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FOREWORD

This report, prepared in response to ATD Work As=-
signment No. 53, is the second in a series dealing
with Soviet developments in rocket propulsion sys-
tems, Based on Soviet open literature available
at the Aerospace Technology Division and the Li-
brary of Congress, 1t covers the period from Jan-
uary 1958 to April 196y and deals with combustion
instabllity in 1liquid rocket and ramjet engines,
The report is divided into two parts; Part I is a
survey and discussion, and Part II contains summa-
ries of certain articles used in Part I, Reference
numbers of sources summarized in Part II bear an
asterisk,

Full translations of some of the source materials
used in this report may be available from other
agencies or commercially, Interested readers may
obtain translation .data for individual sources by
indicating source numbers from the bibliography
1ist on the form attached at the end of this re-
port and returning it to. the Aerospace Technology
Division,
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' COMBUSTION INSTABILITY

1. COMBUSTION INSTABILITY IN LIQUID ROCKET MOTORS
' " AND RAMJET ENGINES

1, Introduction and Summary

Liquid rocket engines are subject to a wide variety of
types of combustion instability., The two basic instability
modes are "chugging," a low-frequency instability mode which

is caused by interaction between the chamber pressure and the
~ injectlon flow rate fluctuations, and "screaming," a more harm-
ful high-frequency, acoustic instability mode which may lead to
burnout of the motor due to increased heat flux. The causes of
sereaming are not fully understood, but the sustaining mechanism
is apparently nonlinear, i.e., it does not become effective until
triggered by a high-amplitude disturbance. A&n important means

of preventing this kind of instability is to prevent any dis-
turbance which may trigger it. .

Only two articles [18%, 33*] on low-frequency instability
were found in Soviet open literature,

Experimental studies or analyses of high-frequency insta=
bility which take into account actual engine operation, i.,e,,
mixing, evaporation, dissocation fuel atomization, ete,, were
not found in the literature surveyed, However, several
theoretical studies by Troshin and Shchelkin [19%], Skobelkin
[20*], Artanov [21*], and Zaydel [23*] were found Which deal
with high-frequency instability under idealized conditions,
i.e., with combustion of premixed gas mixtures, and which may
be considered to contain important material for stability
analysls. Some of the conclucions drawn in these studies may
be of practical interest.

The majority of the Soviet studies included in this report
deal with the interaction of shock and pressure waves with the
flame front, These studies are of high phenomenological interest
and are indirectly applicable to combustion stability analysis,
In the chapters of his book dealing with instability in rocket
and ramjet engines, Raushenbui:h [22%] leans heavily on Crocco
and Cheng's comprehensive stability analysis, but draws some
conclusions which may have original value.
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2. Low-Frequency Instability

The only theoretical article on low=frequency instability
in 1iquid rocket engines found in the literature surveyed was a
study published in 1961 by K. I. Artamov [18%], 1In this source,
equations for the fuel-feed system and the combustion and
evaporation processes were formulated and solved to obtain
relationships delineating the regions of stable combustion in
terms of dimensionless parameters. Some of the results, lnclud-
ing stability diagrams, are presented in the appendix [18%],
The analysis is thorough, followirg standard mathematical
techniques, but seems to indicate that Soviet knowledge concern-
ing important basic problems associated with liquid propellant
combustion 1s less comprehensive than that of Western authors,
e.g., Sabersky, Crocco, and Summerfield, who analyzed similar
problems during the period 1951 — 1954, This type of insta-
bility, which 1s caused by fuel feed-rate fluctuations, is
generally not to be considered particularly harmful, According
to Troshin and Shehelkin [19*], such instability can be elimi-
nated by design changes., Raushenbakh [22*], for instance,
suggests that under certain conditions a slight shift of the
fuel injectors in the axial direction may improve combustion
stability, .

An experimental study on very low-frequency pulsations
(up to 60 cps) in a combustion chamber of a statlonary gas
turbine was published in 1959 [33*%], In this study tempera-
ture, pressure, and flame luminosity pulsations were determined
as a function of ogerating parameters. Low- (1.5=3 cps) and
medium-range (10~~00 eps) frequency oscillations were found to
exlst, The low=frequency oscillations were independent of all
parameters except the primary air excess coefficient, The
frequency of the medlum-range oscillations increased with
increasing mass flow rate of the air-fuel mixture, These oscilla-
tions were attributed to oscillatory combustion. The low-
frequency oscillations were found to reach considerable ampli-
tudes, which may be harmful to the turbine,

3. High-Frequency Instability

The majority of the studies included in this section deal
with the interaction of shock and pressure waves with the flame
front., This subject is closely related t. combustion ingtability,
since high-frequency oscillations can be triggered by various
perturbations, e.g,., by amplified, flame-generated compression
or shock waves, Some of the results obtained in these studies
have been used by Skobelkin [20%], Troshin and Shchelkin [19%],
Raushenbakh [22%*], and Zaydel [23*%] to derive instability
criterlia for idealized combustion processes,
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In this sectlon of the report, pressure- and shock-wave
interaction with flames will be discussed first, and then the
~ Sources deailng with stability analyses will be treated
individually, \

Compression waves occurring in combustion processes have
been regarded by Kogarko and Ryzhkov as one of the possible
Sources of combustion instability in liquid rocket motors
[7]. For this reason, apparently, the formation as well as the
amplification of compression waves by interaction with the flame
front has been studled extensively by leading combustion specialists
such as S, M, Kogarko, R, I. Soloukhin, K., I. Shehelkin, and
others [5, 6, T*, 10]. It was found that the flame front is
solely responsible for the amplification of compression waves
since the fresh gas mixture and the combustion products behave
as inert media during passage of the compression wave [5, 8].
The amplification was most pronounced at elevated pressures
[5] and reached a maximum at a fuel-rich mixture composition
[7*]., Studies with benzene and hexane showed that when the
combustion temperature was increased by using oxygen-enriched
alr instead of air as oxldizer, amplification at an identical
fuel-air ratio occurred at a considerably lower pressure [7%],
The lowered combustion stabllity 1s evidently caused by the
increase in the specific heat release, ‘

The formation and intensification of compression waves in
the combustion of methane-oxygen and methane-air mixtures was
experimentally studied as a function of mixture composition
[6?, The effect of tube length on the amplification of com-
pression waves was also studied in the same source. It was
found that the maximum amplitude decreases with decreasing tube
length, At a critical tube length, no amplification was
observed, ‘

In theoretical studies the interaction between a compression
wave and the flame front has been treated either as relaxational
frontal interaction [8] or as equilibrium amplification of the
refracted wave [9, 10], In both cases the amplification of the
compression wave was considered to be a result of the increase
in normal burning velocity. Experimental data obtained in other
sources [6, 13*] were also treated on the basis of the assumption
that the amplification 1s caused only by an increase in normal
burning velocity, and no allowance for the deformation of the
flame front was made, Soloukhin showed later in an experimental
study on the intensification of pressure waves that deformation
of the flame front 1s a major factor in wave amplification [14%],

Under certain conditions shock waves can be formed from the
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{lame-generated compression waves ahead of the flame front.

