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The stability of a combustion chamber with a gas-centered swirl coaxial injector is investigated over a wide range of operating
conditions in the aspect of thermoacoustic instabilities. First, flame shapes induced by the injector are analyzed for various
recess lengths from experimental results. The spreading angle and flame size are reduced as the recess length increases. And, as
a stability criterion, the damping factor is introduced. The operating conditions are divided into 7 sets with 9 tests, and fuel
mass flow is fixed in each set. Stability boundaries are identified in terms of damping factor for the 63 tests by experiments
without external perturbations. The stability map for the self-excited instability is obtained and it reveals two unstable regions.
One is located at low dynamic head ratio and the other one is at high dynamic head ratio. A stable region is found at moderate
dynamic head ratios. Relative stability is evaluated by various flow parameters over a wide range of operating conditions in the

combustion chamber with a gas-centered swirl coaxial injector.

1. Introduction

The combustion chambers for rocket engines and aeroen-
gines are designed with severe criteria. For example, the
chamber should bear high mass flow, higher temperature,
and higher combustion efficiency as well as more flexibility
regarding operating conditions. However, these constraints
have to be taken into account with the potential risk of ther-
moacoustic instabilities [1]. By nature, this nonlinear phe-
nomenon appears between a stable and an unstable states
[2]. The thermoacoustic instabilities can generate heat release
rate fluctuation from flames, leading to large-amplitude pres-
sure oscillations in a chamber. But, these oscillations cannot
be withstood by the components of the chamber. Accord-
ingly, combustion stabilization should be confirmed via post-
design, active control, and/or passive control to tackle this
instability issue which can lead to serious damage to the
chamber [3-5].

In most of cases, combustion stabilization is not attained
over a full range of operating conditions, but limited to only a
certain range of conditions, e.g., specific fuel and oxidizer

mass flows [6, 7], specific inlet fuel and oxidizer temperatures
[8], specific chamber outlet boundary conditions [9], and
specific fuels [8, 10-12]. In practice, fuel and oxidizer mass
flows are increased to produce high power output. The inlet
fuel and oxidizer temperatures depend highly on the com-
pressor upstream the combustion chamber. The inlet temper-
ature can be also modified to adapt the overall energy output
of the engine in which the combustion chamber is mounted.
The combustion chamber outlet boundary condition is mod-
ified, for instance, if a turbine is placed downstream the com-
bustion chamber. The fuels injected into the combustor
chamber may vary according to users’ needs. Currently, one
demands a combustor to burn more flexible fuels such as syn-
gas and oxy-fuel. All these factors influence combustion sta-
bility in a chamber. Therefore, in order to evaluate stability
of a combustion chamber, stability criteria are investigated
with respect to those factors. From the criteria, stability maps
are identified and the stable operating ranges of the combus-
tion chamber must be determined. The operating conditions
of a chamber should be located in a stable regime where spe-
cific acoustic modes are not amplified, but suppressed.
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FIGURE 1: Diagrams of geometry of the model chamber and a single injector.

For understanding of instability phenomenon, many
researchers have conducted numerical and experimental
analyses [13, 14]. Especially, detailed information on interac-
tion between flows in the feeding line and in the combustor
has been pursued. Depending on external source of perturba-
tion, instabilities are divided into self-excited instability and
forced instability. In the former, the instability occurs sponta-
neously without external perturbation [15, 16]. On the other
hand, forced instability is triggered by perturbation [7, 17]. A
gas-centered swirl coaxial (GCSC) injector has been adopted
widely in high-performance rocket engines, especially, with a
staged combustion cycle. In this cycle, oxidizer-rich burning
takes place in a preburner or a gas generator, and as a result, a
small amount of product gas is produced. Much oxygen
remains unreacted in a gas phase. Then, the mixture of
unreacted gaseous O, and the product gas flows into a turbine,
which drives pumps. And then, it is injected into a chamber.
Because of abundant O,, the mixture can be regarded as O,
approximately. A fuel is still liquid when it is injected.
Although the GCSC injector is an important device for high-
performance propulsion, there is little information on its
stability characteristics.

