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Flame Radiation and Acoustic Intensity Measurements in
Acoustically Excited Diffusion Flames

T. Y. Chen,* U. G. Hegde,t B. R. Daniel,$ and B. T. Zinn§
Georgia Institute of Technology, Atlanta, Georgia 30332

This article describes results of an investigation of the mechanisms responsible for the driving of axial
instabilities in solid propellant rocket motors. Specifically, the results of two different experimental methods
for measuring the driving of axial acoustic fields by sidewall stabilized diffusion flames are compared. These
methods utilize laser Doppler velocimetry (LDV) and CH flame radiation measurements, respectively. The
results reveal that the interaction between the acoustic field and the flame produces a space-dependent, oscillatory
normal velocity component in the flame region, and oscillatory reaction-and heat-release rates, which depend
upon the excited acoustic field. The results suggest that the flame either drives or damps the acoustic fields,
depending upon the amplitude and frequency of the excited acoustic wave. In addition, these studies show that
the flame driving processes vary within the flame region. The results obtained from the flame radiation mea-
surements are in excellent agreement with those obtained using the velocity measurements.

Nomenclature
A = area of interest in Eq. (1)
D = binary diffusion coefficient
lq = integral defined in Eq. (2)
i = unit vector in x direction
j = unit vector in y direction
P = acoustic intensity flux across a line y = const
p' = pressure oscillation
Ppk — pressure oscillation amplitude
q' = heat release rate oscillations
Re - real
Spq = cross-spectrum of pressure and heat release rate

oscillations
T — period of oscillation
t = time
u' = axial velocity oscillation
M' = velocity oscillation vector
V = volume of interest in Eq. (2)
v' = normal (transverse) velocity oscillation
vmean = mean velocity in the normal direction
vpk = amplitude of v'
x, y = coordinate axes
xf = flame width
yf = flame height
<t>pq = phase between/?' and q'
4>pv = phase between/?'and v'
a) = frequency of oscillation

Introduction

T HIS article describes an investigation of the driving of
axial instabilities in solid-propellant rocket motors by
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gas-phase solid propellant flames. The onset of combustion
instabilities in rocket motors depends upon the relative gain
(i.e., driving) and loss (i.e., damping) mechanisms within the
combustor which add and remove energy from the oscilla-
tions, respectively. Control of combustion instabilities in solid
propellant rocket motors requires identifying and understand-
ing these mechanisms. Important instability driving mecha-
nisms within the rocket motor include flow related mecha-
nisms such as vortex shedding and the response of the unsteady
solid propellant combustion process to the flow oscillations.
On the other hand, nozzle damping and viscous dissipation
are examples of processes that damp rocket instabilities. This
article is specifically concerned with developing an under-
standing of the gas-phase flame processes in the vicinity of
the burning propellant surface that contribute to driving of
the axial instabilities.

Solid propellant flames are extremely complex. They gen-
erally consist of a pyrolyzing solid propellant that supplies
gaseous streams of fuel and oxidizer that burn in a complex
myriad of premixed and diffusion flames.1 It has been argued1

that premixed flames occur above the oxidizer particles (e.g.,
ammonium perchlorate) and that the diffusion flames are sta-
bilized above the interfaces between the oxidizer particles and
the fuel binder. Since premixed and diffusion flames are ex-
pected to respond differently to acoustic excitation, the in-
vestigation of the driving of solid-propellant flames has been
divided into two parts in this research program. In the first
part of this study, the contribution of the premixed gas phase
flames were studied theoretically and experimentally.2"4 The
second part of the study, described in this article, investigated
the response of diffusion flames to axial acoustic fields.

