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Based on the URANS equation, a numerical simulation is carried out for acoustic properties of the thruster chamber with coaxial
injectors and plenum chamber in a liquid rocket engine. Pressure oscillations with multiacoustic modes are successfully excited in
the chamber by using the constant volume bomb method. FFT analysis is applied to obtain the acoustic properties of
eigenfrequencies, power amplitudes, and damping rates for each excited acoustic mode. Compared with the acoustic properties
in the model chamber with and without an injector as well as with and without the plenum chamber, it can be found that the
injector with one open end and one half-open end still can work as a quarter-wave resonator. The power amplitudes of the
acoustic mode can be suppressed significantly when its eigenfrequency is close to the tuning frequency of the injector, which is
achieved by Cutting down the pressure Peak and Raising up the pressure Trough (CPRT). Compared with the acoustic
properties in the model chamber with and without the plenum chamber, it can be found that 1L acoustic pressure oscillation is
inhibited completely by the plenum chamber and other acoustic pressure oscillations are also suppressed in a different extent.
The injector and plenum chamber have a little effect on the eigenfrequencies and damping rate of each acoustic mode. For
multimode pressure oscillation, it is better for tuning frequency of the injector closing to the lower eigenfrequency acoustic
mode, which will be effective for suppression of these multiacoustic modes simultaneously.

1. Introduction

Gas-liquid coaxial injectors have been widely used in liquid
rocket engines for their good properties on the mixing of fuel
and oxygen, atomization of liquid propellant, and combus-
tion stability of the thruster chamber. Many research works
have been conducted on such injectors and related combus-
tion chambers.

High-frequency combustion instability often occurs in
liquid propellant engines and may be related to the geometry
of the atomizing elements that are often used. Shear coaxial
injector elements are particularly prone to such instability
because the resonant acoustic frequencies of the LOX post
are often close to the resonant frequencies of the combustion
chamber [1]. A phenomenon on combustion instability in a
subscale combustor for a LOX/methane rocket engine has
been conducted by JAXA [2], in which the effects of five types

of single shear coaxial injector on the combustion instability
were observed. The injection-coupled response of a LOX post
was predicted by Lin et al. based on the finite element model
(FEM) [3], in which the observed instability was a result of
the interaction of combustion chamber resonance frequen-
cies with injector resonance frequencies. Injector-driven
combustion instabilities in a hydrogen/oxygen rocket com-
bustor were investigated by Groening et al. [4]. It was found
that the oscillation of the heat release rate was related to the
injector acoustics but was not corresponding with the
combustion chamber pressure oscillations. Urbano et al.
analyzed the combustion instability by using large eddy
simulation in a liquid rocket engine with multiple coaxial
injectors [5]; it was shown that the overall acoustic activity
was strongly coupled with the injector. It can be found that
the coaxial injector and its acoustic properties have an
important effect on the combustion in the chamber of the
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liquid rocket engine. So, the acoustic properties and decay
rate of coaxial injectors have got much investigation.

Acoustic characteristics and acoustic damping induced
by gas-liquid scheme coaxial injectors were studied by Zhou
et al. [6, 7]; it has been found that such injector can play a sig-
nificant role in acoustic damping or absorption. Sohn et al.
[8] examined combustion-stability characteristics of a coaxial
injector by using a scaling method, in which similarity of
acoustic, hydrodynamic, and combustion characteristics
between a model test and an actual test was achieved. They
[9] also studied acoustic fine-tuning of gas-liquid coaxial
injectors by using linear acoustic analysis. Haksoon and Sohn
[10] experimentally studied the gas-liquid coaxial injector as
an acoustic resonator in the combustion chamber. Soller et al.
[11] conducted a hot fire test in a thruster chamber with sev-
eral coaxial swirl injectors under the condition of chamber
pressures in the range of 4.0MPa to 8.5MPa and mixture
ratios between 2.4 and 3.5, and the effects of the injector’s
parameters on the combustion instability were observed.
Pomeroy et al. [12, 13] studied the response of combustion
in a gas-centered swirl coaxial injector to high-amplitude,
high-frequency, and transverse-mode pressure oscillation
by using a high-speed camera. Kim and Heister [14] devel-
oped a homogeneous two-phase flow model to assess hydro-
dynamic instabilities of coaxial injectors, in which effects of
the density ratio, gas-liquid velocity ratio, sheet thickness,
channel length, and Reynolds number on such instabilities
were discussed. The flame of a single coaxial injector was
investigated by Zhukov and Feil [15]. And the spray charac-
teristics of the gas-centered swirl coaxial injector were
measured by Jeon et al. [16].

