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ABSTRACT

The properties of the longitudinal mode of high-frequency com-
bustion instability in a rocket motor burning premixed gaseous propellants
have been determined experimentally. The experimental cobservatiocns have
been compared with the results of & non-linear instability theory (23)-
based on a chemical kinetic driving mechanism. It has been shown that the
theory gives the correct waveform for longitudinal instability. In addi-
tion the theory gives the correct qualitative dependence of the stability
limits on the mean combustion temperature and activation energy. The
theory also gives the correct qualitative dependence of the instability
strength on the mean combustion temperature and mean Mach number of the
combustion gases. Harmonic mode longitudinal instabilities have been
observed, and a criterion for their appearance, consistent with a chemical
kinetic driving mechanism, has been suggested. The dependence of the
stability limits and instability strength on the mean combustion pressure,
combustion chamber ler zth, injector and exhaust nozzle have been deter-
mined experimentally. These effectes are not included in the instability
theory. Pleusible explanations for the above effects, consistent with the
theoretical model, have been suggested. Based on the general agreement
between the experimental observations and theoretical results it is con-
cluded that the appropriate driving mechanism for high-frequency longi-

tudinal gas-phase combustion instability is chemical kinetics.
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CHAPTER 1. INTRODUCTION

The phenomenon of combustion instability in rocket motors is
characterized by periodic oscillations in the combustion pressure.
These pressure oscillations generally result in erratic operation, and
frequently cause a catastrophic failure of the rocket motor. It is
desirable, therefore, to understand the nature of the instability
phenomenon and to derive design criteria for preventing unstable

combustion.,

In general three basically different types of combustion
instability are recognized. The first of these is termed "low-frequency
instability" or "chugging", and is characterized by oscillation fre-
quencies in the range of 20 to 200 cps. Low-frequency instability
results from an interaction between the combustion process and the pro-
pellant feed system. Studies by various investigators (1-12)* have
resulted in a satisfactory understanding of low-frequency instability,

and have provided reasonably accurate guidelines for preventing its

occurence.

The second type of instability is termed "intermediate-

*Numbers in parentheses indicate references listed in the

references section.
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frequency instability", and is characterized by oscillation frequencies
in the range of 200 to 600 cps. Intermediate-freguency instability results
from the production of entropy waves in the combustion chamber and the
interaction of these waves with the exhaust nozzle. Several studies of
the intermediate-frequency instability phenomenon have been made (10,13).

Intermediate-frequency instability is seldom obser .ed in prectice.

The third type of instability is termed "high-frequency
instability" or "screaming", and is characterized by oscillation
frequencies generally in excess of 600 cps. High-frequency instability
results from an interaction between the combustion process and the
acoustic properties of the combustion chamber, and exists in several
forms which depend on the acoustic mode of the chamber excited by the
combustion process. Thus a distinction is made between longitudinal and
transverse mode instabilities. High-frequency combustion instabiltiy has
received a great deal of attention in recent years. Experimental studies
by various investigators (9-12, 14-17) have helped to define the nature
of the phenomenon. Theoretical studies based on various simplified
models have been made by Crocco (5, 8, 17-19), Priem and Guentert (20),
Culick (21), Hart and McClure (22) and others. These studies have
provided a partial understanding of the phenomenon toéether vith
suggestions on how to improve the stability characteristics of a rocket

motor. The fact that a complete theory of high-frequency combustion
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instability in solid and l1iquid propellant motors is not yet available :
is largely due to uncertainties in the details of the unsteady multi-

phase burning process.

From a theoretical standpoint it is desirable to separate the
complex multi-phase burning process into a series of simpler processes
(eg. atomization, vaporization, mixing, reaction). The contributjion
that each individual process makes to the overall instability phenomenon
then can __ letermined. If it were possible to couple the contributions
of the individual processes an overall instability theory could be ob-
tained. Such a coupling may not be possible but, the investigation of
the individual processes may provide certain stability parameters which

vould not be avajlable from a simplified combustion model.

The present work is directed toward understanding the contri-
bution of the gas phase to high-frequency combustion instability. The
investigation employs a rocket using premixed gaseous propellants. This
"gas rocket" eliminates those phenomena peculiar to solid and liquid
prcoellant motors, and any instability encountered can be attributed to
phenomena in the gas phase. By its very simplicity the gas rocket

readily lends itself as a model for the theoretical treatment of the

problem,

Simplicity is only one reason for investigating gas-phase
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combustion instability. Experimental studies (14, 17, 24) have shown
that there are certain similarities between high-frequency instability
in gas rockets and high-frequency instability in solid and liquid
propellant motors (eg. pressure waveform). In addition it is possible
that the gas phase plays an important role in the initiation of high-
frequency oscillations in solid and liquid propellant motors. Hence

an understanding of gas-phase instability may provide some insight into
the more complicated instability phenomena observed in solid and liquid

propellant motors.

In this thesis the experimentally observed properties of the
longitudinal mode of high-frequency combustion instability in a gas
rocket are presented. A comparison of the experimentel observations
with the results of an instability theory (23) based on a model closely
approximating conditions in a gas rocket is made. From this comparison
some conclusions concerning the driving mechanism for high-frequency
instability in gas rockets are drawn, and some comments on the role of
the gas phase in high-frequency instability in solid and liquid pro-

pellant motors are made.



CHAPTER 2. EXPERIMENTAL APPARATUS

A. Gas Rocket System

From experimental studies of high-frequency combustion
instability in liquid propellant rocket motors (10-12, 14-17) it is
known that the longitudinal mode is strongly dependent on the length
of the combustion chamber, the mixture ratio, the propellant combination
and also to a lesser extent on the injector and the nozzle. The gas
rocket system was designed so that these f'ive parameters could be
changed easily. Two basic sub-systems make up the gas rocket system-
the propellant feed system and the rocket motor (conoisting of a mixing

chamber, injector, combustion chamber and exhaust rozzle).

l. Propellant Feed System

The purpose of the propellant feed system (Figure 1) is to
supply the desired propellant flow retee to the rocket motor. The feed
system is capable of simultaneously supplying as many as three different
gases to the motor (The need for this capability will be discussed in
Chapter 4). Flow metering is accomplished using critical flow orifices
of the type shown in Figure 2. A total of ten orifices with different
throat diameters are available so that a wide range of flow rates can
be obtained. The critical flow orifices were calibrated using a water

displacement technique (Appendix A).

