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Abstract 

In a rocket combustor, purely acoustic tuning of gas-liquid scheme injector is studied numerically for acoustic ab-
sorption by adopting linear acoustic analysis. Acoustic behavior in the combustor with a single injector is investigated 
to assure the optimum injector length. Acoustic-absorption effect of the injector is evaluated for cold condition by the 
quantitative parameter of damping factor as a function of injector length in the chamber for several boundary absorp-
tion coefficients. Irrespective of boundary absorption at the chamber wall, it is assured that the optimum tuning-length 
of the injector corresponds to half of a full wavelength of the first longitudinal overtone mode traveling in the injector 
with the acoustic frequency intended for damping in the chamber. Although boundary absorption affects little the tun-
ing length of the injector, it appreciably affects damping capacity. Acoustic absorption at the wall increases with 
boundary absorption coefficient, but purely acoustic-damping effect induced by the tuned injector decreases with the 
coefficient. As another design parameter, effects of blockage at the injector inlet on acoustic tuning are investigated. It 
is found that the optimum injector length is shifted depending on the blockage ratio. Suitable combination of injector 
length and blockage should be made for maximum damping. 
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1. Introduction 

Acoustic instability is a phenomenon in which 
pressure oscillations are amplified through in-phase 
thermal interaction with combustion [1]. This may 
result in an intense pressure fluctuation as well as 
excessive heat transfer to combustor walls in systems 
such as solid and liquid propellant rocket engines, 
ramjets, turbojet thrust augmentors, utility boilers, 
and furnaces [2]. Although this has caused common 
problems in these systems, it has been reported that it 
occurs most severely in liquid rocket engines due to 
their high energy density. Thermal damage on the 
injector faceplate and combustor wall, severe me-
chanical vibration of the rocket body, and unpredict-

able malfunction of engines, etc., are the usual prob-
lems caused by acoustic instability. To understand 
this phenomenon, many studies have been conducted 
[1, 3-5], but it is still being pursued. 

To suppress pressure oscillations, several methods 
can be adopted [3, 6]. One of them is passive control, 
which is to attenuate acoustic oscillation using com-
bustion stabilization devices such as baffles, acoustic 
resonators, and acoustic liners. For example, an 
acoustic resonator can damp out or absorb pressure 
wave oscillating in the chamber using a well-tuned 
cavity [6, 7]. However, the devices are installed addi-
tionally and inevitably to suppress undesirable acous-
tic oscillations if they should be. And thus, negative 
effects of engine-performance degradation and com-
plexity in engine manufacture accompany the installa-
tion of these devices. 

On the other hand, in liquid rocket engines, injec- 
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Fig. 1. Geometry of the coaxial gas-liquid scheme injector. 

tors are mounted necessarily to the faceplate in order 
to inject propellants into the chamber. Depending on 
the phase of the injected propellants, they are classi-
fied into liquid-liquid scheme and gas-liquid scheme 
injectors. In high-performance the pump-fed liquid 
rocket engines, a staged combustion cycle is usually 
employed, where a preburner is used and regenerative 
cooling is adopted for the cooling of combustor wall 
[8]. In this system, the coaxial and gas-liquid scheme 
injector is typically used, which is illustrated in Fig. 1. 
As shown in this figure, gaseous oxidizer (GO2) flows 
through the inner passage of the injector and then is 
mixed with liquid hydrocarbon fuel injected through 
several peripheral holes and, finally, both GO2 and 
liquid fuel are injected into the chamber [9]. At this 
point, with the inside volume of the injector occupied 
by gas, it is noteworthy that the gas-liquid scheme 
injector can play a significant role in acoustic damp-
ing like acoustic resonators or damper in addition to 
its original function of propellant injection. Our pre-
vious works [10, 11] reported that the injector could 
function as a resonator and acoustic tuning of the 
injector would attenuate pressure oscillation to a good 
degree. 

In this regard, acoustic tuning of the gas-liquid 
scheme injector is investigated intensively in this 
work. To a first approximation, only acoustic tuning 
is studied. In the previous works [10, 11], optimum 
injector length was investigated experimentally and 
numerically by adopting linear acoustic test and 
analysis, respectively. There are various design pa-
rameters for acoustic tuning of the injector. In this 
study, especially, effects of boundary absorption at 
the chamber wall and blockage at the injector inlet are 
emphasized for optimal acoustic tuning of the injector. 
For this, acoustic behaviors in the chamber with a 
single injector are investigated numerically by adopt-
ing linear acoustic analysis. 

