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An experimental study was performed to investigate the combustion characteristics of liquid–liquid swirl coaxial

injectors in fuel-rich conditions. Liquid oxygen and kerosene (Jet A-1) were burned in a range of mixture ratios

(0.29–0.41) and chamber pressures (46–65 bar) in a gas generator for a liquid rocket engine. An injector head was

connected to a water-cooled chamber and a short nozzle with or without an extension pipe between the chamber and

the nozzle. The extension pipe acoustically simulated a turbine inlet manifold. The injector head had 37 identical

swirl coaxial injectors. It is found that the characteristic velocity and combustion gas temperature are seldom

influencedby the extension pipe, but are only functions of themixture ratio. The dynamic pressure data show that the

combustion instability in the fuel-rich gas generator equipped with biswirl coaxial injectors can be significantly

affected by themixture ratio and also by the extension pipe, which influences the resonant frequency in the chamber.

Nomenclature

Cd = discharge coefficient
c = speed of sound, m=s
c� = characteristic velocity, m=s
dn = diameter of injector nozzle, mm
do;o = diameter of outer oxidizer post, mm
ds = diameter of injector swirl chamber, mm
dt = diameter of injector tangential hole, mm
Fpeak = peak frequency, Hz
lr = injector recess length, mm
m = mass flow rate, kg=s
n = number of injector tangential hole
OFR = oxidizer-to-fuel mixture ratio
pc = chamber pressure, bar
p0c = pressure fluctuation in combustion chamber, bar
p0fm = pressure fluctuation in fuel manifold, bar
p0om = pressure fluctuation in oxidizer manifold, bar
Tavg = average temperature of combustion gas, K
�pinj = pressure differential through injector, bar

Subscripts

f = fuel
o = oxidizer
rms = root mean square

I. Introduction

I N A turbopump-fed liquid rocket engine, a gas generator (or
preburner) burns propellants and supplies hot gases to drive the

turbine blades of a turbopump. The burned gas temperature in the gas

generator should be maintained below 900 to 1400 K to prevent
uncooled turbine blades from melting or damage according to
material limitation [1]. A low gas temperature is usually obtained by
either fuel-rich or oxidizer-rich combustion far from the stoichio-
metric mixture ratio. In spite of some advantages in oxidizer-rich
staged combustion cycle engines, a fuel-rich combustion technique
has been widely preferred, due to the oxidizing nature of combustion
gases in oxidizer-rich operating conditions [2,3].

Combustion-chamber volume and length are determined con-
sidering combustion gas residence time. The residence time and
characteristic length in a gas generator is generally longer compared
with that in a thrust chamber because of low vaporization rates of
liquid propellants at lower temperature and requirements for uniform
temperature distribution [4]. A gas generator also has no sonic throat,
but the turbine nozzles play the role of a choke [5]. Thus, the
acoustics of the gas generator, turbinemanifold, and nozzle assembly
should be simultaneously considered, and the ratio of the entire
chamberlike length to chamber diameter in a gas generator becomes
higher.

When developing a gas generator, combustion instability has been
one of the most serious problems limiting a liquid propellant rocket
engine’s reliability [6]. Previous researchers reported that they
encountered combustion instability during development tests for gas
generators [7–12]. Lawver [7] presented abundant data relating to
characteristic velocity, gas temperature uniformity, and stability from
fuel-rich/oxidizer-rich preburners with like-on-like impinging
injectors and platelet injectors using liquid oxygen (LOX) and
rocket propellant-1 (RP-1). Combustion instabilities which occurred
in the first and second longitudinal modes were effectively damped
by adding a turbulence ring and by changing the combustor length.
Nesman and Dennis [8] found that the gas generator equipped with
fuel-oxidizer-fuel impinging injectors using LOX and RP-1 had
significant pressure oscillations at chamber pressures below 18 bar
(47% of nominal). At nominal power levels, high-amplitude discrete
oscillations occurring in the chamber-alone configuration disap-
peared in the full gas generator configuration, which included the
turbine inlet manifold. They concluded that the oscillations were
dependent on the gas generator length and hot gas sound speed,
consistent with longitudinal acoustic modes of the gas generator. In
another example, as the mixture ratio was lowered, the pressure
fluctuations built up in the gas generator with like-on-like injectors
using nitrogen tetroxide and Aerozine 50 [9]. Other instability
phenomena in gas generators using different propellants and injector
designs can be found in [10–12]. From previous research, it is
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inferred that combustion instability in a gas generator is more
vulnerable to the longitudinal mode, due to its high length-to-
diameter ratio, and can be affected by acoustic mode and heat release
zone according to chamber length, mixture ratio, injector design, etc.