4 aender. T
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2. Rocket Motor

The rocket motor sub-system consists of a mixing chamber, an
injector, a combustion chamber and an exhaust nozzle. A schematic of
the rocket motor is shown in Figure 3, and a photograph of the motor
mounted on the t~st stand is showm in Figure 4. The individual

componente of the rocket motor are described below.

Mixing Chamber

The mixing chamber (Figure 5) provides for the mixing of the
gaseous propellants prior to their injection into the combustion
chamber. Primary mixing of the fuel and oxidizer 15 provided by the
impingement injector. Provision is made for introducing a third gas
Just downstream from the impingement injector through a radial-type
showerhead injector. Final mixing is obtained by passing the crudely

mixed gases through a tightly packed bed of stainless steel balls,

Experiments performed by Zucrow (24) using premixed and un-
mixed gaseous propellants show that the degree of mixing can Iinfluence
the instability phenomenon. It is of interest, therefore, to consider
the extent to which the propellant gases are mixed by the mixing chamber.
To this end an experiment was car§ied out in which given flow rates of

an oxidizer (02) and a fuel (H2) were supplied to the mixing chamber.



Samples of the gas mixture at a station just downstream from the mixing
chamber vere obtained. These samples vwere analyzed using a gas
chromatograph to determine the relative amounts of 0, and K, (1e.
mixture ratio). This mixture ratic was then compared to the input
mixture ratio (determined from the known flow rates of 0, and Hz) to
obtain an indication of the degree of mixing. In the experiment three
different mixture ratios were used; five samples vwere taken for_ each
mixture ratio. The results of this experiment are shown in Figure 6.
The scatter in the data, as indicated by the vertical bars, is
approximately ¥ 4%. This is of the same order as the uncertainty in
the known flov rates (Appendix B). It is concluded, therefore, that
the mixing chamber provides for complete mixing of the gaseous

propellants.

S8ince the propellants are premixed before injection into the
combustion chamber there exists the possibility that combustion (which
normally occurs in the combustion chamber) can propagate upstream
through the injector and occur in the mixing chamber itself. The
tendency for such a "flagh-back” of combustion can ve considerably
reduced by & correct choice of injector and starting procedure.
Unfortunately even with these precautions fhsh-bték does occur on
occasion (particularly when operating with a propellant combination

for the first time). To prevent damage to the mixing chamber by

Bl =)
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flash-back two safety devices were incorporated in the chamber design.
The first device 1is a burst diaphragm, designed to relieve the over-
pressure associated with combustion in the mixing chamber. The second
device is an electro-mechani' 1l system (Figure 7) vwhich automatically
shuts off the cxidizer flow when flash-back occurs (25). The system
consists of a sensing circuit wvhich actuates a solenoid valve which in
turn controls a pressure-actuated valve in the ocxidizer line upstream
from the mixing chamber. The sensing elements are photoelectric cells
mounted in the wall of the mixing chamber, and sense the combustion
generated light through plexiglas windows. After a shutdown due to
flash-back fuel continues to flow to prevent any remaining oxidizer

from reacting with the metal components of the mixing chamber.

The mixing chamber is also fitted with a pressure tap so
that the static pressure of the gases in the chamber can be monitored

continuously.

After being thoroughly mixed in the mixing chamber, the
gaseous propellants flow through an injector into the combustion
chamber., The injector is essentially & circular metl'a.l plate, with
some arrangement of injection orifices, fitted in the downstream end

of the mixing chamber (Figures 3 and 5). To determine the effect of

‘-



the injection pattern on the instability phenomenon experiments were
carried out using three different types of injectors. The first type

of inJjector 1s a "porous" plug cowposed of sintered stainless steel
powder with a mean pore size of five microns (Figure 8). The porous plug
injector provides nearly one-dimensional injection of the propellants
into the combustion chamber and hence should provide experimental data

wvhich can be correlated with one-dimensional instability theories.

To determine the effect of deviations from one-dimensional
injection on the instability phenomenon two types of injectors which
produce combustion z.une recirculation were used. The first type, termed
& 'showerhead” injector, is a copper plug with injection orifices parallel
to the longitudinal axis of the combustion chamber. Showerhead injectors
characteristically produce weak recirculation patterns; hence, slight
deviations from one-dimensional injection are to be expected. Three
different showerhead injectors were used in the instability studies- 10
holes, 31 holes and 49 holes (Figures 8 and 9). The second type of
"recirculating” injector is a copper plug with two sets of impinging
triplets (Figure 10). Impinging injectors produce strong recirculation
patterns; hence, fairly significant deviations from one-dimensional
injection are to be expected. The total flow areas for the three
showerhead injectors and the impinging injector were approximately equa.,

and were chosen so that the inJjection flow was choked under all conditions

s s e
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of operation. Therefore any instability encountered using these injectors
cannot be attributed to variations in the propellant injection rate., It
was not possible to obtain choked injeciion flow using the porous plug

injector.

Combustion Chamber

The cylindrical combustion chamber has an internal diameter of
3.8 cm. This diameter was chosen so as to discourage the osccurence of
the transverse modes of combustion instability (As will be seen in
Chapter U4 transverse modes do occur on occasion near stability limits).
The length of the combustion chamber can be varied from 10 cm to 200 cm
by using various combinations of nine 12.5 cm sections and two 50 cm
sections together with one of three nrizzle assemblies (described in the
following section). A typical combustion chamber section i1s shown in
Figure 11. The design of the chamber sections took into consideration
the large heat transfer rates associated with unstable combustion and the
requirement of extended run times (30 seconds or more)., The sections have
thick copper walls which serve as & heat sink and stainless steel liners
to reduce heat transfer to the walls. In addition the exterior wall of

the combustion chamber was spray=-cooled using water.

The first chamber section (ie. the one just downstréam from the

mixing chamber) was modified to accept & high-frequency pressure trans-



ducer, a spark plug (used for igniting the propellants), a steady-state
pressure transducer and five thermocouples (used tc obtain temperature
distributions in the combustion zone). Two other chamber sections were
each modified to accept a single high-frequency pressure transducer;
hence, data from as many as three high-frequency pressure transducers

can be obtained during a given run.

