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An experimental study was performed to evaluate the � ame-holdingand mixing enhancement characteristics of
supersonic reacting � ow over acoustically open cavities. Several con� gurations of acoustically open cavities were
placed inside a supersonic-combustion duct just downstream of the fuel injection ports. The resulting changes in
� ame behavior and combustion characteristics were assessed using schlieren visualization of the uncon� ned � ow
and wall pressure measurements of the con� ned � ow along the duct. The results were then compared with the
baseline case, which used no cavity. Although the cavities improved the combustion performance from the baseline,
the amount of enhancement was dependent on the particular shape of the cavity as well as the � ow conditions.
Certain cavity con� gurations that were strategically placed inside the combustion duct led to a faster increase in
the axial pressure force. The data showed that the recovery temperature was higher and the total pressure pro� le
was more uniform at the exit plane, suggesting enhanced volumetric heat release and faster mixing associated with
the cavity- in� uenced � ow� eld.

I. Introduction

F UEL-AIR mixing in an airbreathing engine becomes increas-
ingly inef� cient at higher velocity, hence requiring a longer

combustor length. Although this is caused by the reduced � ow resi-
dence time inside the combustor and the compressibilityeffect that
adversely affects the rate of mixing,1¡3 a short combustor length
is desirable because the thrust-to-drag ratio of an engine is roughly
proportionalto the ratio between thecombustordiameterand length.
To generate practicallyuseful thrust to drag, length-to-diameterra-
tio of a combustor should be suf� ciently small. In compact engines
with small diameter,however, the ratiowill be relativelylargeunless
the combustor length can be reduced accordingly.

In an effort to reduce the combustor length, acoustically open
cavities were placed inside a supersonic-combustion duct setting
up a recirculating � ow suitable for � ame holding. An acoustically
open cavity is characterized by a cavity length-to-depth ratio suf-
� ciently small not to allow shear-layer reattachment on the cavity
� oor. The limiting ratio for acoustically open cavities depends on
the � ow conditions and is typically less than 10. Because the pres-
sure drop associated with acoustically open cavities is relatively
small, strategically placed cavities in the combustor could provide
practical bene� t by increasing the � ow residence time and setting
up � ame holding. Flame-holding characteristicsof various cavities
have been exploited in the past studies involving subsonic com-
bustors. For instance, Huellmantel et al.4 compared � ame-holding
capability of various shaped cavities for propane-air � ames at low
subsonic speed. Also, the “trapped-vortex”concept, which utilizes
a stationaryvortexdevelopinginsidea small-aspect-ratiocavity,has
been explored for stable � ame holding in gas turbines.5;6

In high-speed propulsionan integrated fuel injector/� ame holder
usingsimplecavitiesis oneof severalnew conceptsthatmay provide
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potential performance bene� t for net thrust.7 Recent studies inves-
tigated the effect of � ame-holding cavities in supersonic streams8;9

and examined the drag10 and stability characteristics11 of � ames.
Such a techniquewould be particularlyuseful for stable � ame hold-
ing at low equivalence ratio and for minimizing the effect of shock
trains in dual-mode operation. Although pilot � ames anchored in
the cavity are interestingas they can shorten the ignition-delaytime
of fuel-air mixture, acoustic characteristics of cavity can also be
optimized to excite the shear � ow and enhance turbulent mixing.

Flow-induced cavity resonance, which may develop sponta-
neously under certain conditions,12 is another interesting feature
of a cavity � ow. The effect of cavity resonance on a Mach 2 jet
shear layer is shown in Fig. 1. Under certain conditions13;14 the res-
onance causes periodic shedding of organized structures that can
be used to control mixing. For instance, in a study of cavity-excited
jets, it was shown that cavitygeometrycouldbe tuned to manipulate
periodic shedding of lateral vortices, ultimately controlling the rate
of entrainmentand turbulentcompressiblemixing.15 Also, it may be
bene� cial to use multiple cavities side by side for controlling their
interaction.16 In such a con� guration stable cavities could be used
for � ame-holding purpose, whereas other unstable cavities would
enhance turbulent mixing and combustion.