Longitudinal mode combustion instabilities have been thoroughly
studied [5,6,13–16]. As the chamber length increased, the operation
repeatedly alternated between unstable and stable in the longitudinal
modes [13]. Recently, combustion experiments in a single-element
combustor with a gas-centered liquid swirl coaxial injector and their
acoustic analysis were performed [14–16]. They suggested that the
stability behavior was the result of the combined effects of chamber
mode shape and driving combustion mechanism that limited the
frequency range over which instability occurred.

In the present study, fuel-rich combustion of LOX and kerosene in
a gas generator equipped with biswirl coaxial injectors was experi-
mentally investigated. The gas generator was tested in a chamber-
alone configuration and also in combination with an extension pipe
acoustically simulating a turbine inlet manifold. The hot combustion
gas discharged through a small converging nozzle into ambient
atmosphere instead of turbine nozzles. The final assembly con-
figuration of the gas generator, the connecting pipe and the turbine
inlet manifold was reported in [12]. The turbine manifold has a
broken doughnutlike shape with 11 sonic nozzles.

The injector, which influences atomization, vaporization and
mixing of propellants, is known to be most important in combustion
performance and stability [2]. For biswirl coaxial injectors using
LOX and Jet A-1, injector design parameters such as recess length
significantly affected combustion dynamics in thrust-chamber-like
unielement and multi-element combustors [17,18]. Though LOX
and kerosene biswirl coaxial injectors have been used in gas
generators of Russian engines, detailed information on their stability
characteristics in fuel-rich combustion conditions is hard to be found
in the open literature. Therefore, the objective of the present study is
to understand the combustion characteristics in the fuel-rich gas
generator equipped with LOX–kerosene biswirl coaxial injectors.
The oxidizer-to-fuel mixture ratio, chamber pressure, and chamber
axial dimension were the key parameters during the hot-firing tests.
The outcome of this experimental work will assist in designing swirl
coaxial injectors and gas generators and will also provide the
continuing quantitative database for numerical simulation
researchers for model validation.

II. Experimental Method

A. Experimental Hardware

Two different types of gas generator configurations were tested in
this experiment. The first gas generator model (GG no. 1) has a
chamber-alone configuration. The gas generator hardware consists
of an injector head, a combustion chamber, and a choked nozzle, as
illustrated from left to right in Fig. 1a. The combustion chamber has a
cylindrical part, an instrument ring, and a converging part. The
internal diameter and the cylindrical length of the combustion
chamber are 95 mm and 180 mm, respectively. The exit diameter of
the chamber converging part is 51.7 mm and the nozzle throat
diameter is 28.4 mm. The length from the injector faceplate to the
nozzle throat inlet is 264 mm. The instrument ring is ported for
dynamic pressure, static pressure, and temperature sensors. All the
components are bolted together and sealed with inserted copper
gaskets. During hot-firing tests, water passed through cooling
channels enclosed by the cylindrical inner wall and the embossed
outer wall.