In this regard, combustion stability is investigated over a
wide range of fuel and oxidizer mass flows in a chamber with
the GCSC injector in this study. The selected acoustic mode
of interest is the second longitudinal mode in a chamber.
Stability boundaries or unstable regions for self-excited insta-
bility are found in terms of the parameters of damping factor
and then stability maps are demonstrated.

2. Experimental Methods

Experiments are conducted with a model chamber, not a
full-scale chamber. To generate pure and clear longitudinal
modes in a chamber, the model chamber has a cylindrical
shape with the length, L, , of 537mm and the diameter,
D> of 142 mm. In this work with a model chamber, the
second longitudinal (2L) mode is an interesting mode
because the 2L mode in a chamber with an open end cor-
responds to the 1L mode in a chamber with both closed
ends [18]. That is, the 2L mode in the model chamber

has the same waveform as the 1L mode in the actual
chamber. The length of the cylinder in a model chamber
was determined by acoustic similarity rule for the second
longitudinal mode [18] from the geometry of a baseline
chamber [19]. Furthermore, the acoustic similarity for
the longitudinal mode enables us to compute the length
of the model chamber, Ly, , from the information on the
equivalent cylindrical length of the actual chamber, L,
the speed of sounds in the model and the actual chambers,
Caym and Cy, ,, respectively, and the Mach numbers, M, .,
and M, , in the model and the actual chambers, respectively.
The length of a cylindrical model chamber is calculated by
the equation as follows:

_ .
Lch,m = 1‘SLeff,a —= . (1)

In the model chamber, a single gas-centered swirl coaxial
(GCSC) injector is mounted and has a fixed length, L;;, of
117.2mm. The injector is divided into 2 parts, i.e., the gas-
eous oxidizer (GO, ) passage in the center and the peripheral
fuel inlet holes as shown in Figure 1. The detailed description
of the injector can be found in the literatures [19, 20]. In the
present study, the oxidizer and the fuel mass flows are varied
and thermoacoustic responses induced by such a change are
investigated. As a geometric parameter of the injector, the
recess length, R;, is also a variable ranging from 4mm to
12 mm. The baseline length is 8 mm.

Oxidizer and fuel densities and their velocities are speci-
fied at the inlets of the injector. The oxidizer density, p,, its
velocity, U,, the fuel density, p;, and its velocity, Uy, are
adopted to define flow variables or parameters in this study.
That is, two ratios are introduced in order to describe the var-
iation of the oxidizer velocity with respect to the fuel velocity.
The first ratio is the dynamic head ratio, g, which is defined
as follows:

o fPe )
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Ut V Py
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TaBLE 1: Flow conditions in all the test cases for experiments.
Set no. 1 2 3 4 5 6 7
Test no. 1~9 10~18 19~27 28~36 37~45 46~54 55~63
U; (m/s) 5.86 7.81 9.76 11.74 14.3 15.62 17.57
U, (m/s) 78.3~159.9
q 6.18~12.62 4.64~9.47 3.71~7.57 3.09~6.32 2.53~5.17 2.32~4.73 2.06~4.21
MFR 38.2~159.3 21.5~89.7 13.8~57.4 9.6~39.9 6.42~26.8 5.4~22.42 4.3~17.7
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FIGURE 2: Schematic diagram of experimental apparatus.

From the definition, q depicts the ratio of square roots of
the kinetic energies at the inlets for the oxidizer and the fuel.
Similarly, the momentum flux ratio, MFR, is also used to
estimate the ratio of the oxidizer to the fuel momentum
[20]. It is a more widely used flow parameter in the GCSC
injector and is defined as follows:

2
MER = Pogg. (3)
peUs

From the definitions of the two ratios, they are the same
as each other fundamentally.