2. Numerical methods 

2.1 Governing equation and solution method 

The acoustic field in a chamber can be calculated  
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Fig. 2. Comparison of acoustic-test results with combustion-
test results with respect to acoustic damping in a chamber 
(The number in parenthesis indicates the number of baffle 
blades [1]). 

by solving a wave equation [12]. In the present study, 
purely acoustic behavior without mean flow is studied 
and combustion processes are not considered. The 
assumption of quiescent medium can be justified by 
the fact that mean flow affects resonant frequencies of 
transverse acoustic modes only by a factor of 

21 M , where M is the mach number of the mean 
flow [13]. Especially, tangential acoustic modes are 
little affected by the mean flow in the usual range of 
M (= 0.1~0.2) in a rocket combustion chamber. These 
effects of the mean flow have been investigated inten-
sively in the previous work [14] as well. On the other 
hand, the previous work [15] showed that temperature 
distribution in a combustion chamber did not change 
fundamental aspects of acoustic behavior, and a good 
agreement between acoustic and combustion tests 
was reported in the previous works [1, 6]. One repre-
sentative result is demonstrated in Fig. 2. The decay 
rate/cycle is a quantitative parameter for quantifying 
the capacity of combustion stabilization devices such 
as baffles and resonators. This encourages the adop-
tion of purely acoustic models as reasonably accurate 
approximations of combustion acoustics when acous-
tic tuning of resonators or baffles is investigated. 

For a homogeneous and non-dissipative medium, 
the linear wave equation can be derived as [12, 16] 
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where p denotes pressure fluctuation, c0 sound speed 
in the medium, and t time. All acoustic variables are 
assumed to be temporally periodic for a given fre-
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quency, f. With this harmonic assumption, unsteady 
solution in time domain can be transformed to steady 
solution in spectral domain, and thus, time-varying 
pressure fluctuation of p  (x, t) is expressed by com-
plex acoustic pressure, )x(~P  in the form, 

tiePtptp xxx ~Re,~Re,   (2) 

where x denotes spatial coordinate vector, tilde (~)
complex variable, Re real part of complex variable, 
and f2  angular frequency. Through the trans-
formation, the wave equation leads to the well-known 
Helmholtz equation, 
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where k denotes wave number defined as  divided 
by sound speed. 

A harmonic analysis with Eq. (3) makes the prob-
lem much easier than solving the original unsteady 
wave equation, Eq. (1). To solve Eq. (3), an in-house 
FEM (Finite Element Method) code named KAA3D 
[17] is employed here. Eq. (3) is discretized in space 
by Galerkin’s procedure [18] with the identical linear 
weighting and test functions on four-type hybrid ele-
ments (hexahedral, tetrahedral, prism, and pyramid). 
To deal with complex geometry, computational mesh 
can be generated by either an expert user-made grid 
generator or commercial software (e.g., GAMBIT, 
Fluent corporation) with a transformation of grid 
connectivity to be appropriate for KAA3D code. With 
the number of grid points, Np, the Np × Np discretized 
equation set consists of real and imaginary parts and 
is transformed to a 2Np × 2Np real system through 
equivalent real formulation. To enhance convergence 
and effectiveness for a large number of grid points 
(especially, Np greater than 30,000), the resultant 
sparse matrix is solved by using the GMRES (Gener-
alized Minimal Residual) iterative technique with 
ILUT (Incomplete LU factorization with dual trunca-
tion strategy) preconditioner [19]. 

In previous works [17, 20], it was reported that the 
acoustic results calculated by KAA3D showed a good 
agreement with analytic and experimental data, and it 
has been used successfully for design of combustion 
stabilization devices. More details on numerical 
methods and calculation procedures adopted in 
KAA3D can be found in the literature [17, 20]. 

2.2 Numerical procedures 

Numerical procedures are quite similar to the 
acoustic experimental tests [6, 7, 10, 21]. Acoustic 
excitation is numerically imposed from a sound 
source, which corresponds to a loudspeaker, located 
on the faceplate near the chamber wall. The acoustic-
pressure response is monitored by acoustic amplitude 
at the monitoring point, where a clear response is 
made. The monitoring point is located on the face-
plate near the chamber wall at the opposite side to the 
sound source as shown in Fig. 3. Sine-wave acoustic 
oscillation is generated numerically by the sound 
source at the acoustic excitation point with arbitrary 
acoustic amplitude of 10 Pa and the acoustic fre-
quency sweeping from 300 to 1,000 Hz for cold con-
dition. By doing so, we obtain the acoustic response 
of the fluid within the chamber as a function of the 
frequency of acoustic excitation. 