The second gas generator model (GG no. 2) uses an extension
pipe, which is installed between the combustion chamber and the
nozzle of the first gas generator model, as shown in Fig. 1b. The
extension pipe, acoustically simulating the longitudinal mode of
the turbine inlet manifold, expands the chamber length and modifies
the acoustics in the chamber. The present pipe length and its diameter
are 225 and 51.7 mm, respectively. A connecting adapter is inserted
between the pipe and the nozzle. The length from the injector
faceplate to the nozzle throat inlet is 499 mm, approximately twice
that of thefirst gas generatormodel. During gas generator component

testing, some extension pipes with different lengths were used
instead of the turbine manifold [12,19]. The extension pipe is also
bolted together.

The injector head has 37 identical swirl coaxial injectors, which
are distributed uniformly along four concentric locations: 1) one at
the center, 2) six on thefirst row, 3) 12 on the second row, and 4) 18 on
the third row. Similar to previous research using biliquid swirl
coaxial injectors [12,18], LOX flows into the swirling chamber
through three tangential holes, forms a swirling motion, and
discharges through the inner post of the injector. Kerosene (Jet A-1)
is supplied via four tangential holes and passes through the outer post
into the combustion chamber. The injector’s geometric dimensions
are summarized in Table 1.

B. Experimental Condition

Static pressure and temperature measurements in propellant
manifolds and combustion chamber were made using pressure trans-
ducers and type-K thermocouples, respectively. To obtain a
temperature distribution of combustion gases, five thermocouples
were installed in the instrument ring: onewas at the center, onewas in
the vicinity of the inner wall, and others were on the circle corre-
sponding to the half-area of the cross section. Theywere recorded at a
rate of 100 Hz using a data-acquisition system.

To evaluate the combustion dynamics, piezoelectric-type dynamic
pressure sensors were used as the main detectors in the propellant
manifolds and the combustion chamber. Two or three water-cooled
helium-bleed piezoelectric dynamic pressure sensors were mounted
on the combustion chamber and extension pipe as depicted in Fig. 1.
Pressure fluctuations in the oxidizer manifold and the fuel manifold
were measured by piezoelectric-type sensors. Pressure fluctuation

LOx

Fuel

Fuel

water In thermocouples

water out

DP1 DP2

DP3

extension pipe

L1c

c3Lc2L

a)

b)
Fig. 1 Schematic of gas generatormodels: a) GGno. 1 and b) GGno. 2.

Table 1 Specifications of biswirl coaxial

injectors used in the present study

Parameter Value

dt;f 1.2 mm
dt;o 1.1 mm
ds;f 4.5 mm
ds;o 3.5 mm
do;o 2.5 mm
dn;f 4.5 mm
dn;o 1.5 mm
nf 4
no 3
lr 1.4 mm
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was sampled at 50 kHz using a high-frequency data-acquisition
system.

The 15 tests were conducted with chamber pressures ranging from
46 to 65 bar and oxidizer-to-fuel mixture ratios ranging from 0.29 to
0.41. The test conditions such as chamber pressure (pc), oxidizer-
side pressure drop in the injector (�pinj;o), fuel-side pressure drop
(�pinj;f), oxidizer-to-fuel mixture ratio (OFR), and propellant mass
flow rate (mo andmf) are summarized in Table 2. Static pressure and
mass flow rate data in 1 s, 100 samples, were averaged during the
steady-state condition [18]. The oxidizer-to-fuel mixture ratio,
chamber pressure, and chamber axial dimension were the key
parameters affecting the combustion characteristics during hot-firing
tests. Ignition was achievedwith a gaseous oxygen/gaseous methane
torch igniter. Combustion usually lasted for 4 s, which was enough to
acquire data of static and dynamic combustion characteristics.
Pressure and mass flow rate measurement uncertainties were
confirmed to be less than 0.25% in the area of interest.