Therefore, combustor wall cavities that are strategically placed
can provide many potential bene� ts that include mixing improve-
ment as well as stable � ame holding. The present contribution
comprises an experimental investigation in which several cavity
con� gurationswere incorporatedin the design of a supersoniccom-
bustion duct. The con� gurations were selected from a previous
study9 in which the cavity parameters were systematically varied.
The objectivewas not only to better understandthe physicalmecha-
nisms that caused the performancechange, but also to assess quanti-
tatively and rank the effectivenessof various cavities for propulsion
applications.

II. Nonreacting Flow Experiments
Flow oscillations induced by cavities can be used to gener-

ate large-scale lateral vortices that increase the rate of entrain-
ment and dominate turbulent compressible mixing and combus-
tion. The spreadingrate of the excited shear layers17 is substantially
higher than the natural growth rate of turbulent compressible shear
layers,1;18¡21 which is represented by the shaded region in Fig. 2.

1287



1288 YU, WILSON, AND SCHADOW

Fig. 1 Planar Mie-scattering images of pressure-matched Mach 2 jets
discharging over acoustically open cavities that created � ow-induced
cavity resonance.

Fig. 2 Normalized growth rate of natural and excited shear
layers.1;18–21

a)

b)

Fig. 3 Test setup and schematic diagram of the � ow� eld without the side and top wall: a) side and b) top view.

Previously it was shown that the amount of increase was dependent
on oscillationfrequencywith the maximum increaseoccurringnear
the jet preferred mode.17

Earlier work on the jet oscillation frequencies was conducted
by Rossiter12 who considered � ow-induced cavity resonance, by
Powell22 who investigatedscreechtones, and by Tam23 and Tam and
Block24 who calculated the acoustic normal modes of rectangular
cavities. In general, the oscillation frequencies f can usually be
predictedby consideringboth the acoustic eigenmodesof the cavity
and the coupled acoustic-convectivemode of the shear � ow hydro-
dynamic disturbances.17 For instance, the acoustic eigenmodes are
given by

fmn L=U D .c=2U /

q
.m ¡ 1/2 C

¡
n ¡ 1

2

¢2
.L=D/2 (1)

where c is the speedof sound in the cavity,U the freestreamvelocity,
L the cavity length, D the cavity depth, and the ordered integers
(m; n) denote the longitudinal and the transverse mode numbers,
respectively. On the other hand, the coupled acoustic-convective
mode can be written in the Rossiter form12 as

fn L

U
D

n ¡ °

U=c C 1=·
(2)

where ° denotes the phase lag effect, which is a weak function
of L=D, and · is the ratio between the convection velocity of the
disturbanceand the freestreamvelocity.A recent study by Raman et
al.,25 however,also indicatedthatjet-cavityinteractioncanproducea
unique set of tones that are differentfrom the traditionalfrequencies
depending on the cavity depth.

In the present work the oscillation frequencies were measured
during cold � ow tests using an open duct con� guration. Figure 3
shows the open duct con� guration and the schematic illustrationof
the base � ow� eld in the presence of fuel injection and subsequent
� ames. A two- dimensionalsharp-cornernozzle was used to expand
high-pressure air from the storage tank, setting up a supersonic jet
with aspect ratio of 2 at the nozzle exit. The nozzle was operated
at the design Mach number of 2.0 at the exit, and the air jet was
discharged over a � at plate, forming a supersonic wall jet at the
test section. A separate gas generator supplied high-temperature
combustionproducts to the test section to simulate the fuel injection
process. The products were injected from the bottom wall using
circular tube injector ports that were � ush mounted. Three injector
ports were used in the open duct con� guration, whereas only two
injector ports were used in the ducted experiments, which will be
presented in the later section. Because the injectors were pointed
at 45 deg with respect to the bottom wall in the � ow direction, the
injector exit became elliptic in shape.