These shock waves may be reflected from the chamber walls and
cross the lame front several times, which may lead to a loss

of combustion stabllity [16%]., The interaction of shock waves
with a flame front is therefore also an importaut phenomenon
related to the assessment of combustion stability. Considerable
efforts have been made in this field by leading Soviet scientists,

The "interaction of shoeck waves with the flame front has
been studied experimentally by Salamandra and Kogarko
(1%, 2, 3, 4] wnd theoretically by S. M. Kogarko, S. S. Novikov,
and K. I, Shchelkin (3, 9, 10, 11, 15].

Salamandra studied experimentally the effect of gas com=-
position and pressure on shock-wave formation [1%, 2, 3]. &
mechanism explaining the formation of a shock wave ahead of
the flame front was deduced from spark schlieren photographs
[16%], In the came source, 1t was found that the distance at
which the shock 1s formed ahead of the flame front is a funection
of the mixture composition, its initial pressure, and the tube
diameter and geometry, In rectangular chambers this distance
was 2.5 cimes larger than in cylindrical chemabers [1*], A
simple formula was also obtained for calculating the distance
from the ignition point to the point of shock formation in
terms of the acoustic velocity and the hydrogen concentration
in hydrogen-oxygen mixtures, A detalled mechanism on shock-
r'lame Interactilon was developed[9], and expressions for cal-
culating the increase in burning velocity due to the passage of
a shock through the flame front were derived,

The strongest intensificacion of shock waves (intensi-
ficatlon factor K = 1,37, where X 1is the ratio of the Mach
numbers of the shock leaving and ertering the flame) was found
to occur with stoichiometric hydrogen-oxygen mixtures [15%],
This is in contrast to maximum compression-wave amplification,
which occurred in fuel-rich mixtures [7%].

Shock-wave intensification was found constant in the
pressure range from 100 to 300 mm Hg; with a further increase
in pressure up to 600 mm Hg, it increased linearily [13%],
Increases in the reaction rate and the heat releases were
found to be respoiisible for the intensification of shock
waves [13%],

Upon the passage of shock waves through the flame front,
considerable 1ncreases in the flame surface and tle burning
velocity were observed [4*],

PRI i 2




The formation of shock waves in the combustion of hydrogen-
oxygen mixtures has been studied [17*], It was found that when
the head of the combustion chamber is made of heat-insulating
material, the formation of shock waves takes place more readily
~than with metallic chamber heads, This effect is due to the
dissipation of energy from the compression waves by heat trans- |
fer to the metallic wall, The velocities of shock waves formed
in high-speed combustion of hydrogen~-oxygen mixtures by
reflection from insulated and metallic walls were tabulated
[17*]. In the same study interesting results are given con-
cerning the increase in the flame speed of hydrogen-oxygen
mixtures through the use of grids. This subject will be
discussed in the next report in this series,

Theoretical analyses of the interaction of shock wave and
flame front with allowance for relaxation were made by Kogarko
and Skobelkin [8, 9, ng. Skobelkin showed that the relaxation
time (107° =107 "sec), i.e., the time required for redistri-
butlon of the heat fluxes after instantaneous temperature and
concentration changes caused by passage of the shock wave through
the flame front, may be responsible for an increase in oscilla-
tions of pressure and other gas parameters ard thus lead to
instability of rocket motors [15]. The interaction of weak
shock waves with the flame front leads to amplification of the
passing and reflected waves owing to the increase in the chemical
reactlon rate during the relaxation period. Skobelkin also
derived a formula for calculating the intensification of shock
waves [15].

A theoretlcal analysis of nonrelaxational shock-flame
interaction with allowance for the change in burning velocity
caused by changes in the thermodynamic parameters in a weak
shock wave was made by S, S, Novikov [10). K, I. Shchelkin
developed a mechanism describing the intensification of weak
shock waves in a turbulent combustion zone [11].

Oscillatory combus:ion, i,e,, the occurrence of pressure
fluctuations in the burning of homogeneous gas mixtures in l
tubes, has been studied by several Russian authors, |
S, A, Arbukov, for example, has studied the effect of inert ]
adnixtures on oscillatory combustion [24] using a CO-air mixture ‘
containing CO», N2, or Ar, He concludes that at the concentra=-
tion limits at which oscillatory combustion occurs, the heat
release rate 1s constant regardless of the combustible com-
positlon, This conclusion was verified by Korobkova [25%],
who used CO-air, hydrocarbon gas-alr, and propane-air
mixtures containing varying amounts of N2 or CO02, Both
these studles seem to indicate that the heat release rate is
the controlling parameter for the occurrence of longitudinal




oscillations, This conclusion is in agreement with the find-
ing in source [7*] that amplification of compression waves
increases with an increasing heat release rate,

The effect of pressure on osclllatory combustion was
studied theoretically by Kurzhunov [27*]. On the basis of
the generalized considerations the author concludes that the
amplitude of longitudinal osecillations increases with increasing
bressure and, at constant pressure, with increasing burning
velocity., An increase in tube diameter results in a rapid
decrease of amplitude,

A study was made of oscillatory combustion in a com~
bustion chamber fueled with pulverized coal [32%]., Based on
Raushenbakh's concepts [22%], a stabllity diagram in terms of
pressure and heat release fluctuation frequencles was derived,
and 1t was shown that 1- %> case studied oscillatory com-
bustlon was induced by the circumstance that the phases of
the pressure and heat release rate fluctuations coincided,
This 1s attributed to the ignition delay of the coal-air
mivture, /in experimental study on the effect of pressure,
gas composition, and tube diameter on occurrence of oscil-
latory combustion was made by Kurzhunov [26*], The experi-
mental results obtained with small tubes (diameter 1 om)
are shown in the appendix [26*]. The most comprehensive
treatment of oscillatory combustion was found in Raushenbakh's
book [22%], This author based his treatment of oscillatory
combustion on his own theoretical and experimental work, which
had been published previously or presented in lectures at the
Moscow Physicotechnical Institute, Oscillatory combustion was
treated primarily from a generalized theoretical viewpoint,
The chapters dealing with combustion instability in liquid
rocket engines draw heavily on the work of L. Crocco and
S. I, Cheng (Theory of Combustion Instability in Liquid
Propellant Rocket Motors), but he writes with authority on
the subject, and it appears that some statements are
original, Excerpts related to combustion instabllity are
given in the Appendix [22%], Oscillatory combustion of a
confined hydrogen diffusion flame was studied by
V. N, Podymov ?34*]. The conditions under which osclllatory
combustion is induced were determined, and it was found that
oscillations occur when the volumetric gas consumr 1lon exceeds
a critical value, Oscillatory combustion is attriouted to
interaction between the gas column and the flame,

At a conference on oscillatory and pulsating combustion,
several speclalists discussed various aspects of oscillatory
combustion [35%]), B, V. Raushenbakh expressed the view that
oscillatory combustion is sustained by fluctuatiors not only




of the hcat release rate but also of the effective burning
veloclty, D, D. Ryzhov attributed the occurrence of high-
frequency oscillations to the interaction between the com-
bustion zone and small pressure disturbances, V. A, Khristich
and A, A, Parnas dealt with measuring devices for studying
oscillatory combustion, V, I. Skobelkin expressed the opinion
that the change in the chemical reaction rate plays a decisive
role in the oscillation process.

