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ABSTRACT

The primary objective of this research program is to investigate the
~mechanisms responsible for the driving/damping of axial instabilities by'
solid propellant flames. In addition, this research has been investigating
whether state-of-the-art flame response models can accurately predict the
_characteristics of the flame driving/damping mechanisms. vTQ attain the
programs's objectives, the response of premixed flat flames, stabilized on
the side wall of a duct, to imposed axial acoustic waves has been
investigated both experimentally and theoretica]Ty. Premixed flames have been
chosen for this study because they simulate some important characteristics of
solid propellant flames and they are amenable to detailed experimental
diagnostics. During the reporting period a previously developed flame
response model was used to predict the characteristics of the unsteady heat
release rate and velocity components of the experimentally investigated
flames. To utilize the developed model, data describing the steady state
temperature and heat release rate distributions in the flame region, - the
acoustic admittance of the burner surface and the global activation energy of
the flame were needed as inputs. As described in this report, the needed
input data were obtained by a combination of experimental and analytical
techniques. Using these data as inputs, the model predicted that the damping
or driving of the acoustic field by the investigated flames depends strongly
on the acoustic admittance of the burner surface and on the frequency of the
acoustic oscillations. Furthermore, the model predicted that the magnitudes
of the heat release rate oscillations and the normal velocity oscillations
generally decrease as the frequency increases. The experimental efforts

during the reporting period used an LDV system to investigate the spatial



dependences of the axial and normal (to the wall) velocities in the flame
region. The important phase differences between the oscillating velocities
and pressures fields were determined by using the method of "Conditional
Sampling". These studies revealed that the premixed flame drives the acoustic
oscillation at the investigated frequency of 200 Hz. Finally, comparisons of
the measured data with the model predictions showed excellent agreement
between the two indicating that state-of-the-art models are capable of
predicting the interaction between a premixed gas phase flame and an axial
acoustic field. This observation strongly suggests that state-of-the-art
models should be able to provide insight into the interaction of actual solid
propellant flames with the flow environment in rocket motors experiencing

axial instabilities.



INTRODUCTION

This research program is concerned with the determination of the
contributions of solid propellant gas phase flames to the driving of axial
instabilities in rocket motors. This problem is of much interest because it
is well known that the response of the solid propellant combustion process to
the flow oscillations is responsible for providing the energy required for
the initiation and maintenance of the instability inside the rocket motor.
Consequently, acquiring an understanding of the processes which control the
interaction of solid propellant combustion processes with the motor flow
oscillations may lead to the development of practical solutions for reducing
the occurrences of highly detrimental instabilities in solid propellant
rocket motors.

At present the mechanisms which control the burn rates of solid
propellants in unstable rocket motors are not clearly understood. These
mechanisms involve solid and gas phase chemical reactions, complex,
multidimensional heat, momentum and mass transfer processes and they
generally occur within extremely thin regions (i.e., of the order of tens of
microns) next to the solid-gas interface. Because of the small dimensions of
the solid propellant flame region, no detailed experimental probing of
oscillatory solid propellant flames have been performed to date and all
efforts in this area have been confined to the development of theoretical
models whose validity has never been confirmed.

To attain an understanding of the phenomena responsible for the
occurrence of combustion instabilities in solid propellant rocket motors this

research program has been investigating:



1) Gas phase flame mechanisms responsible for the driving/damping of

axial instabilities in solid propellant rocket motors.

2) The wvalidity of state-of-the-art solid propellant combustion

response models.

Since actual solid propellant flames cannot be used, because of their
extremely small dimensions, short burn times and difficulties in handling, in
experimental investigations of flame driving/damping of combustion
instabilities, other flames which simulate relevant characteristics of solid
propellant flames and are amenable to experimental probing must be used in
such studies. In the present study the interaction of a premixed flame,
stabilized next to the side wall of a duct, with longitudinal acoustic fields
has been investigated to determine the mechanisms through which such flames
can drive or damp axial acoustic fields. The experimental setup, developed
for this study, is presented in Fig. 1. It consists of a long rectangular
duct with a flat flame burner on one of its side walis. A reactive
air-propane mixture is delivered through a ceramic matrix and ignited to form
a flat flame. This flame can be stabilized at various distances away from the
burner surface by controlling the mixture flow rate, the air-fuel composition
and the Tlocation of the wire gauze which is held above the flame. The
acoustic drivers at one end of the duct are used to establish a standing
acoustic wave of desired frequency and amplitude in the duct and the movable
end plate at the other end of the duct is used to "move" the standing
acoustic wave relative to the fixed flame position. This, in turn, provides a
capability for investigating the flame behavior when it is located at

different points on the standing acoustic wave.
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A premixed flame has been chosen for this study because it eliminates
the complexities arising from the presence of mixing processes and can be
stabilized at distances sufficiently far away (e.g., ~ 10 mm) from the side
wall of the duct which permits the experimental probing of the flame. The
premixed flame also possesses a sharp gas phase temperature rise and its
interaction with axial acoustic fields produces an oscillatory velocity
component normal to the side wall of the duct. Such large gas phase
temperature increases and fluctuating normal velocity components, which are
responsible for the driving/damping of acoustic fields, are also expected to

occur during the oscillatory combustion of actual solid propellant flames.



RESEARCH ACCOMPLISHMENTS

The dynamic response of a gas phase heat source (e.g., a combustion
process) when it is subjected to acoustic oscillations plays an important
role in the stability of the system which contains the heat source. The
conditions under which an oscillatory heat source would drive or damp
acoustic oscillations have been formulated by Ray1eigh(1) who showed that
this interaction depends upon the phase difference and the amplitudes of the
oscillating pressure and heat source. Expressed mathematically, Rayleigh's
criterion indicates that the heat source will drive acoustic oscillations

*
within the system when the inequality ,

/ /p'(x,t) Q/(x,t) dt dV > L (1)
v T

is satisfied. The left hand side of the above equation can be positive or
negative depending upon the phase difference between the heat release rate
and pressure oscillations. Driving occurs when this phase difference, ¢,
satisfies the condition -90° < & < 90° while for any other value of & the
heat release rate oscillations damp the acoustic oscillations. It should be
also pointed out that the integration in the above equation is performed over
the entire volume of interest (or over all regions where Q' # 0) and that it
is quite possible that Q' damps the oscillations in some parts of the system

and drives them in other.

* See nomenclature for explanation of symbols.



During the previous reporting period the amplitude and phase (relative
to the pressure oscillations) of the oscillatory radiation, which is a
measure of the oscillatory heat release rate(z), of the investigated flames
were measured. These data showed that the driving/damping characteristics of
the investigated flames are frequency dependent. During the current reporting
period the developed flame response model was wused to predict the
driving/damping characteristics of the investigated flames. The developed
model requires the steady state temperature distribution in the flame region
(previously measured by the Inclined-slit method), the steady state heat
release rate distribution, the global activation energy and the acoustic
admittance of the burner surface (previously measured by the classical
impedance tube technique) as inputs.