Exhaust Nozzles

Theoretical studies of the longitudinal mode of high-frequency
combustion instability (8, 21, 23) indicate that the instability phe-
nomenon depends on the mean flow velocity of the combustion gases and
on the geometry of the exhaust nozzle (eg. the length of the convergent
section). To investigate these effects experimentally two different sets
of exhaust nozzles were designed. In experiments to determine the effect of
the mean flow velocity on the instability phenomenon two water-cooled con-
verging-diverging nozzles were used (Figure 12). These nozzles have iden-
tical convergence angles (600) and different contraction ratios- the con-
traction ratio (CR = Achamber/Athroat) for one nozzle is approximately 23
and for the other nozzle approximately 46. In the experiments the exhaust
flow from the nozzles was choked under all conditions of operation; hence,
the mean flow velocities for the two nozzles varied inversely with the con-

traction ratios. To study the effect of the length of the convergent section of
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the exhaust nozzle on the instability phenomenon experiments were
carried out using the smaller converging-diverging nozzle and an un-
cooled tungsten "plug" nozzle (Figure 13). These two nozzles have
approximately the same flowv area , but have converging sections of
different length (The plug nozzle approximates the "zero-length"
nozzles employed in some theoretical instability models- see, for

example, Reference 23).

B. Instrumentation

The instrumentation used with the gas rocket system can ue
divided roughly into two groups- feed system instrumentation and

combustion chamber instrumentation.

1. Feed System Instrumentation (Figure 1)

The desired propellant flow rates were obtained using calibrated
critical flow orifices. For sucn orifices the flow rate is determined by
the stagnation pressure and temperature upstream from the orifice. Stag-
nation pressures vere measured using steady-state pressure transducers
(statham PG 731); stagnation temperatures were measured using copper-
copper+constantan thermocouples. The oi1tput signals from the pressure
transducers and thermocouples were recorded on Leeds and Northrup record-
ing potentiometers. To assure that the orifice flow was choked during a

given run the pressure downstream from the orifice was monitored. The



-13-

pressure in the mixing chamber was also monitored to determine if the

injector flow was choked.

2. Combustion Chamber Instrumentation

Steady-State Instrumentation

The steady-state or mean combustion pressure was measured by
2 Flader PSHD pressure transducer. Mean gas temperatures in the combus-
tion zone were measured using five uncoated platinum-platinum+10$ rhodium
thermocouples with platinum-6% rhodium shields installed in the first
combustion chamber section. Thermocouples of this type were required
because of the high-temperature oxidizing environment which existed
under certain conditions of operation of the gas rocket. Because of this
environment the thermocouples were not equipped with radiation shields.
The output signals from the five thermocouples and the Flader transducer

vere recorded on Leeds and Northrup recording potentiometers.

Transient Instrumentation

The amplitude and frequency of the pressure oscillations
associated with unstable combustion were measured by one or more water-
cooled, strain gage type, high-frequency pressure transducers (Dynisco

PT 49) mounted in the wall of the combustion chamber so that the pressure-



el

sensitive diaphragms were flush with the interior wall. The output sig-
nals from the Dynisco transducers were recorded on a seven-track magnetic
tape recorder (Ampex S=3561), For the purposes of data reduction the
recorded signals were displayed on a visicorder (Minneapolis~Honeywell
1108), The only filtering of the transducer output is that inherent in
the transient pressure recording system. The effect of this inherent

filtering on the transient pressure data is discussed in Appendix B.
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CHAPTER 3. THEORETICAL CONSIDERATIONS

A. Historical Background

One of the initial works to appear on high-frequency combustion
instability in gas rockets was due to Zucrow and Osborn (31). They re-
ported the results of an experimental study of the longitudinal mode of
combustion instability and suggested a driving mechanism based on a
coupling of the pressure oscillations with the chemical reaction rate.

In this driving mechanism a small localized pressure disturbance (perhaps
due to turbulence) propagates longitudinally in the combustion chamber.
When tids pressure disturbance traverses the reaction zone it increases the
burning rate (due to the increased pressure and temperature associated with
the disturbance). The increased burning rate, in turn, reinforces the
disturbance. If the energy supplied to the disturbance (by the inc..eased
burning rate) is greater than the energy lost due to dissipation and
reflection from the nozzle, the disturbance will be amplified during each
succeeding oscillation until dissipative phenomena within the wave limit
further amplification. If the energy supplied by combustion is less than
the energy lost the disturbance will decay in time. To account for the
experimentally observed minimum chamber length for instability ( for
chamber lengths less than the minimum the combustion is stable) Zucrow
and Osborn postulated that the net energy supplied to the disturbance de-

pends on the period of the oscillation and hence on the chamber length.
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For short chambers the period of the oscillation is small, hence only a
small amount of propellant will be injected during each cycle. Thus as
the chamber length decreases the energy released per cycle decreases, and
for some minimum chamber length the energy addition will not be sufficient
to amplify a disturbance (Implicit in this argument is the assumption that
the energy lost per cycle, due to dissipation, flow work and mean nozzle

flow, is essentially independent of the period of the oscillation).

The instability mechanism suggested by Zucrow and Osborn was
reviewed by Crocco (32). Crocco pointed out that the energy lost per
cycle is not independent of the period of the oscillation, but, in fact,
decreases with decreasing period. Thus the balance between the energy
supplied and the energy lost per cycle is relatively insensitive to the
period of the oscillation. In addition Crocco pointed out that if the
Zucrow-Osborn argumeat were carried to its logical conclusion there would
be no upper length limit for stability- ie. no maximum length above which
the combustion would be stable. Crocco noted that although this con-
clusion seemed to agree with available gas rocket data it was inconsis-
tent with accepted "time-lag" theories of combustion instability. If, as
Zucrow and Osborn postulated, the driving mechanism is a chemical kinetic
one then the relevant time-lag should be the chemical reaction time- ie.
the time required to convert gaseous reactants into gaseous products. For

combustion instability to occur there must be a coupling of the pressure
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oscillations and the combustion process. For this coupling to occur the
ratio of the chemical reaction time and the period of the oscillation
must lie in certain ranges. Since the period of the oscillation depends
an the chamber length it follows that there must be a lower and an upper
critical length for each mode of longitudinal oscillation. Below or
above these critical lengths combustion will be stable with respect to
a particular mode (Although it may still be unstable for _ther modes).
In view of the above results Crocco concluded that the instability

mechanism suggested by Zucrow and Osborn was incorrect.

