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Hot-Fire Injector Test for Determination of
Combustion Stability Boundaries Using Model Chamber
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This study realizes the conceptual method to predict combustion instability in actual full-scale
combustion chamber of rocket engines by experimental tests with model (sub-scale) chamber.
The model chamber was designed based on the methodologies proposed in the previous work
regarding geometrical dimensions and operating conditions, and hot-fire test procedures were
followed to obtain stability boundaries. From the experimental tests, two instability regions are
presented by the parameters of combustion-chamber pressure and mixture (oxidizer/fuel) ratio,
which are customary for combustor designers. It is found that instability characteristics in the
chamber with the adopted jet injectors can be explained by the correlation between the
characteristic burning or mixing time and the characteristic acoustic time. In each instability
region, dynamic behaviors of flames are investigated to verify the hydrodynamically-derived
characteristic lengths of the jet injectors. Large-amplitude pressure oscillation observed in upper

instability region is found to be generated by lifted-off flames.
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1. Introduction

High-frequency combustion instability is the
phenomenon that pressure oscillations are am-
plified through in-phase heat addition/extraction
from combustion. It is often called acoustic in-
stability, which has long gained significant inter-
est in propulsion and power systems. Unfavor-
ably, it may lead to an intense pressure fluctua-
tion as well as excessive heat transfer to combus-
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tor wall in combustion systems such as solid and
liquid propellant rocket engines, ramjets, turbojet
thrust augmentors, utility boilers, and furnaces
(Harrje and Reardon, 1972; McManus et al.,
1993 ; Culick and Yang, 1995). For a long time,
it has caused common problems in the course of
rocket-engine development, i.e., thermal damage
on injector faceplate and combustor wall, severe
mechanical vibration of rocket body, and unpre-
dictable malfunction of engines, etc.
Accordingly, combustion stability is one of
design factors which should be checked by engine
designers. In this regard, the impact of candidate
injectors on stabilities is to be examined for in-
jector screening at the initial stage of combustor
development, and thereby, the suitable injector
specification will be selected. For this purpose, it
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is the best and most reliable method to conduct
experimental test using actual (full-scale) com-
bustion chambers to which candidate injectors
are mounted. But, it is rather exhaustive method
in both viewpoints of cost and time. Especially,
considering the recent economic constraint ap-
plied even to space-technology program, it is
required to find the cost-effective ways to validate
each hardware but without losing the essential
part of its characteristics. One of them is to use
model (sub-scale) chamber instead of actual
chamber (Fisher et al., 1995). For this, the previ-
ous work (Sohn et al., 2004) proposed the meth-
od for hot-fire modeling of high-frequency com-
bustion instability using model chamber.

In the present study, the method proposed in
the previous study is realized experimentally and
the experimental results are reported and dis-
cussed. Especially, the actual stability boundaries
are obtained in the design parameters of chamber
pressure and mixture (oxidizer-fuel) ratio, and
the dynamic behaviors of flames are investigated
in each unstable region.

2. Experimental Methods

2.1 Full-scale chamber and injector

The present combustion chamber under study
employs a liquid-liquid scheme injector with the
following propellants ; hydrocarbon fuel (kero-
sene) and cryogenic oxidizer (liquid oxygen).
Schematic diagrams and basic geometrical di-
mensions of the combustion chamber and injector
are shown in Fig. 1. And the major operating
parameters of the combustion chamber can be
found in table 1 of the previous paper (Sohn et
al., 2004) .

Kerosene density at the injector inlet is o=
799 kg/m® at temperature of 7y=307 K. And
oxygen density at the injector inlet amounts to
00=1,030 kg/m? at its temperature of T,=93 K
(Sutton, 1992). There is no fuel cooling (re-
generative cooling) for the inner wall of the com-
bustion chamber.