To determine the steady state heat release rate distribution in the
combustion zone and the global activation energy for the assumed one step
forward reaction, the following non-dimensionalized steady state energy

equation derived in Ref. 3,

ko OF o oAt o 2)
2~ o d - -
€ dy y
where,
1-T 2 T
vy s 8 g A=l SR (3)
P72

was solved to obtain the values of S and E and the corresponding,
theoretical, steady state temperature distribution which provided the "best
fit" with the measured temperature distribution. Once these were determined,
the steady state heat release distribution was determined using the above

relationship for wg. Typical plots of measured and computed temperature

7



distributions are presented in Fig. 2 whereas a plot of the corresponding
steady state heat release rate distribution is presented in Fig. 3.

Utilizing the steady state temperature and heat release distributions
presented in Figs. 2 and 3 as inputs for the unsteady flame model the Tlatter
was used to predict the behavior of the oscillatory heat release rate of the
investigated flames. Specifically, the model was used to predict the unsteady
behavior of flames stabilized above the burners having different surface
admittances and subjected to axial acoustic oscillations having different
frequencies. The phase differences between the oscillating heat release rates
and the imposed pressure oscillations were predicted to determine the
conditions under which these flames will drive or damp the acoustic waves.
Predicted frequency dependences of such phase differences for two different
burner surface admittances are presented in Fig. 4. These plots clearly show
that the driving/damping characteristics of these flames depend on the
frequency of the acoustic oscillation and also on the admittance of the
burner surface. For example, when the burner admittance R = -2.2 + 0.4i the
flame damps the acoustic field at all the investigated frequencies while when
the burner admittance R = -0.4 - 0.6i damping occurs at low frequencies and
driving at high frequencies. The predicted frequency dependences of the
amplitudes of the heat release rate oscillations for the two cases considered
in Fig. 4 are presented in Fig. 5. These predictions indicate that in general
the amplitudes of heat release oscillations decrease with increasing
frequency, a trend which is consistent with the measured frequency dependence
of the oscillatory radiation of the investigated flames. It should be pointed
out that the predictions presented in Figs. 4 and 5 were obtained by assuming
that burner surface admittances did not vary with frequency. This assumption
contradicts, however, the results of earlier studies, conducted under this

8



program, which showed that the acoustic admittance of the burner surface is
frequency dependent. The measured frequency dependence of the burner surface
admittance has been input into the model and its predictions are presented in
.Figs. 6 and 7 which show the frequency dependences of the phase differences
between heat release rate and pressure oscillations and the amplitudes of the
heat release rate oscillations, respectively. These predictions are in good
agreement with data measured earlier under this program(4).

The developed flame model was also utilized to predict the behavior of
the oscillating velocity components in the flame zone. Of particular interest
is the behavior of Real (v'(y)), the normal (to the burner surface) component
of the oscillatory velocity. This 1is the case because the interactions
between unsteady solid propellant flames and the local core flow oscillations
involve complex fluid mechanical, heat transfer and chemical processes. These
interactions occur near the lateral boundaries of the motor cavity and they
produce velocity oscillations v'(y) at and near the propellant surface in a
direction normal to the direction of the axial oscillations in the core flow.
These normal velocity oscillations act as lateral pistons which periodically

compress the core flow, thus providing the energy required for initiating and

maintaining the core flow oscillations. Specifically, if

/p, Real (v’/(y)) dt > 0 (&)

T

at the edge of the flame or the edge of the boundary layer (if one exists)
then these normal velocity oscillations can pump acoustic energy into the
core flow oscillations. Thus, processes which increase Real(v') tend to drive

acoustic oscillations and processes which decrease Real(v') tend to damp

9



acoustic oscillations. Distributions of Real(v') predicted by the developed
model for different acoustic frequencies and different acoustic admittances
are presented in Figs. 8 and 9. These predictions show that Real(v') attains
a maximum or a minimum at the location of maximum, steady state, heat release
rate (i.e., at the flame). Figure 8 indicates, however, that for R = -2.2 +
0.47 Real(v') is always negative indicating that the flame damps the acoustic
oscillations for all the investigated frequencies with maximum damping
occurring at the flame. This flame damping decreases as the freqguency
increases from 30 to 400 Hz. In contrast, Fig. 9 shows that for R = -0.4 -
0.6i the flame damps at 10 Hz and it drives the oscillations at higher
frequencies. These predictions indicate that the driving/damping
characteristics of the investigated flames depend on the frequency of the
oscillations and on the acoustic admittance of the burner surface. Finally,
the data presented in Figs. 8 and 9 show that the magnitude of Real(v')
generally decreases as the frequency increases.

To examine the validity of the reported predictions, some of the
experimental efforts during the reporting period investigated the
characteristics of the oscillatory velocity component normal to the burner
surface in the flame region. A TSI, high power, counter-based, LDV was
installed and utilized in this study. The electronic counter was interfaced
to an HP1000 A700 minicomputer via a 16-bit parallel I/0 for data acquisition
and analysis purposes. The measurements of Real(v') required the
determination of the magnitude of the velocity oscillation and its phase with
respect to the imposed pressure oscillation. To attain these data

(5)

“Conditional Sampling" and ensemble averaging were used in the data
acquisition and reduction procedures. Software capable of performing the
required acquisition from the LDV processor and its analysis were developed.

10



Furthermore, a particle seeding system wutilizing A]ZO3 particles was
designed, fabricated and incorporated into the previously developed
experimental setup.

A typical, measured time dependence of the normal velocity component at
a point in the flame is presented in Fig. 10 while Fig. 11 presents the
measured spatial dependence of Real(v') in the flame region of Real(v') when
the flame is excited with a 200 Hz acoustic field. Figure 10 shows that the
time dependence of the measured velocity is sinusoidal and Fig. 11 shows that
Real(v') attains a maximum at the flame Tocation indicating that the flame
tends to drive the acoustic wave at this frequency. A comparison of measured
and predicted velocity distributions is currently in progress.