The � ow conditions for the six cases presented in this paper are
shown in Table 1. For most of theexperiments,the static temperature
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Table 1 Inlet and gas generator � ow conditions

Inlet air� ow Gas generator products (fuel)

T , K p, psi mair; T0;g , K m inj;
Case Ma (§6±) (§0:1) Kg/s Composition (§80±) kg/s

N1 2.0 160 13.7 0.50 —— —— 0
N2 2.0 160 13.7 0.50 0.35H2O C 0.65N2 (Simulated Fuel) 2400 0.017
F3 2.0 160 13.7 0.50 0.28C2H4 C 0.36CO2 C 0.36H2O 2600 0.017
C4 2.0 160 21.0 0.77 0.33C2H4 C 0.33CO2 C 0.33H2O 2200 0.010
C5 2.0 160 27.3 1.00 0.33C2H4 C 0.33CO2 C 0.33H2O 2200 0.010
C6 2.0 160 21.0 0.77 0.4C2H4 C 0.3CO2 C 0.3H2O 2100 0.011

Table 2 Resonant frequencies under
case N1 conditions

Cavity
con� guration L=D f , kHz

Baseline —— ——
No. 1 0.5 ——
No. 2 1 ——
No. 3 2 21.5
No. 4 3 23.5
Inclined »5 ——
No. 2 C No. 4 —— 23.5
No. 3 C No. 3 —— 21.5
Inclined C No. 3 —— ——

Fig. 4 Various cavity con� gurations.

T and the static pressure p at the inlet entrance were deduced from
the stagnationparameters that were measured.This practicewas ac-
ceptablebecausethe inlet nozzle had been characterizedwith actual
measurementsof stagnationand static conditions,which previously
veri� ed the proper relation. The � rst two cases, N1 and N2, are
for nonreacting(N) � ow experiments.Case F3 is for the open-� ow
� ame (F) experiment, discussed in the next section, whereas the
other three cases are for the combustor (C) experiments shown in
the following section. The stagnation temperature was calculated
on the basis of measured stagnation pressure and the reactant � ow
rates. The speci� ed error values represent the maximum of statisti-
cal scatter and uncertaintiesin repeatedexperiments.All of the � ow
rates were metered by choked ori� ces.

A summary of the cavity con� gurations is provided in Table 2
and Fig. 4. The excitation frequencies were measured under case
N1 � ow conditions. Figure 5 shows typical pressure spectra ob-
tained either with a microphone without the duct or with a pressure

a)

b)

Fig. 5 Typical cavity pressure spectra a) without and b) with the com-
bustor duct in place.

Fig. 6 Spark schlieren image of fuel jet injection into the supersonic
stream.

transducer � ush mounted to the duct. Because the oscillationswere
measuredwithout fuel injection,the frequencyvalues representonly
a reference measure suggesting the cavity stability characteristics.
No organizedoscillationswere detected inside the no. 1, no. 2, and
inclined cavities, whereas no. 3 and no. 4 cavities resulted in rel-
atively weak and strong acoustic oscillations, respectively. For the
double-cavity con� guration using two no. 3 cavities, the pressure
inside the trailing cavity displayed a much higher degree of coher-
ence. The oscillationswere stronger when the � ow was con� ned as
the duct prevented the � ow entrainment and enhanced the acoustic
feedback inside the cavity.

Figure 6 shows a spark schlieren image of the simulated fuel in-
jection in case N2. To eliminate the afterburning that can interfere
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Fig. 7 Spark schlieren images of fuel injection in various con� gura-
tions: a) baseline, b) no. 2 cavity, c) no. 4 cavity, and d) inclined cavity.

with the � ow� eld visualization, the gas generator was operated at
a stoichiometric condition. For the schlieren stop a small aperture
was used instead of a knife edge, making the density gradient in the
radial directionvisible. Some of the characteristicstructures includ-
ing fuel-jet shear layers and jet-induced shock structures are shown
in the image. Figure 7 shows spark schlieren images corresponding
to various con� gurations. Several images taken from respective lo-
cations in the � ow� eld were put together to construct an ensemble
view of each con� guration.Although it was dif� cult to isolate clear
qualitative difference between the various con� gurations, the im-
ages neverthelessshowed a subtle difference in temporal structures.
With the use of unstable cavities, the downstream shock structure
became more unsteady and irregular. Also, the shock structure was
often observedslightly furtherupstream with the use of the cavities.
Such a shock structure was shown to be associated with the � ame
initiationin the reactingcase,which is presented in the next section.
For the inclined-cavity case in particular, the injected fuel jets ap-
peared to be pulled more toward the cavity � oor than in other cases.
The result is consistentwith the expectation as this represented the
longest single cavity length employed in this study.