Injector head is fitted with identical bi-pro-
pellant injectors in the number of 7#,;=216 pieces
arranged equidistantly on the injector faceplate
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(c) Impinging jet injector

Fig. 1 Schematic diagrams of the actual combustion
chamber, injector array on the faceplate, and
basic configuration of bi-propellant imping-
ing jet injector (unit: mm)

as shown in Fig. 1(b). Each injector has two
orifices for oxidizer injection with the diameter
(dy) of 2.2 mm and two orifices for fuel supply
with dy=1.6 mm, which is illustrated in Fig. I
(c). At the impinging angle of 30°, two fuel jets
are injected, arranged to the left and to the right
of each oxidizer jet, respectively. Main hydro-
dynamic parameters of the injector also can be
found in table 1 of the previous paper (Sohn et
al., 2004) .

2.2 Model-test apparatus for hot—fire tests
Schematic diagram of the firing-test model set-
up is shown in Fig. 2. Model combustion cham-
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Fig. 2 Schematic diagram of hot-fire model test apparatus
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Fig. 3 Model injector head with five element-injec-
tors viewed from the chamber exit

ber is installed in the upright position (nozzle
upwards) on a plate which is an injector head
simulator fixed on a seat. A hole is made in the
plate, to which a five-injector unit is inserted, so
that the injector exit is flush with the plate sur-
face. Model injector head is illustrated in Fig. 3.
The combustion chamber operates at atmospheric
pressure and can move freely on the injector-
faceplate simulator. Such arrangement allows us
to form burning flames stabilized at the injector

exit on any points in chamber acoustic field and
to evaluate the tendency of the combustion pro-
cess to excitation of pressure oscillations at vari-
ous acoustic modes, i.e., z#-th tangential and ra-
dial modes.

As discussed in Sohn et al.’s work (2004), pure
oxygen is supplied through the feeding line and
the fuel line supplies methane-propane mixture at
room temperature. Mass flow rate of each gas is
controlled by a throttling device. Furthermore,
propellant mass flow rates are carefully controlled
with the aid of personal computer (PC) receiving
signals from pressure and temperature sensors
upstream of the metering orifices. The present
measurement system can measure mass flow rates
to the accuracy of 2%. To measure propellant
temperature directly upstream of the injector,
thermocouples are installed in oxidizer and fuel
manifolds, respectively. The seat which houses
the model chamber with injector under study is
mounted on a special table.

The model-test apparatus is used to determine
the boundaries of the regions of acoustic oscilla-
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tions excited at the specific flow rates of pro-
pellants. Accordingly, pressure pulsations from
the combustion field in the model chamber are
measured with an acoustic probe which consists
of a coiled-up long metal tube with the inner
diameter of 4 mm. Uncooled piezoelectric pres-
sure transducer is installed 320 mm away from the
tube inlet. It has been verified that amplitude-
frequency characteristics is uniform over the fre-
quency range up to 10 kHz in using the pressure
transducer. The acoustic probe is inserted into
the hole made on the chamber wall near the
faceplate of the model injector head. The signal
from the transducer is amplified by the broad-
band amplifier, recorded by personal computer,
and also sent to visual instruments, i.e., oscil-
loscope, digital voltmeter, and spectrum analyzer.

Evaluation of the high-frequency combustion
stability is made directly during the tests based on
the character of oscillations on the oscillograph
screen and the spectral behavior of oscillations
displayed on PC screen and spectrum analyzer.
Combustion process resulting in irregular acous-
tic oscillations of broad-band spectrum is consi-
dered to be stable combustion. Combustion pro-
cess, which exhibits regular oscillation behavior
being fairly close to the sinusoidal behavior
with characteristic spectrum of individual sharp
peaks, is considered to be oscillatory or unstable
combustion. Unstable regimes are classified into
small- and large-amplitude oscillations. As a
rule, the amplitude of small-amplitude oscil-
lation is about 3~4 times higher than the noise
level, whereas large amplitude is more than 10
times as high as the noise level. Small- and large
amplitude oscillations have shown different pat-
tern from each other in excitation behavior as
discussed in the later section.