In summary, the experimental and theoretical results obtained during the
reporting period show that the driving/damping characteristics of the
investigated flames depend upon the frequency of the axial acoustic waves and
the admittance of the burner surface. These studies also revealed that the
driving capabilities of the flames decrease as the frequency increases.
Finally, these studies show excellent agreement between the developed flame
model predictions and the measured data. The experimental and theoretical
results obtained during this study clearly demonstrates the occurrence of
oscillatory heat release rates and oscillatory transverse velocities in the
combustion zone when axial acoustic oscillations are imposed upon the
investigated flames. Such characteristics are undoubtedly exhibited by actual
solid propellant flames during axial combustion instabilities and they
strongly suggest that the oscillatory heat transfer to the propellant surface
that is undoubtedly associated with the observed flame oscillations may be
the cause of an unsteady propellant burn rate. This, in turn, would result in

an unsteady reactants supply to the gas phase flame which could produce an

11



oscillatory heat release rate is capable of providing the energy required for

maintaining the oscillations.
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*
NOMENCLATURE

cp specific heat

E global activation energy

k thermal conductivity

L system acoustic losses

p pressure

q heat of combustion per unit mass of fuel
Q heat release rate

R admittance of the burner surface

S constant, see Eg. (3)

t time

T period of oscillation; temperature

Y transverse velocity

v control volume

w reaction rate of fuel

X axial coordinate

y transverse coordinate

Loy phase difference between radiation and pressure oscillation

Superscript

! fluctuating quantity

- steady state quantity

* A1l quantities have been non-dimensionalized using the non-dimensional-
ization scheme described in Ref. 3.
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This section briefly describes the results obtained during the first
phase of this research program and the conclusions which may be drawn from
it. As noted earlier, this program is concerned with the elucidation of solid
propellant gas phase flame processes which contribute to the driving of axial
instabilities in solid propellant rocket motors. Since the extremely small

1 and limitations of available

dimensions of actual solid propellant flames
diagnostics techniques currently prevent experimental probing of these
flames, this study has investigated both theoretically and experimentally a
related problem; that is, the interaction between a prémixed flame stabilized
next to the sidewall of a duct and a standing, longitudinal acoustic wave
(see Fig. 1). As discussed earlier, this simulated flame-acoustic wave
interaction problem has important similarities with the interaction occurring
during combustion instabilities in solid propellant rocket motors. For
example, the temperature of both flames increase sharply with distance from
the wall or propellant surface and similar theoretical approaches can be used
to model both flames. However, the investigated - premixed flame can be
stabilized sufficiently away from the wall to allow performing the required
measurement‘.s.n-17 _
This research program had the following objectives:
1. To determine whether state of the art models of unsteady solid
propellant flames(when suitably modified) are capable of predicting the
characteristics of the investigated premixed flames under conditions

simulating those encountered in unstable solid propellant rocket motors,

and



2. to determine those features of the flame which exert the greatest

influence upon the flame driving/damping of the core flow acoustics.

The developed experimental set up18 (see Fig. 3) consists of a Tong
rectaﬁgu1ar tube having a flat flame burner on one of its side walls, an
axially movable injector plate at the inlet end and two acoustic drivers at
the exhaust end. During an experiment, a combustible mixture of propane and
air is fed into the side wall burner and a flat flame is stabilized a short
distance (i.e., 5-15 mm) away from the burner surface (see also Fig. 4).
Next, the acoustic drivers are turned on to excite a standing longitudinal
acoustic wave of desired frequency and amplitude in the tube. The position of
the flame relative to the standing acoustic wave (i.e., next to a pressure
node or pressure antinode) can be varied by moving the injector plate
axially.

As the results obtained during this investigation are best described in
terms of comparisons of experimentally measured data with theoretical
predictions, the theoretical model (described in detail in Ref. 10) will be
briefly outlined. The flow variables including temperature, pressure,
velocity, fuel mass fraction and so on are split into steady and unsteady
components. A set of nonlinear differential equations is obtained for the
steady state components and a set of linear differential equations for the
unsteady components. The analysis for the unsteady components is two
dimensional and depends both upon the axial Tlocation (x) and the normal
distance (y) from the burner surface. The equations for the unsteady
components contain coefficients which depend upon the steady state solutions
and are subject to boundary conditions at the burner surface (y = 0) and at

the downstream edge of the flame (y = yf). Thus, the steady state solutions

10
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need to be determined either theoretically or experimentally or by some
combination of the two. In addition, some of the boundary conditions, in
particular the value of the normal component of the velocity fluctuation, v',
at the burner surface need to be input from experimental measurements.

The acoustic driving/damping characteristics of the investigated flames
may be determined in two ways. First, the acoustic energy input (or
extracted) by the flame from the core flow oscillations is given by the time
average of the product p'v' of the acoustic pressure p' and the normal
component of the velocity fluctuation v'. In this connection it should be
pointed out that a normal component of the fluctuating velocity v' is formed
in the flame region as a result of the periodic characteristics of the flame.
If the product p'v' 1is positive, then energy is fed into the acoustic
oscillations and vice versa. If all phases are referred to that of the
acoustic pressure (as was done in the experiments) then the pressure
oscillations may be taken to be purely real. In such a case, the energy input
of the flame is given by < p' Real (v') > which is the time average of the
product éf p' and the real part of v' generated by the flame. This yields a
quantitative measure of the flame driving/damping characteristics. Secondly,
a qualitative measure of the driving characteristics of the flame may be

obtained using Rayleigh's criterion19

which states that if the unsteady heat
release from the flame is in phase with the local pressure oscillations, then
acoustic driving by the flame results (and vice versa). Both of these

criteria were utilized in the conducted studies.
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Comparisons Between Theory and Experiment

The model for the unsteady flame behavior requires the following input:

(i) steady state spatial distributions of the temperature, velocities and
heat release rate.

(ii) the value of the normal velocity fluctuation v' at the burner surface

y = 0.

In accordance with the statements made earlier about the driving/damping
characteristics of the flame, attention will be focussed herein on the

following predictions of the model:

(i) the distribution of the real part of the normal velocity fluctuation,
Real (v') and

(ii) the distribution of the heat release rate fluctuation, q'.

The required steady state temperature and velocity distributions were
obtained experimentally. The steady state temperature distribution was

8,20 while the velocities were

determined using the inclined slit method
measured using LDV. The steady state reaction rate (W) is related to the

steady state temperature, ?, by the following Arrhenius type relation

'2 -
w = AL-—)-l-2 e_E/T
T

where E is the (normalized) activation energy and A is the steric factor. As
these quantities depend upon the overall reaction characteristics of the
flame and are not readily available, the theoretical model was used, in the

inverse mode, to determine these quantities; that is, instead of solving for

14



T using knowledge of A and E, A and E were determined from the steady energy
equation using the experimentally determined distribution of }.

A typical measured temperature profile and a corresponding steady state
solution obtained theorética]]y are shown in Fig. 5. The temperature is
plotted as a function of the normal distance y from the burner surface. Two
factors are of interest; the flame standoff distance is of the order of 1 cm
thus enabling experimental probing and the steady state temperature gradient
is very small in the neighborhood of y = 0. This means that heat transfer (by
conduction) to the burner surface is not an important factor in the
experiments. It should however be noted that this is not true for actual
solid propellant flames for which the stand off distance is of the order of
50 microns. The implication of this will be discussed shortly. One should
also note the sharp temperature rise in the flame or reaction zone. The
corresponding steady state reaction rate profile is shown in Fig. 6.

The value of v' at y = 0 was obtained in terms of the acoustic

admittance R (i.e., R = v'/p' at y = 0) of the side wall burner surface. This
admittance was obtained experimentally using the impedance tube technique.