III. Open-Flame Experiments
In the � ame experiments that were conductedwithout the top and

side walls, excess ethylenefrom the gas generatorwas used to set up
reacting � ow downstream (case F3). In the baseline con� guration
the � ames were observed detached from the injectors and initiated
about 10 ori� ce diameters downstream from the point of injection.
The � ames appeared to be stabilized behind a shock structure. Al-
though the short-time-exposed � ame images revealed that the af-
terburning was very unsteady, the average behavior of the � ames
was highly reproducible from run to run. Figure 8 shows the time-
averaged � ame images taken from the side that were converted into
iso-intensity contours. Except for the inclined cavity, bright emis-
sion was observed inside most cavities, indicating reaction in the
recirculating � ow. With the inclined cavity the fuel jets appeared to
be partially impinging on the inclined surface causing more drastic
changes in the � ame structure.

Fig. 8 Iso-intensity luminosity contours of time-averaged � ame im-
ages for a) baseline, b) no. 2, c) no. 3, d) no. 4, and e) inclined cavity.

Fig. 9 Comparison of global emission intensity measured from hori-
zontal (side) and vertical (top) directions.

In all of the images, the onset of main � ow ignition occurred at
a similar location, which suggests that the � ame ignition was re-
lated to the subsonic transition of underexpanded injectant � ows.
To quantify the effect of cavities on � ame length and intensity, the
� ame luminosity in the visible range was measured, and the ax-
ial variation of local intensity was considered. Although the � ame
luminosity is not a direct measure of the heat-release characteris-
tics, it nevertheless provides valuable information about the � ame
structure.

To make an overall quantitative comparison, both measurements
from top and side were averaged, and the results are presented in
Fig. 9. The weighting factor between the two measurements was
selected on the basis of the aspect ratio for the freestream jet. The
results show that the overall � ame intensity can be manipulated
with the use of cavities. Depending on particular cavity used, the
change in overall luminosity could be from 28% increase to 46%
reduction. The preceding results suggest that it is possible to affect
the combustion ef� ciency using various cavities in the � ow. For
instance, if the general nature of the turbulent � ames were similar
with or without the cavities, the luminosity measurements in these
tests would be related to the relative combustion intensity.

Figure 10 shows the comparison of relative � ame length be-
tween the various cases. The relative � ame length was obtained
by measuring the length from the injector location to the down-
stream location where local emission intensity dropped to one-� fth
of the maximum local emission intensity in the baseline case. The
threshold value of one-� fth was arbitrarily chosen based on the
background noise intensity and the repeatability of reduced data.
The marked error bars re� ect the � ame length measurements when
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Fig. 10 Visible � ame length for various con� guration measured from
axial luminosity data.

Fig. 11 Supersonic combustion rig simulating dual-mode system.

the threshold value was changed by §5%. The results showed that
the � ame length as just de� ned could be reduced by as much as
30% when certain cavities were used. Because the observed � ame
characteristics such as length and intensity were substantially dif-
ferent in some of the cases, it became meaningful to further assess
the effect of cavities in a con� ned supersonic combustor.

IV. Combustor Experiments
To quantify the potential performance gain of utilizing the cav-

ities, some of the con� gurations from the open � ame experiments
were selected and tested in the combustor experiments. Figure 11
shows the cross-sectionalview of the combustion rig that simulated
dual-mode scramjet system.26 It consisted of a constant-area iso-
lator section with the aspect ratio of 2, which was followed by an
expanding-area combustor. As before, the cavity plate was posi-
tioned just downstream of the fuel injection ports. However, only
two injection ports were used in the combustor experiments.