Ideally, it would have been desirable to use samples of
actual solid propellants in the investigation of the time-
dependent flowfield in their combustion zones. However, the
extremely small dimensions of these zones5 (of the order of
10-100 IJL), the smoky nature of the flames, and the high
burning rate of solid propellants makes it difficult to perform
such measurements in actual solid propellant flames. Thus,
researchers have studied these characteristics of unsteady solid-
propellant flames in experiments which simulated important
features and/or processes of actual solid propellant flames.
For example, Kumar et al.6 used a porous plate burner with
gaseous fuel and oxidizer to study the burning characteristics
of nonmetallized composite propellants under both steady and
oscillatory flow conditions. Price et al.7 used ammonium
perchlorate (AP)-fuel binder sandwiches to study the com-
bustion zone microstructure in order to clarify the mechanisms
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that control the burning of composite solid propellants in a
rocket motor.

Unsteady diffusion flames have been studied in recent years
by several authors. Turns et al.8 experimentally and analyti-
cally studied the detailed structure of pulsed turbulent jet
diffusion flames. The study showed that the jet diffusion flame
is sensitive to pulsing of the fuel stream and that the flame
response is largely frequency-dependent. In addition, this study
showed that the pulsing causes a significant increase in the
local width of the luminous flame. Lewis et al.9 experimentally
investigated the structure of a flame in an unsteady vortical
flow using a laminar coflowing jet flame in which a periodic
vortical motion was induced by acoustic excitation of the fuel
stream. Their study showed that the flame breaks into a series
of axisymmetric flamelets which convect and distort under the
influence of buoyancy and the vortical flow. Also, relatively
high local strains, produced by the vortical motions, were
observed in a region where flame extinction occurs. Although
these studies provide considerable insight into the structures
of diffusion flames in unsteady environments, the driving
characteristics of acoustically excited diffusion flames has not
been considered in these studies.

In the present study, the driving of axial acoustic fields by
diffusion flames, stabilized on the bottom wall of a long duct,
has been investigated experimentally. Although this study
uses gaseous diffusion flames to investigate the driving by
actual solid-propellant flames, it should be pointed out that
the investigated flame configuration possesses certain char-
acteristics similar to those found in solid propellant flames.
For example, in both cases, an oscillatory multidimensional
flame located near a side boundary is interacting with one-
dimensional core flow oscillations. However, contrary to solid
propellant flames, the dimensions of the investigated diffusion
flames permitted experimental probing of these flames under
oscillatory environments. A second consequence of the in-
vestigated flame dimensions (1-cm high) was that the flame
was essentially outside the acoustic boundary layer. On the
other hand, a solid propellant flame inside a rocket motor is
usually embedded inside the acoustic boundary layer. It is
believed, however, that as was the case with the premixed
flame studies,2"4 the findings of this investigation will improve
the understanding of the instability driving mechanisms.

This article describes the driving characteristics of the in-
vestigated diffusion flames determined using two different
experimental methods. In the first approach, pressure trans-
ducers and laser Doppler velocimetry (LDV) were used to
determine the acoustic pressure and velocity distributions within
the flame. The measured data were then used to determine
the spatial dependence of acoustic intensity, which in turn,
was used to determine the driving/damping characteristics of
the flame. In the second approach, Rayleigh's criterion to-
gether with measured CH radiation from the flame and acous-
tic pressures were used to determine the driving/damping of
the flame. Results obtained by these two independent mea-
surement techniques are compared and discussed in this ar-
ticle.

Experimental Setup
A diagram of the experimental setup utilized in this study

is shown in Fig. 1. It consists of a 2.5-m long, 3.75 x 7.5 cm2

rectangular duct with a diffusion-flame burner located on its
bottom wall. Two acoustic drivers attached to the duct wall,
just upstream of the duct exit plane, are used to excite a
standing axial acoustic wave of desired amplitude and fre-
quency inside the duct, which simulates the oscillatory flow-
field associated with the rocket motor instability. The location
of the flame relative to the excited acoustic field can be changed
by axial translation of the "hard" termination at the upstream
end of the duct. Three pressure transducers mounted on the
wall above the burner are used to determine the dynamic
pressure and the flame location with respect to the excited
standing wave; i.e., they determine whether the flame is lo-

cated at a pressure node, a pressure antinode, or in-between.
During initial testing it was found that even in the absence of
a sound field, the established diffusion flames tips would flicker.
The cause of this flicker is uncertain, it could be due to buoy-
ant effects. It was found that a wire mesh placed in the flow
above the diffusion flame burner surface inhibited this flicker
and was subsequently incorporated in the setup. The place-
ment of the screen (approximately 4-cm above the burner
surface) did not interfere with any of the pressure, velocity,
and radiation measurements performed.