The obtained admittancezo’21

is plotted as a function of frequency in Fig. 7
and is seen to depend strongly upon it.

To determine the flame driving characteristics, consider first the
comparisons of predicted Real (v') diStributions with values obtained
experimentally using LDV techniques. As noted earlier this gives a
quantitative measure of the driving/damping by the flame. In Fig. 8, Real
(v') is plotted as a function of y at a frequency of 200 Hz (the driving
frequency). At y = 0, it is given by the sidewall admittance and is negative

indicating that the sidewall acts as an acoustic damper. It varies slowly

between the burner surface (y = 0) and the flame region where the strongest

15
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temperature rise occurs (compare with Fig.5). In this flame region Real (v')
becomes sharply less negative(or equivalently more positive and more in phase
with the pressure oscillations). This means that at 200 Hz, the flame inputs
energy into the core flpw oscillations. Note also that the prediction of the
model (the solid 1ine) agrees extremely well with the measurements. It is
also important to note that although the flame inputs energy into the
acoustic field (by decreasing the "negativeness" of Real (v')), it is not
able to overcome the ;trong damping effect of the sidewall burner surface.
This implies that in a solid rocket motor situation, the admittance at the
propellant surface is an important parameter relating to axial instabilities.

Consider next a case where the driving was at 400 Hz (Fig. 9). In this
case Real (v') becomes even more negative in the flame region which indicates
damping by the flame. What is important here is that the model agrees with
the measurements and therefore demonstrates its capability to distinguish
between situations where the flame drives and damps.

From the Rayleigh criterion point of view, the phase of the unsteady
heat release needs to be compared with that of the pressure. The heat release
fluctuations have a component in phase with the pressure oscillations if the
phase difference between the two is less than + 90°. The predictions of the
model are compared with experimentally measured values of the phase in Fig.
10. These were obtained by measurements of overall CC radiation emission from

8,9,20 these emissions are indicative

the flame. As noted in earlier reports,
of the heat release rates from the flame. Note that at 200 Hz, p' and q' are
in phase (indicating flame driving of the acoustics) while at 400 Hz they are
out of phase (indicating flame damping of the acoustics). These predictions

are in agreement with the trends exhibited by Real (v') in Figures 8 and 9.
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Also, the theoretically predicted trends are in good agreement with the
experimental measurements.

These comparisons were made with the flat flame stabilized at a pressure
antinode of the excited standing waves. Similar results were obtained with
the flame stabilized at other locations of the standing wave as long as this
location was not at a pressure node. At a pressure node, depending upon the
excitation levels, the flame surface would get distorted by the appearance of
spikes or wavelets and in extreme cases the flame would break up and be
extinguished. This feature has been described in earlier reports in

detail.%:20

Only at very low levels of excitation could a stable flame be
maintained. However, under these conditions measurements could not be made
with any degree of precision and hence efforts have been concentrated on
understanding the flame behavior away from a pressure node.

Important discoveries have been made by considering the time dependent
motion of the flame. By means of high speed cinematography (described in
References 9 and 20), it was determined that under the influence of a sound
field flames located away from a pressure node exhibit an up and down motion
relative to their steady state location at the frequency of the excited wave.
At the phase of maximum pressure, the flame would be Tocated closest to the
sidewall and at the phase of minimum pressure it would be located farthest
from the sidewall. A prediction of the flame motion obtained using the
developed theoretical model 1is presented 1in Fig. 11. It plots the
instantaneous heat release rate at different times during a cycle of
oscillation as a function of the normal distance y from the sidewall. At any
given time, the location of maximum heat release rate may be identified as
the flame location. As the pressure was taken to vary as cos 2vt/T, where T

is the period of excitation and t is the time, t = 0 represents the phase of
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maximum pressure. As is seen from the figure, at this time the flame is
closest to the side wall. One half period later it is farthest away from the
wall. Thus, in this respect too, the predictions of the model are in complete
agreement with the experimental observations.

Much more can be learned, however, from a closer inspection of Fig. 11.
Note that when the flame is closest to the wall, the instantaneous heat
release rate is also the highest during the cycle and when it is farthest the
instantaneous heat release rate is the lowest. Similar results were obtained
experimentally also (see Ref. 9) in complete agreement with the theoretical
model. It was noted earlier that in the experiments, heat transfer from the
flame to the sidewall was not an important factor due to the flame standoff
distance being of the order of 1 cm which resulted in a very low steady state
temperature gradient at the wall. In an actual solid propellant flame
standoff distances are, however, of the order of 50-100 microns so that heat
transfer to the surface of the propellant is an ‘important issue. If the heat
release rate is highest when the flame approaches the propellant surface, as
is the case with the premixed flame, a mechanism is available to sustain a
non steady burn rate of the propellant in tandem with the pressure

oscillations which may lead to strong instabilities.

The Flame Driving Mechanism
Up to this point the discussion has centered upon the excellent
agreement between the developed model and the experimental data which
indicates that state of the art models of unsteady solid propellant flames
may indeed be capable of capturing the salient features of the flame
behavior. Now attention is focused on the driving characteristics (i.e.,

consideration of the flame as an acoustic source) of the investigated

25




premixed flames. It is well known that the most fundamental acoustic source

22 which may be envisioned as a periodically expanding and

is a monopole
contracting balloon. Other acoustic sources are obtained by suitable
combination of monopole sources; that is, two closely spaced monopoles of

22 and two

equal strength operating 180° out of phase constitute a dipole
closely spaced dipoles of equal strength operating 180° out of phase with
each other constitute a quadrupole.

The sharp changes in Real (v') in the flame region (see Figures 8 and 9)
indicate a monopole type of acoustic source. The periodic expansion of the
gases as they move through the flame under the influence of an acoustic field
is similar to, in notion, to that of a periodically expanding and contracting
balloon. If this periodic expansion and contraction of the gases is in phase
with the pressure oscillations then the resulting pumping action feeds energy
into the acoustic oscillations. If the periodic expansion and contraction is
out of phase with the acoustic oscillations energy is lost from the acoustic
motions.

However, from considerations of the spatial distribution of the heat
release rate fluctuations it was found that this picture was not complete.
Experimentally, the heat release rate fluctuations may be obtained in terms
of emitted CH or CC radiation from the flame (see Ref. 9). These radiation
emissions were measured as a function of y by capturing the radiation from
narrow(2 mm wide) slits aligned perpendicular to the normal coordinate y by
means of a photomultiplier arrangement. As expected, close to the sidewall,
the measurements captured only the shot noise from the photomultiplier
indicating no significant heat release rates in this region.

