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Transport Enhancement in Acoustically Excited Cavity Flows,
Part 2: Reactive Flow Diagnostics

C. P. Cadou,* O. L. Smith,” and A. R. Karagozianjf'
University of California, Los Angeles, Los Angeles, California 90095-1597

Planarlaser-induced fluorescence is used to study the unsteady temperature field associated with reactive flows in
a two-dimensional dump combustor. These studies are performed alternately under steady, naturally resonant, and
externally driven conditions. Fluorescence from an inert seed (nitric oxide) is used to determine the temperature
field. Images of the temperature field taken under naturally resonant acoustical conditions show evidence of strong
perturbations of the flame, similar to perturbations seen in images taken during on-resonance, externally forced
conditions. If the device is externally forced at the same amplitude but at an arbitrary (off-resonance) frequency,
however, the temperature field remains unperturbed, very nearly as if there were no acoustic excitation at all.
Hence, the reactive cavity flow appeared to be preferentially responsive to external acoustic forcing at frequencies
at which the flow could potentially resonate anyway, given a sufficient level of energy input by the reaction. External
acoustical forcing using the loudspeaker provided such energy input at the specific resonant modes, resulting in

increased thermal transport within the cavity.

I. Introduction

HE dump combustor configuration, in which premixed flames

are stabilized at a rearward-facing step, has been studied ex-
tensively for its applications to aerospace propulsion systems, in
particular,forramjet engines. Acousticallydriven combustioninsta-
bilities are known to occur naturally in such devices when pressure
oscillations and periodic heat release associated with the combus-
tion are in phase.!'? Transverse® as well as longitudinal*:> acoustic
modes are associated with vortex shedding (coincidentwith the pre-
mixed flames) in such combustors. These acoustic instabilities are
generallyundesirablefor aerospaceapplications,and for many years
researchers have soughtto dampen such instabilities through active
flow control strategies $!!

Over the past few years, a two-dimensional dump combustor has
been studied by our group as a suitable configuration for a small,
transportable, highly efficient hazardous waste incinerator.!?”!°
This configuration, shown in Fig. 1, actually consists of a reactive
cavity flow, thus demonstrating the potential for natural acoustical
excitation similar to that of the traditional dump combustor,>~7
as well as that of a nonreactive, driven cavity.2°~?* In the present
context, wastes are injected into hot, stable recirculating regions
formed within the combustor, where they can be destroyed at high
levels.

In the course of these investigations,it has been noted that incin-
eration performance (measured in terms of the degree of destruc-
tion of the hazardous waste surrogate) is strongly enhanced if the
device is externally forced acoustically at frequencies correspond-
ing to certain longitudinal modes of the system.!®:!° This type of
acoustic excitation appears to change the structure of the premixed
flame substantially, producing a broader and, on average, a less-
lifted flame, which tends to lie closer to the sudden expansion or
dump plane. These observations, considered together with the find-
ings of other researchers,” suggest that acoustic excitation might
provide a simple and robust means of controlling combustion insta-
bilities in dump combustor configurations. Whereas for the ramjet
engine the aim of such control would be to dampen the instabilities,
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for the incinerationapplicationexplored by our group,enhancement
of the instability is desirable.

The accompanyingstudy,? conductedin a larger-scale version of
the present dump combustor, explores the effect of acoustic forcing
on the velocity field in the absence of chemical reaction, i.e., in
cold flow. External acoustic forcing at frequenciescorrespondingto
naturallongitudinalmodes of the systemis seentoresultinincreased
jet spreading and an enhancement of the mass exchange between
the core jet and the recirculationregions as compared with behavior
during operation at unforced or off-resonanceexcitation conditions.
The current work seeks to investigate the effect of natural as well
as externally generated acoustic forcing on the reactive flowfield by
studying the evolution of the temperature field using planar laser-
induced fluorescence (PLIF) imaging.