Since it appeared that the driving mechanism for gas-phase
instability was not related to chemical kinetics, a different driving
mechanism, based on a coupling between oscillations in the chamber and
the heat transfer to the injector, was suggested by Bortzmeyer and
Crocco (26). 1n this driving mechanism it is assumed that the gaseous
propellants are in thermal equilibrium with the injector- ie. the
injection temperature of the gases is equal to the temperature of the
face of the injector. If a small disturbance occurs near the injector
face the heat transfer to the injector will increase (due to the increased
gas temperature associated with the disturbance). At some later time
(determined by the "inertia" of the transfer processes) the temperature
of the injector face (and thus the injection temperature of the gases)

will increase. Due to the increased injection temperature (and after a
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proper time-lag) the temperature of the burned gases increases. Note
that as the temperature of ‘he injector face increases the heat transfer
to the injector decreases (since the difference between gas temperature
and injector temperature decreases). Bortzmeyer and Crocco argued that
if the time-lags associated with the transfer processes were properly
related to the period of the oscillation, unstable combustion would occur.
Using this drivirgz mechanism Bortzmeyer and Crocco carried out a theo-
retical analysis to obtain the stability limits for the longitudinal
mode of gas-phase combustion instability. The results of this analysis
agreed in some respects with the experimental data obtained by Zucrow
and Osborn (31) and Pelmas (27). The analysis predicted a minimum
chamber length for instability and no upper length limit for stability.
It also predicted that c. ustion in the gas rocket terds to be stable
around the stoichiometric mixture ratio. This prediction agreed with
the results of Pelmas but not with the results of Zucrow and Osborn

(vho found unstable combustion around the stoichiometric mixture ratio).
The stability limits obtained from the analysis are strongly dependent
on two heat transfer parameters- the heat transfer coefficient of the
combustion gases and the thermal conductivity of the injector. An ex-
periment in which the heat transfer coefficient of the combustion gases
(for a given fuel and oxidizer) was altered was carried out by Schob (29).

This experiment showed effectively no dependence of the stability limits



on the heat transfer coefficient. Experiments using geometrically
similar injectors with and without insulating coatings (28) showed
no dependence of the stability limits on the thermal conductivity of
the injector. Thus experiments indicated that heat transfer to the

injector has little or no effect on gas-phase combustion instability.

Sirignano and Crocco (23) then carried out a thecretical
analysis of the longitudinal mode of high-frequency combustion insta-
bility in which the driving mechenism is based an chemical kinetics.
The mechanism is omewhat similar to the one used by Zucrow and Osborn
(31) to qualitatively explain their experimental results in that in-
stability is produced by a couplirg of the pressure oscillation with the
chemical reaction. The theory assumes that the response time of the
combustion process is negligible compared to the period of the oscillation.
Hence, no phase or time-lag exists between energy addition from combus-
tion and pressure. The analysis provides informaticn both on the stability
limits and on the instability waveform. The theory is dicussed in some
detail in the following sections since it seems particularly relevant to
gas-phase combustion instability and forms the basis for much of the ex-

perimental work discussed in Chapter 4.

The explanation for some of the experimentally obgerved pro-
perties of the longitudinal mode o° gas-phase instability (in particular

the existence of harmonic modes) cannot be found in the Sirignano-Crocco
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model. In an effort to account for the presence of harmonics Crocco has
recently advanced a theory, based on & chemical kinetics driving mech-
anism, wvhich assumes a combustion zone of finite thickness (33). Ana-
lytical and experimental studies based on this new model are currently

in progress at Princeton.

Culick has carried out a theoretical investigation of high-
frequency ccmbustion instability for the general case of a three-
dimensional flow field with distributed combustion (21). A solution
of the linearized equativns gives an expression for the stability limits
in which the effects cf combustion, nozzle and mean flow are separated.
Under suitable simplifications it should be possible to reduce the
equation for the stability limits to a form which is applicable to the
longitudinal mode of gas-phase instability. Since the Culick analysis
provides less information about the instability phenomenon (stability
limits only) than the Sirignano-Crocco analysis, no attempt was made in
the present study to -~orrelate Culick's results with experimental

observations.

Some comments on the results of the various studies discussed

in this section are given in Chapter 5.

B. The Sirignano-Crocco Instability Model

Sirignano and Crocco (23) have carried out a theoretical in-

’;\’;11:%.
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vestigation of the longitudinal mode of high-frequency combustion in-
stability based on a chemical kinetics driving mechanism. The driving
mechanism assumes that instability is produced by a coupling of the
pressure oscillation with the chemical reaction and that there is no
time-lag between energy addition from combustion and pressure. The
model on which the analysis is based closely approximates the conditions
in a rocket burning premixed gaseous propellants. In the following
sections a brief discussion of the theory is presented to serve as a
background for the experimental work discussed in Chapter 4. Details

of the theoretical development can be found in Reference 23 and

Appendix C.

The Sirignano=Crocco analysis differs from the linearized
approaches to the instability problem (8, 17-19, 21) in that it seeks a
solution to the naon-linear equations of motion- ie. a solution which is
valid inside a region of unstable combustion and not just at the stabil-

ity limits. The principal assumptions on which the analysis is based are:

(1) The response time of the combustion process is negligible
compared to the period of the oscillation.

(2) A plane shock wave propagates longitudinally in the
combustion chamber with constant period, and reflects alternately from
the nozzle and injector.

(3) The combustion chamber is sufficiently long so that the
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configuration may be approximated by the limiting case of a zero-lengtl
nozzle and a zero-thickness combustion zone.

(4) There are no entropy waves in the flow field.

(5) The flow is one-dimensional and adiabatic.

(6) The combustion gases are caloricelly perfect.

(7) The cross-sectional area of the combustion chamber is

constant.

Because of the presence of shock waves in the flow field it is
convenient to use a characteristic co-ordinate perturbation technique to
obtain solutions. To this end the unsteady, one-dimensional equations of
motion of the gas in the chamber are transformed into characteristic co-
ordinates, and the dependent variables (which include x,t in the char-
acteristic co-ordinate system) are expanded in terms of an as yet un-
defined amplitude parameter € . The boundary condition at the combustion
zone is defined in terms of an energy release parameter r. The boundary
condition at the nozzle is defined in terms of a nozzle admittance
parameter. It is noted that the Sirignano-Crocco analysis differs from
the standard approaches to the non-linear instability problem (20) in
that it seeks a "stable" periodic solution rather than an indicetion of
the stability of a given steady-state operation to known perturbations.
Hence, the initial condition is replaced by a cyclic condition (which in

effect states that the oscillation is periodic). '"Stable' periodic

T
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solutions to the equations, compatible with the boundary conditions and
the cyclic condition, are obtained only after considerable labor (Phe-
nomenologically a "stable" periodic solution exists when the energy
supplied to the wave by the combustion process Jjust balances the energy
dissipated by the wave due to its reflection from the nozzle and its
motion). The solutions give the strength of the shock wave (in terms
of the changes in pressure and gas velocity across the wave), the wave
velocity, the period of the oscillation and the time decay (for fixed
location) in pressure and gas velocity behind the wave as functions of
three important instability parameters- € , x , r (Appendix C). If
the functional form of the combustion law (r) is known then it is
possible to obtain @€ and X . Knowing € , x and r the waveform of
the instability can be determined. Alternatively, if the waveform of
the instability is known (through experiments) then it is possible, in
theory, to work backwards to obtain the appropriate functional form of
the combustion law. In the following sections some theoretical results

obtained for a choice of r particularly appropriate for gas rockets are

presented.
C. Theoretical Results

For any reasonable r the waveform obtained from the theory

consists of shock discontinuities followed by exponential time decay

in pressure and velocity. The shock wave oscillates with approximately
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the fundamental acoustic frequency of the combustion chamber.