The interesting discoveries were made in the vicinity of the steady

flame location. Just upstream of this location, a large peak in the magnitude
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of the unsteady heat release rate was obtained. At the location of the steady
flame hardly any unsteady radiation could be detected which at first glance
may seem surprising but is not so as will be explained shortly. Just
downstream of this location, however, the radiation levels peaked again
although the peak was smaller than the first observed just upstream of the
steady flame location. This behavior was found to occur at frequencies up to
1000 Hz. When the theoretical model was applied to obtain the magnitude of
the unsteady heat reiease rates as a function of y, it showed identical
results. An example is shown in Fig. 12, which plots the theoretical
radiation levels (normalized) as a function of y for an arbitrary driving
frequency. The corresponding experimental result is shown in Fig. 13.

In addition, the model predicted that for all frequencies the heat
release rate fluctuations upstream and downstream of the steady flame
location differed in phase by 180° (Fig. 14). According to Rayleigh's
criterion the heat release rates may be considered as the acoustic source of
the flame. These peaks on either side of the steady flame location are,
according to the model, 180° out of phase with each other. If the magnitude
of the upstream peak be thought of as the sum of two parts, one of magnitude
equal to the downstream peak and the other accounting for the remainder, then
theoretically the flame may be viewed as .a combination of an acoustic dipole
and a monopole. This result is entirely new and to the best of the
investigators knowledge, not found in the l1iterature. This split is important
from the point of view of the directionality of the emitted sound by the
flame. While a monopole source is non directional in nature, a dipole source
shows a strong preference for channeling the emitted sound waves along its
axis(determined by joining the centers of the two monopoles constituting the

dipole). Thus, for a ducted flame, the monopole source will exhibit a
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directional preference purely due to wave guide effects created by the
22

confining effects of the duct walls while the dipole source introduces
additional directionality of its own. This may become important if transverse
acoustic modes are considered.

The only discrepancy between the theoretical model and the experimental
measurements was found in the phase difference between the radiation (heat
release rate fluctuation) peaks upstream and downstream of the flame.
Experimentally, it was found that the phase difference was not always 180°
but varied between 130° to 180.° This may not, however, be entirely the
model's fault as the spatial resolution of the radiation measurements was
limited by data acquisition constraints. A set of experimentally obtained
phase values is also presented in Fig. 13.

The reason why the radiation fluctuations at the steady state flame
location are small in comparison to the sharp peaks obtained upstream and
downstream (Figures 12 and 13) remains to be discussed. This may be
understood by considering Fig. 11. At any location y, the magnitude of the
radiation fluctuations is equal to the difference in the values of the levels
at t = 0 and t = 0.5T. Upstream and downstream of the steady flame location
(situated in the flame displacement zone) this difference is seen to be high
with the upstream levels being of greater.magnitude. This corresponds to the
two peaks noted earlier. However, in the region close to the steady state
flame location, the curves of the instantaneous heat release rates at all
times during a cycle of oscillation intersect. This indicates very weak
fluctuations in the reaction rate at this location and explains the Tow

radiation fluctuation levels obtained here.
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Summary

Keeping in mind the previously stated objectives of this phase of the

research program the following conclusions may be drawn:

(1)

(11)

The close agreement between theory and experiment indicates that state
of the art models of unsteady solid propellant flames are indeed capable
of predicting the flame acoustic interactions during axial instabilities
with the caveat that the effect of diffusion flame processes is still an

open question.

The effect of the flame driving or damping characteristics is manifested
in sharp changes in the normal velocity fluctuations in the flame
region. This pumping action results in the interchange of energy between

the core flow oscillations and the unsteady flame processes.

(i1i) Unsteady heat transfer from the flame to the propellant surface may

(iv)

(v)

provide a mechanism for the locking in of the propellant burn rate with

the acoustic oscillations and aid in sustaining axial instabilities.

The acoustic admittance at the propellant surface may exert considerable

influence in the overall driving/damping characteristics.

The flame may be considered as a combination of an acoustic monopole and

an acoustic dipole. The dipole nature may become important in studies of

transverse wave mode oscillations.
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ABSTRACT

This research program is concerned with the determination of (1) the
processes which control the driving of axial instabilities by solid
propellant flames and (2) whether state of the art theoretical models can
accurately predict the characteristics of oscillatory solid propellant
flames. In the first phase of the program, completed during the reporting
period, the characteristics of the driving provided by premixed, flat flames
stabilized in the acoustic boundary layer next to a side wall of a long duct
were investigated in a specially developed experimental set up. Premixed
flames were chosen for the first phase of the investigation because they
simulate many important characteristics of solid propellant flames without
the complicating effects of diffusion processes which are being studied in
the second phase of the program. During the reporting period, it was shown
that the investigated premixed flame oscillates at the frequency of the duct
acoustic wave and that it possesses a spatial structure which exhibits a
large and a small reaction rate peaks upstream and downstream of the mean
flat flame Tlocation, respectively. The flame driving was shown to be
equivalent to that provided by a combination of a monopole and a dipole
acoustic sources. This behavior is caused by the oscillation of the flame
front with respect to the duct side wall due to interaction with the acoustic
field. Predictions of the developed theoretical model are in good agreement
with these findings. This newly uncovered mechanism is believed to play an
important role in so]id rocket instabilities where flame oscillations
relative to the propellant surface will produce an oscillatory heat transfer
to the propellant. This, in turn, will result in an oscillatory surface
regression rate capable of driving the instability. During the reporting

period, the second phase of the research program aimed at determining the



effects of diffusion processes in solid rocket flame driving/damping was also
initiated. To this end, a theoretical model of a diffusion flame exposed to
axial acoustic fluctuations was formulated. A computer program incorporating
this model s under development and testing. On the experimental side, a
diffusion flame burner simulating many important features of actual solid
propellant flames was designed, fabricated and installed in the previously
developed acoustic duct simulating the rocket motor cavity. High speed
shadowgraphy and measurements of the oscillatory heat release rates from the
developed diffusion flames were carried out for several acoustic excitation

conditions. Detailed analysis of these experiments is currently in progress.



INTRODUCTION

This research program 1is concerned with the determination of the
contributions of solid propellant gas phase flames to the driving of axial
instabjlities in rocket motors. This problem is of much interest because the
response of the solid propellant combustion process to the flow oscillations
is responsible for providing the energy required for the initiation and
maintenance of the instability inside the rocket motor. Consequently,
acquiring an understanding of the processes which control the interaction of
solid propellant combustion phenomena with the motor flow oscillations may
lead to the development of practical solutions for reducing the occurrences
of highly detrimental instabilities in solid propellant rocket motors.

Solid propellant flames are extremely complex and involve solid and gas
phase chemical reactions and multi-dimensional heat, momentum and mass
transfer processes. To compound the problem further, these processes occur
within an extremely thin region (of the order of tens of microns) next to the
solid-gas interface. Probing such thin zones experimentally with physical
probes, or even available optical probes, is not feasible. Hence to date,
most efforts in this area have been confined to the development of
theoretical models whose validity has never been confirmed.

