification coefficient in terms of parameters corresponding to

the energy release, the mean flow, and the nozzle damping was de-
rived which is valid near A=0 . The effect of changes in the
important driving and damping terms could then be determined, Sta-
bility of a given mode is indicated for 2>0 ,

The system stability could be examined for various postulated
combustion-pressure wave coupling models, Of particular interest
with regard to the present work is the stability analysis (79) for
the case where the energy source term incorporates the gross fea-
tures of a gas phase combustion zone. The gualitative results of
that analysis were tentatively compared to the experimental data
obtained in the Purdue work, Culick artificially separated the
volumetric energy release rate term characterizing the combustion
zone into two terms, a pure rate term ( ~ 1/sec) and a coupled
energy release per unit volume term, The mean rate term was writ-
ten as Wc'aﬁf:"‘e-%? (1/sec), where BP™ represents the frequency
factor, 4 the mean chamber pressure, E the activation energy,
and T the mean combustion chamber temperature, The perturbation
in this mean rate corresponding to the dimensionless pressure per-
turbation is thus We = Wc (m +‘-§-'R—E;-r)-f"where the isentropic relation-
ship was used to relate £’ to 7T’ the perturbations in pressure

and T . Following the reasoning of Pickford and Peoples (78),

Culick set awc’ equal to the perturbation in the volumetric
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energy release rate (cal/cm3 sec) where @ is defined to be the
average available energy per unit volume added to the wave during
the positive portion of the transient pressure cycle, R = A:-;?mm)c
where "/ur is % the oscillation period, & the ratio of the
available energy Lo the total energy released, ¢ the heat of com-
bustion for a given mixture, )7'?,,, the total propellant mass flux,

and § is a combustion distribution function so defined that
Jv“fd\r = 1 where the integration is over the entire ‘chamber
volume, Thus the final form for the perturbation in the volumetric

energy release rate was written as

- 7 i -— Pul .e N
ch =AE ra'rw (m.'.F"' E ) e‘ L
! c —_—
ot ¥ RT f f
where the arbitrary factor e ‘% allows for a phase lag & between
the pressure perturbation and the combustion response, Culick de-
rived a single parameter, Ic , the magnitude of which determines

the system stability,

2 > 1 STABLE
1. = 2 (arlc)(-rrﬂc )( a.‘c*) D -
¢ gV @ NA/\Ygw) F,
<1 UNSTABLE
where
wilke 5
3 = dimensionless frequency dependent on geometry
mRE ,
A = geometry factor, R and L are the chamber radius
e Le and length respectively, the nozzle throat area
* = % ‘oded :
(] = (@O RT )? the characteristic velocity
-l C.*
a ¢ = factor depending on the propellant chemistry,
Y g We mixture ratio, and chamber pressure
-1 E
= m L— 3
Dn

= factor accounting for all damping effects due
Fn to nozzle geometry and Mach number at the nozzle
entrance (the mean flow) and the distribution
of combustion
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While Culick emphasized (80) the importance of the combustion dis-
tribution ( FA ) and hence the injection configuration in determining
the ultimate system stability, he also offered (79) certain con-
clusions regarding the influence on the stability characteristics

of the geometry, the mean flow Mach number, and the mean chamber
temperature and pressure. By simply noting the effect on the
magnitude of I, of a change in each parameter (all others held

constant), the change could be classified as "stabilizing" ( I. in-

sing in magnitude) or destabilizing (vice versa). Thus, in-
ing the nozzle length ( D, increases) or increasing the mean
r Mach number were seen to have stabilizing effects by virtue
of the corresponding increase in nozzle damping and convection by
the mean flow of energy through the nozzle. For a given axial mode
(w fixed) increasing the chamber length was observed to be destabil-
izing. Furthermore the lower modes should be the least stable.
Finally Culick examined the effect of variations in the term
a_a.CVY?Qc«a"r;l'-/(mJ;—'f")g.Wc and concluded that increasing the heat
of combustion 4 ot the propellant is destabilizing. Thus ethylene
should be "more unstablie” than methane. Furthermore in view of the
exponential depencierice on the parameter E/R‘-i—' of the term Wc an in-
crease in the combustion temperature T is destabilizing. (Im-
plicit in the argument is the conclusion that increasing the acti-
vation energy £ is stabilizing due to the same exponential de-
pendence). While Culick has indicated the incorrectness of the
isentropic relationship between the pressure and temperature per-
turbations in a zone of combustion (24), it is the feeling of this
author that the conclusions regarding the effects of the mean
chamber Mach number and the parameter E‘/%ﬁ- are also incorrect for
the case of longitudinal mode acoustic oscillations in a gaseous
propellant rocket motor having a low mean flow Mach number.
Culick's qualitative results cannot be compared properly to the
longitudinal mode gas rocket results (Purdue). Justification for
these remarks will follow a discussion of results obtained with