The present study covers 63 test nos. or cases which are
divided into 7 sets in experiments. In each set, the fuel veloc-
ity is fixed while the oxidizer velocity is changed with 9
increasing values. This means that the mixture gets leaner
from the first test case to the last one in a set. Flow conditions
in all the test cases are summarized in Table 1, and the design
condition in the test is numbered 40, that is, denoted by test
no. 40 where flow rates are U = 14.3 m/s and U, = 109 m/s,
respectively, from the previous work [21].

The schematic diagram of the experimental apparatus is
shown in Figure 2. Vaporized n-hexane and oxygen are
selected as simulants for fuel and oxidizer, respectively.
Instead of kerosene fuel, n-hexane is adopted to facilitate
experiments with liquid fuel because kerosene is a mixture,
not a pure substance, and has higher vaporization temper-
ature. Furthermore, the material properties of n-hexane
are well known and close to those of kerosene [22]. And,
the heating values of hexane and kerosene are similar to
each other.

Flow rate of oxidizer is controlled by mass flow controller
(MFC) and mass flow meter (MFM). Fuel, liquid hexane, is
heated and vaporized in a cylindrical chamber, and the flow
rate of vaporized hexane is controlled by a flow meter and a
regulator. Nitrogen is also heated in a heating chamber
to prevent fuel vapor from being condensed by nitrogen.
For measurement devices, the experimental apparatus is
equipped with thermocouples to measure the oxidizer and
fuel temperatures and a dynamic pressure sensor to measure
pressure fluctuation in the combustion chamber. The sensor
signals are recorded by the DAQ board. The experimental
procedure starts with purging the pipe of oxidizer and fuel
by nitrogen and then creating a flame by using methane for



(a) Recess 4 mm

(b) Recess 8 mm
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(c) Recess 12 mm

FiGuRrk 3: Flame patterns for several recess lengths of (a) 4 mm, (b) 8 mm, and (c) 12 mm from the experiments of test no. 40 (MFR = 12.37,

equivalence ratio = 1.033, U; = 14.3 m/s, and U = 109 m/s).

ignition. Methane is supplied by an independent system of
this apparatus although not shown in Figure 2. Fuel is then
supplied through a flow meter, and the oxidizer is supplied
in the next. Once the fuel and the oxidizer are properly sup-
plied, methane is no longer supplied. When the specified
quantities of the fuel and oxidizer are maintained, a DSLR
camera takes pictures of flame. After a combustion chamber
is put onto the injector face plate, dynamic behaviors of flame
are investigated by measuring pressure fluctuation inside
the chamber, which has an open end at the top. In order
to measure the data, the 7 ports are made circumferentially
around the chamber and dynamic pressure sensors and
thermocouples are installed through the ports. The signal
is recorded at the rate of 1,024 data per 0.125s. The FFT
spectrum is calculated based on the signals. There is no
imposed perturbation, and accordingly, self-excited instabil-
ity is investigated here.

2.1. Damping Factor. The damping factor [19, 23] is a param-
eter which quantifies the acoustic-damping capacity in the
system of an injector and a chamber. The factor, #, is defined
as follows:

_fz_fl
= fpeak ’ (4)

where f ., is the frequency at which the peak response
(Ppea) appears and f; and f, are the frequencies at which
the pressure amplitude corresponds to p,,.../+/2 with f, > f;.
This equation indicates that the damping factor becomes
higher as the bandwidth is broadened on the FFT spectrum.
Physically, the damping factor is proportional to the damping
rate of pressure oscillation [23]. Pressure oscillation with a
high damping factor means relatively stable oscillation.
Accordingly, the factor is adopted as a parameter to quantify
relative stability in this study.

2.2. Disturbance Wavelength. The disturbance wavelength,
A,, is adopted to indicate the length of a disturbance wave
propagating along the oxidizer jet at its velocity, U, [24].
In determining A,, the frequency is chosen as that of the
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FIGURE 4: FFT spectrum for the design condition (test no. 40) with
recess of 8 mm.