In order to determine some explicit information about the

instability waveform Sirignano and Crocco assumed a simplified combus-

tion law of the Arrhenius type

r=B exp {-RLT} (3-1)

vhere E= an activation energy, T= combustion temperature, B= pre-expo-
nential fact-r (independent of T) and R= universal gus cunsiunut. Ad-
mittedly this expression may be too simple to be realistic, but it does
contaln some of the essential features of gas-phase kinetics and provides
theoretical results which are readily compared with the experimental data.

With this choice for r the functional forms of € and >\are (23)

(3-2)

e =m{r-n£-G5l)

-)
(2 1ip) fo -2 57 |
(r+l)(l+l/){|_'_ ) f__g_} (3-3)

The parameter € can be considered an amplitude parameter, rcughly pro-
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portional to the strength of the instability (Appeadix C). The parameter
J\ can be considered a shape parameter giving the nature of the exponen-

tial decay in pressure and velocity behind the wave (Appendix C}.
D. Discussion of the Assumptions

In this section some of the assumptions on which the theory is
based are reviewed, with particular emphasis being placed on a comparison

of the assumptions with conditions in the gas rocket.

Assumption l. The response time of the combustiorn process is

negligible compared to the period of the oscillaticn.

The response time of the combustion process is the time re-
quired for the reaction rate to adjust to a change in conditions (pressure,

temperature)-

I |
'mpotm ~ Teaction rate KB [reoctom i]“T
i#l

where k= specific rate constant, [reactant i] = concentration of reactant
1 and ny= order of the reaction with respect to reactant i. For the con-
ditions existing in the gas rocket typical values for trcsponse are of the
order of lO.S seconds. Typical values for the peribd of the oscillation

) =
are 10 to 10 seconds. Thus for rocket motors burning premixed gaseous

propellants the assumption of no time-lag between energy addition by
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combustion and the oscillation is a valid one (This is not true for
liquid propellant motors where energy addition depends on factors other

than gas-phase kinetics).

Assumption 2. A plane shock wave propagates longitudinally in

the combustion chamber.

Experimental studies of the longitudinal mode of high-frequency
combustion instability in liquid propellant rockets (9-12, 14) and in gas
rockets (27, 29-31, 34) have shown that the instability frequently appears
as a shock wave propagating longitudinally ‘n the combustion chamber.

This observation is confirmed by the present experimental study (Chapter 4).

Assumption 3. The nozzle length and combustion zone thickness

are negligible compared to the combustion chamber length.

The combustion zone thickness and nozzle length in the gas
rocket are generally very much less than the length of the combustion
chamber (Sce Chapter 4). Hence, Assumption 3 (which is necessary to
make the problem mathematically tenable) is valid, to a first approxi-

mation, for the gas rocket.

In general a combustion zone and nozzle of finite size have a
stabilizing effect on the combustvion process. The stabilizing effect of

& finite combustion zone results from the non-optimum addition of energy
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to the combustion oscillation- ie. energy addition over a finite length
rather than at a pressure antinode. It is conceivable that for suffi-
ciently short chambers (ie. for pressure oscillations with small wave
length) the combustion oscillations would not be amplified. In fact this
argument is frequently offered as an explanation for the experimentally
observed minimum chamber length for longitudinal instability (32). As
the length of the combustion chamber increases tiie energy addition

approaches the optimum and the stabilizing effect decreases.

Any stabilizing effect of the nozzle results from variations
in the amplitude and phase of pressure and velocity produced by the
interaction of the oscillation with the nozzle. In general these ampli-
tude and phase variations decrease with decreasing frequency (longer
chambers); hence, as the chamber length increases the stabilizing effect
of the nozzle decreases. An experimental study of the effects of the
combustion zone and nozzle on the instability phenomenon is discussed

in Chapter &.

Assumption 4. No entropy waves exist in the flow field.

In a rocket motor burning premixed gaseous propellants entropy
waves can be produced by localized pressure variations (such as accompany

unstable combustion) in the combustion zone. Adjacent propellant elements L4

g

will have different entropies; the mean downstream motion of these
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elements is termed an entropy wave. An entropy wave can have two possible
effects on the instability phenomenon. The first effect is the appear-
ance of intermediate-frequency instability (discussed in Chapter 1). The
second effect results from the interaction of the entropy wave with the
pressure waves associated with high-frequency instability. Due to the
highly turbulent flow in the combustion chamber of the gas rocket it is
reasonable to assume that entropy waves are "erased" due to turbulent
mixing. If this is true then the effects of the entropy wave can be
neglected. In the experiments of Chapter 4 no effects attributable to

entropy waves were observed.

Assumption 5. The flow is one-dimensional and adiabatic.

Due to the high turbulence level downstream from the combustion
zone it is reasonable to assume that the mean flow properties are con-
stant over a given cross-section. The nature of the flow immediately
downstream from the injector and in the combustion zone depends on the
injection pattern. The effects of non-uniform flow in the combustion
zone on the instability phenomenon are not known a priori. Hence, an
experimental study of the effe ts of the injection pattern on the in-

stability has been made (Chapter 4).

The flow in the gas rocket is definitely non-adiabatic. Heat

transfer to the walls of the combustion chamber is relatively large for
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stable combustion, and when the combustion is unstable the heat transfer

increases significantly. Heat transfer has a stabilizing effect on the

combustion process (as do all dissipative phenomena).

Assumrtions in Equation (3-1).