II. PLIF for Temperature Measurement

PLIF is a nonintrusive method for making simultaneous, mul-
tipoint measurements of temperature or chemical species concen-
tration in a plane. In the technique, a sheet of laser light excites
a molecule from its ground electronic state to a higher electronic
state. After a very short time (of the order 10712 ), the molecule
collapsesback to its ground state and in so doing emits the absorbed
energy as fluorescence. Because the molecule may also change vi-
brational and rotational states during and between its excitationand
collapse, the frequency of the emitted energy is different from that
of the exciting energy. The intensity (photon flux) of the emitted
radiation depends on the number of molecules in the ground state
that are excited and the number of molecules in the excited state that
collapse by fluorescing.

The strength of the fluorescence signal Sy for the excitation of
an arbitrary molecular species may be determined, for example, as
described by Cattolica and Vosen®:

Q
— =ne—VAyun,

dr 4 M

where 7 is the light collection efficiency of the optics, € is the quan-
tum efficiency of the detector, €2 is the solid angle of light collec-
tion, V is the volume of fluorescence, n, is the number density of
the excited state, and A, is the Einstein coefficient for spontaneous
emission from the excited to the ground state. In the present study,
we use a two-level model to represent the laser excitation of the
molecular species, described in detail in Cadou.”’

For weak laser excitation by a spectrally broad source (a laser
linewidth much greater than the absorption linewidth of the transi-
tion), it is assumed that the perturbationsto the equilibrium energy
distribution and the ground state population are small. Further, it is
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Fig.1 Schematic of the dump combustor, with dimensions in centimeters; loudspeaker in the plenum is used only during the externally driven sets

of experiments.

assumed that collisionalquenching cross sections for NO with other
chemical species are constant throughout the flowfield. Based on
these assumptions, one obtains the final expression for the strength
of the fluorescence signal:

S =C A21 BZI Pref NF(T) X (2)
! QZI(Trefa Pref) R\/ Tref . \/7 :
where E |, is the energy supplied by the laser pulse
Ey = / py dt 3
0

C is a constant containing parameters of the collection optics and
detection system, O, is the collisional quench rate, and B,; is the
Einstein probability for transitions from the excited state. Note that
the strength of the fluorescence signal is, thus, a function of species
mole fraction x, and temperature through the function N (T)/T /2.

PLIF as a temperaturediagnostichas been used to a limited extent
in the past.2® The flow is seeded with an inertmolecule (in the present
case, nitric oxide, NO) in such a way that its mole fraction remains
constantthroughoutthe flowfield; this s justified subsequently. With
the mole fraction held constant, the intensity of the fluorescence
signal at each point in the laser sheet depends only on the local
temperature of the flowfield through N (T)/T'/* in Eq. (2). Thus,
the temperature field may be computed from an image of fluores-
cence in the plane of the laser sheet. In this work, we pump the
0(12)(J =12) line of the NO A% (v =0) < X*I1; (v =0) tran-
sition (at about 226.13 nm) and collect the broadband fluorescence.
This line is chosen for its sensitivity and monotonic temperature
dependence over the expected range of combustion temperatures.?’

NO is relatively inert in this system. Although some NO is un-
doubtedly produced from molecular nitrogen in the flame, the NO
seeding level is high enough (4000 ppm) so that the effect on the
postflame mole fraction is negligible. Detailed modeling predicts
significant conversion of NO to NO,, due to reaction with HO,

within a very narrow region (three to four pixels) just on the up-
stream side of the flame front. Yet NO, undergoes rapid thermal
dissociationback to NO within the flame front, which results in the
NO mole fraction being restored to within 1% of the original seed
level. Thus, except for a very thin region immediately upstream of
the flame front, the NO concentrationis essentially constant at the
seeded level, 4000 ppm.