2L-mode oscillation focused on this study. It is a parameter
to compare the hydrodynamic wavelength with the charac-
teristic lengths of jet and flame and defined as follows [24]:

u

A=t (5)

In each case, oxidizer velocity is specified and the asso-
ciated second longitudinal (2L) mode is generated at the
frequency, f,;.The oxidizer velocity has a magnitude simi-
lar to the mean velocity in flow field in front of the flame
front. Therefore, the disturbance wavelength has the mean-
ing of the characteristic length of hydrodynamic distur-
bance coupled with the second longitudinal mode of the
acoustic waves.

3. Results and Discussion

3.1. Flame Patterns. Firstly, flame patterns are examined for
operating conditions as listed in Table 1. From the previous
work [20], it has been found that the spray pattern varies
depending on the recess length in numerical simulations.
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FIGURE 5: FFT spectrum in set no. 5 (test nos. 37-45) for various recess lengths.

As the recess length increases, the flame is stabilized and
spreading angle of the jets decreases for the same condition.
Accordingly, distribution of the propellants in the chamber
is confined to a narrow zone and penetration length is
elongated farther downstream. In this study, experiments
are performed for the design operating condition of test no.
40 where MFR, oxidizer injection velocity, fuel injection
velocity, and equivalence ratio are 12.37, 14.3m/s, 109 m/s,
and 1.033, respectively.

For various recess lengths, R;, from 4 to 12 mm, flame
patterns are shown in Figure 3, where direct photographs
from experiments are demonstrated. The yellow flame size
decreases with the recess length, which is induced by

enhanced mixing of fuel and oxygen before the injector exit.
With longer recess length, tangential velocity of the mixture
stream in the injector decreases, resulting in reduced spread-
ing angle of flame. But, change in the angle is not so signifi-
cant. The angles at recess lengths of 4, 8, and 12mm are
5.2, 2.9, and 2.0, respectively. Although not shown here, at
higher MFR, flame becomes narrow and longer downstream
with a smaller spreading angle.

3.2. Effects of MFR and Recess Length on Pressure Oscillation.
With the recess length of the injector fixed to be 8 mm,
pressure fluctuation signals are measured inside the chamber
with fuel/oxidizer injection. From FFT spectrum in Figure 4,



the frequencies of the acoustic resonant modes formed in the
chamber are found for the design condition of test no. 40.
The peak frequencies range from 441.7 Hz to 1600 Hz. The
two divided peaks observed at 266.7 and 300 Hz are not from
acoustic resonance, but from the oxidant pipe connected ver-
tically to the injector, which are not of interest here.

To identify acoustic modes of the five highest peaks from
Figure 4, a theoretical equation for resonant frequencies is
adopted. It is the correlation between frequency, sonic speed,
and eigenvalue for each acoustic mode and it is expressed as
follows [25]:

O (RN G

where ¢ is the sound speed in the undisturbed gas, the sub-
scripts m, n, and q are termed wave numbers, and « and ¢
are eigenvalues. R and L are the radius and the length of the
chamber, respectively. From Equation (6), the first peak with
441.7 Hz is identified as the first longitudinal (1L) mode and
the second one with 883.3 Hz is the 2L mode. As aforemen-
tioned, this study is focused on the 2L mode, although it does
not have the highest peak. Relative stability is evaluated here,
which is little affected by absolute amplitude of a signal. The
others with 941.7 and 1600 Hz are from the 1T and the 2T
modes, respectively, and finally, the peak with 1141.7 Hz is
predicted as the combined mode of 1T and 2L. The sound
speed, ¢, depends on temperature in a reactive field and the
frequency is affected by the measured temperature in the
experiment. Accordingly, theoretical frequency of the 2L
mode from Equation (6) should be corrected by applying
the measured temperature.