The present research program was initiated in order to deal with this
problem and to attain an understanding of the phenomena responsible for the
occurrence of axial combustion instabilities in solid propellant rocket
motors. This research program has two phases. In the first phase of
investigation, completed during the current year, the response of premixed
flames in longitudinal, standing acoustic waves (which simulate the behavior
of the oscillations in solid propellant rockets experiencing axial

instabilities) was studied. A premixed flame was chosen for this first phase



as it eliminated the need to deal with difficulties arising from diffusion
processes in the flame (these are currently being studied in the second phase
of the program) while providing many similarities with actual solid
propellant flames. For example, it possesses the sharp temperature rise
between the propellant surface and the flame edge, it interacts with
temperature and velocity acoustic boundary layers which also exist next to
burning solid propellant surfaces and it provides a situation in which an
oscillatory, multidimensional flame region interacts with one dimensional
core flow oscillations.

The experimental set up used during the first phase of this research
program is shown schematically in Fig. 1. The investigated premixed, flat
flame is stabilized above a porous plate burner on the lower wall which
simulates a solid propellant surface. The thickness of the premixed flame can
be controlled experimentally, thus enabling one to perform the needed
measurements. Acoustié drivers at one end of the apparatus are used to
establish a standing acoustic wave of desired amplitude, frequency and
pressure and velocity relationship in the vicinity of the flame. The behavior
of the flame has been investigated both theoretically and experimentally in
order to determine the nature of its interaction with the adjacent
oscillatory flow.

The first phase of the fnvestigation specifically addressed the
following two questions:

1. Are state of the art models of unsteady solid propellant flames capable
of predicting the characteristics of the developed premixed flame under
conditions simulating those encountered in unstable rocket motors?

2. What features of the flame (e.g., maximum flame temperature, heat

transfer to the propellant surface, spatial and temporal distributions



of the flame heat release rate and so on) exert the greatest influence

upon the flame driving/damping of the core flow axial oscillations? In

the second phase of the program started during the current year, the
earlier investigations have been extended with a view to answering the
following additional questions:

3. How does the presence of diffusion processes in the flame region affect
the driving/damping characteristics of the flame?

4. Can diffusion processes be incorporated properly into theoretical models
of unsteady solid propellant flames?

To answer these questions, the experimental set up has been modified
during the current year by replacing the side wall porous plug burner (see
Fig. 1) by a row of parallel, alternating fuel and oxidizer inlet ports
simulating, for example, a sandwich type of propellant in which the oxidizer
and binder portions alternate (see Fig. 2). Details of the development of
this burner are provided in the next section. It should be noted that as with
the premixed flame set up, this configuration possesses many of the features
of actual solid propellant flames. It simulates the sharp temperature rise
between the solid propellant surface and the flame edge, it interacts with
the temperature and velocity acoustic boundary Tayers which also exist next
to the burning solid propellant surface and so on. In addition, the important
effects of diffusion processes in the flame region are included.

As with the premixed flame investigations, the diffusion flame studies
also include a close coupling between the experimental and theoretical
aspects of the program. To this end, during the current year, a theoretical
model describing the interactions between the wall stabilized diffusion
flames with axial acoustic oscillations has been developed. This model is

also described in the next section.



RESEARCH ACCOMPLISHMENTS

During the current year the investigations of the acoustic driving/
damping mechanisms of the premixed flame were completed and studies of the
interactions of the developed diffusion flames with acoustic waves were

initiated. The accomplishments of these studies are described below.

(a) Acoustic Driving Mechanisms of the Premixed Flame:

The conditions under which an oscillatory heat source will tend to drive
acoustic oscillations within a system is given by Rayleigh's criterionl which
states that the heat source will drive the oscillations when the following

inequality is satisfied

J J Ip' Q'| Cos ¢ dV dt > 0 (1)

cycle volume
Specifically, the heat source will tend to drive the acoustic oscillations
when the phase difference, ¢, between Q' and p' satisfies the condition
-90° < ¢ < 900, while for other values of ¢ the oscillatory heat source will
tend to damp the acoustic‘osci11ations. Furthermore, the magnitude of the
driving/damping also depends on the magnitude of the oscillatory heat release
rate oscillations. Thus, the acoustic driving mechanisms of the flame may be
understood by focussing on the interactions between the oscillatory heat
release rates and the local pressure fluctuation in the flame.

The time dependence of the heat release rate was determined from C-C,
C-H and 0-H radiatijon intensity measurements which are known2 to provide a
measure of the reaction rate and, thus, the heat release rate. The radiation
emission from the oscillatory flame was collected by the setup shown in

Fig. 3. Appropriate bandpass filters were placed between the collecting lens



and the photomultiplier to permit analysis of only the wavelength of interest
(i.e., 515.5 nm for C-C, 431 nm for C-H and 307 nm for 0-H). It was found,
however, that all three species yielded similar oscillatory radiation signals
and, therefore, no attempt is made herein to distinguish among the three. The
local pressure oscillations were measured with a transducer mounted on the
wall above the flame.

To investigate the driving characteristics of the flame in detail,
spatial distributions of the heat release rate fluctuations were measured.
The spatially resolved radiation emissions were measured as a function of the
height y above the burner surface by collecting the radiation from a narrow,
10 mm x 1.5 mm, horizontal slit which was placed at different y positions.

As expected, close to the burner surface the measurements captured only
the shot noise from fhe photomultiplier dindicating no significant heat
release rates in this region. Oscillatory radiation, in detectable amounts,
was present only in the vicinity of the steady state, blue, flame location.
Just upstream of this Tocation (near the wall) a Targe peak in the magnitude
of the oscillatory radiation was measured. Moving upward towards the location
of the steady state flame the magnitude of the oscillatory radiation
decreased to nearly zero. Moving downstream of this Tocation, the radiation
levels peaked again, although the second peak was smaller than the first
peak. This behavior occurred at all of the investigated frequencies. An
example is shown in Fig. 4 for a driving frequency of 800 Hz.