Boundaries separating stable and unstable op-
erating conditions are usually not so clear. To
catch smooth onset of unstable combustion, the
operating condition is changed minutely. When
determining self-excitation boundaries for the
injectors, the ranges of fuel and oxidizer volu-
metric flow rates simulate the actual volumetric
flow rates corresponding to the design operating
regime of the combustion chamber as discussed

in Sohn et al.’s work (2004). And with oxidizer
and fuel density predetermined, the range of
propellant mass flow rate can be determined. To
cover the wide range of operating conditions
including the design point, the ranges of mass
flow rates under consideration are adopted as
follows ; #%#2=0.6~3.6 g/s, 7ncy,=0.17~1.0 g/s,
and #%uc,u,=0.08~0.48 g/s.

2.3 Test procedures for hot-fire tests

At first, fuel and oxidizer flow rates are set to
the minimum values. In this initial regime, all the
specified parameters are recorded and the experi-
mental test is conducted. Assessment of the sta-
bility (stable or unstable combustion) in the
regime is made on the basis of visual monitoring
of pressure pulsations. Then, oxidizer flow rate is
increased gradually up to the maximum value,
with recording of the intermediate regimes. An
emphasis is put on the regimes, where self-oscil-
lations are excited or cease during these proce-
dures. After that, fuel flow rate is set to a higher
value and all operations are repeated in the same
manner.

For comprehensive analysis of combustion
behavior for various operating conditions, pres-
sure oscillations in various operating regimes are
recorded in PC memory. The duration of each
record is about 2~3 sec. In the course of signal
processing, the data of oscillation frequency f,
amplitude A, and damping factor, 7 (Laudien
et al.,, 1995) for ten major spectral maxima are
printed in tables and spectrograms are printed out
in each regime. Model-test data are scaled-up
to actual operating conditions by the procedures
described in the previous work (Sohn et al.,
2004) .

24 Model chamber

The method to select the geometry of model
combustion chamber acting as an acoustic res-
onator at a variety of oscillating natural frequen-
cies, fen has been described in Sohn et al.’s work
(2004). Based on the method, the geometric di-
mensions of the model chamber should be chosen
to provide the same natural frequencies in model
chamber as those in actual chamber.
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From the condition of the equality of transverse
oscillation frequencies between actual chamber
(“a”) and model (“m”), the diameter of the
model chamber, Dcs,» is determined by the equa-
tion (Sohn et al., 2004),

— 2 0.5

Dan=Daner g2 (1Zpgs) O
where C and M denote sound speed and Mach
number of the mixture of combustion products,
respectively (Zucrow and Hoffman, 1977 ; Na-
tanzon, 1986). From the previous works (Sohn
et al., 2003) and the preliminary test in the present
study, we obtained the experimental data of
Mch,achh,m:O.SZ, Cch,a:1180.9, and Cch,m:
470~500 m/s. Then, with Dcn,,=420 mm, Eq.
(1) gives Den,m=170~180 mm. In a similar man-
ner, the length of the model chamber, Lcun is
calculated 240~260 mm from Eq. (9) in the pre-
vious work (Sohn et al., 2004). The resonant
frequencies of the two principal transverse oscil-
latory modes, 1T (the 1°* tangential mode) and
ITIL (the combined acoustic mode of the Ist
tangential and the 1% longitudinal modes) are
estimated to be /17=1561 Hz and fir1i.=1923 Hz,
respectively.

3. Results and Discussions

3.1 Stability boundaries

The measured instability-region boundaries
are shown in Fig. 4 on the coordinate plane of
chamber pressure, P, vs. mixture ratio, Kp.
Chamber pressure is calculated using total mass
flow rate, the characteristic velocity, and the
nozzle throat area as described in the previous
work (Sohn et al., 2004). In Fig. 4, the rectangu-
lar region, of which center indicates the design
operating point, shows possible operating condi-
tions of the actual rocket combustor during the
flight with sufficient margin. It is often called
operating window or range. From this figure, it
can be seen that combustion process established
by the present injectors causes two principal un-
stable regions ; lower and upper ones. The lower
region of high-frequency oscillations at the fre-
quency of firi;=1850%150 Hz (denoted by the
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region, HFO-1) is located on the left of the ac-
tual operating range. Examplary amplitude spec-
trum is illustrated in Fig. 5. High-frequency os-
cillations in this region were of small or mo-
derate amplitude of O(100 kPa) with the damp-
ing factor of 3.9 to 6.5%. Spectrum of these
oscillations is featured by one peak at the frequency
of firiz=1850 Hz or so. The peak amplitude is
much higher than those at the other frequencies.