The experimental setup is mounted on a linear, three-axes,
translating system, which can be remotely controlled by a
computer. This translating system has a resolution of ̂  cm
on the vertical axis and & cm in the other two directions,
which provides very good spatial resolution for the velocity
and radiation measurements conducted in this research.

The developed diffusion flame burner is shown in Fig. 2.
It simulates the characteristics of the ideal, sandwich-type,
propellant samples whose combustion characteristics were in-
vestigated in the past.7'10 It consists of parallel, alternating,
oxidizer, and fuel slots, which were arranged in a 3.5 x 6.6
cm2 rectangle. High-porosity ceramic matrices were installed
in each slot to stabilize the flow. The burner contains three,
1.8-mm-wide fuel slots that are much smaller than the 20-
mm-wide oxidizer slots, and it produces three small, laminar,
overventilated diffusion flames. The oxidizer was injected at
the bottom of the burner and part of the oxidizer flow was
diverted through a particle seeder (see Fig. 1) with a control
valve which allows adjustment of the seeding rate. The seeded
oxidizer was injected through a 0.625-cm-diam copper tube
with 23 injection holes of 0.8-mm diam to allow LDV mea-
surements. Fuel was injected through the sides of the burner
and the central fuel line was seeded with particles (0.2 JJL size
titanium dioxide) when the LDV measurements were per-
formed. These particles were introduced into the central fuel
line by the arrangement shown in Fig. 2, which prevented a

pressure transducers acoustic drivers

movable porous plate

Fig. 1 Schematic of the experimental setup.

seeded oxidizer

diffusion flame burner

oxidizer inlet

Fig. 2 Schematic of the developed diffusion flame burner.
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large pressure drop that would have caused a pressure im-
balance between the three fuel supply lines. The oxidizer and
fuel flow rates were controlled by separate flow meters. The
oxidizer consisted of 31% oxygen, 51% carbon dioxide, and
18% nitrogen by volume. Commercial grade methane, diluted
with 49% nitrogen, was used as fuel. These specific compo-
sitions produced a blue, soot-free flame which enabled Ray-
leigh scattering temperature measurements that were also per-
formed within these flames.11

The oxidizer and fuel-flow injection velocities were iden-
tical at 9 cm/s. The Reynolds number, based upon oxidizer
injection conditions, was 130. These low Reynolds numbers
ensured laminar injection of fuel and oxidizer. All experi-
ments were conducted at prevailing laboratory conditions which
were nominally 1-atmosphere pressure and 25°C. The estab-
lished flames were approximately 1-cm high and 0.6-cm wide
(visible flame). The temperature at the flame sheet was ap-
proximately 1900 K and dropped off to around 400 K at the
centerlines of the oxidizer slots.13

In order to determine the distribution of the acoustic in-
tensity along a direction normal to the burner, the distribution
of the component of the acoustic velocity along this normal
direction was measured. A single-component, dual-beam, for-
ward-scatter LDV system, with a 5-W argon-ion laser, was
utilized. The Doppler signals, detected by a photomultiplier,
were processed by a counter-type signal processor. The re-
sulting digital output of the signal processor was transmitted
to, and subsequently analyzed, by a minicomputer. In order
to measure the amplitude of the oscillatory normal velocity
component and the phase difference between the pressure
and velocity oscillations, which are important parameters of
the acoustic wave-flame interaction, the LDV data were an-
alyzed using a "conditional sampling" technique. This tech-
nique permits determination of the periodic velocity behavior
by synchronizing the beginning of the sampling interval of the
LDV data with respect to the periodic pressure oscillations.
This method is similar to that of Bell et al.12 and Lepicovsky.13

No special calibration of the LDV is needed; however, note
that injection velocities of the oxidizer as measured with the
LDV agreed with those calculated from the flow-meter read-
ings.