III. Result and Discussion

A. Injector Spray Characteristics

Atomization and spray characteristics of propellants are signifi-
cantly related to combustion performance and combustion stability.
The swirl injector is well known for uniform spray distribution and
homogeneous drop size. Before conducting hot-firing tests, hy-
draulic tests on the present swirl coaxial injector were performed in
advance for obtaining spray cone angles and understanding mixing
characteristics of the propellants. The photographs in Fig. 2 are the
instantaneous spray patterns taken using a charge-coupled-device
camera and a strobe light. Each pattern shows the sprays through the
oxidizer injector only, the fuel injector only, and mixed oxidizer/fuel
injectors. As simulant of the propellants, tapwater was used to obtain
the images. At this time, pressure differentials and mass flow rates
through the fuel injector/oxidizer injector were 10:9=9:4 bar and
100=29 g=s, respectively.

From each image in Fig. 2, the spray cone angles are 61.0, 86.8,
and 83.6 deg from left to right. Considering the measured spray
angles, it can be confirmed that two spray sheets meet outside the
injector and the present injector has external mixing characteristics.
As opposed to the clear distinction of individual oxidizer and fuel
sprays in the external mixing swirl coaxial injector for a liquid rocket

thrust chamber [17], it is difficult to distinguish individual sprays in
themixed condition. The oxidizer-to-fuelmixture ratio in the injector
of the thrust chamber is around nine times higher than that of the gas
generator [18]. Thus, the dense outer spray from the fuel injector is
thought to block the visualization of the inner spray from the oxidizer
injector. Kim [20] reported that the merged coaxial spray angle was
greatly influenced by the relativemomentum change of the inner and
outer liquid sheets. In this case, since the fuel mass flow rate is about
three times larger than the oxidizer flow rate, the spray through the
inner oxidizer injector ismoved outwards and combinedwith the fuel
spray. Thus, the spray angle of the mixed spray almost approaches
the spray angle of the outer fuel spray. By the definitions of Soltani
et al. [21], the swirl numbers for the inner oxidizer injector and for the

Table 2 Hot-firing test conditions

Test no. Extension pipe mo, kg=s mf, kg=s OFR pc, bar �pinj;o, bar �pinj;f , bar c, m=s

GG no. 1-1 No 1.09 3.19 0.34 50.3 16.6 10.6 652
GG no. 1-2 No 1.10 3.31 0.33 52.8 13.6 9.7 642
GG no. 1-3 No 1.03 3.45 0.30 54.4 12.9 10.2 615
GG no. 1-4 No 0.87 2.95 0.30 46.4 9.1 7.2 615
GG no. 1-5 No 0.93 2.27 0.41 50.7 7.3 3.1 705
GG no. 1-6 No 1.02 3.05 0.34 54.3 12.4 7.8 646
GG no. 2-1 Yes 1.09 3.07 0.35 57.0 9.0 6.9 660
GG no. 2-2 Yes 1.18 3.29 0.36 58.4 10.4 7.8 662
GG no. 2-3 Yes 1.13 3.48 0.32 56.1 9.7 8.6 635
GG no. 2-4 Yes 1.16 3.19 0.36 57.5 9.5 6.8 666
GG no. 2-5 Yes 1.13 3.31 0.34 56.3 9.4 7.6 650
GG no. 2-6 Yes 1.10 3.77 0.29 55.1 10.0 10.1 610
GG no. 2-7 Yes 1.18 2.99 0.40 58.1 9.8 6.2 693
GG no. 2-8 Yes 0.97 2.81 0.35 48.2 7.3 6.0 657
GG no. 2-9 Yes 1.30 3.79 0.34 64.3 12.6 10.4 649

Fig. 2 Instantaneous backlit images of spray from the present swirl

coaxial injector.

OFR

C
ha

ra
ct

er
is

tic
ve

lo
ci

ty
[m

/s
]

0.25 0.30 0.35 0.40 0.45
600

700

800

900

1000

GG#1

GG#2

Eq. (1)

OFR

C
om

bu
st

io
n

g
as

te
m

pe
ra

tu
re

[K
]

0.25 0.30 0.35 0.40 0.45
700

800

900

1000

1100

GG#1

GG#2

Eq. (2)

a)

b)
Fig. 3 Plots of a) characteristic velocities and b) average combustion

gas temperature.