Pressure oscillation is absorbed by the solid wall 
because it is dissipated and its absorption depends on 
material property of the wall. In this study, acoustic 
absorption at the wall is adjusted by the boundary 
absorption coefficient specified at the wall [22]. That 
is, as a boundary condition at the wall, boundary ab-
sorption coefficients, ß, of 0.002~0.008 are adopted. 
The coefficient values are estimated based on the 
previous experiments [21, 23], and they are typical 
values applicable for metal and acrylic material. 
When ß equals zero, there is no boundary absorption 
of sound waves at the wall. This indicates that the 

Fig. 3. Geometry and computational grids of the chamber 
with a single injector. 
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acoustic amplitude becomes infinitely large at any 
resonant modes of the chamber. With a certain value 
of ß, acoustic resonant oscillation is damped and its 
amplitude becomes finite. On the other hand, the gas-
liquid scheme injector has an open end at its inlet. 
The boundary condition at the inlet is enforced nu-
merically to be an acoustically open boundary condi-
tion of 0p  ( ).

2.3 Combustion chamber and injector 
The geometry and computational grids of the 

chamber for the numerical analysis are shown in Fig. 
3, which are the same as those adopted in the previ-
ous experimental and numerical works [10, 11]. The 
chamber domain ranges from the injector faceplate to 
the nozzle throat including the injector itself. The 
nozzle expansion part downstream of the throat is not 
considered since the part does not affect the acoustic 
field within the chamber. The sample chamber has the 
typical geometry of a liquid rocket combustion cham-
ber. The diameters of the chamber and the nozzle 
throat, Dch and Dth, are 380 and 190 mm, respectively. 
The lengths from the faceplate to nozzle entrance and 
the throat, Le and Lth, are 250 and 478 mm, respec-
tively and a half contraction angle in the conical sec-
tion is 30o. It is assumed that the injector has complete 
cylindrical shape with the length of linj and the block-
age ratio of B at GO2 inlet. Besides, it is assumed that 
the injector has no recess for simplicity and clarity of 
acoustic investigation. Furthermore, injectors may 
generate and modify flow oscillations in them [24], 
but this is not considered here. The nondimensional 
parameter of blockage ratio, B, denotes the ratio of 
the blocked area to the injector cross-sectional area at 
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Fig. 4. Acoustic-pressure responses in a chamber without 
injector (linj = 0) for several boundary absorption coefficients, 
ß.

gas (GO2) inlet. In this study, with the diameter of the 
injector, dinj = 14 mm fixed, the injector length, linj and 
the blockage ratio, B, are selected as the critical pa-
rameters for acoustic tuning and, thus, acoustic fields 
are calculated with variable parameters of linj and B.
The chamber wall and the faceplate have a wall 
boundary condition. When B is not equal to zero, the 
wall boundary condition is also applied to the blocked 
or closed part at the inlet. The medium is assumed to 
be a quiescent air of which density, 0, and sound 
speed, c0, are 1.2 kg/m3 and 340 m/s at 20 oC, respec-
tively, for cold condition. 

3. Results and discussions 

3.1 Validation of the injector's role as a half-wave 
resonator and effects of boundary absorption 

In the chamber with a single injector, acoustic analy-
ses are conducted with a variable injector length, linj

of 0 to 700 mm for several boundary absorption coef-
ficients. Acoustic-pressure responses at the monitor-
ing point are calculated as a function of the excitation 
frequency and are shown in Fig. 4 with the emphasis 
on the two lowest resonant modes of the chamber. As 
shown in this figure, irrespective of ß, two peak re-
sponses occur at 414 and 548 Hz in the chamber 
without injector, i.e., linj = 0. Judging from spatial 
distribution of acoustic pressure (acoustic field) at 
each mode, the first and second peaks have been iden-
tified as the 1st longitudinal (1L) and the 1st tangential 
(1T) modes, respectively. As ß increases, the ampli-
tude of each peak decreases due to more acoustic 
absorption or damping at the wall for higher ß.

Based on the calculated acoustic-pressure re- 
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sponses of the first tangential (1T) mode, damping 
factors,  [6, 10, 11] are obtained for several ß and are 
shown as a function of linj in Fig. 5. Higher damping 
factor indicates weaker acoustic oscillation or reso-
nance. Accordingly, an acoustic resonator is more 
effective when a higher damping factor is obtained by 
the resonator. As linj increases from 0, the damping 
factor increases gradually and, then, does so rapidly 
near linj = 300 mm. As linj increases further, the damp-
ing factor decreases rapidly and, then, a similar cyclic 
pattern is repeated. This pattern is observed irrespec-
tive of ß. With f1T = 548 Hz, which is of interest in this 
work, the wavelength ( ) of the 1st longitudinal over-
tone mode travelling inside the injector is calculated 
to be 620 mm. 