III. Apparatus and Data Processing

Figure 1 is a schematic of the dump combustor used in this work;
the device was roughly one-quarter the size of the device consid-
ered in the accompanying cold-flow study.?> The smaller size of the
present device enabled laser illumination of a larger relative area
within the combustion cavity. Fuel (methane CH,) and air entered
and mixed in a large plenum chamber and passed upward through
honeycomb flow straightenersinto the combustion cavity via a nar-
row inlet section. The flame was stabilized at the sudden expan-
sion where the reactants entered the combustion cavity, in general
forming an inverted V-shaped reaction zone within the combustion
cavity. The downstream end of the combustion cavity was formed
by two movable ceramic plugs, which permitted adjustment of the
combustion cavity length and through which hazardous waste could
be injected in an incineration context. In the present experiments,
however, no such waste injection occurred. Two large quartz win-
dows forming the front and rear walls of the combustion cavity and
two small slit windows in the side walls provided two-dimensional
optical access to the reacting flow.

Referring to the inset of Fig. 1, note that the flowfield in the com-
bustion cavity breaks into three regions: 1) a core flow associated
with the introduction of premixed reactants, 2) recirculation zones
oneithersideof the flame associatedwith hotproducts,and 3) a shear
layer in which chemical reaction occurred, separating the core flow
from the recirculation zones. As vortices shed from the inlet prop-
agated downstream through the combustion cavity, they wrinkled
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the reaction zone or flame. Previous work'?:'® has shown that un-
der certain operating conditions, i.e., for certain combinations of
inlet velocity, equivalence ratio, and combustion cavity length, the
chemicalreactioncanexcitea variety of longitudinalacousticmodes
ranging from low-frequency oscillationsnear 50 Hz to intermediate-
and high-frequency oscillationsin the range 300-600 Hz. Whereas
one-dimensionalacousticalmodeling of the device!? !¢ suggeststhe
potential for a variety of possible modes to be excited under given
operatingconditions, the mode thatis actually excited is nonlinearly
dependent on the amount of energy contributed to the flow by the
chemical reaction. The large velocity perturbations associated with
naturally excited acoustic resonances have been shown to result in
large-scale wrinkling and even extinguishment of the flame.!4:17-18

One of the aims of the present study is to examine the reactive
temperature field during nonexcited,naturallydriven, and externally
driven acoustic excitation. External acoustic forcing was accom-
plished here via a loudspeaker situated in the bottom of the plenum
chamber. In theory, forcing frequencies could be varied from 0 to
1000 Hz with amplitudes up to 150 dB. In practice, however, fre-
quencies below 200 Hz were difficult to obtain reliably, and this
study focuses on the relatively high-frequency instabilities.

Figure 2 is a schematic of the optical setup for the PLIF experi-
ment. A Questek 2640 Excimer laser operating on XeCl (308 nm)
was used to pump a Lambda Physik Scanmate 2E dye laser running
Coumarin46dye. The outputofthe dyelaser was frequency-doubled
usinga BBO crystalto 226 nm. A Tylan flow controller metered the
NO seed into the combustioncavity. In both experiments,an ITT™-
gated, intensified charge-coupleddevice camera collected the fluo-
rescence from molecules in the plane of the laser sheet. A pressure
transducer in the plenum provided a signal for phase-lockingimage
acquisition to oscillations in the combustion cavity.

NO PLIF data were calibrated as follows. A thermocouple in-
serted at a known location in the imaged plane permitted the as-
sociation of a temperature with a specific pixel value. From this
information, the lumped value of the constant parameters in Eq. (2)
were computed. Assuming that this lumped value remained con-
stant throughout the flowfield, the temperatures at other points in
the image plane were computed from an image of the NO fluores-
cence distribution. Shot-to-shot variations in laser intensity were
accounted for by recording the energy in the undoubled beam and
using this to rescale each image to constant power. The standard
deviation was also computed on a pixel-by-pixel basis during the

Laser Sheet
Energy

Meter

averaging process. Pixels with 20 /x > 0.08 were considered un-
reliable and were discarded. Spatial variations in the energy distri-
bution in the laser sheet were accounted for by normalizing each
image by an image of NO fluorescence at constant temperature.
Eachimage was corrected for the effects of scatteringby subtracting
an image of the scattering only, made by tuning the laser slightly
off the NO transition. Finally, the effects of noise were reduced
by computing the temperature field from the averages of at least
10 images.