Stable operating conditions differ from the
above unstable conditions in the region of HFO-
I, mainly in that there is no clear (dominant)
peak at any frequency, which corresponds to only
noisy behavior from oscillation spectrum shown
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Fig. 4 Stability boundaries plotted on the coordi-
nate of chamber pressure vs. mixture ratio
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Fig. 5 Amplitude spectrum at small-amplitude
self-oscillation mode in lower instability
region
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in Fig. 6. Amplitudes at any peaks are nearly
close to that at the neighboring peak. The damp-
ing factor at the frequency of firiz=1540~ 1850
Hz is of relatively higher value of 7.8 to 9.0%
than that in the region of HFO-I. Higher damp-
ing factor indicates weaker resonant oscillation.
Thus, the major difference between unstable beha-
vior within the HFO-I region and stable one lies
in the increased damping factor at the peak fre-
quency rather than in the amplitude level at the
dominant spectrum frequency.

Upper instability region of HFO-II lies within
the parameter of P., more than twice as high as
the values in the operating window as shown in
Fig. 4, and pressure oscillations at the frequency
of fir=1650£250 Hz are observed in the region.
As aforementioned, in the present test, chamber
pressure, P, is adjusted by the parameters of
the propellants injection velocities, U, and Uy.
Lower part of the region is featured by oscilla-
tions with small amplitude as in the region of
HFO-I1. However, even by slight subsequent in-
crease in the parameter of U,, these small-am-
plitude oscillations transfer to strong oscillations
with large amplitude up to A=7000~9000 kPa.
Furthermore, the damping factor is nearly zero ;
0.41~1.0%. The representative amplitude spec-
trum is shown in Fig. 7. Frequency of these os-
cillations drastically goes down even to f ~ 1400
Hz. Such a remarkable decrease in the frequency
can be attributed to acoustically open end at the
outlet of the model chamber without nozzle. High
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Fig. 6 Amplitude spectrum for stable combustion

oscillation-amplitude responsible for significant
acoustic drift of combustion—-product particles in-
tensifies drastically the intake of cold ambient air
into the chamber volume through its open outlet
section. As a result, the effective temperature of
combustion products within the model combus-
tion chamber decreases, leading to the decrease in
the sound velocity and the oscillation frequency.
A specific feature of the amplitude spectrum with
chamber oscillation of large amplitude in this
region lies in the fact that the frequencies at the
dominant peaks are the integer multiples of the
frequency at the first greatest peak ; f2=2f1, f3=
31, fa=4f1, and so on. These multiple peaks can
be counted as many as seven in the amplitude
spectrum shown in Fig. 7. They are considered
harmonics of the fundamental peak and this
spectrum pattern has been frequently observed in
case of large-amplitude pressure oscillation in the
chamber (Przekwas and Yang, 1989 ; Kinsler et
al., 2000) .

The lower (HFO-I) and upper (HFO-II) sta-
bility boundaries verify that the unstable regions
lie outside the operating range. Nevertheless, it
can be seen that the left boundary of the operating
range in actual combustion chamber is located
rather close to the HFO-I region. In this case,
pulse or periodic external disturbances in com-
bustion process may result in the transition into
the unstable region and give rise to occurrence of
small-amplitude high-frequency oscillations at
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Fig. 7 Amplitude spectrum at large-amplitude self-
oscillation mode in upper instability region
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the tangential modes.