When the injector functions as a half-wave resona-
tor, the optimum length of the injector for maximum 
acoustic absorption has been derived theoretically as 

l
f

c
l inj
inj

02
  (4) 

where linj and cinj denote the injector length and sound 
speed of the fluid in the injector, respectively [11]. l
denotes length correction factor. This equation ex-
presses theoretically the optimum length of the injec-
tor suppressing the acoustic oscillation coming from 
the chamber with the frequency of f0. In Fig. 5, two 
peaks of  occur at linj = 303 ± 2 and 611 ± 4 mm. 
Accordingly, these are optimal tuning lengths and 
they correspond to a half wavelength, (1/2)  and a full 
wavelength, , respectively. Figure 5 shows that the 
injector can play a significant role as a half-wave 
resonator in acoustic damping or absorption of the 
tuned frequency oscillation (1T). The injector's role as 
a half-wave resonator and these acoustic behaviors 
except effects of ß can be verified by a comparison 
with experimental results reported in the previous 
work [10]. For example, with respect to tuning fre-
quency and optimum length of the injector, the errors 
between numerical and experimental results are less 
than 2%. Although not shown here, the acoustic reso-
nant frequencies, f1L and f1T, have been rarely affected 
by single-injector installation and its length, but the 
acoustic amplitude of 1T mode has been affected 
appreciably by them. This also ensures that the injec-
tor can play a significant role in acoustic damping or 
absorption when it is tuned to the specific frequency 
as reported in the literature [10, 11]. 

As shown in Fig. 5, the boundary absorption has 

little contribution to modifying the tuning length of 
the injector. And when the injector is mal-tuned (i.e., 
linj is far away from (1/2) ), the damping factor in-
creases with ß. But, when the injector has optimal 
tuning length of 300 mm or so, ß = 0.002 produces 
the highest damping factor. This point can be ex-
plained as follows. Pressure oscillation in the cham-
ber can be damped or absorbed by two factors: 
boundary absorption at the wall and acoustic absorp-
tion by the injector or resonator. Results shown in Fig. 
5 indicate that with higher boundary absorption of the 
chamber wall, pressure oscillation is absorbed more 
effectively by the wall boundary rather than by the 
injector. In other words, the acoustic effect of the 
injector on acoustic absorption is dominant over 
boundary absorption at low ß. This is demonstrated 
more clearly in Fig. 6, which shows damping factors 
in the chamber (a) without the injector, (b) with the 
optimally tuned injector of linj = (1/2) , and (c) the 
difference of damping factor between the former and 
the latter, i.e.,  (b) -  (a). The first indicates acous-
tic damping induced by purely boundary absorption at 
the wall, the second by combined damping effect of 
the boundary absorption and the injector, and the third 
does acoustic damping induced by purely acoustic 
damping effect of the injector. From Fig. 6, the acous-
tic effect or the role of the injector as an acoustic 
resonator decreases appreciably with ß. Furthermore, 
it is noteworthy that there exists a boundary absorp-
tion coefficient minimizing damping factor. Accord-
ingly, an increase in ß is not always desirable when a 
resonator is installed for acoustic damping. 
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3.2 Effect of blockage on acoustic tuning of injector 

Another design parameter for acoustic tuning of the 
gas-liquid scheme injector may be the blockage ratio, 
B at gas-propellant (GO2) inlet. For similarity, we 
introduce a nondimensional parameter of inlet diame-
ter, din normalized by the inner diameter of the injec-
tor, dinj as shown in Fig. 1 and thereby, the normalized 
parameter of blockage ratio is defined as 

2

22

inj

ininj

d
dd

B   (5) 

which denotes the ratio of the blocked area to the 
injector cross-sectional area. 

Acoustic-pressure responses are calculated over a 
wide range of B in the chamber of ß = 0.002 with a 
single injector of linj = 304.5 mm = (1/2) , i.e., opti-
mum injector length. From the numerical data, damp-
ing factor ratios defined as %0BB , i.e., the ratio 
of  at arbitrary value of B to  at B = 0 %, are calcu-
lated and shown as a function of B in Fig. 7(a). The 
damping factor maintains a nearly constant value at 
low blockage ratio and then decreases rapidly at high 
blockage ratio over 40 %. Its maximum is observed at 
B = 0 %. This implies that blockage ratio can modify 
the optimum tuning length of the injector through 
variation of boundary condition at the injector inlet. 
Fig. 7(b) shows longitudinal profiles of pressure-
fluctuation amplitudes inside the injector of linj = 
(1/2)  for several blockage ratios. As discussed in the 
previous work [11], higher amplitude indicates that 
the injector is resonated or tuned more finely and it 
can absorb acoustic oscillation in the chamber more 
effectively. As shown in Fig. 7(b), the amplitude at B
= 0 % is the highest and this point is in a good agree-
ment with the highest  at B = 0 % in Fig. 7(a). 