IV. Results

A. Nonresonant Flow

Figure 3 is an image of the two-dimensional temperature distri-
bution in the combustion cavity with the combustor operatingin an
acoustically nonresonantor quiet mode. In this image, the tempera-
ture increases linearly as the colors proceed from violet to red. The
image was generated by computing the temperature field from an
average of 10 individual fluorescence images and then averaging
spatially using a 2 x 2 pixel kernel. Information was lost near the
walls when scattering was subtracted from the raw image. More
information was lost in regions where the energy distribution nor-
malization factor was smaller than a somewhat arbitrary threshold
value (about 0.12).

3000K

2325K
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300K

Fig. 3 Time-averaged, two-dimensional temperature distribution in
the dump combustor during quiet mode operation with core equivalence
ratio ¢ =0.75, inlet velocity 2.7 m/s, and cavity length /. =5.08 cm.
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Fig.2 Schematic of the optical setup used to collect PLIF images in the combustion cavity of the dump combustor.
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Fig. 4 Comparison of thermocouple measurements taken along the
small dump combustor’s line of symmetry with temperatures computed
from the NO PLIF image corresponding to Fig. 3; downstream position
measured from the dump plane.

The image in Fig. 3 clearly shows a relatively cool central core
region composed of unreacted gases and a region of strong temper-
ature gradientindicating the presence of the flame front and heated
recirculation zones. Figure 4 is a plot of the temperature profile
through this flame along the combustor’s axis of symmetry, com-
puted from the PLIF image in Fig. 3. Note the good agreement
between the PLIF data and the thermocouple measurements shown
in Fig. 4. The vertical temperature profile in Fig. 4 and the horizontal
temperature profiles in Fig. 5 show that the temperature remained
at about 1500 K downstream of the flame and within the recircu-
lation regions of the cavity, respectively. The presence of the large
and apparently stable regions of high-temperature gas within the
recirculation zones explains why previous work has shown that this
quiet mode is effective for thermal waste destruction. The high-
temperature tails on the ends of the profiles in Figs. 4 and 5 are arti-
facts of the scattering subtraction process near the plugs and walls,
respectively.

Figure 6 shows temperature fields for quiet combustor operation
at five different combustion cavity lengths, with averaging as done
in Fig. 3. Quiet operation was again observed for these flow and
geometrical conditions. Note that the inlet velocity here was lower
thanin Fig. 3. These images show that temperaturesincreasedin all
areas of the combustioncavity as the cavity length was decreased, in
some cases reaching the adiabatic flame temperature. This observa-
tion is consistent with destruction characteristics for a temperature-
sensitive waste surrogate,'” which improve significantly for shorter
cavity lengths because the waste is injected from the ceramic plugs
into the (hotter) cavity recirculationzones. Figure 7 shows this trend
by plotting average temperatures computed for differentareas of the
right half of the combustion cavity as a function of cavity length.
Data from the right side of the cavity are provided because the laser
sheet entered the cavity from the right and the effects of laser sheet
absorption on this side were not as great as on the left. Note also
that, as the cavity length decreased, the flame length also slightly
decreased.

The increase in temperature of the recirculating gases with de-
creasing cavity length, seen in Figs. 6 and 7, resulted in flame struc-
tures that were more closely attached to the dump plane, according
to recent OH* chemiluminescence imaging.!® These observations
are consistent with Marble and Adamson’s®® classical analysis of
ignition and combustion in a laminar shear layer between parallel
streams of reactants and hot products.
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Fig.5 Plots of the horizontal temperature distribution calculated from
the PLIF image of Fig. 3, measured from the dump plane.