As shown above, many research works have been carried
out to investigate the atomization, combustion, and acoustic
properties of the gas-liquid coaxial injector. Indeed, such an
injector is not like a typical acoustic resonator with one
closed end, but it has one open end connected with the com-
bustion chamber and one half-open end connected with the
plenum chamber. Therefore, the acoustic properties of such
an injector may be different from the typical acoustic resona-
tor, and the plenum chamber may have a contribution to the
decay of the pressure oscillation in the combustion chamber.
But such contribution has never been evaluated till now. So,
the acoustic properties of such an injector are investigated
in this paper in a rocket engine combustor with a plenum

chamber by using a numerical constant volume bomb
method, in which a nonlinear pressure oscillation with multi-
acoustic modes is excited.

2. Numerical Methodology

2.1. Geometric Configurations. A model chamber sliced from
a combustion chamber of a 100 kN LOX/kerosene rocket
engine is adopted in this paper for its less cost of computa-
tional time, in which seven gas-liquid coaxial injectors are
included. In order to observe the effects of such injectors
and the plenum chamber on the decay of pressure oscillation
in the combustion chamber, three kinds of model chambers
are presented in this paper. One is Model A, which is com-
prised of a combustion chamber without injectors and a
plenum chamber. For Model B, seven gas-liquid coaxial
injectors are equipped at the head of Model A. For Model
C, a plenum chamber is connected with those injectors in
Model B. These three model chambers are shown in
Figure 1. By comparing the decay processes of pressure oscil-
lations in Models A and B, the effects of these injectors on the
acoustic properties of the combustion chamber can be
obtained, while by comparing the related processes in Model
B and Model C, the role of the plenum chamber on the decay
of pressure oscillations can be identified.

The geometry sizes of the model chambers are shown in
Figure 2. The model chamber is a center slice of a full-
scaled chamber, and it keeps the same geometrical parame-
ters in transverse (x direction) and longitudinal (z direction)
dimensions as a full-scaled chamber. The lengths from the
injector plate to the nozzle entrance and throat are 130mm
and 180mm, respectively. The transverse sizes of the model
chamber and nozzle throat are 88mm and 45.2mm, respec-
tively. The thickness (spanwise size) of this slice chamber is
12mm. The transverse and spanwise (y direction) sizes of
these injectors are 10mm, while their length is set as 22, 32,
44, 62, 78, and 100mm for different cases. The length and
width of the plenum chamber are 100mm and 88mm,
respectively. Compared with transverse size of the injector
with 10mm, there is a contraction with 5mm at the inlet of
the injector, which is shown in Figures 1 and 2. So, the injec-
tor’s outlet is an open end, while its inlet is a half-open end; it
is corresponding to that in engineering.

(a) Model A chamber without injectors and plenum chamber (b) Model B chamber with 7 injectors but without plenum chamber

(c) Model C chamber with 7 injectors and plenum chamber

Figure 1: Configurations of three model chambers.
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2.2. Governing Equation. Investigation on the acoustic per-
formance of the combustion chamber under cold condition
in normal temperature and pressure environment is gener-
ally adopted in engineering to evaluate the chamber’s eigen-
frequencies and decay rates [17]. So, the model chambers
are initially filled with quiescent air with a pressure of
0.1MPa and a temperature of 300K. Instead of loudspeakers
or bombs in engineering used as a stimulated source, a pres-
sure pulse is imposed on a determined region in the model
chambers in present works. The stimulated turbulent flow
and pressure oscillations in these chambers are simulated
by the URANS method and compared with each other, in
which the turbulent is described by the k‐ε model. The gov-
erning equations for turbulent flow in the model chambers
can be written as follows:
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where ρ, p, uj, e, T , h, k, and ε represent the density, pressure,
velocity in the jth direction, total energy, temperature,
enthalpy, turbulent kinetic energy, and its dissipation rate,
respectively. D and K are diffusion coefficient and heat con-
duction coefficient, respectively. For effective viscosity μe
and viscous stress tensor τij, we have

μe = μ + μt , ð6Þ
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The turbulent model coefficients are shown in detail in
Table 1, in which the standard coefficients are adopted in
the present works.

2.3. Numerical Algorithm and Boundary Conditions. The
semi-implicit method for pressure linked equations is
adopted to solve the pressure field. And the forward-Euler
difference method is employed for temporal difference. The
finite volume method is adopted for spatial difference, in
which the diffusion terms and convection terms are discre-
tized by a second-order central difference scheme and
second-order upwind scheme, respectively.