In summarizing Soviet studies on osclllatory combustion,
1t may be seen that most of the studies [25%, 26%, 27%] were
made with homogeneous gas mixtures in very small tubes and
that mostly longitudinal oscillations were considered, For
these reasons the results are applicable to rocket combustion
only with certain restrictions. '

Among the sources which appear to be most relevant for

combustlon instablility is an article published by Skobelkin

in 1962 on the theory of relaxational oscillations in com-
bustion chambers [29%*], The author used the mechanism of
relaxational interaction between weak perturbations (com-
ression waves) and the flame front developed in other studies
5, 8, 15] to derive a theory for calculating combustion
stability criteria and for evaluating the occurrence of pressure
oscillations in the gas phase of an idealized liquid combustion
chamber, Expressions for the pressure fluctuations, the ampli-
flcation of standing shock waves, wave absorption, the critical
chamber length, and the regions of absolute and relative stability
were derived, Some of the formulas are given in the appendix
[20*], Skobelkin drew the following conclusions: Pressure
osclllations can be reduced by locating the combustion zone at
fundamental or harmonic frequency nodes. Oscillations can be
prevented by decreasing the relaxation time (time required for
temperature equalization after instantaneous temperature and
pressure increase, after passage of the pressure wave through
the flame front), This can b2 achieved by turbulization of the
combustion zone or by introduction nf metal powder, carbon black
or other particles with high thermal conductlvity, Design changes
may also be used,

Another theoretical study on combustion stability which
appears to be applicable to a burner-nozzle combination was
published by Artamov and Krutikova in 1962 [21*], This analysis
was made for the cases in which the longitudinal temperature
gradlent in a duct with a variable area is either variable or
constant, For the first case, a graph was obtalned of the
heat-release-rate parameter . versus the adiabatic exponent at




different inlet Mach numbers. The graph showed that the com~
bustion is stabilized with an increasing Mach number (in the
range M = 0,01=0,1) and adiabatic exponent and with a
decreasing heat-release parameter, The latter relationship
confirms the conclusion in source [7*] that the stabllity is
lowered with un Increasing heat~-release, The finding that
‘the flow 1s stabilized with an increasing inlet Mach number and
a speclfic heat ratio 1s somewhat unusual and is apparently a
result of the assumption of variable area flow and other flow
conditions which were not fully specifled in the article. In
the second case, 1.,e,, for a constant longitudinal temperature
gradient along the flow duct (distribution of combustion zone
over the entire chamber length), it was found that instability
does not occur, even at high heat-release parameters, This
indicates that combustion stability can be considerably increased
by distributing the combustion zone over a wider longitudinal
section or, eventually, by using two or more combustion zones,
This is in agreement with Raushenbakh's findings [22%],

A very comprehensive treatment of high-frequency oscilla-
tions in hlgh-performance combustion chambers is presented by
Shehelkin and Troshin [19%], In this source the instability
sources in-ramjet and liquid rocket engines are discussed, and
combustion instability criteria are derived. The concept that
the combustion zone 1s stable when a weak pressure or shock
wave 1s not amplified by passage through the flame was used,
If it is amplified, combustion 1s unstable, The criterion
for occurrence of high-frequency oscillations induced by
Intensification of weak shock waves shows that combuction may
become instable with increasing thermal effect (Q/cz, where Q
is the heat of combustion and ¢, 1s the acoustic veiocity in
fresh gas), increasing flow velocity fluctuation, increasing
turbulence scale, decreasing normal burning velocity, and
decreasing chamber length. The occurrence of longitudinal
high-frequency oscillations can be prevented by changing one
or several of the given parameters, The occurrence of trans-
verse oscillations becomes more probable with an increasing
inlet Mach number and an increasing thermal effect., Tur-
bulence parameters, burning velocity, and chamber length have
no effect,

No formulas can be derived for the stabllity of the com-
bustion zone with respect to strong shock waves, and, there-
fore, numerical solutions were computed for several cases
with the gas flow velocity equal to,50% of, or 10% of the
maximum deflagration veloclty. The analysis showed, among
other things, that the increase in burning velocity caused by
passage of the shock is the controlling factor for the




occurrence of instability, Stability decreases with increasing
thermal effect, increasing specific heat ratio, and increasing
fresh-gas velocity,

Finally, in thils source [19%*] another criterion was
derived for combustion lnstability which i1s caused by fluctua-
tions of the ignition delay and which 1s manifested by fluctua-
‘tlons of the ignition front, According to this criterion com-
bustion instability may occur as the activation energy, thermal
effect, or inlet Mach number increase and the gas temperature
at the inlet to the combustion zone decreases, The same come
bustion stability eriterion as gilven in [19%*] was previously
derived in 1959 by analyzing the analogy between the combustion
in a detonation wave and in a liquid rocket engine [12], Formulas
for the maximum oscillation frequency, also derived in this source,
are considered to be of a qualitative rather than a quantitative
nature,

Ar analysis of combustion stability in liquid rocket engines
operating in the so-called induction-controlled regime was made by
Zaydel' [23*], The concept of the induction-controlled operating
regime in liquld rocket engines was introduced by Zaydel' and
Zel'dovich [28*], who developed a model which takes ilnto account
the fact that the fuel 1s preheated and, therefore, the reaction
rate at the injection point is not zero as is usually assumed,
The fuel is therefore heated by self-accelerating heating due
to the reactlon and by heat transfer from the combustion products,
Depending on the relation between these two heating processes,
which are mainly controlled by the initial fuel temperature and
the injection velocity, different operating regimes can be
established which are characterized by the distance of the flame
front from the injection point. On the basis of thils model, the
boundaries of the induction-controlled operating regime were
derived in terms of dimensionless parameters, Zaydel' [23%]
analyzed the induction-controlled regime and derilved the
inequality p1 /p2 <3 (p1 and p2 are the densities of fresh gas and
combustion products, respectively) as a criterion for combustion
stabllity with respect to small perturbatlions., The wavelength
of the perturbation was assumed to be small in relation to the
chamber dimension and the distance of the flame front from the
chamber head, For longwave perturbations different analytical
approaches were suggested,