866 AHN, SEO, AND CHOI



outer fuel one in the present study are calculated as 1.84 and 1.99,
respectively.

B. Static Combustion Characteristics

Characteristic velocities acquired from hot-firing tests are
presented in Fig. 3a as a function of mixture ratio. As expected from
the previous research [7,9,12], the characteristic velocity has a linear
relationship with the mixture ratio, but is not a strong function of
chamber pressure and chamber length within the present experi-
mental conditions from OFR� 0:29 to OFR� 0:41. The empirical
equation for the characteristic velocity c� in the present study is

c� � 1644:6 � OFR� 237:6 (1)

This equation is similar to the ones derived in the previous studies
using LOX and hydrocarbon fuels [7,12] and has slightly different
constants, due to differences in measurement location, operating
conditions, kerosene constituents, etc.

The average temperature of the combustion gases in the com-
bustion chamber was calculated by the area weighted average from
the five thermocouples installed in the instrument ring. All average
gas temperature data are depicted in Fig. 3b. The average temperature
is also seen to be nearly proportional to themixture ratio. In the range
of high mixture ratios over 0.4, the gas temperature shows some
discrepancies from the fitting line. The damage of one or two
thermocouple probes due to high temperatures could have induced
measurement errors in averaging. The empirical equation of average
gas temperature in the present study is

Tavg � 1570:4 � OFR� 394:1 (2)

The obtained average temperature data showed good agreement
with the previous experimental result [7] and numerically predicted
result [22], which presented a linear relationship between mixture

ratio and gas temperature in fuel-rich combustion from OFR� 0:3
to 0.4.

During the hot-firing tests, the discharge coefficients of the fuel
and the oxidizer sides through the injector were measured and
presented in Fig. 4. Though the GG no. 1 and the GG no. 2 used the
same injector head, the discharge coefficient of the oxidizer side
changed a great deal and that of the fuel side varied a little, which
meant that therewere very different combustion phenomena between
them. As found in the previous research [3,8], the low values of
discharge coefficients through the oxidizer-side injector in the GG
no. 1 are believed to be related with longitudinal mode combustion
instability, which will be discussed in the next section.

C. Dynamic Combustion Characteristics

Raw dynamic pressure data sampled at 50 kHz were digitally
filtered by a bandpass of 50 and 10,000 Hz to eliminate direct current
components and noise. The time history of the filtered dynamic
pressures for the GG no. 1-1 test is plotted in Fig. 5, which shows a
limit-cycle oscillation. The first and second dynamic pressure
sensors, DP1 and DP2, were located at 60 and 162 mm, respectively,
downstream from the injector faceplate. DP1 was flush-mounted on
the inner surface of the combustion chamber, but DP2 was mounted
with a 40 mm recess, due to the space limitation of the instrument
ring. Assuming that the characteristic length of the combustion
chamber is the length (L1C � 264 mm) from the injector face plate
to the nozzle throat inlet, as shown in Fig. 1a, DP2 is downstream at
half the characteristic length. Even though thefirst longitudinalmode
combustion instability took place, both signals at DP1 and DP2
moved in phase. Thismeans that temperaturewas not axially uniform

Fig. 4 Discharge coefficients through the injectors under hot-firing

tests: a) oxidizer side and b) fuel side.
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in the combustion chamber and thus temperature distribution
affected the acoustic mode shape [15]. The filtered pressure
fluctuation data in both manifolds also have large amplitude and are
somewhat phase-delayed with those in the combustion chamber.
Based on theDP1 signal near the pressure antinode, the peak-to-peak
amplitude of the pressure oscillation is found to be 20 bar, which is
about 40% of the corresponding chamber pressure. The dynamic
pressure at DP1 looks like a sinusoidal wavewith steep slopes, due to
nonlinear effects. The signal at DP2 represents a more complex
pattern, which has a high-amplitude wave in one period and a low-
amplitudewave in the next period. The acoustic resonance in the long
recess passage seems to influence pressure measurements at DP2
[23]. The amplitude of the pressure fluctuations in the fuel manifold
was approximately four times higher than that in the oxidizer
manifold, since the fuel mass flow ratewas three times larger than the
oxidizer one.