The developed flame model predicted qualitatively similar behavior of
the magnitude of the oscillatory heat release rate distribution, see Fig. 5.
Unfortunately, the 1.5mm width of the measuring s1it (in the y-direction) was
not thin enough to spatially resolve the steady state heat release zone which

was less than 1mm thick. Attempts to improve the spatial resolution by



reducing the width of the slit resulted in a strong decrease in the signal to
noise ratio and they were not pursued. Thus, quantitative comparisons between
the measured and predicted data in the steady state reaction zone were not
possible. It should be noted, however, that both the theoretical and
experimental results show the magnitude of the peak in the downstream
location to be approximately about 0.6 times that in the upstream Tocation.
In addition, the model predicted that for all frequencies a phase
difference of 180° exists between the heat release rate fluctuations upstream
and downstream of the steady flame, see Fig. 6, indicating that the radiation
peaks on either side of the steady flame location are 180° out of phase with
each other. According to Rayleigh's criterion (see Eq. 1) the space and time
variations of the heat release rate Q'(x,t) describe the acoustic driving
characteristics of the flame. Therefore, if the upstream peak is considered
as the sum of two parts, one of magnitude equal to that of the downstream
peak and the other equal to the difference between the two peaks, then,
acoustically, the flame may be viewed as a combination of an acoustic dipole
and an acoustic monopo1e3. The acoustic dipole consists of the two equal
magnitude upstream and downstream radiation peaks which oscillate out of
phase and the monopole consists of the difference between the magnitudes of
the two radiation peaks as described above. This result is entirely new and
to the best of the investigators' knowledge not found in the Tliterature.
Understanding the "acoustic structure" of the flame 1is important for
understanding the directionality of the sound emitted by the flame. While a
monopole source is non directional in nature, a dipole source shows a strong
preference for channeling the emitted sound waves along its axis (determined
by joining the centers of the two monopoles constituting the dipole). Thus,

for a ducted flame, the monopole source will exhibit directional preference



purely due to wave guide effects created by the confining effects of the duct
walls while the dipole source introduces additional directionality of its
own. This may become important if transverse acoustic modes are considered.

The only discrepancy between the model prediction and the experimental
data was found in the phase difference between the radiation peaks upstream
and downstream of the steady state flame. The experimental data showed that
the phase difference was not always 180° (as predicted by the model) but
varied between 175° and 60° depending upon the investigated acoustic
frequency. For example, the set of experimentally obtained phase values for
800 Hz, shown in Fig. 4, indicate a Jjump of 174° in the measured phase. A
possible explanation for this discrepancy may be provided by considering
Figures 7 and 8 which present predicted and measured normalized magnitudes
and phases of the oscillatory radiation upstream of the steady state flame,
respectively. Note that a pronounced discrepancy in the phases (Fig. 8)
occurs mainly at frequencies in the neighborhood of 700 Hz. In this frequency
‘range, the magnitude of the oscillatory radiation is very small (see Fig. 7)
so that the accuracy of the radiation measurements at these frequencies may
be suspect. At other frequencies, where strong radiation signals exist, the
agreement between the predictions and measurements is very good. Also, Figure
8 indicates that the investigated flames drive acoustic waves in certain
frequency ranges (where the magnitudes of the phases are smaller than 900)
and they damp them in others, according to Rayleigh's criterion (i.e., see
Eq. 1).

The reasons for the existence of upstream and downstream radiation peaks
with a minimum in between (see Figs. 4 and 5) can be explained using the
developed flame model. Consider the predictions of heat release rate

distributions throughout the flame at different instants during a cycle, as



shown in Fig. 9. For these predictions, the existence of a hypothetical
steady state, flat flame having a heat release zone thicker than the
experimental flame (which had a very thin reaction region) has been assumed.
The sole purpose for doing this was to elucidate the unsteady processes which
occur within the reaction zone. In spite of the differences in flame
thickness, this ‘“theoretical" flame was qualitatively similar to the
experimental flame.

At any given time, the location of maximum heat release rate may be
identified as the flame location. As the pressure was assumed to vary as
cos (2mt/T), t = 0 represents the phase of maximum pressure. At any location
y, the amplitude of the radiation fluctuations is proportional to the
diffefence in the values of the reaction rate Tevels at t = 0 and t = 0.5T
(which is the phase of minimum pressure). Upstream and downstream of the
steady flame location (situated at the location of maximum steady state heat
release) this difference is seen to be high with the upstream levels being of
greater magnitude. These differences correspond to the two radiation peaks,
see Figs. 4 and 5. On the other hand, in the region close to the steady flame
location, the curves of the instantaneous heat release rates at all times
during a cycle of oscillation nearly intersect. Consequently, very small
amplitude reaction rate oscillations occur at this location, resulting in the
minimum in the magnitude of the radiation fluctuation in this region, see
Figs. 4 and 5.

Figure 9 also shows that the flame position oscillates with time. Also,
when the flame is closest to the wall the instantaneous heat release is the
highest during the cycle and when it is farthest the instantaneous heat
release is the lowest. Similar results were obtained experimenta11y4. While

in the present experiments heat transfer from the flame to the sidewall was



not an important factor due to the large flame standoff distance (being of
the order of 1 cm), in an actual solid propellant flame standoff distances
are considerably smaller (of the order of 50-100 microns) and heat transfer
from the flame to the surface of the propellant is an important factor.
Thus, the findings of this study strongly suggest that during actual
instabilities the solid propellant flame will oscillate relative to the
propellant surface. This, in turn, will result in an oscillatory heat
transfer to the propellant surface which will produce an oscillatory

propellant burn rate capable of driving the instability.

b) Diffusion Flame Studies:

While the premixed flame investigations have provided important insights
into mechanisms which are 1likely responsible for the driving/damping of
acoustic waves by solid propellant flames, the effect of diffusion processes
on this driving/damping 1is not accounted for. In order to overcome this
deficiency the studies have been extended 1in the current year to
considerations of the driving mechanisms of side wall stabilized diffusion
flames. As noted earlier, the configuration considered (see Fig. 2) possesses
many of the features of actual solid propellant flames and the driving
mechanisms in the two cases are believed to be closely related.

This phase of the investigations, as with the premixed flame studies,
consists of theoretical and experimental aspects. The accomplishments during
the current year of this research program in these two aspects are described
below.

(i) Theoretical Accomplishments:
A major objective of the diffuéﬁon flame studies is the development of a

theoretical model of oscillatory diffusion flames stabilized in longitudinal



sound fields simulating those found in unstable solid propellant rocket
motors. During the current year, such a model has been developed based upon
the Schvab-Zeldovich coupling function formalismS. This approach was adopted
as it is known to be capable of predicting the behavior of diffusion flames
under steady conditions. Moreover, it captures the effects of diffusion
processes which are the focus of this phase of the investigation.

The Schvab-Zeldovich approach is most applicable to those cases in which
the diffusion rates of fuel and oxidizer towards each other control the
overall reaction rates; that is, in those cases where the time taken for
chemical reaction is very small compared to the time it takes for the
reactants to diffuse towards each other. In such cases, the actual flame
region may be taken to 1ie on a surface or sheet. Moreover, by appropriate
definitions of temperature and species coupling functionsS, Bt and B,
respectively, the chemical reaction rates may be eliminated from
consideration.

The theoretical model considers the configuration shown in Fig. 10. A
number of diffusion flames are established on the side wall of a duct by
means of alternate fuel and oxidizer slots. These flames are exposed to known
axial acoustic pressure and velocity oscillations. Of interest 1is the
response of these flames to the imposed oscillations. It is sufficient to
consider a single flame as the response of any one of the flames is largely
governed by the conditions existing locally. Thus, the model considers a
single diffusion flame as in Fig. 10. The influence of the other flames is
accommodated by prescribing the flow variables along the boundary of the
domain of interest as shown in Fig. 10.