Raushenbakh's book [22%] deals predominantly with the
feedback mechanisms underlying oscillatory combustion of premixed
mixtures in tubes., The author stresses that instabllity in liquid
rocket engines is caused predominantly by perturbations of the gas
mixture formation process, However, he proved that mixture forma-
tion is not the only cause of oscillatory combustion., The experi-




ments were conducted with combustion in a tube into which a
premixed gasoline-air mixture prepared in a separate vessel
was Injected under such conditlons that interaction between

the acoustic oscillations in the tube and the mixture formation
process was 1mpossible, Raushenbakh also showed that installa-

tion of two longitudinally spaced flow-rectifying grids in the
cold-gas zone considerably reduces or eliminates oscillatory
combustion caused by large vortexes in the fresh-gas mixture,
The distribution of the combustlion zone by the use of two or
nore combustion centers is cited as one of the most effective
and universal means for eliminating osclllatory combustion,
Damping of acoustic oscillations is also mentioned as belng
effective, The use of two flame holders located in two
different cross-sectlonal planes to generate two combustion
centers 1s recommended [31*] as an effective means for
stabllizing combustion,

4, Conclusions

The analysis of Sovlet open sources dealing with combus-
tion instability in liquid rocket or ramjet engines seems to
indicate that Soviet theoretical studies on combustion
instabllity are less profound and less comprehensive than
comparable Western studies in this fleld., In view of the

apparent achievements in Soviet rocket technology, which are
evidently connected with the successful development of high-
performance propulsion systems, it may be concluded that
theoretical stabllity analyses were not considered essential
for the development of such systems and that, therefore, com-
prehensive stabllity analyses were not particularly emphasized,
It appears that the Soviet approach to combustion stability
problems invelved prinarily the assessment of the effect of
fundamental physicochemical and geometrical parameters on
combustion stabllity and the use of these findings for the
semiempirical development of combustion processes with un-
conventlonal design and operating features.,

From this viewpoint it 1s of interest to summarize and
discuss some of the fundamental causes leadlng to instability,
together with the measures which may be taken to suppress
instabillty. According to the literature sources surveyed, the
followling factors were found to affect combustion stability:
1) Heat insulation of the combustion chamber head facilities
the formation of shock waves in the combustion chamber. Since
shock waves may trigger high-frequency instability, insulation
of the chamber head may lower combustlon stability [17%].

2) A basic factor which is incorporated in several criteria
for the occurrence of longitudinal oscillations [19*] is the




parameter Q/f{ (where Q is the heat of combustion and e,
1s the acoustlc velocity in the fresh gas), An increase in
thls parameter which is proportional to entropy leads to com-
bustion instabllity, To maintain Q/2 at low values, ¢, has
to be increased since a decrease in the heat of combustion
cannot be consldered practicable because it would lower engine
performance, The acoustic velocity (¢,) can be inereased only
by inereasing the temperature of the fresh-gas mixture, This
can be achieved by preheating the fuel and/or oxidizer stream
before it enters the combustion zZone, From a general view-
point, combustion can therefore be stabilized by preheating
the fresh mixture, by distributing the combustion zone over
an extended section of the chamber, or hy using stepwise
combustion with two or more separate combustion zones
[21*, 22%], These combustion zones may be arranged either
erpendicular to the chamber axis or parallel to the axis
f22*]. Various design variants satlsfying the requirement
for multiple combustlon zones appear to be feasible, For
instance, flame holders may be arranged in two cross sections
of the chamber [31%*], 3) Stability may be increased when the
axlal position of the combustion zone 1s selected so that it
is locatecd at the nodes of the fundamental or harmonic frequency
of the combustion chamber [20%], 4) Another important means
for increasing the combustion stability is apparently to decrease
the relaxation time, i.e., to lower the time interval required
for temperature equalization after passage of a perturbation
through the flame front., This can be achieved either by turbuli-
zation of the coubustion zone, or by introduction of metal
powder, carbon black particles, or other material with high
thermal conductivity fEO*]. Since turbulization of the com-
bustion zone may also have a negative effect on stabllity and
lower the blow-off velocitiles, the most advantageous method for
increasing stability appears to be the introduction of metal
powder, 5) According to a criterion given in [19%], the com-
bustlon stabllity decreases with decreasing normal burning
veloclity, Combustion can thus be stabilized by using high
normal burning velocities, A high normal buruing velocity can
be obtained only by selecting a specific type of fuel., For
instance, boranes have normal burning velocities several times
higher than hydrocarbons. 6) The increase in turbulent burning
velocity above the steady-state value which occurs after passage
of a weak perturbation or shock through the flame front is
considered to be the primary cause of the intensification of
perturbations and, therefore, for the occurrence of combustion
instability [19*], The combustion stabllity becomes more
sensitive to an lncrease in burning velocity as Q/b% s the
specific heat ratio, and the incident flow velocity increase,
The sensitivity to an increase in the burning velocity can
apparently be lowered only by increasing cl(the acoustic velocity
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of the fresh gas), 1.e., by preheating the combustible mixture,
as discussed under point 2, 7) According to another criterion
(19*] for combustion instability which 1s connected with the
fluctuations of the ignition delay, stability is lowered as the
activation energy increases, This instability might be elimina-
ted by introduction of active Species, e.g., H, OH, or other
lons, generated in a pilot flame or in an initial combustion
zone. The introduction of active Species was found to substan-
tlally decrease the ignition delay times and to increase the com-
bustion stability [29, 30]. Therefore, this type of instability
would also be eliminated when several combustion zones were used,
as discussed under point 2), 8) Combustion instability induced
by vortex formation in the cold gas stream can be eliminated by
installation of two longitudinally spaced flow-rectifying grids
[22%], Large vortexes are thus sliced into smaller vortexes
which affect the combustion zone much less than large vortexes.
Another measure may be to remove sources of vortex formation by
structural changes, €.8., by removal of sharp edges, streamlining
of contours, etec, No direct measures can be taken to remove in-
stability connected with vortex formation in the combustion zone,
9) Damping of acoustic energy 1s considered a fundamental way of
reducing combustion instability, Damping devices installed in
the end section of a combustion tube have been found effective
in experiments, 1Installation of such devices on the wall has

not yet been tested and seems to be impractical since it may in-
terfere with cooling of the chamber walls and increase the hy-
draulic resistance [22%],

In summary, it appears that point 2, 6, and 7 give some
indication that Soviet designers may have solved combustion
stability problems by designing combustion chambers with two
or more combustion zones, For instance, the first combustion

stream, The main combustible stream i1s thus preheated by pas=-
sage through the first combustion zone, and combustion in the
second or main combustion zone is consequently more stable than
without preheating, Several additional combustion zones could
be used by introduction of fuel and/or oxidizer downstream from
the main combustion zone, Such arrangements, which resemble
combustion behind a pilot flame, may also be of great interest
from the viewpoint of attaining very high combustion Speeds
close to those of detonative combustion, [This subject will be
discussed in detail in the next report in this series, which will
deal with intensification of combustion, ]

Two or more combustion zones can also be established by the
use of several flame holders, which can be arranged either in two
longitudinally spaced cross-sectional planes of the chamber [31%)
or in one single plane, The latter arrangement would be more
advantageous since the combustion zone would be shorter, but
the stabilizing effect would be less pronounced than in the first
case,
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Concerning the effect of oscillations on the operation of
combustion chambers, it is generally believed that oscillations
are useful for increasing the combustion efficiency, provided
that they are not too intensive and thus harmful to the engine
[19%]. From this viewpoint (which 18 apparently held by many
‘Soviet specialists), it appears possible that attempts were made
to control rather than to completely eliminate oscillations.