For the analysis of the data in the frequency domain, the power
spectral density was calculated using fast Fourier transform analysis.
Sampling frequency, number of points in the Fourier transforms, and
number of blocks used in the ensemble averagewere 50 kHz, 25,000,
and 8, respectively [18]. The power spectral densities in the
combustion chamber for the GG no. 1 are presented in Fig. 6. The
results obviously showed that there were strong resonant pressure
oscillations in the chamber through all the tests. Except for the GG
no. 1-5 test, the first longitudinal mode resonant frequencies in the
vicinity of 1200 Hz and their harmonic frequencies are seen clearly.
As compared with the power spectral densities at DP1, the power
spectral densities at DP2 show subharmonic frequencies with
relatively small values in the vicinity of 600 Hz as well as the first
longitudinalmode frequencies around 1200Hz. This can be expected
from the filtered dynamic pressure data in Fig. 5a. Except for the GG
no. 1-5 test, all the patterns of the power spectral densities look very
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similar, although variations of combustion gas temperature affected
the resonant frequencies.

In the case of the GG no. 1-5 test, the low-frequency combustion
instability with the highest peak in the vicinity of 120 Hz is
introduced, as shown in Fig. 6e. The peak frequency iswell below the
lowest resonant frequency in the combustion chamber. FromTable 2,
at this time,OFR is 0.41 and�pinj;f is 3.1 bar,which is only 6%of the
corresponding chamber pressure. When the pressure differential
through the injector is very low, the propellant supply system and
combustion chamber may correspond acoustically [5]. The filtered
pressure fluctuation in the chamber andmanifolds for the GG no. 1-5
test are presented in Fig. 7. The dynamic pressure data show an
apparent sinusoidal wave shape and also the amplitudes of the
filtered fluctuations are almost the same through the manifolds and
the chamber. The pressurewave atDP1 has no phase delaywith those
at DP2 and at the fuel manifold, but has a phase delay of around
30 degwith that at the oxidizer manifold. Seo et al. [12] reported that
the low-frequency instability in a fuel-rich gas generator equipped
with swirl coaxial injectors using LOX and kerosene could occur at
chamber pressures below the critical pressure of oxygen.However, at
this time, the chamber pressure is 50.7 bar, which is the supercritical
pressure of oxygen. From these results, it is apparent that bulk-mode
combustion instability was encountered during the GG no. 1-5 test.

To understand the relationship between the peak frequency with
the maximum power spectral density and the mixture ratio, the
highest peak frequencies obtained in the combustion chamber are
plotted in Fig. 8a. Except for the case of the GG no. 1-5 test, the
empirical equation of the peak frequencies obtained from both DP1
and DP2 can be acquired as follows:

Fpeak � 2701:3 � OFR� 355:9 (3)

where the highest peak frequencies outside the range of the first
longitudinal mode were not considered. It is certain that the peak
frequency in the vicinity of the first longitudinal mode is a function of
mixture ratio, since the mixture ratio determines the combusted gas
temperature in the combustion chamber. The speed of sound for each
test is obtained using the adiabatic index and molar mass calculated
from the Chemical Equilibrium Analysis (CEA) code [24] and
average temperature of the combustion gas from Eq. (2). The
calculated speed of sound is listed in Table 2. Then, from the sonic
velocity and the characteristic length (L1C � 264 mm), the first
longitudinal mode resonant frequency can be calculated. Again, by
correlating the calculated frequency and the measured OFR in
Table 2, the following linear equation can be derived and plotted in
Fig. 8a:

Fpeak � 1545:5 � OFR� 705:1 (4)