First, wall pressure distribution in the � ow direction was mea-
sured by sampling the pressure on the top wall along the centerline.
Figure 12 shows the mean amplitude of pressure along the upper
wall for the baseline con� guration and the inclined cavity con� g-
uration, with both simulated and actual fuel injection cases. The
axial distance from the fuel injection point x is normalized by the
inlet-duct height h0 and is shown in the abscissa, while the wall
pressure pw is normalized with the stagnation pressure p0 and is
shown in the ordinate. The pressure in the combustor increases
as a result of additional mass � ux from fuel injection as well as
the heat release associated with the combustion of the fuel. In the
simulated-fuel-injection case (NR) only the � rst is responsible for
the pressure change as there is no reaction inside the combustor.
Thus, the difference in the wall pressure between the baseline and
the inclined-cavitycon� gurationscomes from the geometry change
only. Except in the narrow region near the cavity plate, where the
effect of geometry change is communicated to the upper wall by the
supersonic� ow� eld, the pressureamplitudewas nearly identicalfor
the two con� gurations with the simulated fuel injection.

With the actual fuel injection (R), however, the difference is mag-
ni� ed by the change in combustion ef� ciency between the two con-

Fig. 12 Averagewall pressure distribution for selected cases: NR, non-
reacting case and R, reacting case.

Fig. 13 Effect of pressure increase on combustor wall pressure distri-
bution.

� gurations. The combustor pressure in the baseline con� guration
increased with the actual fuel injection, as the presence of exother-
mic reaction added heat to the � ow. Interestingly, with the use of
the cavity, this increase in the wall pressure became even higher,
indicating more ef� cient heat release inside the combustor.

From Fig. 12 it is evident that the location of the jet-induced
shock moved further upstream when the combustor pressure was
increased with the cavity. Figure 13 shows the comparison of wall
pressuredistributionfor variouscombustorpressures in the baseline
con� guration.The relativepressure ratio was modi� ed by changing
the freestream stagnation pressure, while holding the fuel injection
condition constant. From this plot the effect of combustor pressure
on the shock location can be deduced. As the relative amplitude of
the combustor pressure increased, the shock location appeared to
move further and further upstream. This result also indicates the
thickening of the boundary layer associated with the combustor
pressure increase.

Figure 14 shows the wall pressure distribution for various cav-
ity con� gurations that were compared against the baseline. The
error bars on the baseline case data represent the amount of rms
� uctuations at each measuring station. When a cavity was uti-
lized, the combustor pressure became substantially higher than in
the baseline case. The comparison between different cavity con-
� gurations was made under two different freestream conditions.
When p0=pamb D 11:9 (case C4), the maximum value of pw=p0

increased by 50–60% depending on the cavity con� guration. For
p0=pamb D 15:6 (caseC5) themaximumpressurewas about35–54%
higher than the baseline. These results are presented in Fig. 15a,
which shows the maximum wall pressure along the combustion
duct. The dotted line represents the reference static pressure of a
choked air� ow. The maximum wall pressure approached this value
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a) Case C4

b) Case C5

Fig. 14 Changes in wall pressure distribution when various cavities
are used.

a)

b)

Fig. 15 Comparison of wall pressure: a) maximum pressure observed
and b) relative pressure increase with respect to the baseline con� gura-
tion.

a) Case C4

b) Case C5

Fig. 16 Relative wall pressure increase on the expanding duct.

for longer cavities but still remained below this value indicating su-
personic nature of the � ow. The no. 4 cavity, which produced the
highest oscillation amplitude in the nonreacting experiments, also
resulted in the highestmaximum wall pressure in the combustor ex-
periments. Figure 15b shows the relative increase in the wall pres-
sure,which was averagedover theexpandingsurfaceonly.Although
there was a substantial increase in the combustor pressure from the
baseline case, the average amount of increase appeared to be about
the same regardless of the cavity con� guration. This appears to be
related to the fact that the combustionduct was long enough in these
experimentsto accommodatecomplete reactioninside the duct once
� ame holding was established. The use of cavities, by providing a
stable � ame holding, reduced the amount of unburnedfuel escaping
the combustion duct. The amount of scatter in the averaged data
was very low despite much higher value of uncertainties indicated
by the error bars. For instance, the average amount of relative pres-
sure increase from the corresponding baseline con� guration value
was 45§ 1% for the case C4 conditions and 33 § 1% for the case
C5 conditions.