Due to tremendous experimental cost with
full-scale chamber, available test results are ex-
tremely limited. But, the present unstable regions
can be compared with full-scale test results of
Fig. 5 in Sohn et al.’s work (2003) and we can
prove indirectly the usefulness of the present
method. From the test results, we can find out that
unstable operating conditions are mostly located
on the left lower corner and the upper range of
the actual operating condition. This is in a agree-
ment with the present results shown in Fig. 4.

3.2 Estimation of injector-characterized

lengths

In the chamber with the present jet injectors,
the following instability mechanism is suggest-
ed ; stability loss is the most probable in case of
coincidence of characteristic burning time, 7
with the acoustic oscillation period, 7°=1/f¢ or
in case of integer multiple relationship between
these two characteristic times. The characteristic
time, 7 can be estimated by transport delay of the
propellants from the injector exit to the combus-
tion zone. Accordingly, to verify the instability
mechanism, it is required to estimate characteris-
tic longitudinal lengths, /.; and thereby, 7 is de-
termined by the equation of t=1/./ U,.

In the first approximation, the data on /. can
be obtained from calculations involving the use
of oxidizer-fuel jet dynamic interaction scheme
as shown in Fig. 8. Assuming that oxidizer/fuel

Fig. 8 Characteristic lengths and interaction pattern
of oxidizer and fuel jet streams formed near
the injector exit
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chemical reaction rate is much higher than that
of their mixing processes (i.e., Tchem< fmax), W€
obtain the equality, /cz= lmax=/ with good accu-
racy. For the analysis of experimental data, prin-
cipal characteristic lengths, /; should be estimat-
ed over a wide range of oxidizer and fuel flow
rates.

It follows from geometry parameters (shown
in Fig. 8) that oxidizer and fuel streams injected
separately would join or impinge at the length,
41=6.9 mm. Due to the finite thickness of the jet
streams, they would intersect up to the length of
£=10.4 mm. These two lengths of 4 and A are
determined only by geometric parameters of in-
jector irrespective of the operating conditions in
combustion chamber.

For the characteristic lengths of the mixing
(combustion) zone, &, /s, and /5, which are relat-
ed with the second impinging point, more com-
plex calculation is required and thereby, the fol-
lowing expressions are derived ;

5=13.69+7.18¢% [mm] (2)
l4=15.60+11.34¢> [mm] (3)
5=17.50+15.49¢* [mm] (4)
0.5
where g= go <%> . These calculated values
5 5

of jet characteristic lengths of /i to /& will be
compared to the characteristic lengths measured
from flame photographs taken during hot-fire
model tests in the following section.

3.3 Flame behaviors and stability charac-
teristics

Photographs of flames are taken in order to
determine characteristic features of combustion
zone pattern under stable and unstable operating
conditions of the model chamber. The flame was
photographed from the direction of the view “A”
indicated in Fig. 3. Figure 9 shows photograph
and schematic of the flame produced by the
injectors for one operating condition correspond-
ing to lower instability region (HFO-I), where
q=0.41 and U,=18.51 m/s. On the photograph,
yellow part of the flame indicates fuel-rich zone
and blue does the stoichiometric burning zone.
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The following notation are adopted in Fig. 9;
Imax and Imin are the distances from the faceplate
to the upper and lower boundaries of intensive
flame, respectively. The mean value, fmean= ( fnaxt
Imin) /2, and fsap is the distance from the faceplate
to the beginning point of flame luminance, i.e.,
flame stabilization point. And, /x is the closest
distance between the faceplate and combustion
zone with maximum rate of luminance intensity
build-up, i.e., maximum heat release area in the
zone of fuel jet spreading. Finally, L is the length
of the entire combustion zone.

In Fig. 10, experimental data on characteristic
longitudinal length of the combustion zone /c,
i.e., values of /nax, /min, /mean, Jx, and L measured
from the photographs taken for various operating

conditions are plotted as a function of g for
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Fig. 9 Photograph and schematic of the flames form-

ed for one operating condition of lower insta-

bility region (g= U,/ Usv 0o/ 0r =0.41 and
L,=18.51 m/s)

the comparison with values calculated in the
preceding section. The figure shows that flame
stabilization takes place on fuel streams at the
distance of /ktab=3~4 mm from the faceplate.
This distance is shorter than that to the point of
initial intersection of oxidizer and fuel jet lateral
surfaces, i.e., ,=6.9 mm. This difference between
lstap and 7y, is related with the effect of back flows
which occur both in the jet-impact point itself
and in the space surrounding the jets.