To summarize this analysis, it may be stated that definite
conclusions concerning the Soviet approach to combustion insta-
billty cannot be drawn on the basis of the open-source litera-
ture avallable, However, it becomes evident that Soviet researchers
have a comprehensive knowledge of phenomena closely related to
combustion instability, such as flame-pressure wave interaction,
intensification of perturbations by the flame front, formation
of shock waves in front of the flame front, flame acceleration,
deflagration to detonation transition, and the mechanism of gas
detonations, Some of the results obtained in these fields were
used to derive criteria for the occurrence of combustion insta-
bility. However, no studies on the experimental verification of
these criteria were published.

It appears possible that in the design of combustion cham-
bers, attempts have been made to eliminate instability by intro-
ducing unconventional design and operating features, such as
multiple or distributed combustion zones, the injection of metal
powder, placement of flow rectifying grids upstream from the
combustion zone, and installation of acoustic energy dampers and
designed chamber heads to eliminate the unfavorable effect of
heat insulation on combustion stability,

Some factors have opposing effects on stability and general
performance characteristics (combustion efficiency, engine weight,
etc,). For instance, oscillations improve combustion efficiency
but reduce stability, and an increase in the length of the com-
bustion zone improves stabllity but increases the weight of the
chamber, Some factors have a positive effect on both the sta-
bility and the performance characteristics: the introduction of
metal powder increases the specific heat release and im-
proves stability; the use of grids increases the burning veloc-
ity and improves stabllity., Therefore, a selective combination
of design features may be considered to be the basic concept
which was used in the design of high-performance combustors,
Design characteristics affecting the general performance char-
acteristics, such as flame stabilization with countercurrent
Jets, the use of flow swirlers for reducing the combustion zone
length, and the effect of central and peripheral ignition, will
be discussed in the next report in this series,




IT. APPENDIX

1#) Salamandra, G. D., and O, A. Tsukhanova. S8hock formation
in front of the flame front., IN: Fizicheskaya gazodina-
mika (Physical gasdynamics), lMoskva, Izd-vo AN SSSR, 1959.
151 '162 [

The investigation of shock formation in front of the flame
front not only is of thecretical interest but also has great
practical significance since the presence of shock in front of
the flame front is the necessary condition for the transition
from slow combustion to detonation.

Hydrogen-oxygen mixtures were used in the experiments be-
cause thelr combustion process is so rapid that the shock forms
relatively close to the head of the combusticn chamber.

The process was scanned by frame phctography (5,070 to
100,000 frames/sec.)

Detonation chambers of clrcular and rectangular cross
sections were used, The length of the detonation chamber could
be varied between 280 and 607 mm. The chamber was closed at both
ends by plugs, one with a sparkplug for igniting the mixture.
Mixtures containing 25, 33.3, 50, 66.6, or 70% H were used in
the experiments.

The following results were obtained:

1, The flame, moving rapldly along the tube, causes per-
turbations in the fresh gas. A shock wave forms from serles of
these perturbations which cumulate in one section of the tube
or in its extension, This shock wave 1s clearly visible on
photographs.

2. The formation of the shock wave takes place at a given
length of the chamber, If the perturbations caused by the flame
in fresh gas have no time to form into a shock wave before they
reach the end of the chamber, the shock can appear as the result
of perturbations deflected from the end of the chamber or from
the flame front. The elementary perturbations, as a rule, do
not pass through the front of the flame, but deflect from 1t as
from a solid wall.

3. In estimating the process of the shock wave formations in
front of the flame, it i1s possible to use a model of gas motion
in froat of a piston, which can be treated by Hugoniot equations
to determine the distance from the ignition point to the point
where the shock is formed. The calculated results were in good
agreement with the experiment.
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4, The dependence of the distance from the point of ig-
nition to the point of shock formation (X) on the mixture con-
centration can be described as follows: X = a?/m?, where a is
the speed of sound in' the mixture and m is the percentage of
hydrogen in the mixture.

5. ' The distance from the ignition point to the point of
shock formation depends on the shape of the chamber. In the
circular chamber the acceleration of the flame front is much
greater than in the rectangular chamber at an equal cross-sece
tlonal area. As a result, the value Y in the first case is
almost 2.5 times smaller than in the second.

bx) salamandra, G. v. Interaction oi’ flame with shock wave.
IN: Fizicheskaya gazodinamika (Physicali gasdynamics).
Moskva, Izd-vo, AN SSSR, 1959. 163-166,

This study on flame-shock wave interaction showed that
elementary shock discontinuities from which the shock wave is
formed and which move towards the flame usually do not pass
through the flame front but are reflected from it, causing its
deformation.

The shock wave formed, however, readily passes through the
flame front and causes the appearance of a cellular flame struc-
ture, which considerably increases the burning surface and the
burning velocity.,

7*) Kogarko, S. M., and D. L. Ryzhkov., Study of the intensifi-
cation of compression waves in combustion. Zhurnal tekhni-

The intensification of compression waves in the combustion
of benzene or hexane with nitrogen-oxygen mixtures was studied
by plezoelectric recording of pressure waves formed during com-
bustion in a closed vessel at 100—T760 mm Hg initial pressure.
The Intensification of the waves was expressed in terms of the
intensification coefficient Ka, which was defined as the ratio
of amplitudes of two consecutive waves. Some of the results
are shown in Figs. 1-3,
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Fig. 1. Dependence of Fier. 2. Dependence of the
the intensification co- 12tensification coefficient
efficient K2 on the mix K on the initial pressure
ture composition (air in the combustion of benzene
excess factor a) in the with nitrogen-oxygen mixtures
combustion of benzene in
nitrogen-oxygen mixtures 1 - 40% 0, + 60% N>,

2 - 45% 0, + 55% Na.
1 = 21% 0, + 79% N}
2 - 25% 0 + 75% Np3
3 = 30% 0y + 70% lig;
L - 45% 0, + 55% ,.