The injector face of the combustion chamber, as well as
side walls of thruster chambers, injector, and plenum cham-
ber, is set as wall boundary. The adiabatic condition and
turbulent law-of-the-wall condition are adopted to wall
boundary. In order to avoid setting as a closed end for the
upstream boundary of injectors for Model B chamber and
for the upstream boundary of the plenum chamber in Model
C chamber, a small velocity and a given pressure are set at
these upstream boundaries. The chamber exit is set as an out-
let boundary, in which the pressure at the exit is set as ambi-
ent pressure and the velocity is set equal to that of the logical
inside neighbor vertex. It means that the partial derivative in
the streamwise direction is set to zero at the outlet. The
boundary condition in the nozzle throat for the cold case is
different from the real hot case. There is no reflection of the
pressure wave at the throat in the real case, but in our case,
the pressure wave may be reflected at the exit where the pres-
sure is set as the ambient pressure, which may influence the
longitudinal acoustic modes. However, the longitudinal
acoustic modes are mainly dominated by the wall of the con-
vergence section of the nozzle which is the same for the

Table 1: Turbulence model coefficients.

Parameter μ Cε1 Cε2 Cε3 σk σε
Value 0.09 1.44 1.92 -1.0 1.0 1.3
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(a) Front view
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(b) Top view

Figure 2: The geometry size of the thrust chamber, injector, and plenum chamber.
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present case and real case. So, the above boundary condition
for the outlet is acceptable.

The grid scales are 2mm, 1mm, and 2mm in the x, y, and
z directions, respectively. The time step is set as 5 × 10−7 s,
but it is 1 × 10−8 s during the period of the constant volume
bomb imposed on the steady flow in the chamber.

The initial condition is that the model chambers are filled
with air at 1 atm and 300K. As shown in Figure 3, a regionΩ
(colored by red) is selected to impose the constant volume
bomb; it is a 6mm × 6mm × 6mm cube with the central
coordinate (37mm, 0, and 7mm). It is 4mm far from the
injection panel and the upper wall of the chamber. At this
region, the initial pressure, temperature, and density are det-
onated as P0, T0, and ρ0, respectively. A gas with pressure γP0
, temperature αT0, and density βρ0 is added into this region
Ω from the initial time t0 to time t0 + Δt, which has the same
components with the original gas in the imposed region Ω.
Supposing that the imposed gas and the original gas are
mixed quickly through a constant volume process, the
pressure Pðx, y, z, tÞ, temperature Tðx, y, z, tÞ, and density ρ
ðx, y, z, tÞ at the imposed regionΩ after imposing are thereby
obtained as follows:

P x, y, z, tð Þ = 1 + γð ÞP0, ð9Þ

ρ x, y, z, tð Þ = 1 + βð Þρ0, ð10Þ

T x, y, z, tð Þ = 1 + γ

1 + β

� �
T0, ð11Þ

γ = αβ, ð12Þ

x, y, zð Þ ∈Ω,
t0 ≤ t ≤ t0 + Δt:

ð13Þ

A pressure pulse is then achieved as a stimulated source
by this method. α, γ, and β are model coefficients. The tem-
perature of the imposed region usually keeps the same before
and after the imposing process; thus, we have α = 1 and γ = β
. Only one model coefficient γ is required to be predeter-
mined in this model, by which the peak value of such
pressure pulse can be selected. In this paper, γ and Δt are
taken as 19 and 10-6 s, and then, a pressure pulse as 20 times
higher than the initial pressure is achieved in the model
chambers with a period of 10-6 s to induce a pressure oscilla-
tion. For all model chambers, the location and intensity of the
pressure pulse are the same. After the constant volume bomb
is imposed in the chamber, several positions near the
chamber wall and near the injector face are selected to
observe the pressure oscillation. For the sliced chamber
adopted in this paper, transverse (x direction) and longitudi-
nal (z direction) acoustic modes recorded in these observa-
tion points are almost the same. In order to save space, the
results for only one observation point are shown in the paper.
This observation point locates at the opposite side of the
bomb; its pressure is applied to study the acoustic properties
of the chamber.

2.4. Quantification of Acoustic Damping Capacity. Half-
power bandwidth Δf n is adopted to evaluate the acoustic
damping capacity of each model chamber in this paper. Pres-
sure oscillations with large amplitude are achieved in the
model chamber by using the above numerical constant
volume bomb. FFT analysis is then carried out, and some
power peaks in the frequency region can be obtained. For
the nth peak with power amplitude Pn,peak at corresponding
frequency f n, half-power bandwidth Δf n is calculated as the
following:

Δf n = f n,2 − f n,1
� �

, ð14Þ

where f n,2 and f n,1 are the frequencies at which the power

amplitude of the pressure oscillation corresponds to Pn,peak/ffiffiffi
2

p
with f n,2 > f n,1. Once the half-power bandwidth has been

determined, the damping rate αn of the model chamber for
this acoustic mode with the peak frequency f n can be figured
out by the following relation:

αn = πΔ f n: ð15Þ

Furthermore, the nondimensional damping factor ηn for
a peak frequency f n is defined by the half-power bandwidth
method as follows:

ηn =
αn
πf n

= Δf n
f n

: ð16Þ

As shown in this equation, the bigger the half-power
bandwidth is, the higher the damping rate is, which means
that pressure oscillations of the corresponding acoustic
mode decay faster. Hence, half-power bandwidth, which
is dimensionless by eigenfrequency, is applied as a quanti-
fication parameter of the damping factor of the chamber
in this paper.

3. Results and Discussion

The numerical method applied in this paper for acoustic
properties of a combustion chamber has been validated for
a small thrust liquid rocket engine chamber by experimental
results [18]. So, the validation of the numerical method is no
longer done again in this paper. On the other hand, there is a
lack of experimental data for the cases in this paper.

3.1. Grid Convergence Study.Acoustic performances for three
model chambers, including their acoustic-mode eigenfre-
quencies and damping capacities, are mainly considered in

z

x

y

Figure 3: The imposed region of the constant volume bomb in the
model chamber.
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this paper. So, grid convergences are examined based on
these acoustic performances. Grid sizes varied from 1mm
to 2mm in the x and z directions are employed in grid
convergence study. The eigenfrequencies and damping fac-
tors of acoustic modes for the Model A chamber are
shown in Figure 4. For grid sizes varied from 1mm to
2mm, the identified acoustic modes are the same, and
the frequencies, amplitudes, and damping factors of these
acoustic modes do not have any significant difference. In
order to reduce the computation cost, 2.0mm grid size is
enough to predict the acoustic performances of the cham-
ber used in this paper.

3.2. Acoustic Properties of Model A Chamber. The eigenfre-
quencies of acoustic modes of the Model A chamber are
obtained by theoretical calculation, in which the combustion
chamber with the nozzle convergence section is treated theo-
retically as a closed cylindrical chamber. The eigenfrequen-
cies for a cylindrical chamber closed at both sides can be
calculated with the following:

f lmn =
c
2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ2mn

R2
c

+ l2π2

L2c

s
, l,m, n = 0, 1, 2,⋯, ð17Þ

where λmn is the transverse eigenvalue [17]. c is the speed of
sound and taken as 340m/s in the present cases. For combus-
tion chambers as shown in Figure 1, Lc is the effective acous-
tic length, which is taken as the sum of chamber length and
one-half of the converging nozzle length.

Based on Equation (17), the theoretical eigenfrequencies
of acoustic modes of the Model A chamber are shown in
Table 2. The 1L acoustic mode has the lowest eigenfrequency.
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Figure 4: Acoustic performances of the chamber with different grid sizes.

Table 2: Theoretical eigenfrequencies of acoustic modes in the
model chamber.

Longitudinal (L)
Transverse (T)

0 1 2

0 — 1875Hz 3750Hz

1 1064Hz 2155Hz 3898Hz

2 2128Hz 2836Hz 4311Hz

5International Journal of Aerospace Engineering



The 1T and 2T acoustic modes are very important for engi-
neering; their eigenfrequencies are 1875Hz and 3750Hz.
These eigenfrequencies are applied to identify the acoustic
modes excited by the numerical constant volume bomb in
the model chambers in the following analysis.

After imposing a constant volume bomb in the Model
A chamber, the pressure oscillations at the observation
point are shown in Figure 5(a), and their corresponding
FFT analysis is shown in Figure 5(b). Four peak frequen-
cies are observed as 985Hz, 3771Hz, 3961Hz, and
4461Hz. Compared with the theoretical eigenfrequencies
of acoustic modes for this chamber as shown in Table 2,
985Hz, 3771Hz, 3961Hz, and 4461Hz of these four peak
frequencies are identified as the first longitudinal (1L)
acoustic mode, second transverse (2T) acoustic mode,
1L2T acoustic mode, and 2L2T acoustic mode, respectively.
Furthermore, the eigenfrequencies, power amplitudes, and
damping rate of these four acoustic modes are therefore
obtained and shown in Table 3. For peak frequency
3961Hz, though it is identified as the 1L2T acoustic mode,
it is difficult to determine its half-power bandwidth for its
peak is not isolated with a small peak value. Only fre-
quency and amplitude are given for this peak, and its
damping factor is not available.