Figure16,on theotherhand,shows the relativeincreasein thewall
pressure as a function of the axial distance from the fuel injection
location. Only two sets of data are shown here to highlight the
differencebetween various con� gurations.Although the amount of
pressureincreaseaveragedover thedivergingportionof the ductwas
nearly identical for different cavities, certain cavity con� gurations,
such as the inclined cavity or the combination cavities arranged in
tandem, caused much higher pressure increase initially, at locations
close to the fuel injection point. This suggests that the heat-release
process was volumetrically more ef� cient in these cases, causing a
relatively high initial pressure rise.

To quantifythe changein pressureforceexertedon theupperwall,
the axial componentof wall pressureamplitude was integratedover
the expanding surface. The results were also normalized using the
baseline case, and they are shown in Fig. 17 as a function of the
expansionduct length. The axial force F in Fig. 17 denotes the total
force on the expanding wall, integrated up to the axial location x .
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a) Case C4

b) Case C5

Fig. 17 Increase in the axial force on the expanding surface relative to
the baseline.

The pressure amplitude was affected severely by the cavity geome-
try, particularly between zero and three duct height downstream of
the fuel injectionpoint.For relativelyshortduct lengththe amountof
increasein axial forcewould be substantiallydifferentdependingon
the cavity con� guration. However, as the expansion duct becomes
longer, the relative increase in the axial force converges to a similar
value regardless of the cavity con� guration, in a consistent trend as
that illustrated in Fig. 15b. This implies that while the overall heat
release inside the combustor can be increased by utilizing any con-
� guration of the � ame-holding cavities the volumetric heat release
along the axial directioncould be optimizedby the proper choice of
the cavity shape. For axial force consideration, particularly under
case C4 condition, the inclined cavity and the con� guration with
the cavities in tandem were most effective. Also, under case C5
condition no. 3 cavity and the inclined cavity were most effective.

To deduce the physical mechanisms responsible for the increase
in the combustor pressure and the correspondingaxial force, trans-
verse pro� les of the exit � ow were measured at 10.6 duct heights
downstream from the injection location (x=h0 D 10:6). All of the
transverse measurements were made along the minor axis of the
duct, aligned with the plane that is equally distanced from the two
injector ports. Figure 18 shows the measured total pressure pro-
� les for two different freestream conditions. For both conditions
the pro� les were somewhat asymmetric showing pressurede� cit on
the lower wall, from which fuel was injected. With the use of the
cavities, the total pressure pro� le became more uniform indicating
faster mixing. In general, longer cavities made the pro� les more
uniform. However, this could also be indicative of the fact that the
longer cavities would incur a higher pressure drop. On the basis of
the presentdata, the inclinedcavity produceda more uniformpro� le
than other cavities.

Figure 19 shows the recovery-temperature pro� les at the same
location. The temperature measurements were made using a sta-
tionary thermocouple, which was traversed across the � ow after
each measurement. The baseline case data show a relatively thick

a) Case C4

b) Case C5

Fig. 18 Measured total pressure pro� les near the duct exit at
x/h0 = 10:6. The initial duct height h0 at fuel injection location x = 0
is shown on the right vertical axis for reference.

a) Case C4

b) Case C5

Fig. 19 Recovery temperature pro� les near the duct exit atx/h0 = 10.6.
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Fig. 20 Effect of gas generator equivalence ratio in two selected con-
� gurations (cases C4 and C6).