Fig. 3. Dependence of the
intensification coefficient
on the mixture composition
(a) in the combustion of ben-
zene and hexane with nitro-
gen-oxygen mixtures

(40% 0, +607% N,) at an ini-
tial pressure of 760 mm iHg

f 1 - Benzene; 2 - hexane,

Fig. 2 shows that in the combustion of benzene in nltrogen-
oxygen mixtures, the wave intensification increases monotonically
with increasing density of the medium. Fig. 1 shows that the
intensification increases with increasing oxygen content in the
nitrogen-oxygen mixture., Maximum intensification occurs at a
mixture composition of a= 0.,65—=0.75, i.e., in fuel-rich mixtures.
It is concluded that when the combustion temperature 1s increased
by decreasing the concentration of the nitrogen diluent at a
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constant fuel-oxygen ratio, the onset of compression-wave in-
tensification occurs at a lower pressure than with nixtures
having a lower combustion temperature (higher nitrogen con-
centration), For instance, in the combustion with air, no
intensification was observed, while at tine same fuel-oxygen
ratio (a), a substantial intensification occurred with oxygen-
enriched air (Fig. 1). Maximur intensificatlon of K"(l.gg)
was observed with fuel-rich mixtures (0.69) at an oxygen con-

centration of 55%.

13%) Salamandra, G. D., and I. K. Sevast'yanova. Intensifi-
cation of shock wave during passage through flame front.
IN: Fizicheskaya gazodinamika, tepioobmen i termodina-
mika gazov vysokikh temperatur (Physical gasdynamics,
heat transfer and thermodynamics of high-temperature
gases). Moskva, Jzd-vo AN SSSR, 1962, 199-203,

Experiments with H,-0, mixtures containing 40-80% H,
rere conducted in a rectangular shock tube equipped with a
window for schlieren photcgraphy and with two spark plugs, one
located at the tube end and the other at the tube walli. The
mixture was first ignited with the plug at the tube end; as
the shock front approached, the other plug was ignited by a
synchronized mechanism. Thus, a study could be made of the
passage of the shock wave through the flame front from the
fresh gas into the combustion products and from the combus-
tion products into the fresh mixture., The velocity of the
shock wave was evaluated from the differences between the ob-
served shock-wave veloclty and the velocities of the fresh gas
and the combustion products. A curve of the shock-wave in-
tensification factor K versus < H, exhibited a maximum at
the stolchliometric ratio. A plot of K versus initlial pressure
(100—600 mm Hg) shows that K is constant up to 300 mm Hg, and
that with a further increase of pressure 1t lncreases linearly.
It is shovwn that Intensification of the shock wave is not
caused by gasdynamlc phenomena. During passage of the shock
wave through the flame front, the pressure and temperature are
increased; as a consequence, the reaction rate and heat release
in the comhbustion zone increase. The changes in the combustion

zone cause disturbances which, when moving in the same direction,

reach the shock front and cause its Intensification.

14#*) Soloukhin, R. I. Shock wave refraction on a flame front.
zhurnal prikladnoy mekhanlikl i tekhnicheskoy filziki,
no, 1963, 40-47,

A study of the interaction of shock wave and flame front
has been made to determine the conditlons leading to shock-wave
intensification and burning-rate increase. In previous Soviet
theoretical and experimental studles, the intensification of

compression waves by passage through a flame front was assoclated
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with either relaxational frontal interaction or equilibrium in-
tensification of the refracted wave. In both cases pressure-
wave intensification was explained as resulting from a burning-
rate increase caused by the higher temperature of the gas,
which 18 heated by the compression wave, No allowance was made
in these studles for deformation of the flame surface. An ap-
proximate theoretical evaluation of flame-surface deformation
in hydrogen-oxygen flames showed that a shock wave with a
pressure difference ap' = 0.1 p; (where py 1s the pressure in
the unburned gas) may cause a pronounced deformation by which
the flame surface increases several times. The intensification
of the shock wave due to flame deformation 1s considerably
stronger than that caused by the increase in the normal burning
rate. To study the effect of flame deformation on shock-wave
intensification, experiments with hydrogen-oxygen and acetylene-
oxyzen mixtures were made in a shock tube of 50 x 50 mm cross
section, The mixture was spark-ignited at the closed end, and
the collision of the incident and reflected shock wave with the
laminar flame was scanned by time-resolved schlieren photography
and oscillographic pressure recordings. Speclal experiments
were also made with variable ignition delays to study inter-
action with the collision point located at variable distances
from the ignition point. The results showed that the pressure
decreased behind the incident shock wave -and increased propor-
tionally to the distance from the ignition point behiad the
reflected wave (after the second passage through the flame
front). The overall results of the study demonstrate that flame
deformation 1s the major factor responsible for shock-wave in-
tensification. On the basis of the photographs obtained, a
mechanism of the transition from deflagration to detonation is
outlined. It 1s also shown that self-ignition behind the re-
flected shock wave takes place when /p/m1 1s larger than 1.6,
This pressure increase corresponds to a gas temperature of
770K, which is close to the ignition temperature of a stoichio-
metric hydrogen-oxygen mixture (800K). It i1s emphasized that
the detonation wave is formed in the compressed gas between the
shock front and the flame, rather than by coalescence of the
shock wave with the flame as is usually assumed.

16*) Salamandra, G. D., and I. K. Sevast'yanova. Formmation of
shock waves ahead of a flame front and thelr intensifica-
tion during passage through the flame. Combustion and
Flame, no. 2, 1963, 169-1T74,

The mechanism by which a shock wave is formed ahead of a
flame front is described as follows: Expanslon of the gas
during combustlion causes formation of elementary compression
waves which propagate before the flame front at a supersonic
velocity., Since each following wave propagates in a medium
agitated by the preceding wave, the compression waves overtake
each other and form the shock wave. This process was deduced
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from spark schlieren photographs, The distance X from the
ignition source at which the shock wave is formed depends on

the composition of the combustible mixture, its initial pres-
sure, and the diameter of the tube serving as combustion chamber.
The value of X as a function of tube diameter and composition

1s shown in Fig, 4 and Table 1, It was found that the strongest
intensification of shock waves passing through a flame front
occurs at a hydrogen content of about 65% (intensification factor,
about 1.37).

Table 1. Distance from point

of ignition to point of wave de-
velopment X in hydrogen-oxygen
mixtures

Sory o p=406 nn Lig p=720 mmn 1y
RO Expil Culcd Lxptl Culed
riere clil cm ci cmt

40 94-2 92 — —
S0 5445 543 396 41‘-.3
37 453 A8 3 . 342 383
5 T 50 -6 46
75 RIS 53 4'1 ; 3
Nt 722 785 B k2 67

o 20 20 40
Tube diameter, mm

Fig. 4. Dependence of the
X value on the diameter

of the tube containing the
combustible mixture

17*) Kayushin, L, P, Effect of external friction and heat
transfer on the motion of the ignition front and shock
waves 1In chemically reactive medla. IN: Gazodlinamika
i fizika goreniya (Gasdynamics and the physics of com-
bustion). Moskva, Izd-vo AN SSSR, 1959. 57-68.