the Princeton system. The point is simply that the gas

rocket combustion zone has a characteristic length which
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is much less than the overall chamber length (in the case of lon-
gitudinal mode oscillations). This concentration of combhustion

has important consequences in the description of the coupling be-

tween the combustion zone energy release and the pressure waves.

E. Gas Rocket Experiments and Theory: Tsuji and Takeno, Tokyo

Tsuji and Takeno (73-77) have completed a series of experi-
mental and analytical studies on longitudinal mode acoustic oscil-
lations supported in a rocket motor employing premixed gaseous pro-
pellants of similar design to that originally used in the Purdue :
work. They have pursued a course of investigation quite similar |
to that followed by Bowman (32) and completed in this report. The
motivation for their work was to study the basic phenomena of non-
steady combustion in a system substantially simpler than a liquid |
prorpellant rocket motor. Premixed city gas of approximate compo-
sition - 37% H,, 24% CH,, 6.2% CO, 4% CoHy, 4% C3He. 9% Co,, 2.8%
and 13% N2 - and air were used as propellants in all of their

0,,
iivestigations. The initial experiments discussed in (73) de-
termined the longitudinal mode stability characteristics of the
system shown in Figure II-5a as a function of the mean chamber
pressure ( f% ), the propellant equivalence ratio, (¢= i; ) and
the motor geometry including the chamber length ( L. ) and the noz-
zle geometry. With regard to the injector section geometry it is /
noted that a choked orifice was located upstream of the primary

showerhead injector. This orifice was designed to suppress low ‘
frequency combustion pressure oscillations and to inhibit the up-
stream propagation of combustion in the event of flashback through ’
the primary injector. This design produced an "injection section"

(2 cm long, approximately 37 cm2 in cross section or a volume of

about 74 cm3) upstream of the primary injection orifices. Subse-

quent modification of the system to allow monitoring of the trans-

ient pressure in the injection section required an injection sec-

tion length of 4 cm (148 cm3 volume) to‘accommodaté‘the transducer.

e ) SR

t Comparison of this injection system with that in the Purdue motor
shows that a similar configuration was used by Zucrow, Oshorn,
et al. in their longitudinal mode studies. 1In the Purdue system

|
|
|
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the "injection section™ volume was cylindrical (1,32 cm long and
a volume of 44 cm3)°

Initially a determination of the stability limits as a func-
tion of the propellant equivalence ratio, the mean chamber
pressure, and the chamber length was made, As indicated in Fig-
ure II-5b, ¢, d these experiments determined narrow regions of
longitudinal mode oscillations located about the stoichiometric
mixture ratio., No transverse oscillations were reported. The ob-
servation of three axial acoustic modes, the fundamental and the
2nd and 3rd harmonics, was noted, A lower and upper critical cham-
ber length for each mode (inferred for the 3rd harmonic) was noted,
Examination of the transient combustion pressure records indicated
the sustained pressure waves to be predominantly low amplitude,
continuous, standing waves, This implies an in-phase (or precisely
180° out of phase - depending on axial location with respect to
the pressure nodes) oscillation of pressure at all axial positions
in the chamber with pressure antinodes located at the injector
and nozzle ends, Upon further scrutiny these pressure records
showed the low amplitude discontinuous shock waves (when supported)
to be superimposed on the sinusoidal standing wave oscillation.
The axial propagation of the shock waves occurred at the acoustic
frequency corresponding to the sustained standiné mode harmonic,
Confirmation of this point is indicated in (75) where the point
is emphasized that the excited oscillation remains essentially
the continuous acoustic standing wave oscillation, In the case
of the higher harmonics reflection of the shock waves at the ve-
locity nodes (pressure antinodes) of the standing waves was ob-
served, The amplitude of the waves increased with increasing
mean chamber pressure and combustion gas temperature with the max-
imum aimplitude supported at the stoichiometric mixture ratio.
Tsuji and Takeno report wave amplitudes of 3 to 5 psi corresponding
to mean chamber pressures of 1 to 2.5 atm (‘°17ﬁ§0,1),