With the slightly mal-tuned injector with linj = 300 
mm  (1/2) , damping factor ratios are calculated and 
shown in Fig. 8. As B increases, the damping factor 
increases and then decreases rapidly. The optimal 
blockage ratio can be found near 80%, which is dis-
tinct behavior from one shown in Fig. 7. This shows 
that the injector length and the blockage are closely 
coupled with each other for acoustic tuning of the 
injector. This is because the acoustic oscillation inside 
the injector is affected by the boundary condition at 
the injector inlet, which is changed by the blockage 
ratio, as well as the injector length. Although not  
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shown here, in the case of linj = 300 mm, it is found 
that pressure-fluctuation amplitude inside the injector 
has its maximum near B = 80 %. In two cases of op-
timal and non-optimal injector lengths, maxima of-
damping factor are observed at B = 0 % and 80 %, 
respectively. But, it is found that the maximum value 
of  is all the same in both cases. That is, the results 
show not only %0max B  = 2.8 % for the optimal 
length but also %80max B = 2.8 % for a non-
optimal length of linj = 300 mm. Figs. 7 and 8 imply 
that there exists an optimal combination of the two 
parameters of linj and B for acoustic tuning of the in-
jector. 

To investigate the effect of blockage ratio on injec-
tor tuning length, acoustic analyses are conducted as a 
function of linj over a wide range of B, and the calcu-
lated data of damping factor is shown in Fig. 9. The 
numerical data below B = 50 % is similar to that at B
= 60 % and not shown here. As B increases, the opti-
mal or tuning length of injector decreases. But, it is 
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also noteworthy that the maximum of has almost 
the same value of 2.8 % irrespective of the blockage 
ratio. Based on the data in Fig. 9, the optimal injector 
length is demonstrated as a function of blockage ratio 
for several boundary absorption coefficients in Fig. 
10. The optimal length maintains a nearly constant 
value and decreases gradually with blockage ratio up 
to 70 % and then decreases rapidly by further increase 
in blockage ratio. 

From Figs. 7-10, it is found that the injector tuned 
optimally at a wide-open inlet, i.e., B = 0 %, does not 
play a role as a half-wave resonator at higher block-
age ratio. And, it is noteworthy that constant damping 
capacity is maintained over the broad range of B if the 
injector has the optimal length suitable for each B.

4. Concluding remarks 

Acoustic-pressure responses in the chamber with 
gas-liquid scheme injector have been investigated 
numerically by adopting linear acoustic analysis. 
Acoustic behaviors in the chamber with a single 
injector have shown that the injector can absorb 
acoustic oscillation in the chamber most effectively 
when it has a tuning length of a half wavelength with 
respect to the acoustic frequency to be damped. 

The boundary absorption affects little the tuning 
length of the injector. And when the injector is mal-
tuned, the damping factor increases with boundary 
absorption coefficient, ß. But, when the injector is 
optimally tuned, higher ß does not necessarily pro-
duce higher damping. Because the acoustic effect of 
the injector as a resonator or damper decreases appre-
ciably with ß, the damping factor shows nonlinear 
variation as a function of ß and has its minimum at 
the specific value of ß. Accordingly, we should avoid 
the specific value of ß minimizing damping factor 
when the injector is designed as a resonator. 

When we design the injector with the view of 
acoustic resonator, the blockage ratio at the gas-
propellant (GO2) inlet should be considered as an 
additional design parameter for acoustic tuning of the 
gas-liquid scheme injector. From acoustic analyses 
conducted over a wide range of blockage ratios, the 
blockage ratio affects the acoustics inside the injector 
and thereby shifts the optimal or tuning length of the 
injector. That is, although the injector is tuned opti-
mally with respect to the length, i.e., linj = (1/2) ,
acoustic damping depends on the blockage at injector 
inlet as well. Numerical data shows that optimal in 
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jector length decreases with the blockage ratio. 
Accordingly, it is suggested that when the injector is 
designed as an acoustic resonator, the specific optimal 
length suitable for each blockage should be selected 
for maximum acoustic damping. 
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