It can be seen from Fig. 10 that in the HFO-I
region, the characteristic longitudinal length of
the combustion zone, /nax=19~23 mm is close to
the distance, 5=19~20 mm. The value of Jun=
14 mm is found to be close to the calculated value
of z=15mm. The characteristic length of the
combustion zone, /mean=17~19 mm was found to
be close to the calculated value of /;=17~ 18 mm.
Finally, the value of /;=8~9 mm is close to the
calculated values of the distance from the injector
faceplate to initial impingement point of inner
and outer lateral surfaces of fuel jets and outer
surface of oxidizer jets (4,=6.9 mm and ,=10.4
mm). Values of L=50~54mm proves to be
higher than any other calculated values of the
distance.

Accordingly, based on the results of compara-
tive analysis described above, all of the charac-
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Fig. 10 Calculated
lengths as a function of g (symbol: mea-
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curve fitting of /min and /max data)
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teristic lengths of the combustion zone measured
from photographs are found to coincide nearly
with the calculated values of the distances from
the injector faceplate to oxidizer and fuel impact
points, respectively ; ="~ b, kin="1s, Inean=14,
and /max=15. This finding verifies that the char-
acteristic lengths calculated from hydrodynamics
of jets are still valid for chemically reactive con-
dition and furthermore, they have quite a physical
significance in instability triggering.

When ¢ is increased further up to 2.2, the
instability observed in the HFO-I region has
disappeared. Figure 11 shows photograph and
schematic of the flame produced by the injectors
for the design operating condition corresponding
to stable region, where ¢g=1.12 and U,=24.92
m/s. Although all of photographs not shown

here, the flame photographs have shown that the
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Fig. 11 Photograph and schematic of the flames
formed for one operating condition of stable

region (¢g=1.12 and U,=24.92 m/s)

combustion zone pattern changes significantly
when going to values of parameter, g over unity.
As compared to the aforementioned case with
¢<1.0 in the HFO-I region, combustion zone
with g >1.0 is substantially more extended and
flame intensity becomes more strong because of
flame’s approach to near-equilibrium condition.
And the secondary impingement of bi-propellant
burning-out streams at nearly nominal (design)
operation of injectors takes place much farther
from the injector faceplate (with /un=19 mm
and /max=33~37 mm, respectively) than at low
values of ¢ corresponding to lower instability
region ([pn=14mm and /paxy=19~23 mm, re-
spectively) .

In the region of HFO-II, where large-ampli-

tude pressure oscillation is triggered, the different
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Fig. 12 Photograph and schematic of the flames
formed for one operating condition of upper
instability region (¢g=1.35 and U,=67.52

m/s)
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unstable behavior from that in the HFO-I region
is observed. Figure 12 shows the photograph and
schematic of the flame for one operating condi-
tion corresponding to HFO-II region, where
g=1.35 and U,=69.52 m/s. The relatively high
velocity of oxygen is worth noting. Most atten-
tion is paid to the dark-blue color of the flames
throughout the combustion zone. Also, local
zones of intensive luminance (i.e., high heat-
release-rate) in the flame of every injector stand
out sharply. The distance from the injector
faceplate to the beginning point of flame lu-
minance, /ltap is spatially non-uniform depend-
ing on flame position formed by each of five
injector elements ; e.g., minimum value of /sapb
is measured 2.9 mm or so and maximum one is
14.2 mm. These characteristics are similar to those
of flames burning under pre-blowout condition.
The measured characteristic lengths of the burn-
ing flame are demonstrated in Fig. 12, which
shows appreciably lifted-off flame. Accordingly,
it is worthy of note that combustion zone pattern
formed in upper instability regions is largely
governed by the characteristics of pre-blowout
combustion.