Though Eqs. (3) and (4) have very different constants, the two
equations are found to be well matched over the range of OFRs from
0.275 to 0.425, as shown in Fig. 8a. This confirms that the
combustion instabilities in the GG no. 1 occurred in the first longi-
tudinal modewith the pressure antinodes at the injector faceplate and
the nozzle throat inlet. Percentage of the rms value of the filtered
dynamic pressure normalized by the chamber pressure and
maximum power spectral densities at the DP1 during hot-firing tests
in the GG no. 1 are depicted in Fig. 8b. The rms values have approx-
imately 10% of the corresponding chamber pressures, and the
maximum power spectral densities are around 2 bar2=Hz through all
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the tests. Combustion stability in a liquid rocket engine has been
extensively reviewed in the literature [5,25]. Klem and Fry [25] have
reported that from the standpoint of combustion instability an engine
should operate without sustained peak-to-peak pressure oscillations

over 10%of themean chamber pressure. According to their criterion,
all the operating conditions in the GG no. 1 can be said to have been
unstable.

As a next step, a series of combustion tests with the GG no. 2 were
performed in order to investigate the effect of the extension pipe on
the combustion dynamics. The additional dynamic pressure trans-
ducer (DP3) was flush-mounted in the extension pipe, 394 mm
downstream of the injector face plate, as shown in Fig. 1b. The time
history of the filtered dynamic pressures for the GG no. 2-1 test is
plotted in Fig. 9, which shows very-low-amplitude oscillations
compared with the GG no. 1-1 test. From all the signals in the
combustion chamber, the peak-to-peak amplitude of the pressure
oscillation is found to be 1 bar, which is less than 2% of the corre-
sponding chamber pressure. It is noteworthy that the dynamic
pressure at DP3 has a different wave shape from those at DP1 and
DP2. It indicated that the dominant resonant frequency in the
extension pipe was not the same as that in the combustion chamber,
i.e., between the injector face plate and the exit of the chamber
converging part.

For in-depth analysis of the data, the power spectral densities of the
filtered dynamic pressure data were calculated as presented in
Fig. 10. Since the results at DP2 are similar to those at DP1, only the
power spectral densities at DP1 and DP3 are plotted. Except for the
GG no. 2-6 test, Fig. 10 obviously showed that there were not strong
resonant pressure oscillations in the chamber, although some
resonant frequencies could still be seen. As expected from Fig. 9, the
highest peaks at DP3 have different frequencies from those at DP1.
Except for the GG no. 2-6 test, all the patterns of the power spectral
densities seem very similar for one another and have more complex
peaks compared with those in the GG no. 1, due to several char-
acteristic lengths. The combustion instability was encountered only
at theGGno. 2-6 test during the hot-firing tests of theGGno. 2. In the
case of the GG no. 2-6 test, the first longitudinal mode resonant
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frequency near 1200 Hz and their harmonic frequencies are found
clearly at DP3 as well as at DP1.

Similar to the analysis of the GG no. 1 tests, the highest peak
frequencies obtained in the combustion chamber for the GG no. 2
were calculated as shown in Fig. 11a. Some cases have very low peak
frequencies extrinsic to the acoustic frequencies, since the ampli-
tudes at the resonant mode frequencies are below the noise level at
low frequency. Considering the highest peak frequencies inside the
range of the resonant mode, the empirical equation of the peak
frequencies obtained from DP1 and DP2 can be acquired as follows:

Fpeak � 3568:6 � OFR� 237:1 (5)

The empirical equation of the peak frequencies obtained fromDP3
can be acquired as follows:

Fpeak � 1315:7 � OFR� 46:4 (6)

We assume that the characteristic length (L2C � 215 mm) at DP1
and DP2 is the length from the injector face plate to the exit of the
chamber converging part as the closed-end/closed-end system and
the characteristic length (L3C � 284 mm) at DP3 is the length from
the exit of the chamber converging part to the nozzle throat inlet as the
open-end/closed-end system. Using the same method used to
calculate Eq. (4), the first longitudinal mode resonant frequency of
the characteristic length (L2C) can be calculated. Comparing the
calculated frequency and themeasuredOFR in Table 2, the following
linear equation at DP1 and DP2 is acquired and plotted in Fig. 11a:

Fpeak � 1886:5 � OFR� 866:8 (7)

The linear equation of the resonant frequency of the characteristic
length (L3C) at DP3 can be acquired as follows:

Fpeak � 714:1 � OFR� 328:1 (8)

Though the constants in Eqs. (7) and (8) have very different values
from those in Eqs. (5) and (6), Eqs. (7) and (8) correlates the
measured frequencies as shown in Fig. 11. This means that
the assumed characteristic lengths (L2C and L3C) are reasonable.
The percentage of the rms value of the filtered dynamic pressure
normalized by the chamber pressure and maximum power spectral
densities at DP1 during hot-firing tests in theGGno. 2 are depicted in
Fig. 11b. Except for the GG no. 2-6 test, the rms values of pressure
fluctuations are below 0.5% of the corresponding chamber pressures
and the maximum power spectral densities have the order of
10�4 bar2=Hz. The rms value during the GG no. 2-6 test is 5% of the
chamber pressure.

To fully understand the combustion instabilities encountered
during the hot-firing tests of the GG no. 1 and GG no. 2, the
frequencies measured at DP1, corresponding to the first longitudinal
mode in the combustion chamber, were analyzed. Then the rms
values of the pressure fluctuations in the combustion chamber were
normalized by the chamber pressures and expressed as a function of
the first longitudinal mode frequency as shown in Fig. 12. The points
at which combustion instability occurred are marked in the dashed
circles. This shows that the first longitudinal mode combustion
instability in the present study is strongly related to the specific
frequency range between 1100 and 1300 Hz. According to the time-
lag theory [5,26,27], the characteristic time (the combustion time) in
the present gas generator equipped with the biswirl coaxial injectors
appears to be commensurate with the period of oscillation between
1=1300 s and 1=1100 s. For completeness of the current work, heat
release rate measurements performed in [27] are highly
recommended as possible future work.

IV. Conclusions

The effects of the extension pipe simulating the turbine inlet
manifold on the combustion characteristics in the fuel-rich gas
generator with LOX/kerosene biswirl coaxial injectors have been
investigated. The current experiment studied over the chamber
pressure range from 46 to 65 bar and the oxidizer-to-fuel mixture
ratio from 0.29 to 0.41.

Under the present experimental conditions, both the characteristic
velocity and the average gas temperature in the combustion chamber
showed a nearly linear relationship with the mixture ratio; however,
they were insensitive to the chamber pressure and chamber length.
When the first longitudinal mode combustion instability took place,
the discharge coefficients through the swirl coaxial injectors changed
significantly.

The pressure fluctuation data showed that the combustion
instabilities occurred during all the tests of the GG no. 1 without the
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extension pipe. The first longitudinal mode combustion instabilities
took place throughout the tests, except for the GG no. 1-5 test, where
the bulk-mode-type instability was encountered. In the GG no. 1
combustion chamber, the rms values of the filtered dynamic
pressures were approximately 10% of the corresponding chamber
pressures. During the hot-firing tests of the GG no. 2 with the
extension pipe, strong pressure oscillations did not occur and the rms
values of the filtered dynamic pressures were below 0.5% of the
corresponding chamber pressures in the combustion chamber, except
for the GG no. 2-6 test, where the first longitudinal mode combustion
instability was encountered.

It was found that when the first longitudinal mode frequency
existed in the specific range between 1100 and 1300 Hz, the
longitudinal mode combustion instability occurred. The character-
istic combustion time in the present gas generator with the LOX/
kerosene biswirl coaxial injectors appears to have been commen-
suratewith the period of oscillation between 1=1300 s and 1=1100 s.
Thus, it is important that the oxidizer-to-fuel mixture ratio,
combustion-chamber geometry and length of the turbine inlet
manifold, which influence the resonant frequency, all need to be
carefully selected in rocket chamber design for achieving better
combustion stability.
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