A determination of the steady frequency of each mode showed
primary dependence on the chamber length and the mean combustion

temperature, The correlation of the measured periods of oscilla-
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tion at the stability limits with the appropriate equivalence

ratio for a mean combustion pressure of 2 atm is shown in Figure
Ii-5e, where the data points represent combinations of equivalence
ratio, chamber length, and mode order. Tsuji and Takeno made an
important inference on the basis of these data, They concluded
that the existence for each equivalence ratio (¢ ) of a lower
"critical® period ( Teawr ) of oscillation corresponding to the
observed lower "critical" lengths ( Lear) at each ¢ 1is indicative
of the existence of a '"critical combustion time lag." They sug-

gested that this characteristic combustion zone response time
included both a mechanical or fluid dynamic time lag and a

chemical time lag corresponding to that time necessary for

- the combustion zone to sense, respond to, and feed back energy

into the pressure wave, This total lag should be determined by
the propellant chemistry, the mean chamber pressure, and the in-
jection velocity. Support of oscillations should arise only when
the oscillation period exceeds the critical time, Further develop-
ment of this model followed a second series of optical investiga-
tions, It should be noted that the effect of the injection ve-
locity was included in their model, The primary injection ve-
locity during the experiments was estimated to be 1.2 x 104 cm/sec
inj = 0.3)

Having completed a determination of the phenomenological as-

(injection Mach number, M

pects of nonsteacy combustion in their gas rocket, Takeno then per-
formed a series of experiments designed to obtain information about
the combustion zone, These studies were directed towards establish-
ing a firm physical foundation, i.e.,, a better understanding of the
"real world" interaction of the combustion zone and the pressure
waves, upon which an analytical model could be constructed, To
this end Takeno first determined the influence on the motor sta-
bility characteristics of the injection geometry (the length of

the injection section) and the premixed propellant injection Mach
number, While lengthening the injection section from 2 to 4 cm
had no effect on the critical oscillation periods, Takeno did find
that a low amplitude oscillation of the injection section pressure
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accompanied oscillations in the combustion chamber pressure., He
observed that the frequency of this upstream oscillation was iden-
tical to that in the combustion chamber although the amplitude was
of the order of 0,2 times the chamber pressure oscillation ampli-
tude, However, in view of the insensitivity of the stability
characteristics to changes in the injection section length, Takeno
concluded that no wave amplification mechanism was associated with
the coupling of waves upstream and downstream of the primary in-
jector. A determination of the influence of the injection Mach
number was made by simply varying the hole size in the showerhead
type injectovs It is important to keep in mind that in all of
these tests the pressure drop across the injector was extremely
low and of the same order as the amplitude of the standing wave
oscillation in the c¢ombustion chamber (1 to 5 psi). An increase
of the injection Mach number from 0,29 to 0,37 had a destabilizing
influence in the sense that the regions of nonsteady burning ex-
panded and the critical oscillation period at each decreased,
Subsequent investigation of the axial distribution of the mean
temperature in the combustion zone during nonsteady burning coupled
with direct photographs of the combustion zone under steady burn-
ing conditions showed that combustion occurs through turbulent
flames surrounding each injected stream of propellant with the
peak temperature located approximately 3 to 4 cm from the injector
face. Takeno pointed out that for Minj = 0,29, f=3atm neither

the temperature maximum nor the temperature distribution were com-
parable at the fuel rich and fuel lean stability boundaries, For
example, a 400° K difference was reported between the combustion
temperatures at the fuel rich and fuel lean boundaries between
the fundamental mode and the stable combustion regime, He con-
cluded that the combustion zone temperature is not a critical in-
gredient in the coupling mechanism between combustion process and
the pressure waves.