Radiation from the oscillating flame was collected by a
camera lens. A paper shield containing a 0.8-mm-wide and
1.2-cm-long (that is, twice the width of the visible flame) slot
was placed, with its long side normal to the flame axis, at
desired locations in front of the optical window of the test
section in order to permit radiation measurements from spe-
cific flame regions. A photomultiplier with optical filter (431
nm for CH) was used to receive the photo current from the
flame. This signal was subsequently converted to a measurable
voltage. Since, in general, the radiation signal was very weak,
a dc amplifier was used to amplify the signal. Dynamic pres-
sures were measured by pressure transducers with dual mode
amplifiers. The pressure transducers were mounted on long
"semi-infinite" tubes at some distance away from the test
section (see Fig. 1) to prevent heat damage, and to provide
an adaptor which possessed a flat frequency response. Both
the radiation and pressure signals were filtered electronically.
The whole system was calibrated to correct for the phase shifts
introduced by the filter, amplifier and semi-infinite tubes. In
addition, amplitude readings of the pressure transducers were
calibrated against known sound source amplitudes. It should
be noted that the experiments described in this article were
all conducted with the diffusion flame burner located at a
pressure maximum of the acoustic wave of interest. This lo-
cation was obtained by moving the "hard" termination at the
upstream end of the duct and monitoring the pressure trans-
ducers readings. When a pressure maximum was reached, the
transducers output would be the highest; note also that the
readings of the three transducers under these conditions were
almost identical for the frequencies considered, indicating that
the pressure in the burner region was spatially invariant.

Software was developed for performing on-line digital data
acquisition and time-series analysis of the digitized data using
an FFT algorithm. The phase difference between the radiation
and pressure oscillations were obtained from the cross spec-
trum of their signals, whereas, the amplitudes of the radiation
and pressure signals were determined from their individual
autospectrum.

Results and Discussions
In the first approach, the driving characteristics of the flame

were determined from measured variations of the acoustic
power generated (or absorbed) in a given area of the flame.
This involves evaluation of the distribution of the integral

I \ I-ndtdA = \ \ p'u'-ndtdA (1)JA JT JA JT

where /, A, T, p', u' ( = u'i + v'j) and n are the local acoustic
intensity flux, the relevant area of interest, the period of the
oscillation, the pressure oscillation, the velocity oscillation
vector, and the local outward normal to the area A, respec-
tively. This integral determines whether a net amount of en-
ergy is generated or absorbed within the investigated region
which corresponds to "driving" and "damping" by this region,
respectively. Thus, when the integral is positive, a net amount
of acoustic energy leaves the region A, implying that acoustic
energy is generated within A.

The present study investigated the response of the flames
to acoustic excitation when they were located at a pressure
antinode which corresponds to a node of the axial velocity
oscillations u'; i.e., u' may be set to zero. It is then appropriate
to modify Eq. (1) to obtain the variations in acoustic power
(or intensity) as a function of the normal distance from the
burner surface. Thus, at any location y (see Fig. 3), the factor
u' -n dA in Eq. (1) is replaced by the product v' dx. Fur-
thermore, p' is assumed to be spatially invariant over the
flame region since the flame response was studied at fre-
quencies having acoustic wavelengths much longer than the
dimensions of the flame (e.g., 2 cm). In addition, without
loss of generality, all phase angles were referred to the pres-
sure in the flame region which, therefore, may be taken to
be a real quantity. Consequently, the expression for the acous-
tic flux P across the line y — const is given by

P(y) = Q.5ppk \ Re(v') dx

where ppk is the amplitude of the pressure oscillation and L
is the length of interest in the x direction which, here, is the
distance between the centerlines of the two oxidizer slots on
each side of the flame (see Fig. 3). Note also that

Re(v') = v'pk cos 4>pv

where </>pv is the phase between p' and v', and vpk is the
amplitude of v'.