In order to investigate effects of MFR and recess length
on the 2L-mode fluctuation, the pressure amplitude of the
2L mode and its frequency are presented in Figure 5 for the
set no. 5 with test nos. 37 to 45 including the design condition
of test no. 40. And, recess length is changed from 4 to 12 mm.
As the MFR (or oxidizer velocity) increases from test no. 37
to test no. 45, the amplitude of the pressure oscillation
increases generally and the frequency of the second longi-
tudinal mode is almost constant irrespective of recess
length. For example, with the recess length of 12mm in
Figure 5(c), the amplitude is increased from 2.5 to 6Pa
and the frequencies are found between 817 and 760 Hz.

Therefore, increase in MFR (or oxidizer velocity) tends to
increase the amplitude of pressure fluctuation and affects lit-
tle the frequency. From the amplitudes in Figure 5, it seems
that the recess length of 4 mm induces slightly more unstable
burning than the other lengths of 8 and 12mm. To see the
effects of the recess length on combustion stability quantita-
tively, damping factors are calculated for broad MFRs and
shown in Figure 6. For the same flow conditions, the damp-
ing factor tends to increase with the recess length. With the
shortest recess length of 4 mm, the damping factors are the
lowest over the full range of MFR, which means the most
unstable burning. There is little difference between damping
factors with the recess of 8 and 12 mm. Accordingly, with the
present injector adopted, shorter recess length than a critical
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FIGURE 6: Damping factors in set no. 5 (test nos. 37-45) for various
recess lengths.

one enhances combustion instability. And, the damping fac-
tor shows nonmonotonic behavior as a function of MFR. But,
the effects of MFR on stability should be investigated com-
prehensively for all the operating conditions, which will be
investigated in the later section.

3.3. Stability Maps for Self-Excited Instability. Acoustic reso-
nance or damping for thermoacoustic instability is quantified
by the damping factor defined in Equation (4) and then, from
relative stability, stability map can be plotted, where unstable
regions are demonstrated on the coordinate plane of flow
parameters [26]. In the present study, the damping factors
for all the 63 cases are evaluated. To plot stability map, the
boundaries between stable and unstable regions should be
found, which are called stability boundaries. They are found
as follows. Damping factors for the set nos. 3 and 4 are eval-
uated and shown as a function of MFR, respectively, in
Figure 7. In each set, the three unstable cases are circled by
a dotted line, which means the test nos. have relatively low
damping factors. This approach consists in selecting 3 test
cases, where the damping factor is the lowest over the sets,
in each set as a stability criterion. Then, the lines connect-
ing the cases or test nos. with each other are considered as
stability boundaries.

According to this criterion suggested here, stability
boundaries between stable and unstable regions are found
and are demonstrated on the coordinate plane of dynamic
head ratio and disturbance wavelength in Figure 8, where
two unstable regions are identified as a stability map. They
are divided into unstable regions I and II. The unstable region
I is located in the zone with high dynamic head ratios
between 4 and 11. In this region, the disturbance wavelength
is relatively long between 118 mm and 143 mm, which means
the hydrodynamic jets generated by the oxidizer stream have
high speed. On the other hand, the unstable region II has
relatively low dynamic head ratios between 2 and 6.5
and shorter disturbance wavelength between 65mm and
114 mm. Furthermore, this region includes the design con-
dition. From this stability map, the stable region is located
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between the two unstable regions with the ranges of
dynamic head ratio from 6 to 10 and disturbance wave-
length from 60 mm to 120 mm. However, it is notable that
this prediction is from relative stability only in a set. The
stability map does not indicate that the operating condi-
tions inside unstable regions result in combustion instabil-
ity necessarily, but they are relatively more unstable than
those outside the regions.