A study of great interest for developing high-intensity
combustion processes was made by Kayushin in which he determined
the effect of grids and perforated plates on the flame speed of
hydrogen-oxygen mixtures., The source describing the experiments
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was published in 1959, No indication is given of the time when
the actual experiments were carried out.

Shchelkin, who studied the effect of tube-wall roughness
on the flame speed in detail in 1945-1919, found that the flame
speed in tubes with rough walls is several times higher than
that in smooth tubes, Since this effect is due to the heat gen-
erated by friction, Kayushin assumed that friection generated in
a different manner would have a similar effect, and therefore
conducted experiments with grids and perforated plates, He used
a chamber of 2,3 x 2,6 em cross section and 17.5 em length in
which the grids or plates were installed 3 and 8 em from the
spark ignition plug., The process was scanned by motion picture
and fraeg_photography. The grids were characterized by the param-
eter N//mr, where N is the number of mesh in the grid and r is
the mesh radius. Grids with N//ir ranging from 6(.5 x 103 to
0.04 x 103 were used for studying the combustion of hydrogen-
oxygen mixtures containing 33, 50, 67, and 82% H,. The diaphragms
were made of brass plates 0,5 mm thick with orifices 0.01, 0.y,
0.8, or 1,6 c¢m in diameter,

) X, (M — e .‘V HL/SGC
poa —. 18 a.'l.'.-'.. = 3 | 'll'-ﬂ‘\ 7
| | I o i =
S I - 'I.J‘.|rl-. e o . a0
. = ‘jffs RO A
! _'_!:—-‘ e = - Ik
| - .-"rf M r‘r{-’
(s = | £ 72
) 7 . ; I‘:’T/'i/"
J T d ] F] MFeine | L - e L
Fig, 5, Time dependence of Fig. 6, Time dependence of
the path travelled by the path travelled by the flame
flame front in a mixture of front in hydrogen-oxygen mix-
Hy + 20, for three different tures in a chamber with a
grids diaphragm
l, 2, 3 - Grids with suc- l, 2, 3 - Orifice diameters
cessively decreasing values successively increasing; 4 -
of N//?;; 4 = combustion combustion without diaphragm,

without grid,

Figs. 5 and 6 show the path of the flame front velocitles obtained
after passage through the orifices, It can be seen from the fig-
ures that with H, + 20, mixtures and mixtures containing 82% H,,
the flame speed increased considerably after passage through the
grids or diaphragms, The effect of the diaphragms was more pro-
nounced than that of grids, and combustion was of detonative
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character, With stoichiometric mixtures (2H, + 0,), detonations
having a velocity of 5500 m/sec occurred witﬁ botﬁ grids and
diaphragms, regardless of the orifice diameters, The detona-
tion velocity after the grid was much higher than that o a
normal detonation and decreased to about half its velocity at
the chamber outlet,

With almost stolchiometric mixtures (50% and 67% H, con-
centration), the relationship between the velocity and ghe ori-
fice diameter could not be determined, since detonation occurred
with all orifice diameters., Strong compression waves were ob-
served in front of the flame front with both grids and diaphragms,

Based on Prevoditelev's formula the following relationship
was derived for the flame speed in the presence of a grid:

il R
WT: gl +>\—__._._.0...._' -,
ol - o) 7

where g, 18 the normal burning velocity, T, is the initial gas
temperature, T, 1is the ignition temperature, p is the gas den-
sity, A 1s a parameter depending on the gas velocity and temper-
ature distribution, nis the viscosity, r is the diameter of the
mesh, and N 18 the number of the mesh,

According to the formula the velocity would increase without
bonds with increasing N/r, However, experiments showed that with
a grid of N//nr = 66,5.103 (fine mesh) the velocity decreases,
owing to heat transfer from the flame to the grid, Therefore the
mesh of the grid has to be selected so as to ensure a minimum
heat transfer from the flame to the grid,

The interaction between the compression waves formed during
fast combustion and the chamber walls was also investigated in
this study., It was found that when the wall of the chamber head
is made of heat-insulating material, the formation of shock
waves takes place more readily than with metallic walls. This
1s due to the energy dissipation from the compression waves
caused by heat losses to the metallic walls,

Table 2, Shock wave velocities
(measured with an accuracy of

50 m/sec)

Cornc. -
oy %c  vun/sesl Vi ses Vr]v{;c

R V, 1s the velocity of a shock
33, 0 L1080 ' 1080 wave formed in a chamber with
50 [o1100 1 4200 110 metallic wall, V, is the ve-
66 1400 | 2045 645 locity of a shock wave formed
67 1350 | 1820 470 in a chamber with insulated wall,
€8,6 1595 2200 605
79 1640 21735 535
84 0 2420 | 2420
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Table 2 gives the velocities of shock waves formed in fast com-
bustion of hydrogen-oxygen mixtures by reflection from insulated
and metallic walls,

Thus, by insulating the wall of the chamber head, it 1is
possible to obtain shock waves also in short chambers or with
mixtures which with metallic walls do not form shock waves,

The following are the principal conclusions of the study: ‘

Grids perpendicular to the axlis of a combustion-chamber
considerably intensify the combustion process, With grids the
flame speed is 5—=8 times higher than without grids, The flame
speed of mixtures with compositions far from stoichiometric in-
creases linearly with an increasing ratio of mesh number to
mesh radius, This ratio characterizes the hydrodynamic flow
resistance of the grid, With stolchiometric mixtures after the
grid, overcompressed detonation waves are for.ed (5500 m/sec)
which decrease their velocity to the normal detonation speed at
the chamber outlet,

18%) Artamov, K. I, Stability of liquid-fuel rocket motor
operation, IN: Izvestiya, Akademiya nauk SSSR., Otdeleniye
tekhnicheskikh nauk, Mekhanika 1 mashinostroyeniye, no, 1,
1961, 6y-69,

An analysis was made of low-frequency liquid rocket motor "
instability caused by interaction of the fuel injectlon rate and
the chamber pressure, Equations for the evaporation of the fuel,
mass balance 1n the combustion chamber, and the fuel injection
process were derived to obtain characteristic system equations,
Stable operation was considered as a function of the following
four dimensionless parameters:

t,1 tkl Ap@ proa
= —L‘ = emem=® N = comn— = eomamme
Tp Pt Tk 5 0 e pko’ B pko

where Tp 18 the ratio of the time lag to the time required for a
sound wave to travel through the feed line (1/a), T, is the ratio
of the residence time of the gas in the chamber (divided by adia~
batic exponent Y) to 1/a; hy 1s the ratlo of the pressure drop

in the injJection nozzle to the chamber pressure; and hy is the
ratio of the stagnatlion pressure of the liquid to the chamber
pressure (’cp 1s the evaporation time, t, 1s the residence time

of the gas divided by v, a 1s the acous%ic velocity, and 1 is
the length of the fuel feed line). The results are plotted in

Fig. 7.