Thus, the driving in a flame region (see Fig. 3) bounded,
e.g., by the horizontal lines y = yl and y = y2 may be de-
termined by evaluating the acoustic intensity integrals (de-
noted by Pl and P2) along these lines. This region drives the
waves when AP = P2 — Pl is positive and vice versa. Con-
sequently, the considered flame region drives the oscillations
when

IL Re(v') dc > \IL Re(v') dx
L -\y=y2 L -\y=yi

The above expression implies that if / Re(v') dx increases
with v in a given flame region, then the flame tends to drive
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the acoustic oscillations in this region, and vice versa. Con-
sequently, by measuring the distribution of the normal ve-
locity amplitude v'pk, and the phase relationship <frpv, between
the pressure and velocity oscillations in the flame region, the
driving/damping characteristics of the investigated diffusion
flames can be determined.

A typical, measured time dependence of the normal ve-
locity component at a point in the flame region near the flame
tip exposed to a 400-Hz acoustic field is shown in Fig. 4. This
figure indicates that the axial acoustic field produces an os-
cillatory, normal flow velocity component having the same
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Fig. 3 Determination of flame driving from v' and/?' measurements.
Driving occurs in a given region Ay = y2 — yi bounded by x = — 1
and x = I when AP = P2 - Pl > 0.

frequency as the imposed acoustic oscillations. The amplitude
of the oscillatory velocity vpk, and the phase relationship <£pv,
between pressure and velocity oscillations can be obtained
from this figure by "fitting" (using the method of least-square
approximation) the measured velocity variation with a func-
tion of the form

Vfit = Vmean + V'pk COS(a)t + (t>pv)

where vmean is the mean of the measured velocity. Having
determined vpk and <frpv, the real part of the oscillatory normal
velocity, Re(v'), can be computed at locations of interest and
used to determine the driving/damping characteristics of the
investigated flames.

Figure 5 shows the x dependence of Re(v') measured at
two different amplitudes (110 and 120 dB) of a 300-Hz acous-
tic field. This figure shows that a higher excitation amplitude
produces a larger magnitude of Re(v'). It is also noted that
the magnitude of Re(v') reaches a maximum in the vicinity
of the flame sheet location. The dependence of the x distri-
bution of Re(v') upon the frequency of acoustic waves was
also investigated. Figure 6 describes this dependence for two
different driving frequencies (300 and 400 Hz), and it shows
that the magnitude of Re(v') is frequency-dependent. The
pressure amplitude in both cases was 120 dB.

In this study, the driving/damping characteristics of the flame
were investigated by evaluating / Re(v') dx at different

'y locations. Figures 7 and 8 present the y dependence of
/ Re(v') djc (normalized with its absolute value at y = 0)
measured at two different driving frequencies with the flame
located at a pressure antinode. The integrand was calculated
at 55 equally spaced x positions between the centerlines of
the two oxidizer slots adjoining the central fuel slot (i.e.,
between x = -1 and x = I in Fig. 3) for each y location.
Figure 7 shows that for a 300-Hz excitation J Re(v') djc in-
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Fig. 4 Typical time trace of the normal velocity at a pressure antinode
of a 400-Hz oscillation.
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creases continually up to y = Q.55yf (where yf is the flame
height) and that it subsequently decreases. Based upon the
above discussion, this result indicates that when the flame is
subjected to a 300-Hz acoustic oscillation, the lower [where
/ Re(v') djc increases] and upper [(where / Re(v') dx
decreases] regions of the flame drive and damp the oscilla-
tion, respectively. The overall driving/damping of the flame
depends upon the net effect of these two regions. Since,
[/ Re(v') &c]y=yf> [/ Re(v') dx]y=0, the net effect of the flame,
in this case is to drive the acoustic field. Figure 8 shows that
/ Re(v') dx increases continually along the whole length of
the flame when the flame interacts with a 400-Hz acoustic
field, indicating that driving occurs throughout the flame re-
gion. In summary, the measured oscillatory velocity data in-
dicate that the investigated diffusion flames both drive and
damp the acoustic waves, and that the magnitudes of these
processes vary within the flame region. In addition, this study
shows that the driving/damping characteristics of the inves-
tigated flames are frequency dependent.