Comparing the power amplitudes of these four acoustic
modes, the 1L and 2T modes are the acoustic modes that
can be excited most easily in this chamber for they have
large power amplitudes. The other two acoustic modes of
1L2T and 2L2T may appear due to interaction of 1L and
2T acoustic modes, so they have small power amplitudes.
Comparing the damping rate of these four acoustic modes,
the 1L mode is the acoustic mode that can be decayed most
rapidly for they have a large damping rate, while 2T and
2L2T modes are acoustic modes that can be decayed most
difficulty for their small damping rates. The damping rate
of 1L2T is between those of 1L acoustic mode and 2T
acoustic mode. Though the eigenfrequency of 1L is smaller
than those of the other three acoustic modes, it has the
largest damping rate due to the open downstream condi-

tions. So, the present results are reasonable. In general,
based on theoretical acoustic modes and spatiotemporal
evolution of instantaneous pressure distribution in the
chamber, the peak frequencies obtained by the present
simulation can be successfully identified. It can be con-
cluded that multimode acoustic pressure oscillations are
stimulated by the present numerical constant volume bomb
model, and acoustic properties like eigenfrequencies, power
amplitudes, and damping rate are given quantitively in the
present work.

3.3. Acoustic Properties of Model B Chamber. The gas injector
in the coaxial injector is not like a typical quarter-wave reso-
nator for it has two open ends. However, the end of this injec-
tor at the plenum side is usually a half-open end for there is a
contraction. So, the coaxial injector is usually considered as a
quarter-wave resonator in engineering, which is widely used
to suppress combustion instability in a liquid rocket engine.
The tuning frequencies f0 of such an injector are determined
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Figure 5: Pressure oscillations and their FFT analysis at the observation point for Model A chamber.

Table 3: Eigenfrequency, power amplitude, and damping rate of
acoustic modes in the Model A chamber.

Acoustic modes Properties Values

1L acoustic mode

Eigenfrequency (Hz) 985

Amplitude (kPa) 0.76

Damping factor 11.8%

2T acoustic mode

Eigenfrequency (Hz) 3771

Amplitude (kPa) 1.17

Damping factor 3.4%

1L2T acoustic mode

Eigenfrequency (Hz) 3961

Amplitude (kPa) 0.58

Damping factor —

2L2T acoustic mode

Eigenfrequency (Hz) 4461

Amplitude (kPa) 0.31

Damping factor 3.2%
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by its length Linj. As the following equation,

f0 =
c

4 Linj + ΔL
� � , ð18Þ

where f0 denotes tuning frequency of the injector, c is the
sound speed of gas in the injector, and ΔL is the length cor-
rection factor, which is neglected in this paper.

In order to cover the eigenfrequencies of acoustic modes
shown in Table 2, which are possible to appear in the model
chamber, a series of injector length are selected in this paper.
The tuning frequencies for different length injectors are
shown in Table 4, which vary from 825Hz to 3750Hz. The
eigenfrequencies of 1L and 2T acoustic modes in the model
chamber are exactly covered.

After imposing a constant volume bomb in the Model B
chamber, FFT analysis of pressure oscillations at the observa-
tion point for cases with different injector lengths is shown in
Figure 6. For the Model B chamber, it is difficult to obtain its
eigenfrequencies of acoustic modes through theoretical cal-
culation, so the peak frequencies that appeared in Figure 6
are also identified by the theoretical eigenfrequencies of
acoustic modes for the Model A chamber. There are four
peak frequencies among these results for the Model B cham-
ber; they are located between 853Hz and 1126Hz, 3323Hz
and 3777Hz, 4049Hz and 4155Hz, and 4368Hz and
4626Hz, respectively. And based on the theoretical eigenfre-
quencies of acoustic modes for the Model A chamber, they
are therefore identified as eigenfrequencies of 1L, 2T, 1L2T,
and 2L2T acoustic modes, respectively. So, the excited acous-
tic modes in the Model B chamber by the same numerical
constant volume bomb are still those of 1L, 2T, 1L2T, and
2L2T modes. Compared with those in the Model A chamber,

there is no new acoustic mode that appeared in the Model B
chamber. So, the acoustic modes excited by the same stimu-
lated source do not change for the case with or without injec-
tors. It mainly depends on the chamber configuration for the
observed acoustic-mode pressure oscillation propagation in
the chamber.

The eigenfrequencies, power amplitudes, and damping
rate of 1L, 2T, 1L2T, and 2L2T acoustic modes observed
through Figure 6 in the Model B chamber are listed in
Table 4. In order to compare with those in the Model A
chamber directly, the results for the Model A chamber are
also listed in Table 4 and marked by zero length of the injec-
tor. The eigenfrequencies and damping rate of each acoustic
mode for the Model B chamber are close to those of the cor-
responding acoustic mode for the Model A chamber. So, with
or without an injector does not have a significant effect on the
eigenfrequency of the acoustic mode. And the extra decay
due to propagation of the pressure wave in the injector is
not the main way to suppress the pressure oscillations.