A series of high speed Schlieren photographs of the combus-

tion zone under steady and nonsteady conditions completed the ex-

arimental work and facilitated certain fundamental conclusions

regarding the nature of the flame zone-pressure wave interaction,
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These tests were accomplished using a radically modified injection
scheme, The 20 hole short port length showerhead injector having

a total flow area of 1 cm2 (for M, = 0,.29) was replaced by a

"two-dimensional® injector machin;gjto provide injection through
four slots (0.1 cm x 5 cm) having a total flow area of 2 cm2

(Minj = 0,19), Essentially the same transient combustion pressure
waveform was observed with this design as was found in the earlier
work (a standing wave with a low amplitude superimposed propagating
pulse), The schlieren photographs revealed an oscillation of the
dense core zone of the low velocity streams of cold unburned pre-
mixed gases. This oscillation, which appeared as a periodic axial
extension and contraction of the propellant stream, was observed

to have the same frequency as the simultaneously measured transient
combustion pressure waveform but was seen to be almost precisely
180° out of phase with the pressure oscillation, Upon closer ex-
amination of the photographs Takeno observed that dark islands of
apparently unburned propellant are shed from the ends of the gas
streams during that phase of the cycle when the streams are length-
ening. Referring to this phenomenon as that of "flame tip breaking"
Takeno succeeded in correlating the visually observed disappearance
of the unburned islands after an appropriate "“ignition delay" of
one-quarter of the period of the pressure cycle with the appearance
at the injector end of the nonlinear propagating pulse, Thus he
discerned the mechanism of coupling between the turbulent flame
zones and the pressure oscillation to be a complex fluid mechan-
ical-chemical interaction, The sensitivity of the propellant in-
jection mass flux to the nonsteady chamber pressure (essentially

a linear effect) by virtue of the negligible pressure drop across
the showerhead injector produces oscillations in the propellant
injection velocity which are 180° out of phase with the pressure
fluctuations. The highly nonlinear effects of flame tip breaking
and subsequent ignition of the shed islands of unburned gas

occur after a chemical time delay or ignition lag. The propellant
chemistry and the combustion chamber environment determine the
ignition time lag. Takeno concludes that this is the important

characteristic time which must lie in the right range (3) in order
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that the heat release due to the delayed ignition be properly phased
with the standing wave pressure oscillation, According to Takeno
the nonlinear pressure pulse which on occasion assumes a shock

wave form has no effect of the standing wave oscillations per se,
The important influence is the heat release corresponding to the

delayed ignition, The pulse merely acts as a signal of that re-

lease, From the photographs and the pressure traces Takeno de-
termined that this critical time, ?¢e,r , is approximately 500  sec 3
which compares favorably with critical times discerned from the ﬁ
stability limit data Figure II-5e, ’
Takeno completed his investigations by developing (77) an
analytical model of the phenomena to provide quantitative as well
as qualitative explanation of the observed experimental results, }
The results obtained from the detailed combustion zone diagnostics
1 were used as a basis for the physical structuring of the model,
! Following Culick's approach a linearized analysis of the conserva-
tion equations of mass, momentum, and energy yields a simplified
l one-dimensional wave equation with a heat source due to chemical
reaction., The equation was developed for the case of low mean
flow Mach number such that the free stream velocity is of the

order of perturbation quantities and was written

2 | Y] I'4
Lt AN PR ,
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where ff and g’ are the perturbations in the dimensionless pres-
sure and the heat release rate, Takeno dispensed with the ob-
served highly structured flame zone and treated the simplified
: configuration shown in Figure II-6 where a uniform low Mach number
} flow of ~ombustion products at the mean combustion temperature pro-

ceeds from the injector face to the nozzle entrance, The influence

f Injector Heat source Nozzle
Zone 1 Zone I -
g U l P2 Y3 /.-.. 3
u ! u’
°| ] Y p_'| ! |82 = Y -’-':'
o=\ §-—— Xai
X0