It should be noted that the original LDV setup could not
measure the normal velocity near y = 0, because one of the
laser beams was blocked by the burner wall. To overcome
this problem, the whole experimental setup was rotated by
approximately 6 deg toward the LDV system. The velocity
measured in such a configuration could not be the same as
the normal velocity measured when the setup was not rotated.
However, if the flowfield is rotated out of vertical by an angle
less than 6 deg, the error introduced is less than 0.5%,n which
is acceptable.

Flame radiation measurements are of interest because ear-
lier studies344 have shown that the radiation intensities from
radicals such as CH, CC, and OH are proportional to the
reaction and heat release rates in the flame. Such radiation
measurements were used in this study to determine the effects
of the acoustic field upon the reaction- and heat-release rates,
and the phase relationship between the heat release and pres-.
sure oscillations. The latter is important because, as stated
by Rayleigh's criterion,15 the phase relationship determines
whether the flame adds or removes energy from the acoustic
waves. Expressed mathematically,16 an oscillatory heat source
(such as a flame) adds energy to the acoustic waves when the
following inequality is satisfied:

',= | cos 4> dV>0 (2)

where \Spq\ and </>p<? are the magnitude of the cross spectrum
between p' and q' oscillations, and the phase difference be-
tween p' and q', respectively. The above integration is per-
formed over the whole space, V, where driving or damping
by the flame occurs. In a flame region where the integrand
is positive, driving of the acoustic waves occurs. This integrand
is positive where p' and q' are in phase; that is, where —90
deg < </> < 90 deg. On the other hand, damping of the
acoustic field by the flame occurs when/?' and q' are out of
phase.

In the present study, CH flame radiation measurements
were carried out at different wave frequencies and different
regions of the flame. These studies revealed that the auto-
spectrum of the overall flame radiation exhibits a peak at the
same frequency as the measured pressure autospectrum, and
that the amplitude of the peak is proportional to the amplitude
of the pressure oscillation (110 and 120 dB), see Figs. 9 and
10. These results indicate that the presence of an acoustic
field results in periodic reaction and heat release rates having
the same frequency as the imposed acoustic field. Also, the
magnitude of the periodic heat release process is proportional
to the amplitude of the acoustic waves, which suggests that a
higher amplitude of acoustic excitation would result in a higher
driving/damping effect.

The magnitudes of the flame radiation and the phase dif-
ferences between the pressure and radiation oscillations at
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Fig. 8 Measured spatial dependence of / Re(v') dr as a function of
y for 400-Hz excitation.
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Fig. 10 Autospectra of radiation oscillations with large (120 dB) and
small (110 dB) acoustic excitations.

different sections of the flame region were also investigated.
These data were then used to determine the driving/damping
behavior at different flame regions. Specifically, the variation
of the flame driving along a line normal to the burner surface
was studied. Figure 11 describes the response of the flame to
a 300-Hz acoustic wave. This figure shows that the measured
magnitude of flame radiation signal and the phase differ-
ence between pressure and radiation oscillations were space-
dependent. In addition, they exhibited a "jump" between the
lower and upper parts of the flame. The cause of this jump
is presently unclear; however, it was also observed when the
flame was exposed to a 400-Hz acoustic excitation, as shown
in Fig. 12. In both cases, the measured phase data show that
the jump in phase is approximately 170 deg. However, dif-
ferent driving and damping effects within the flame region
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Y (cm)
Fig. 11 Measured magnitude and phase of radiation oscillations as
functions of y for 300-Hz acoustic excitation.
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Fig. 12 Measured magnitude and phase of radiation oscillations as
functions of y for 400-Hz acoustic excitation.
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were observed. For the 300-Hz acoustic wave, driving (i.e.,
4>pq < 90 deg) occurs in the lower part of the flame, while
damping (i.e., $pq > 90 deg) occurs in its upper part. On the
other hand, for the 400-Hz wave, the measured phase differ-
ences between the pressure and radiation oscillations show
that the flame drives (i.e., cf>pq < 90 deg) the acoustic wave
along the entire length of the flame.