However, injectors have a great effect on the power
amplitudes of the acoustic modes which even decrease to
zero for some cases. For the case of injector length with
2.2 cm, the tuning frequency of such injector is close to the
eigenfrequency of the 2T acoustic mode. Compared with
the amplitude of the 2T acoustic mode in the Model A cham-
ber, it decreases obviously for this case with injectors. How-
ever, the pressure oscillation of 1L acoustic mode is
enhanced due to the redistribution of oscillation energy
among these acoustic modes. For the case of injector length
with 3.2 cm, the tuning frequency is not close to either eigen-
frequencies of 1L and 2T acoustic modes, so the pressure
oscillations of these two acoustic modes are not restrained
anymore. But the pressure oscillation of the 2L2T acoustic
mode disappears for this case. The tuning frequency of the

Table 4: Eigenfrequency, power amplitude, and damping rate of acoustic modes in the Model B chamber.

Length of the injector (cm)
0 2.2 3.2 4.4 6.2 7.8 10

Resonator’s tuning frequency (f0, Hz) — 3750 2578 1875 1330 1057 825

1L acoustic mode

Eigenfrequency (Hz) 985 944 853 — — — 1126

Amplitude (kPa) 0.76 1.1 1.1 — — — 0.58

Damping factor 11.8% 11.2% 17.3% — — — 11.5%

2T acoustic mode

Eigenfrequency (Hz) 3771 3777 3791 3798 3798 3842 3567

Amplitude (kPa) 1.17 0.72 1.1 1.15 0.31 0.57 1.18

Damping factor 3.4% 3.5% 2.5% 2.1% — 3.5% 2.1%

1L2T acoustic mode

Eigenfrequency (Hz) 3961 4155 4076 3988 4178 4049 4131

Amplitude (kPa) 0.58 1.1 1.65 0.65 0.8 0.89 0.61

Damping factor 8.2% 2.4% 2.4% 3.2% 4.3% 2.0% 3.4%

2L2T acoustic mode

Eigenfrequency (Hz) 4461 4626 — 4368 4558 — 4507

Amplitude (kPa) 0.31 0.8 — 0.33 0.49 — 0.44

Damping factor 3.2% 3.7% — 1.9% 4.6% — 2.0%

Unidentified frequency peak

Eigenfrequency (Hz) — — — — 3323 — —

Amplitude (kPa) — — — — 0.59 — —

Damping factor — — — — 5.3% — —
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injector is roughly half of the eigenfrequency of the 2L2T
acoustic mode, so the injector may play as a half-wave reso-
nator of the 2L2T mode. For the case of injector length with
4.4 cm, the tuning frequency closes to the eigenfrequency of
1L acoustic modes, and the pressure oscillation of the 1L
acoustic mode is inhibited completely, while it does not work
for the other acoustic modes. For the case of injector length
with 6.2 cm, the tuning frequency is keeping close to the
eigenfrequency of 1L acoustic modes much more, and the
pressure oscillation of 1L acoustic modes is still repressed

completely, while the pressure oscillation of 2T also sup-
presses significantly. The peak value of the 2T acoustic mode
is very small enough that its half-power bandwidth cannot be
read, so the damping factor for this mode is not available in
Table 4. However, there is a new peak at the frequency of
3323Hz for this case. So, the energy of pressure oscillation
of the 2T acoustic mode may transfer to this new-frequency
mode which cannot be identified. For the case of injector
length with 7.8 cm, it still restrains the 1L acoustic mode
completely, and it is also effective for suppression of the
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Figure 6: FFT analysis of pressure oscillations at the observation point for the Model B chamber with different injector lengths.
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2T acoustic mode. The pressure oscillation of the 2L2T
acoustic mode also disappears for this case. For the case
of injector length with 10 cm, it has little effect on suppres-
sion of 1L and 2T acoustic modes for the tuning frequency
of such injector is much less than the eigenfrequency of the
acoustic modes.

For the 1L2T and 2L2T acoustic modes, their eigenfre-
quencies are larger or much larger than the tuning frequency,
so suppression of injectors on these two acoustic modes has
not been observed clearly. Compared with the case without

an injector, the power amplitudes of these two acoustic
modes increase in most cases indeed due to the redistribution
of pressure oscillation energy among these acoustic modes
through the injectors. In general, for the Model B chamber,
injectors with length from 6.2 cm to 7.8 cm are good at sup-
pression of pressure oscillation. The 1L acoustic mode is
inhibited completely for injectors are acting as quarter-
wave resonators, and 2T is suppressed largely due to redistri-
bution of pressure-oscillation energy through these injectors,
while power amplitudes of 1L2T and 2L2T acoustic modes
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Figure 7: FFT analysis of pressure oscillations at the observation point for the Model C chamber with different injector lengths.
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increase not dramatically. 1L and 2T acoustic modes, which
are mostly concerned by engineering, are significantly con-
trolled by coaxial injectors.