Stability map can be demonstrated more quantitatively
by three-dimensional diagram including damping factor as
seen in Figures 9 and 10, where comprehensive stability
can be identified more clearly for all the conditions.
Figures 9 and 10 show damping factors as functions of g
and A, (or U,) and MFR and A (or U,), respectively. The
two distinctive regions with relatively low damping factors,
considered as unstable region, are identified, which are
located at upper-right and lower-left zones, respectively.
Their locations are close to those found in Figure 8, where
stability boundaries are plotted according to the criterion
aforementioned.

From Figure 9, unstable region I is identified in the region
where both the dynamic head ratio and the disturbance
wavelength have large values between 10 and 12 and between
120 and 140 mm, respectively. The other region, region II, is
relatively less appreciable and found in a narrow region

where both the dynamic head ratio and the disturbance
wavelength have small values between 2 and 3 and between
60 mm and 75 mm, respectively. The stability map expressed
by oxidizer inlet velocity, U, in a vertical axis has similar dis-
tribution of damping factor. Unstable oscillation in the
region I would be induced by severely fluctuating flames
under the preblowout condition with high jet speed [24].
But, the mechanism for the region II is different and the
length of a disturbance wave propagating along the oxidizer
jet at the jet velocity, U,, should be linked with a charac-
teristic length of burning zone, where heat release rate is
the highest, although the characteristic length is not clarified
in this study.

Sometimes, MFR is adopted as a flow parameter char-
acterizing the GCSC injector instead of the dynamic head
ratio, . In Figure 10, damping factors are demonstrated as
a function of MFR. As seen in Figure 9, there are two
unstable regions and their locations are the same as in
Figure 9. The unstable regions are found at small MFR
between 4 and 10 and short disturbance wavelength
between 65 and 78 mm as well as at large MFR between
80 and 120 and long disturbance wavelength between
120 and 140 mm. The same conclusion can be drawn in
terms of both dynamic head ratio and MFR as seen in
Figures 9 and 10. On the other hand, the design condition
is located away from the stability boundaries.

By this approach, i.e., evaluation from damping factor on
the coordinate plane of two independent variables, compre-
hensive overview of stability can be seen rather than in the
map demonstrated in Figure 8. The stability maps for self-
excited instability drawn by these two approaches reveal sim-
ilar trends to each other, namely, two unstable regions
located at low and high dynamic head ratios and a stable
region located over a range of moderate dynamic head ratio
between them.

4. Conclusion

The stability maps over a wide range of fuel and oxidizer
mass flows have been experimentally pursued in the model
chamber with a gas-centered swirl coaxial injector. This
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injector has been widely used in high-performance rocket
engines with an oxidizer-rich staged combustion cycle.
First, flame patterns were compared with each other on
the operating condition for various recess lengths. Damping
factor has been selected as a stability criterion in the present
study. The acoustic mode of interest is the second longitudi-
nal mode. The study is focused on two aspects. One is to
examine the effects of the oxidizer and fuel mass flows on
generation of unstable combustion at the second longitudinal
mode for various recess lengths. The other is to identify
unstable regions on the stability maps with the recess length
of 8mm. To determine stability boundary induced by self-
excited instability, the conditions with the 3 lowest damping
factors are selected in each test set and they are demonstrated
on the coordinate plane of dynamic head ratio and distur-
bance wavelength. In addition, three-dimensional diagram

of damping factor is demonstrated for comprehensive over-
view of stability.

With respect to self-excited instability, there are identi-
fied two unstable regions located at low and high dynamic
head ratios and a stable region located over the range of
moderate dynamic head ratios. The most stable region is
found over the ranges of a dynamic head ratio between
6 and 8 and a disturbance wavelength between 125 mm and
140mm from three-dimensional diagrams. The possible
instability mechanisms for two regions are from fluctuating
flames and a characteristic length of burning zone with high
heat release, respectively, but they are still to be pursued more
clearly. The approaches proposed in this study can be a viable
method to identify stability boundaries and applied to find
stable and unstable regions, which provide the chamber
designers with the data of the first approximation in
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determining a stable operating window at the initial stage of
development of rocket combustors.
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