Agreement between experimental characteris-
tic lengths of the combustion zone measured by
photographs and the calculated values makes it
possible to use the calculated values with good
accuracy in the analysis of hot-fire test results. In
this context, the correlation of calculated char-
acteristic lengths of the combustion zone, i~/
with the parameter of /,= U,/ /e is of interest.
The parameter, /l, indicates the length of dis-
turbance wave propagating along the oxidizer
jet at the average rate of jet discharge, U,. When
determining Ao, frequency, fcx is chosen as fol-
lows; for instability regions I and II, the fre-
quency is taken to be that of dominant oscilla-
tion, whereas for stable operation, the frequency
is taken to be that for major maximum in the
amplitude spectrum of in-chamber noise.

The results of correlation between experiment-
al data, /, and calculated values of /;~/ are
illustrated as a function of ¢ in Fig. 13. The
instability-boundary data can be obtained by
the transformation of the data in Fig. 4 onto the

Ao—q coordinate plane. From this figure, the
following points can be found. Lower instability
region with small or moderate amplitude of self-
excited oscillation, for which the correlation of
No=5~5L=69~10.4mm is applicable, can be
attributed to an unsteady process of oxidizer and
fuel jet impingement related with the charac-
teristic disturbance-transition time along the oxi-
dizer stream, 1,=(/~ /l)/U,. Reciprocal value
of this time, 7, '= U,/ (h~ k), coincides with the
acoustic oscillation frequency within the combus-
tion chamber, fi71,=1850+150 Hz. One part of
the upper instability region (II) with small or
moderate amplitude of self-excited oscillation has
the fundamentally same instability mechanism as
aforementioned. That is, oscillation increases un-
der favorable phase conditions where reciprocal
value of transport delay time, 7, = U,/ (li~ ) is
close to acoustic oscillation frequency, fen=7r1r.
The same reasoning is applied to the other part
of the upper instability region (II) with large-
amplitude oscillation. The only difference is that
in the latter case, clouds of unburned combustible
mixture move along the combustion zone at
an approximate rate of U,. The fragments are
formed as a result of incomplete combustion near
blowout condition. While moving in the down-
stream direction, these local clouds burn out at
the distances of /, and /5 from the injector face-
plate. As a result, increase in self-excited oscil-
lation is generated, leading to strong pressure
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Fig. 13 Stability boundaries plotted on the coordi-
nate of disturbance-wave length, /o vs. ¢
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fluctuation.

4. Concluding Remarks

In this study, the conceptual method to predict
combustion-instability boundary in actual full-
scale combustion chamber of rocket engines, has
been realized by experimental tests with model
(sub-scale) chamber. With a sample full-scale
chamber selected, the model chamber was design-
ed based on the methodologies proposed in the
previous work (Sohn et al., 2004) regarding geo-
metrical dimensions and operating conditions,
and hot-fire test procedures were followed to
obtain stability boundaries. From the experi-
mental tests, two (lower and upper) instability
regions have been identified by the parameters of
combustion chamber pressure and mixture ratio,
which are customary for combustor designers. It
is found that instability mechanism in the cham-
ber with the adopted jet injectors can be ex-
plained by the correlation between the char-
acteristic burning or mixing time and the char-
acteristic acoustic time. In each instability region,
dynamic behaviors of flames are investigated from
the photographs taken to verify the hydrodyna-
mically-derived characteristic lengths of the jet
injectors. In upper instability region, large-am-
plitude pressure oscillation is observed and it is
found to be generated by lifted—off flames.

The lower and upper instability boundaries
obtained here verify that the unstable regions lie
outside the operating range of the sample actual
chamber. Nevertheless, it can be seen that the left
boundary of the operating range in the actual
combustion chamber is located rather close to
the lower instability region. Accordingly, pulse
or periodic external disturbances in combustion
process may result in the transition into the un-
stable region and give rise to occurrence of small-
amplitude high-frequency oscillations at the tan-
gential modes.
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