So, such a coaxial injector with one open end and another
half-open end still can work as a quarter-wave resonator. For
multimode pressure oscillation, it is better for tuning fre-
quency of the injector closing to the lower eigenfrequency
acoustic mode, which will be effective for suppression of
these multiacoustic modes simultaneously.

3.4. Acoustic Properties of Model C Chamber. After imposing
a constant volume bomb in the Model C chamber, FFT anal-
ysis of pressure oscillations at the observation point for cases
with different injector lengths is shown in Figure 7. The peak
frequencies that appeared in Figure 7 are also identified by
the theoretical eigenfrequencies of acoustic modes for the
Model A chamber. There are three peak frequencies among
these results for the Model C chamber; they are located
between 3459Hz and 3886Hz, 4060Hz and 4160Hz, and
4558Hz and 4644Hz, respectively. Based on the theoretical
eigenfrequencies of acoustic modes for the Model A cham-
ber, these peak frequencies are therefore identified as eigen-
frequencies of 2T, 1L2T, and 2L2T acoustic modes,
respectively. So, the excited acoustic modes in the Model C
chamber by the same numerical constant volume bomb are
those of 2T, 1L2T, and 2L2T modes. Compared with those
in Model A and B chambers, there is no new acoustic mode
that appeared in the Model C chamber. So, the acoustic
modes excited by the same stimulated source do not change
for the case with or without injectors as well as with or with-
out the plenum chamber. It still mainly depends on the
chamber configuration for the observed acoustic-mode pres-
sure oscillation propagation in the chamber.

The eigenfrequencies, power amplitudes, and damping
rate of 2T, 1L2T, and 2L2T acoustic modes observed through

Figure 7 in the Model C chamber are listed in Table 5. The
eigenfrequencies of each acoustic mode for the Model C
chamber are close to those of the corresponding acoustic
mode for the Model B chamber. So, with or without the
plenum chamber does not have a significant effect on the
eigenfrequencies of the corresponding acoustic modes. Com-
pared with cases in the Model B chamber, the pressure oscil-
lation of the 1L acoustic mode is completely suppressed for
all cases with different injector lengths when just the plenum
chamber is considered in the Model C chamber. So, it can be
concluded that the plenum chamber is very effective for sup-
pression of 1L acoustic pressure oscillation. In general, the
damping rate of 2T, 1L2T, and 2L2T acoustic modes is a little
larger for cases in the Model C chamber than those in the
Model B chamber; it means that the plenum chamber
provides an extra decay for pressure oscillation of these
acoustic modes, but such decay is not significant. However,
the amplitudes of 2T and 1L2T acoustic modes for cases with
the plenum chamber are smaller significantly than those
without the plenum chamber. So, the plenum chamber
decreases the amplitudes of the acoustic modes mainly by
absorbing the pressure-oscillation energy of the combustion
chamber, not just by extra decay of the propagation pressure
wave. Amplitudes of 2L2T acoustic modes for cases in the
Model C chamber are a little larger than those in the Model
B chamber; it may be induced by redistribution of pressure-
oscillation energy among these acoustic modes through
injectors. The effects of injector length on the 2T acoustic
pressure oscillation for the Model C chamber are like those
for the Model B chamber. The tuning frequency of the
2.2 cm length injector is very close to eigenfrequency of the
2T acoustic mode; it can be found that the amplitudes of
the 2T acoustic mode decrease significantly as compared with
the cases without injectors. From then on, the amplitudes of
the 2T acoustic mode increase with the length of injectors. It

Table 5: Eigenfrequency, power amplitude, and damping rate of acoustic modes in the Model C chamber.