Two important assumptions are embodied in the energy release
law (3-1). First, the energy release rate is assumed to be independent

of pressure or species concentration. A more rigorous expression for

the energy release rate would be
A
r=qr

where q is a heat of reaction and ? is the chemical reaction rate and is

written

A m i
r=b(T)if.Il[reoctant i] exp{--%.

where b(T)= a temperature dependent pre-exponential factor. Expressing

the concentration of the 1°® reactant in terms of the mole fraction (xi)

and the total pressure the energy release law becomes

i
r=q b(T)[RLT] iI'I":Xi"' exp {‘l§r}



- h*m“m

In employing an energy release law of this type Sirignano and Crocco
found that for reasonable values of §|: ny (the overall order of the
reaction) the combustion was predicted always to be unstable. This
conclusion is contrary to experimental observations (Chapter 4). That
the more rigorous rate expression predicts a result not in agreement
with experimental data is due primarily to the fact that the isentropic
assumption used to relate P and T in the analysis of the combustion zone
boundary condition is not valid. The constant entropy assumption is
violated due to the energy release and diffusion in the combustion zone.
Hence to obtain non-trivial theoretical results it is necessary to assume
that the combustion process in the gas rocket is approximated sufficiently
well by equation (3-1). As will be seen in Chapter 4 simplified rate
expressions, such as (3-1), provide theoretical resulte which agree in

many respecte with the experimental observations.

A direct result of the form of the energy release law (3-1) 1s
that the mean energy release rate (T) can increase without limitation as
the mean combustion temperature (-'I-‘) increases, In the gas rocket the
mean energy release rate is the product of the propellant injection rate

(m) and & heat of react.on (q),



During a given run m and the mixture ratio (and hence q) are constant.

It follows that the mean energy release rate is constant (and essentially
independent of the mean combustion cemperature}. If the mean combustion
temperature were increased (eg. by heat aidition through the walls of

the combustion chamber) equation (3-1) would predict a corresponding
increase in the mean energy release rate. In the gas rocket the in-
creased combustion temperature would produce a temporary increase in the

instantaneous energy release rate- ie. an increase in the propellant

consumption rate. Since the propellant consumption rate is now greater
than the propellant injection rate the increased energy release rate
cannot persist. After some time the energy release rate must decrease
so that in the mean the propellant consumption rate is equal to the
propellant injection rate. Thue it is seen that equation (3-1) neglects
the fact that the gas rocket is an energy-limited system- ie. that the

energy release rate is limited by the propellant injection rate,

A further discussion of the effects of deviations from the

assumptions on the instability phenomenon is presented in Chapter k.

E. Discussion of Theoretical lesults and Some Critical

Experiments

A careful study of the results of the Sirignano-Crocco analysis

(Section C and Appendix C) suggests several experiments which can be

.-
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used to test the validity of the proposed instability driving mechanism

and combustion law.

The theory predicts that the instability exists as a plane
shock wave oscillating longitudirally in the combustion chamber with
approximately the fundamental acoustic frequency of the chamber.
According to the theory the time-decay in pressure behind the wave (at
fixed location) is exponential and depends on the functional form of the
combustion law. To obtain data on the instability waveform an experi-
ment can be performed in which pressure-time histograms are obtained

during unstable comoustion at various locations in the chamber (Chapter

L),

From equations (3-2), (3-3), (C-3) and (C-4) it is seen that
the equation for the stability limits (a stability limit is defined by

O P/P - 0) 1s cbtained by setting € = O in equation (3-2).

(&) -l o
RY/. . 2(r-1)

lirws
Thus the stability limits are defined in terms of a critical value for
the rate parameter E/R'I‘. For a given propellant combination (and over

a moderate range of mixture ratjos) it is reasonable to assume that E

is constant. Thus the stability limits are defined in terms of a critical
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combustion temperature, T . From equation (3-2) it is seen that

crit

vhenever T < T t the amplitude parameter € » O; hence, from equations

cri

(C-3) and (C-k), AP/F > 0- ie. the combustion is unstable. Whenever

T> T,y € <O and AP/Pc O- fe. the combustion is stable. The
important conclusion to be drawn from this dicussion is that the tendency
for instability is greater at lower combustion temperatures. It is noted
that the combustion temperature depends on the equivalence ratio (® ),
1s a maximum at stoichiometric ( @ = 1) and decreases as the values

for @ vary from ¢ = 1. If the maximum combustion temperature for
the propellant combination is greeter than Tcr then two values for

it
(1) (2)

® limit € 1l and @ limit > 1 This is interpreted

® limit exist-
tc mean that in the & -L or ® -F plane two regions of unstable combus-
tion will be found, one on either side of stoichiometric. According to
the theory once a stability 1imit has been crossed (proceeding away from
® = 1) unstable combustion persists until the combustion limit is
reached. When the maximum combustion temperature is less than _'fcri ¢
unstable combustion will occur over the entire range of combustible

equivalence ratios. From the above considerations it is seen that the

theory provides a criterion for the number and location of unstable y

regions. |
|
From equation (3-4) it is seen that for propellant combinations 3
= - W
terized by t tabl i >
characteriz Y two unstable regions (Tma.x Tcrit) it 1is possible to »
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collapse the two regions into a single region if the overall range of
combustion temperatures can be reduced without altering E (eg. by the
addition of an inert diluent). The two unstable regions should just

coalesce into a single region when Tﬁax' Tcrit‘

To test the concept of a critical value for E/RT at the
stability limits two experiments can be carried out. 1In the first
experiment the regions of unstable combustion for several propellant
combinations are located in the @ -L and @ -F planes. For those
combinations which exhibit two unstable regions a comparison is made

between the experimental values for (E/RT) and the values given

limit
by equation (3-4). For those propellant combinations which exhibit

one unstable region the theoretical criterion (E/RT) < (E/RT)sto1c

limit

is tested.

The second experiment involves one of the pronellant combina-
tions which exhibits two unstable regions. In this experiment the
overall range of combustion temperatures is reduced (without altering
E) through the addition of an inert diluent, and the atability limits
for various diluent concentrations obtained. According to equation
(3-4), (I-:/RT)Iimit should remair essentially constant (a slight varia-
tion in Y is produced by the addition of a diluent). Since the combus-

tion temperatures are lower the theory indicates a shift in the stability

— Lamsd



limits toward @ = 1 (and relatively higher combustion temperatures)

as the amount of diluent is increased.

From equation (3-4) it is seen that *he stability limits
depend on an overall activation energy characteristic of the propellant
combination. To determine the dependence of the stability limits on E
an experiment involving a propellant combination which exhibits two
unstable regions can be performed. In this experiment E, but not E‘,
is altered by the addition of trace amounts of a catalyzing species.

In accordance with equation (3-4), a shift in stability limits should

be observed with the addition of the catalyzing species.