By choosing y in Eq. (2) to be the volume of the flame
that the radiation slot "sees" at any given y location of the
slot, the integral lq [see Eq. (2)] can be evaluated at different
heights above the burner surface. This variation of lq describes
the flame driving/damping as a function of y. These results
were also compared with those obtained from the LDV
measurements, see Figs. 13 and 14. In these two figures,
D[f Re(v') dx]/Dy describes the difference between the nor-
malized [with respect to the value of / Re(v') dx at y = 0]
acoustic energy fluxes entering and leaving a horizontal slice
of the flame parallel to the x axis and having a thickness
Ay (= O.ly^ note yf = 1 cm). Driving occurs in this slice when
D[f Re(v') dx]/Dy > 0, and damping occurs when
D[f Re(v') d;c]/Dy < 0. These figures show that the findings
of the flame radiation and oscillatory velocity studies are in
excellent agreement. Both measurements show that in the
case of a 300-Hz acoustic wave, the flame region near the
burner (i.e., 0 < y < 0.55yf) drives the wave and the remainder
of the flame damps the wave. For the case of the 400-Hz
acoustic field, both measurements show that the flame drives
the acoustic wave throughout the whole flame region and,
thus, the overall effect of the flame is to drive the acoustic
wave. In addition, these results show that the driving and
damping are very small in the middle section of the flame for
a 300-Hz wave, while the driving reaches a maximum in the
middle section of the flame for a 400-Hz wave.

At this stage, the apparently frequency-dependent mech-
anisms which cause the different driving and damping char-
acteristics within the two diffusion flames are not fully under-
stood. However, measurements, utilizing the classical
impedance tube technique,17 show that there are significant
differences between the burner admittance, Rv [ = (v'/p')>;=0]
at 300 and 400 Hz. Figure 15 plots the measured values of
the real and imaginary parts of the burner admittance as a
function of frequency. The admittance values have been nor-
malized utilizing the values of mean injection velocity and
pressure. It is possible that this frequency dependence of the
admittance contributes to the observed variation in flame driv-
ing/damping behavior at the two frequencies.

Frequency-dependent combustion processes may also con-
tribute to the observed differences. The diffusion velocity of
the reactants toward the flame is estimated to be of the order
of 2D/xf where D is a representative diffusion coefficient. The
value of D for methane at representative flame temperatures

Frequency (Hz)

Fig. 15 Frequency dependence of the real and imaginary parts of the
burner surface acoustic admittance.
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is 1 cm2/s which yields diffusion velocities of the order of 4
cm/s. This is of the same order as the acoustic velocities (10
cm/s, see Figs. 5 and 6). This indicates that the acoustic field
has an important influence on the arrival of reactants, and
their subsequent combustion, at the flame front. It is satis-
factory to note, however, that the results obtained using two
independent (i.e., flame radiation and velocity) mea-
surements are in excellent agreement.

Conclusions
Velocity and flame radiation measurements conducted under

this study show that the interaction between diffusion flames
and axial acoustic fields produces an oscillatory normal ve-
locity component within the flames and oscillatory reaction
and heat release rates. The characteristics of this oscillatory
behavior depend upon the location within the flame region,
the frequency and the amplitude of the acoustic wave. The
measurements show that the magnitudes of the oscillatory
velocity and the flame radiation increase as the amplitude of
the acoustic wave increases, indicating that the driving/damp-
ing of the flame is proportional to the amplitude of the excited
wave. Furthermore, both measurements reveal that the driv-
ing/damping characteristics of the investigated diffusion flames
strongly depend upon the frequency of the acoustic excitation
and that the flame driving/damping varies along the flame.
Finally, the results obtained from the independent velocity
and flame radiation measurements are in excellent agreement.
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