The stable region located on the right side of the diagram
is delineated by the smooth curve 1n the upper part and the broken
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curves on the left side, When the pressure in the fuel tanks is
lowered (during thrust reduction of the motor), the operating
point shifts to the left side and upwards., Therefore, stable and

Fig, 7. Stability boundaries

in the plane hg, Tp at hﬂ = 2,
Tk = 1, and k = 1,72 and n = 1,2
(n = 1 corresponds to the funda=-
mental tone n = 2, 3 to the higher
harmonics; k = 2kn)

instable regimes may alternate during thrust reduction, An in-

crease in T, does not make the motor operation stable when the

operating point (v, h3>) 1s located above the smooth curve in
lag

the upper part of the ram,
—— . 'h_t -
L fgﬁ; _,a::
- ﬁ/’// -
Sl— - "jf%f;it———
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Fig, 8, Same as Fig, 7, but Fig. 9, Stability diagram for
only for the upper limiting various 1/a

curve and the broken curve
for k = 0 and n =1 (a= ul/a;
w = frequency)
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Fig, 9 shows that an increase in the length of the fuel
feed lines affects stabllity in two ways: 4t narrows ths sta-
bility range, owing to an increase in the surface of the serrated
curve, but it widens the range due to a shift of the upper lim-
iting curve.

The operation of a 1liquid fuel rocket motor can be repre-
sented schematically as follows:

where M represents the injection process, P is the evaporation
process, and K 1s the combustion process, The characteristic
equatlion of such a system, 1s K(q), M(q). P(q) =1 (q = differ-
entlal operator). M(q), P(q), and K(q) are transfer functions
which must be known for stability analysis. They can be expressed
in terms of hy, hy, etc, For complex fuel injection systems it is
advisable to getermine the individual transfer functions by ex-
periments,

19*) Shchelkin, K, I., and Ya. Troshin, High-frequency oscilla-
tions in forced combustion chambers,: IN: Gazodinamika
goreniya (Gasdynamics of combustion), Moskva, Izd-vo AN SSSR,
1963, 215-238,

Oscillations in ramjet combustors may be caused by three
types of mechanisms: 1) Aerodynamic instability, which may result
from turbulence, vortex separation from the flame holder, or flow separa=-
tion from the diffusor wall. These oscillations are not harmful
unless they are intensified by interaction with the combustion
zone, 2) Oscillations may be caused by fluctuation of the fuel
feed rate, which leads to heat release fluctuations. This in-
stability can be removed by design changes of the fuel system,

3) The most harmful oscillations are caused by the interaction
of longitudinal, transverse, and radial acoustic or weak shock
waves with the turbulent combustion zone. The most promising
means of suppressing this type of oscillation is by damping of
the acoustic or weak shock waves generated by the combustion
zone, Another possible means of preventing these oscillations

is to weaken the feedback interaction mechanism between the waves
and the combustion zone, This possibility is rather limited.
since with increasing performance parameters of the combustion
chamber (heat release, combustion gas velocity), the tendency
towards shock-wave intensification increases, However, some pos-
sibilitles of weakening the feed-back Interaction do exist, and
the studies on the interaction between shock waves and the com-
bustion zone are thus not only of theoretical but also of prac-
tical interest,
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Withh the exception of some aerodynamic instabillity modes
of ramjet combustors, the instabilities in rocket combustors
are caused by basically similar mechanisms. However, in the
case of 1liquid rocket engines another instability source exists
which is caused by the internal instability of the flame front
which is similar to the instability of a detonation wave front,
This instability 1s due to the consecutive ignition of the pre-
mixed and heated combustible mixture,

Concerning the effect of oscillatlions on combustor opera-
tion, it 1s generally believed that oscillations may be useful
for increasing the combustion efficiency, provided that they
are not so intensive as to harm the engine,

An analysis of the intensiflcation of weak shock waves in a
turbulent combustion zone ylelded the following expression for
the intensity of the weak shock wave as a function of burning
veloclty:

q. M.
= - + Au

where Ap 1s the pressure drop across the shock wave; ¢; and ¢,
are the acoustic velocity in the fresh gas and combustion prod-
ucts, respectively; M, is the Mach number of the fresh gas flow;
q 1s the ratio of heat release to initial internal energy of the
gas; Auy 1s the increase of burning velocity above the steady-
state value

ut - ug

.____._),

(Au+ = U

where u'y is the non-steady-state flame speed relative to the
fresh gas velocity, and w4 1s the steady-state flame speed rela-~
tive to the fresh gas velocity.

The equatlion shows that the shock wave 1s generated by an
increase in the burning veloclity, If this increase 1s absent
(Au = 0), Ap will be O and no shock wave is formed,

The reverse problem, i.,e., the effect of a weak shock wave
on the burning velocity, was also analyzed in detall and the fol-
lowing expression was derived for the lncrease 1n the turbulent
burning velocity caused by a weak shock wave:




where u, is the fresh gas velocity relative to a stationary
flame front; ¢, and ¢, are the acoustic velocities in the fresh
gas and the combustion products, respectively; wg is the gas
velocity behind the shock front relative to the gas velocity
before the front; and M; is the Mach number of the fresh gas
flow., The analysis also showed that the increase in turbulent
burning velocity caused by passage of the shock wave is pro-
portional to the turbulence generated by the shock wave,

: The following criterion was derived for the occurrence of
longitudinal high-frequency oscillations caused by intensifica-
tion of a weak shock wave in a turbulent combustion zone:

where B 18 a constant close to unity, Y is the specific heat
ratlo, Q 1s the heat of combustion, v' is the velocity fluctua-
tion, u,; 1s the normal burning veloclty, Ly 1s the combustion
chamber length, 1 18 the turbulence scale, and m is an exponent
ranging from 0,5 to 1,

This formula shows whilch measures can be taken to suppress
the occurrence of longitudinal, high-frequency oscillations in
liquid rocket engines, For actual conditions in a combustor,
corrections have to be introduced for individual cases, For
the occurrence of transverse oscillations, the following cri-
terion for the instablility of a combustion zone to weak shock
waves was obtailned:

1 C3
(v _1>(cl+ c,)? cpe Nﬂ > 1

(notation as in previous formulas),

Numerical evaluation of both criteria for longltudinal and
transverse oscillations showed that the turbulent combustion zone
has a relatively high stabillty to weak shock waves, The criteria
become larger than unity (loss of stability) only at high heat re-
lease rates, which are not encountered in alr mixtures, In reall-
ty, however, 1instabllity in air mixtures is experienced., This
contradiction is attributed to simplifications made in the deriva-
tion of the criterlia, Therefore the criterla can be considered
only as approximations.. In practice, the term on the left side of
the inequalities may be only permitted to reach a value smaller
than unity before instability occurs,
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