Length of the injector (cm)
0 2.2 3.2 4.4 6.2 7.8 10

Resonator’s tuning frequency (Hz) — 3750 2578 1875 1330 1057 825

1L acoustic mode

Eigenfrequency (Hz) 985 — — — — — —

Amplitude (kPa) 0.76 — — — — — —

Damping factor 11.8% — — — — — —

2T acoustic mode

Eigenfrequency (Hz) 3771 3886 3813 3756 3777 3771 3648

Amplitude (kPa) 1.17 0.55 1.13 0.78 0.24 0.41 1.0

Damping factor 3.4% 4.4% 2.2% 4.2% — 3.8% 3.6%

1L2T acoustic mode

Eigenfrequency (Hz) 3961 4076 4092 4147 4060 4062 4160

Amplitude (kPa) 0.58 0.65 0.97 0.42 0.52 0.66 0.47

Damping factor 8.2% 2.5% 4.3% 4.0% 6.6% 2.5% 3.5%

2L2T acoustic mode

Eigenfrequency (Hz) 4461 4644 4558 — 4627 — 4583

Amplitude (kPa) 0.31 0.78 0.74 — 0.58 — 0.68

Damping factor 3.2% 2.0% 2.5% — 3.3% — 2.1%

Unidentified frequency peaks

Eigenfrequency (Hz) — — — — 3494 — —

Amplitude (kPa) — — — — 0.85 — —

Damping factor — — — — 2.5% — —
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means that the injectors still can work as a quarter-wave res-
onator with the plenum chamber.

3.5. Effects of Injectors and Plenum Chamber on the Pressure
Oscillation. Figure 8 shows the instantaneous velocity vector
and pressure fields in the chamber and injector. As shown in
Figure 8(a), pressure waves propagate into the injectors when
pressures at the chamber zone adjacent to injectors are in
high value. It means that some energies of pressure oscilla-
tion are absorbed by injectors from their peak. As shown in
Figure 8(b), the pressure waves propagated into injectors
from the chamber reflect at the end of the injectors and go
towards the chamber. When it arrives at the exit of the injec-
tor, the pressure at the chamber zone adjacent to the injectors
is just in its lowest value. So, the absorbed energy from the
peak of pressure oscillation is added to a trough of pressure
oscillation. In this way, which is called Cutting down the
pressure Peak and Raising up the pressure Trough (CPRT),
the power amplitudes of the acoustic mode, by which eigen-
frequency is close to the tuning frequency of injectors, are
suppressed significantly as shown in Model B and C cham-
bers. As shown in Figure 8(c), when the pressure wave in
injectors arrives at the exit of injectors, the pressure at the
chamber zone adjacent to the injectors is in the middle value.
It means that the pressure at this zone is controlled by other
acoustic modes which are different from the acoustic mode
that this pressure wave is induced. So, the energy of pressure
oscillation is transformed from one acoustic mode to other
acoustic modes through these injectors. So, as shown in
Model B and C chambers, such redistribution of pressure
oscillation energy leads to an increase of power amplitudes
of some acoustic modes when injectors are considered and
multimode pressure oscillations present in the chamber.

Figure 9 shows the instantaneous velocity vector and
pressure fields in the plenum chamber and injector. For the
lower four injectors, the pressure at the injector zone adjacent
to the plenum chamber is in high value; pressure waves
thereby propagate from injectors to the plenum chamber.
Such propagations of pressure waves are easily and fre-
quently observed in the numerical results. The pressure
waves propagated from the plenum chamber to the injector
can also be observed as upper three injectors, but its ampli-

tude is obviously smaller than that propagated from injectors
to the plenum chamber. That is the reason why the pressure
oscillation of most acoustic modes can be suppressed signif-
icantly by the plenum chamber.

4. Conclusion

The effects of coaxial injectors and plenum chamber on the
acoustic properties of the thruster chamber are numerically
investigated, in which a numerical constant volume bomb
is employed to excite multimode pressure oscillation. FFT
analysis and half-power bandwidth method are applied to
get the eigenfrequency, power amplitude, and damping rate
of each excited acoustic mode. Under the same stimulated
source, the excited acoustic modes are the same as 1L, 2T,
1L1T, and 2L2T for chambers with and without injectors as
well as with and without plenum chamber, and their eigen-
frequencies and damping rates do not have obvious changes.
The injectors still act as a quarter-wave resonator under mul-
timode pressure oscillations for they are very effective to
suppress acoustic-mode pressure oscillation when its eigen-
frequency is close to the tuning frequency of injectors. And
it is better for tuning frequency of the injector closing to
the lower eigenfrequency acoustic mode, which will be effec-
tive for suppression of these multiacoustic modes simulta-
neously. Comparing the pressure oscillation with and
without the plenum chamber, the plenum chamber can
inhibit 1L acoustic-mode pressure oscillation completely
and also has obvious effects on other acoustic modes. For
multimode pressure oscillation, it can be found that there is
a redistribution of pressure-oscillation energy among those
excited acoustic modes.
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Figure 8: Instantaneous velocity vector and pressure fields in injectors and chamber.
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Figure 9: Instantaneous velocity vector and pressure fields in
injectors and plenum chamber.
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