Equations (3-2), (3-3), (C-3) and (C-4) give the dependence
of the strength of the instability ( A P/P) on the rate parameter (E/RT)
and the mean Mach number of the combustion gases (M). A typical plot
of the theoretical variation of A Pﬁ with E/ﬁ for constant M is shown
in Figure 14. It is noted that A P/P ie a monotonically increascing
function of E/’Ri‘. For a given propellant combination E is approximately
constant, hence A P/P is a monotonically decreasing function of T,
Recalling the dependence of T on @ , it is seen that A P/P increases
as @® varies awvay from stoichiometric. Thus for, propellant combina-
tions vhich exhibit two unstable regions it is to be expected that the

instability strength increases as an equivalence ratio traverse is made
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across an unstable region (from the stability limit to the combustion
1imit); the strength is a maximum at the combustion limits. For
propellant combinations which exhibit one unstable region it is to be
expected that the strength is a minimum at stoichiometric and a maximum
at the combustion limits. To determine the dependence of A P/}_’ on
E/RT for constant M an experiment can be carried out in which p P/F

is measured as equivalence ratio traverses are made across regions of

unstable combustion.

A typical plot of the theoretical variation of A P/I-’ with M
for constant E/R-'f‘ is shown in Figure 15. It is seen that A P/F is a
monotonically increasing function of M. 1t is noted that for given
propellants M depends primarily on the throat area of the exhaust
nozzle (for choked nozzle flow). To determine the dependence of A P/F
on M for constant E/RT an experiment can be performed in which A P/P
is measured for fixed E/RT (ie. for fixed ® ) using exhaust nozzles

with different throat areas.

As noted in Section D the instability phenomenon depends to
a certain extent on the injection pattern, nozzle geometry and combus-
tion chamber length. An experimental study of these effects has been

carried out and is discussed in Chapter L,

A detailed description of the experiments outlined in this
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section together with a comparison of the experimental results with

the theory is presented in Chapter L.
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CHAPTER 4. EXPERIMENTAL CONSIDERATIONS

A. General Comments on the Operation of the Gas Rocket

A typical gas rocket run consists of three distinct phases-
starting, steady-state and data recording. During the starting phase
combustion is established with reduced propellant flow rates. This
procedure serves to reduce the severity of flashback (should it occur)
and to prevent a "hard" start. The details of the starting procedure
depend on the individual experiment and will be discussed in the sections
describing the experiments. Steady-state operation is achieved by
gradually increasing the propellant flow rates to their steady-state
values (determined by mixture ratio and combustion pressure require-
ments)., Steady-state operation is characterized by constant propellant
flow rates and constant mean combustion pressure. The duration of
steady-state operation is on the order of 20 to 30 seconds so that
transients associated with starting and with transition to steady-state
operation have sufficient time to decay. Instability data are recorded

during the final 10 to 15 seconds of the steady-state period.

B. Waveform of Longitudinal Combustion Instability

The instability waveform cbtained from the Sirignano-Crocco

analyeies consists of shock discontinuities followed by exponential
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decay in time (for fixed location) of pressure and velocity. The shock
wvave oscillates with approximately the fundamental longitudinal acoustic
frequercy of the combustion chamber. A typical theoretical pressure-
time history is shown in Figure 16a. The results are for an observer

located at x/L = 0.16 (ie. near the injector).

In the present study precsure-time histories during unstable
combustion were recorded at several stations in the combustion chamber
of the gas rocket. Figure 16b is a typical pressure-time history
during unstable combustion at a station just downstream from the in-
Jector. The first pressure rise corresponds to a wave traveling up-
stream toward the injector. The second pressure rise corresponds to
the wave after reflection from the injector (traveling downstream
toward the nozzle). A comparison of the theoretical and experimental
pressure-time histories shows that they are qualitatively the same.
From pressure-time histories such as Figure 16b it has been determined
that the instability occurs as a plane shock wave oscillating with
approximately the fundamental longitudinal acoustic frequency of the
combustion chamber with exponential time-decay of pressure behind the
vave. For certain conditions of operation other forms of combuetion
oscillations have been observed. These are discuseed in Section F.
Waveform of the type shown in Figure 16b have been observed in other

studies of combustion instability in gas rockets (27, 29, 31, 34).
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C. Dependence of Stability Limits on E/RT

In Chapter 3 (Section E) it was noted that the stability
limits are defined in terms of a critical value for the rate parameter
(E/RT). Several experiments which serve to test this conclusion were
discussed. 1In each of these experiments the dependence of the stability
limits on one of the two varisbles in the rate parameter (E and T) is

determined holding the other variable consiant.

1. Dependence of Stability Limits on T (E = constant)

To determine the dependence of the stability limits on T the
regions of unstable combustion for two propellant combinations with
various concentrations of an inert diluent were lccated in the ¢ -L
plane. The two propellant combinations used in this experiment were
hydrogen-air and methane-oxygen. The inert diluent was nitrogen. The
addition of nitrogen to a given propellant combination reduces the
overall range of combustion temperatures but has little or no effect
on the overall activation energy (35). Thus the temperature dependence
of the stability limits can be obtained by determining the dependence
of the limits on d.luent concentration. Quantitative information on T
at a stability linit was derived from the axial distribution of mean

gas temperature {1 the combustion zone at the stability limit.
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It is noted that the diluent was supplied to the rocket motor
separately from the fuel and oxidizer (In the flow schematic of Figure
1 the diluent is the X gas). During the starting phase combustion was
established using the fuel and oxidizer alone (no diluent). Steady-
state operation was then established by increasing the flow rates of
the fuel, oxidizer and diluent to their steady-state values. This
technique is somewhat different from the one used in previous inves-
tigations of gas-phase instability (27-29). 1In these studies the
desired diluent concentrations were obtained using gas cylinders in
which the diluent and oxidizer were premixed to specification by the
supplier. The principal advantage of adding the diluent separately
is that instability data can be obtained for diluent concentrations
which could not have been ignited (using a spark ignition system)
had the diluent and oxidizer been premixed. In addition the use of
separate diluent and oxidizer systems increases the flexibility of the
propellant feed system in that variations in diluent concentration are
easily obtained. In using this technique it was found that diluent

concentrations were reproducible to within t3$ of a nominal value.

The regions of unstable combustion in the @ -L plane for
hydrogen-air and hydrogen-dilute air are shown in Figure 17. 1In this

figure the diluent concentration is defined by
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diluent mass flow rate
% dilution = x 100.
diluent mass flow rate + air mass flow rate

The unstable regions in the @ -L plane for methane-dilute oxygen are
shown in Figure 19. The data of Figures 17 and 19 were obtained for
P=7.81%0.3atn using the 31-hole showerhead injector and the plug
nozzle. Unstable combustion (characterized by periodic oscillaticns

of the combustion pressure) occurs inside the shaded regions.