Fig. 21 Increase in the axial force associated with the cavity when the
baseline performance is poor (case C6).

thermal boundary layer on the upper wall, which implies a limited
penetration of the injected fuel into the freestream. With the cav-
ities the thermal layer pro� le is not only more developed, but the
temperature is also much higher than the baseline case. The recov-
ery temperature was higher with the acoustically unstable cavities
than with the stable ones. In all of the cases that utilized cavities,
the combustor exit pressure pro� les were more uniform and the re-
covery temperature higher suggesting better mixing and enhanced
combustion ef� ciency.

Figure 20 compares the effect of cavities in two differentcasesus-
ing the baseline and the inclined cavity con� gurations.The fuel-air
ratio was modi� ed from case C4 condition (Á D 3:0) by increasing
the gas generatorequivalenceratio while holding the mass � ux con-
stant. Thus, in case C6 (Á D 3:5) the total amount of fuel available
for combustion was greater although the fuel was injected into the
combustor at slightly lower temperature. For the baseline con� gu-
ration, however, even though the fuel � ux was greater in case C6 the
resulting combustor pressure was lower than that in case C4. This
result can be interpretedas the re� ection of relativelypoor combus-
tion ef� ciency in the baseline con� guration, which becomes even
worse with the lowering of fuel temperature. However, when the
inclined cavity con� guration was subjected to the same � ow condi-
tion, the proper trend was restored. As expected, when mixing was
enhanced with the cavity, the case C6 condition with the greater
amount of fuel � ux resulted in higher combustor pressure. This re-
sult illustrates the effectivenessof wall cavities in enhancingoverall
combustion performance as well as the volumetric heat release.

Figure 21 shows the relative increase in the axial force associ-
ated with the use of cavities for the case C6 condition. Because of
relatively inef� cient combustion under the baseline con� guration,
the increase in case C6 is signi� cantly higher than in the preceding

cases, ranging from 70 to 90% enhancement. Again, the inclined
cavity produced the highest enhancement in axial force, followed
by the two cavities in tandem and then long and short cavities in
that order.

V. Conclusions
An experimental study was conducted to evaluate the � ame-

holding and mixing enhancement characteristics of supersonic re-
acting � ow over acoustically open cavities. Several wall cavities
having various size and aspect ratios were subjected to supersonic
open-� ow � ame experiments. The � ames were created with high-
temperature fuel-rich products injected into a Mach 2 airstream at
a 45-deg angle, and the effect of cavities was investigated by plac-
ing the selectedcavities just downstreamof the fuel injection point.
The results showed that cavities with a short aspect ratio provided
good � ame holding,whereas thosewith a relativelylong aspect ratio
shortenedthe � ame lengthsubstantiallyvia acousticexcitation.Sub-
sequently, some of the selected cavity con� gurations were placed
inside a supersoniccombustion duct. For each con� guration the ax-
ial wall pressure distribution was measured along the duct, and the
stagnationpressurepro� le and the recoverytemperaturepro� le were
obtainedat the duct exit in the transversedirection.The results were
then compared against the baseline case with no cavity. In all cases
that utilized cavities, the combustor pressure and the exit recovery
temperaturewere substantiallyincreased,suggestingenhancedvol-
umetric heat release. The total pressure pro� le also became more
uniform at the exit, indicating better mixing. The measured wall
pressure on the expansion surface was increased signi� cantly from
the baseline case depending on the � ow conditions and the cavity
con� guration.

The results indicated that the volumetric heat release could be
increased with certain cavities strategically placed inside the com-
bustor. Among the cavity con� gurations used in this study, some
provided consistentlysuperior performance in terms of � ow pro� le
uniformity and the pressure amplitude on the expansion surface. In
considerationof the pressureforce exertedon the expansionsurface,
the inclinedcavityand thecon� gurationutilizingtwo cavitiesin tan-
dem produced the best results among those con� gurations studied.
At the same time, however, these were the longest cavities consid-
ered in the study, and thus they are most likely to suffer from adverse
effects caused by forces exerted on the cavity walls. For practical
considerations, therefore, one must evaluate the positive effect of
cavity-enhanced combustion ef� ciency against the negative effect
caused by to cavity-induceddrag.
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