B. Naturally Resonant Flow

Figure 8 is a sequence of 15 images representing the time evo-
lution of the temperature field over one acoustic period when the
combustor excited a natural acoustic resonance. Here the equiva-
lence ratio and inlet velocity were roughly the same as in Fig. 3, but
a longer combustor cavity produced conditions leading to acous-
tic excitation. The collection of the images was phase locked to
the high-frequency (328-Hz) acoustic oscillations formed naturally
here by a standing wave in the plenum. Phase is thus defined with re-
spect to the temporal pressure variation. As before, each frame was
computed from an average of 10 individual images and was subse-
quently averaged spatially over a 2 x 2 pixel kernel and filtered to
reject pixels with 20 > 0.08x.

The images in Fig. 8 show a periodically pinched-offcore region,
with a somewhatbroader shear layer than in the quiet mode (Fig. 3).
There appeared to be regions of high temperature that periodically
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Fig. 6 Images of the temperature field in the dump combustor for

various combustion cavity lengths /. ; equivalence ratio ¢»=0.78 and
inlet velocity 1.88 m/s.
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Fig.7 Average temperatures in various areas of the combustion cavity
(core, right shear layer, and right recirculation zone) as a function of

combustion cavity length /. ; equivalenceratio ¢» = 0.78 and inlet velocity
1.88 m/s.

propagated upward through the combustion cavity. These high-
temperature regions were generally coincident with vortices shed
from the dump plane, as seen in schlieren images taken in acousti-
cally resonantramjet combustors> Figure 9 is a plot of the position
of thelocalmaximumin temperaturegradientpresentalong the com-
bustor’s axis of symmetry as a function of the phase of the pressure
oscillation. Note that the motion of this gradient was in phase with
the oscillating pressure field, indicating that the flame and core flow
followed the pressure (and presumably velocity) oscillationsduring
natural excitation. Again, this was consistent with other dump com-

bustor experiments; as well as with Rayleigh’s criterion.!"? These
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Fig. 8 Two-dimensional temperature field at various phases in the
naturally driven acoustic resonance at 328 Hz, with equivalence ra-
tio ¢ = 0.70, inlet velocity 2.7 m/s, and cavity length /. =10.16 cm. Note
that core pinchoff appears near 6 = [(3 — 5)/15].
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Fig. 9 Position of the temperature inflection point along the combus-

tor’s vertical plane of symmetry as a function of the phase of the pressure
oscillation, with results extracted from data in Fig. 8.
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measurementsalso indicatethataveragerecirculationzone tempera-
tures during natural acoustic excitation (Fig. 8; 1650 K) actually can
be higher than those measured during quiet mode operation (Fig. 3;
1580 K), indicating an improvement in global energy transport
from reaction zones to recirculation zones during natural acoustic
excitation.

C. Externally Forced Flow

Phase-locked temperature field measurements were also per-
formed in the combustor for flow conditions in which there was
no natural acoustic resonance observed but in which forced acous-
tic excitation was achieved using a loudspeaker in the plenum. The
equivalenceratio and cavity length were nearly the same as for nat-
urally excited operation (Fig. 8), but the inlet velocity was different
(1.92 m/s with external acoustic forcing vs 2.7 m/s for the natu-
rally resonant case). At the inlet velocity of 1.92 m/s, no acoustic
resonances occurred naturally (see also Fig. 6 for the cavity length
I, =10.16 cm), although one-dimensional acoustical modeling in-
dicated that it was possible to excite certain modes with sufficient
energy input.!?:1