The model considers three unknowns, namely:

(1) the normal velocity fluctuation, v'



(2) the fluctuations in the temperature coupling function, BT‘, and

(3) the fluctuations in the species coupling function, B'

These unknowns are related to the applied acoustic field described in
terms of known pressure fluctuations, p', and axial velocity fluctuations,
u', by making use of the conservation equations for mass, momentum and energy

along with the equation of state. A matrix equation of the following form

emerges
2 . =
Aij vIX; + Bij Ve cij X; = F. (2)
where
Vl
Xy= B
Bl
A B

ij° Bij and Cij are 3 x 3 coefficient matrices which depend upon the steady
state solutions. These have to be obtained experimentally or, as with the
premixed flame model, by a combination of theory and experiment. Fi depends
upon p' and u' and may be regarded as a forcing function for the unknowns Xi'
Conditions on the velocity, femperature and species fractions (i.e., on v',
BT'and B') have to be prescribed on the boundary as depicted in Fig. 10.
These boundary conditions have to be obtained experimentally for a general
case.

A computer program to solve the above equation numerically is currently
being developed and tested.
(ii) Experimental Accomplishments:

During the current year, the design, fabrication and installation of the
side wall diffusion flame burner has been completed. In addition, some

preliminary high speed flame shadowgraphy visualizations and radiation

measurements have been carried out.



(1) Burner Design:

The major requirement that the burner had to satisfy was that the flame
sjze (in particular, the flame height) be as small as possible in order to
simulate solid propellant flames but be Targe enough in order to allow
experimental probing of the flame structure. This requirement made it
necessary that the injection velocities of fuel (propane) and oxidizer (air)
in the burner slots (Fig. 2) as well as the slot widths be carefully
specified. Hence, considerable time and effort was spent in designing and
fabricating the burner.

In order to simulate the pyrolysis of a solid propellant, the fuel and
oxidizer injection velocities were determined from the condition that the
Reynolds number of the flow through the slots be of the same order of
magnitude as that estimated for a real flame inside a rocket motor. The

Reynolds number of the fuel flow is given by

<l<
o

where v, b and v are the ‘injection velocity, slot width and kinematic
viscosity, respectively. Calculations of the flow inside typical rocket
motors yielded the following estimate for R

R~ 0 (10)

Thus, the flow velocity v could be determined as a function of the slot width
b.

For each set of v and b obtained, the flame height was estimated by a
steady state Burke-Schumann type5 analysis of the flame. The requirement
imposed on the flame height was that it be smaller than the half height of
the duct but remain large enough to enable experimental measurements. This

condition resulted in a selection of a narrow range of slot widths. Finally,



the widths of the oxidizer and fuel slots to be used in the experiment were
chosen by requiring that the flame heights obtained be in the range noted
above for the widest possible range of injection velocities.

The final burner configuration is shown in Fig. 11. Ceramic matrices of
high porosity were inserted into both the fuel and oxidizer slots as this
arrangement was found to yield two dimensional steady state diffusion flames
which were extremely stable with respect to environmental disturbances.
Finally, when the developed burner was installed in the duct, it was found
that a fine wire mesh above the established diffusion flames further helped
in stabilizing the flames with respect to inadvertent disturbances.

(2) Preliminary Experimental Studies:

The experimental investigations initiated on the diffusion flame set up
during the current year included flame visualization by high speed
shadowgraphy and measurements of the C-H radiation emitted by the flame under
different oscillatory conditions.

High speed shadowgraph films (5000 frames/sec) have been taken with the
flame excited at different frequencies in the range of 250 to 1000 Hz by
means of the acoustic drivers (Fig. 12). The axially movable end plate made
it possible to place the diffusion flame burner on different locations of the
established standing wave, that is at a pressure maximum, minimum or in
between. Preliminary observations of the films indicate that under the
influence of an acoustic field, the flame oscillates axially and the
frequency of oscillation coincides with the frequency of the excited acoustic
wave.

A frame by frame analysis of the high speed films is currently underway.
The objectives of this analysis are twofold. First, the differences (if any)

in the behavior of the flame when it is placed on different locations of the



standing wave will be determined. Second, the phase difference between the
flame position oscillations and the excited pressure oscillations will be
determined. These studies will yield important qualitative insights into the
unsteady acoustic wave - diffusion flame processes.

Measurements of the C-H radiation emitted by the diffusion flames have
also been carried out for different frequencies and flame locations as noted
above. These measurements are indicative of the heat release rates of the

f1amesz.

A detailed analysis of these measurements 1is in progress.
Specifically, the phase difference between the pressure and radiation
aoscillations is being evaluated for different flame conditions. An example
is shown in Fig. 13 which plots the measured phase difference between the
flame radiation and acoustic pressure oscillations at a pressure maximum for
different frequencies in the range between 250 to 1000 Hz. As noted earlier
(see Eg. (1)) when the phase difference between the two is within + 90° flame
driving of the acoustics takes place. Thus, it may be noted that depending
upon the frequency, the flame may either drive or damp the acoustics.

Similar measurements for other flame TJlocations on the established
standing wave are being carried out. Along with the determination of the
pressure and radiation intensities, this will enable the calculation of the
Rayleigh integral (Eq. (1)). This will yield a quantitative estimate of the
driving/damping capabilities of the established diffusion flames under
different conditions.

SUMMARY

In summary, during the reporting period, the investigations into the
driving/damping mechanisms of the premixed flame were completed and studies
of the interactions between the oscillatory combustion and axial acoustic

waves in the newly developed diffusion flame apparatus were initiated.



It was shown that the premixed flame drives or damps acoustic waves by
an acoustic monopole-dipole type of mechanism. This newly uncovered mechanism
is caused by the oscillation of the flame front relative to the duct side
wall due to its interaction with the acoustic field. These findings were in
agreement with the developed theoretical flame model predictions. This
mechanism is also believed to play an important role in solid propellant
rocket instabilities where the flame oscillations will produce an oscillatory
heat transfer to the propellant surface. This, in turn, will result in an
oscillatory surface regression rate capable of driving the instability inside
the rocket motor.

The second phase of the research program aimed at determining the
effects of diffusion processes on solid propellant flame driving/damping was
initiated. A theoretical model of the diffusion processes - acoustic
interactions was developed. A computer program incorporating this model is
being developed and tested. A diffusion flame burner simulating actual solid
propellant flames in many important respects was designed, fabricated and
installed in the previously developed acoustic duct simulating the rocket
motor cavity. Experimental studies of the interactions of the developed
diffusion flames with axial acoustic waves were begun. These studies have, to
date, included visualization studies by means of high speed shadowgraphy and
determination of the oscillatory heat release rates by measurements of C-H
radiation emission. Detailed analysis of these experiments are currently in
progress.
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