From Figure 17 it is seen that for a given diluent concentra-
tion two regions of unstable combustion exist, one on either side of
the stoichiometric mixture ratio. As the diluent concentration is in-
creased the unstable regions shift toward stoichiometric. The upper
stability limits of the oxygen-rich ( @ » 1) unstable regions are not
clearly defined- ie. there is no sharp transition from unstable combus-
tion to stable combustion. For clarity only the upper limit for H,-air
is shown. The overall extent of the oxygen-rich ".nstable regions is
only slightly dependent on the diluent concentration since as the
diluent concentration increases both the upper and lower stability limits
shift toward stoichiometric. The lower stability limits for the fuel-
rich ( @ < 1) unstable regions are in rea)ity the fuel-rich -combustion

limits. For clarity only the lower limit for He-hir is shown. The
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overall extent of the fuel-rich unstable regions is only slightly

dependent on the diluent concentration. The results of Figure 17 for
Hy-air are in general agreement with the observations of Pelmas (27),
Bertrand (28) and Schob (29). Bertrand (28) has observed a shift in

the stability limits with increasing diluent concentration.

From Figure 19 it is seen that for CHh-(O.h02+O.6N2) two regions
of unstable combustion exist, one on either side of stoichiometric.
The upper limit of the oxygen-rich unstable region and the lower limit
of the fuel-rich unstable region are combustion limite. As the diluent
concentration is increased the unstable regions shift toward stoichio-
metric. For CHh-air the fuel-rich and oxidizer-rich unstable regions
have coalesced to form a single unstable region located around
stoichiometric. The upper and lower boundaries of this region are
combustion limits. The results of Figure 19 for Cﬂh-air are in general
agreement with the observations of Zucrow and Osborn (24). The resuits
for CHh-(O.h024O.6N2) are in general agreement with th: observations of

Pelmas (27).

A quantitative measure of Tlimit wvas obtained from the axial
distribution of mean gas temperature in the combustion zone at the
stability limits (See Figure 43). The details of the measurement of

gas temperatures are presented in Section K. The gas temperature and
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thus the reaction rate) varies throughout the combustion zone. For the
purpose of correlating the experimental data with the theoretical re-

sults an averags value for Tlinit vas defined by
3
pr{- E\’}!L‘[“p{- }dx
R R T(x) 4-
R~ 8 (4-1)

In this definition Tav is that temperature which would give an average
energy release rate equal to the local energy release rate integrated
over the combustion zone. Two experimental inputs are required in (L-1)-
the thickness of the combustion zone ( § ) and the temperature prefile
in the combustion zone, -‘f‘(x). The thickness of the combustion zone is
taken as the distance from the injector face to the peak combustion
temperature. Since temperature data could not be obtained near the in-
Jector (See Section K) an accurate determination of T(x) could not be
made, For the purpose of evaluating Tav a linear temperature profile

was assumed-

T(X) ’Tinj + (Tpook'.rinj)%

where Tin,j = mean injection temperature and Tpea.k = mean peak combustion

temperature. Using this profile the average combustion temperatures
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at the stability limits for He-air and Ha-dilute air wvere calculated for
several choices of Tw. It vas found that T“ vas approximately equal
to i'pnk and nearly independent of the choice of ;‘w The results of
this calculation together with the stoichiometric adiabatic combustion
temperatures (T.d) for the various diluent concentrations are tabulated
in Figure 18. For a given chamber length the measured combustion
temperatur=s at the stability limite nearest stoichiometric (T,,) are
approximately the same. For L = 10k ecm T, = 1405:25%K for all
diluent concentrations. For L = 53 com Tav = 110351;1&00!(. The scatter
in the temperature data can be explained in terms of the experimental
uncertainties in the equivalence ratio, diluent concentration and
thermocouple measurement (See Appendix B). It is noted that for all

diluent concentrations T,, ¢ T,5, and that as T,  approaches E‘ad the

stability limits shift toward stoichiometric.

In Figure 20 similar temperature data are presented for CHh-
dilute oxygen and CHh-air. The "I‘av given for CHh-air is the temper-
ature at stoichiometric. For CHh-(O.h02+O.6N2) and a given chamber
length the measured combustion temperatures at the stability limits are
approximately the same. For L = 76 cm -rfav = 2050£35%K, and for L =
53 cm Tav = 2060t20%. For CHh-(O.h02+O.6N2) E‘av < Ead' For CHy-air
the measured combustion temperature at stoichiometric is somewhat less

than the adiabatic combustion temperature, but approximately the same



as T,, for CHI‘-(O.'&O2+O.61|2).

To facilitate the comparison of the experimental and theoretical
results a brief summary of some important conclusions obtained from the
Sirignano-Crocco analysis is madeée. For a given propellant combination the
longitudinal stability limits are defined by T = Tcrit’ vhere Tc rig 18 the
solution of equation (3-4). Whenever Tcrit‘ T_x tvo regions of unstable
combustion will exist, one on either side of stoichiometric. Each of
these regions is bounded by a stability limit and a combustion limit.
Whenever Tcrit 2 Tma.x unstable combustion occurs over the entire range of
combustible equivalence ratios. Thus the theory provides a criterion for

the number and location of unstable regions.

The nearly constant value for Ta.v (for a given propellant
combination) in Figures 18 and 20 strongly supports the concept of a
critical combustion temperature at the stability limits. The slight
dependence of iav on L is discussed in Section H. The theoretical
criterion for the number and location of unstable regions is also
supported by experiment. From Figures 18 and 20 it is noted that when-
ever T, < T,, two unstable regions exist, one on either side of
stoichiometric- viz. H,-air, Ha-dilute air and cah-(o.hoam.éua). For
CHh-air the measurel combustion temperature at stoichiometric is

approximately the same as Tav for CHh-(O.h02+O.6N2), and one unstable
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region (located around stoichiometric) is observed.

The upper stability limits of the oxygen-rich unstabdble regions
for Hé-air and Hé-dilutc air are not predicted by the Sirignano-Crocco
analysis. The probable explanation of these "additional" stability

limits is given in Section D.

Combining the stability limit data of Figures 17 and 19 with
the Y 's for the two propellant combinations it is possible to calculate
(E/R'f)nmit from equation (3-4). Using these values for (E/RT)limit and
the values for TLV from Figures 18 and 20 it is possible to evaluate Eyimit:
These results together with overall activation energies for the two
propellant combinations taken from the chemical kinetics literature are
tabulate<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>