Figure 10 is a series of 15 images of the temperature field span-
ning one acoustic cycle. External acoustic excitation was applied at
360 Hz with an amplitude near 150 dB. The series of images in
Fig. 10 each represent averages of 20 individual images, with spa-
tial averagingand filtering as before. Under the operating conditions
given, 360 Hz is computed to be a possibleresonantmode.'? In con-
trast, Fig. 11 shows a corresponding series of temperatureimages in
responseto externalacousticexcitationat an arbitrary (nonresonant)
frequency of 420 Hz and with the same forcing amplitude. These
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Fig. 10 Time-resolved, phase-locked temperature images in the dump
combustor with on-resonance acoustic forcing applied at 360 Hz; equiv-
alence ratio ¢ =0.76, inlet velocity 1.92 m/s, and cavity length [, =
10.16 cm.
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Fig.11 Time-resolved, phase-locked temperature images in the dump
combustor with off-resonance acoustic forcing applied at 420 Hz; equiv-
alence ratio ¢ =0.76, inlet velocity 1.92 m/s, and cavity length [, =
10.16 cm.

figures demonstrate the structural differences between resonantand
nonresonantexternal acoustic forcing for this reactive flow problem.

InFig.10,relativelystrongperiodiccore pinchoffoccurred.These
periodic temperature disturbancesin the core/jet region appeared to
beassociatedwith strong velocity fluctuationsat the dump plane dur-
ing on-resonance forcing. Such disturbances have previously been
observed'® under cold flow conditions in hot-wire measurements
and in the particle image velocimetry (PIV) results of the accompa-
nying study.?> In contrast, off-resonance external forcing at 420 Hz
(Fig. 11) producedlittle evidence of perturbationto the temperature
field in the core flow, indicating that, in spite of the strong acoustic
forcing, the resulting velocity and pressure fluctuations at the dump
plane were small and the coupling between the cavity and the re-
active jet was significantly reduced. In fact, the flame/core region
visibly appeared similar to the unforced, quiet mode image in Fig. 3.
Again, this reduced level of core flow perturbation was consistent
with the PIV?® and hot-wire'® measurements.

Periodic pinchoffin the core region during on-resonance forcing
resulted in perturbations to the average temperature in the core.?’
This observation possibly resulted from a combination of phenom-
ena 1) from periodic flame motion in and out of a predefined (av-
erage) core region and 2) from periodic variations in the strain
rates experienced by the flames, causing periodic alteration in lo-
cal flame temperature. Such oscillations in temperature were not
strongly apparentduring off-resonanceforcing or for unforced con-
ditions. These core region perturbations appeared to assist with the
transportof energy from the flames to the recirculation zones. Tem-
perature measurements with a thermocouple in a larger version of
the present dump combustor (described in Ref. 19) also indicated
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higher average temperatures in the recirculation zones (by about
100 K) during on-resonance excitation vs other operation. Again,
the association of higher recirculation zone temperatures with on-
resonanceexcitationwas consistentwith waste surrogatedestruction
results.'®: 19

V. Conclusions

PLIF has been used to make measurementsof steady and unsteady
temperature fields in a resonant dump combustor. The reliability of
the technique has been demonstrated in nonresonant flows, where
agreement with thermocouple measurementsis quite good. The im-
ages of the temperature field under naturally resonant conditions
show evidence of strong perturbations of the flame, probably due
to the passage of strong vortex pairs shed from the dump plane, as
seen in other dump combustor experiments, in resonance with the
pressure field. The images taken from on-resonant, external acous-
tic forcing show similarly strong perturbationsand demonstrate that
low-power external excitation can result in perturbationsthat are at
least as strong as those associated with natural resonance. If the
device was forced off resonance, however, the temperature field
remained unperturbed, very nearly as if there were no acoustic ex-
citation at all. In other words, the reactive cavity flow appeared to
be preferentially responsive to external acoustic forcing at frequen-
cies at which the flow could potentially resonate anyway, given a
sufficient level of energy input by the reaction. External acousti-
cal forcing using a loudspeaker provided such energy input at the
specific resonant modes, resulting in increased jet spread and per-
turbed core flow as well as increased energy transport within the
cavity.

This study demonstratesthe importanceof the couplingefficiency
between the control actuator for a dump combustor and its reactive
flow. Without the efficient coupling offered by the natural resonant
properties of the device, effective perturbation of the flow and the
associated enhancement of energy transport are not possible.
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