Figure I-6. System analyzed by Takeno
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of heat release due to combustion is concentrated in a thin one-
dimensional heat source zone located at nondimensional axial po-
sition S , such that g Qg(*-)S(‘x-) The method of solution is
to obtain separately the simplified wave equation o'p ot = O™ Hxt
for the standing isentropic waves in regions I and II, The in-
jector and nozzle boundary conditions appear as arbitrary admit-
tance functions BI’,H' Y “').p' where ®' is the perturbation in
the mean flow velocity, No attempt at calculating these admit-
tance functions was made, They remain as adjustable parameters,
Two matching conditions (a jump condition on velocity u{;-d:’*%“’/b’
and a statement of pressure continuity ﬂf; = P'z) at the heat source
interface are obtained by integrating the inhomogeneous wave equa-
tlonfz—tﬂt -;—1% -a—[Qstt)S(x S’](valld in the heat source region)
across the heat source. The characteristic equation governing the
form of the complex frequency S =a+¢8 is obtained in the stand-
ard fashion, Of particular interest is the form assumecd for the
heat source function., Based on the flame zone observations Takeno
assumed that, in response to a harmonic pressure function of the
form 40'(1. t) = T(x) est aste-m). the heat release rate can be
written as }'- -Avz (o ye' 8 (x-S ), Recall that the photo-
graphs indicated that the flames oscillated in response to a fluc-
tuation in flow velocity at X=0 , The flow velocity fluctuation
appeared to be approximately 180° out of phase with the pressure
fluctuation, The term -V3 (0) accounts for this observation.
Furthermore the inurease in the heat release rate (the ignition)
was deemed to occur T msec alter the pressure minimum, 7 was
observed to be approximately one-quarter of the period of the pres-
sure oscillation, Thus the lag effect is accounted for by the fac~
tor e 3T , (A) is an arbitrary parameter termed the interaction
index., Takeno points out that the choice of g' is solely dependent
on the combustion model adopted., Appropriate expressions for a
chemical kinetic Arrhenius rate law and a velocity dependent rate
law are indicated. Numerical analysis of the final characteristic
equation allowed the amplification coefficient &X and the fre-
quency /B to be determined parametrically in terms of the location
of the heat source § , the time lag % , and the mode order n
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for arbitrary values of the injector and nozzle admittance func-
tions and the interaction index. For details of the calculations
and the results refer to (77).

In order to arrive at an acceptable correlation between theory
and experiment Takeno made several arbitrary assumptions. The in-
teraction index was set equal to 0.5. The dimensional time lag re-
quired by the analysis to compute 7% , was set equal to three-
quarters of the lower critical oscillation period %, despite the
observations detailed in (7€) that 7~ '/47‘“-1- . Significantly

the choice of 7 = '/4Texin yields very poor correlation between theory

and experiment for A = 0.5. This point was not discussed by Takeno.
Since prediction of the system stability behavior by this
analysis requires the use cf experimental data (the form of &’ , §
etc.) it would seem that a better procedure would have been to pre-
serve (A) as a single datum fit parameter and restrict 7 = '/472mr
in accordance with the experimental data. This would eliminate one
arbitrary parameter (namely 7 ) from the analysis. It should be
noted that the comparison between theory and experiment was made
for the case of finite driving due to the heat source but where
damping effects are neglected (both admittance functiocns set equal
to zero). Out of context this would seem to be an invalid pro-
cedure for determining the stability of tre hypothetical gas rocket
system since the important consideration ‘etermining the linear
stability limit must be the relative balance between the rate of
energy addition by combustion and the rate of energy removal by
dissipative processes. Justification for the technique follows from
the fact that Takeno obtained an expression for the amplification
coefficient and identified the stability limit with the (lower
length) zero of the amplification coefficient. By determining the
relative wagnitudes of the amplification coefficient for the various
modes Takeno determined which mode is the most likely to be sus-

tained for various combinations of the parameters.

F. Gas Rocket Experiment and Theory: Princeton University

It is appropriate to complete this review with an account of

previous researches at Princeton devoted to the study of longitudinal
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mode combustion instability in a gaseous propellant rocket motor.
While the program bears some resemblance to those at Purdue and
at the University of Tokyo the basic systems, approaches, and re-
sults can bz contrasted. As indicated in the first chapter there
has been a systematic emphasis on the deductive approach as op-
posed to the inductive one followed in the other programs. Each
phase of the work has evidenced the feedback between theory and
experiment, Qualitative and quantitative predictions have been
derived from analyses of the nonsteady combustion phenomena in
the gas rocket and have served to guide the experimental investi-
gations, 1Insight gained from the experimental observations has
been applied to the development of more realistic analytical
models, The ultimate goal has been the achievement of a realistic
description of the coupled gas phase combustion zone and p<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>