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Effects of Various Baffle Designs on Acoustic Characteristics
Combustion Chamber of Liquid Rocket Engine
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Effects of various baffle designs on acoustic characteristics in combustion chamber are
numerically investigated by adopting linear acoustic analysis. A hub-blade configuration with
five blades is selected as a candidate baffle and five variants of baffles with various specifications
are designed depending on baffle height and hub position. As damping parameters, natural-fre-
quency shift and damping factor are considered and the damping capacity of various baffle
designs is evaluated. Increase in baffle height results in more damping capacity and the hub
position affects appreciably the damping of the first radial resonant mode. Depending on baffle
height, two close resonant modes could be overlapped and thereby the damping factor for one
resonant mode is increased exceedingly. The present procedure based on acoustic analysis is
expected to be a useful tool to predict acoustic field in combustion chamber and to design the

passive control devices such as baffle and acoustic resonator.
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1. Introduction

Combustion instability that results from sound-
wave amplification is called acoustic instability,
which has long gained significant interest in
propulsion systems. Under acoustic instability,
pressure oscillations are amplified through in-
phase heat addition/extraction from combustion.
It may lead to an intense pressure fluctuation
as well as excessive heat transfer to combustor
wall in combustion systems such as solid and
liquid propellant rocket engines, ramjets, tur-
bojet thrust augmentors, utility boilers, and fur-
naces (McManus et al., 1993). Accordingly, it
has caused common problems in the course of
engine development, i.e., thermal damage on in-
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jector face plate and combustor wall, severe mec-
hanical vibration of rocket body, and unpre-
dictable malfunction of engines, etc. To under-
stand this phenomenon, there have been con-
ducted lots of fundamental works (Harrje and
Reardon, 1972 ; Lee et al., 2003 ; Seo, 2003 ; Yang
et al., 2003), but it is still being pursued.

There are two methods in the control of
acoustic instability, classified into passive and
active controls (Culick and Yang, 1995). Passive
control is to attenuate acoustic wave using devices
such as baffles, resonators, and acoustic liners.
Although active control is studied and tested
recently as an improved control method, the most
reliable method to suppress acoustic-pressure
oscillation is still to install baffle on the injector
face plate as shown in Fig. 1.

In understanding of acoustic instability, com-
bustion is of particular interest because it is the
fundamental source of thermal energy that can
be fed to amplify and sustain acoustic oscilla-
tions (Flefil et al., 1996 ; Sohn et al., 1996) . But,
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Fig. 1 Schematic diagram of baffled combustion
chamber

reactive flow field established in liquid propellant
rocket engine includes various elementary pro-
cesses such as liquid injection, jet breakup, dro-
plet formation, atomization, vaporization, fuel/
oxidizer mixing, chemical reaction, and turbu-
lence. It is rather complex to predict and not
completely known yet. Accordingly, it is still
formidable task to simulate acoustic amplifica-
tion through interaction between acoustic wave
and heat release rate. But, previous experimental
works (Harrje and Reardon, 1972 ; NASA, 1974)
showed that effects of baffle on acoustic damping
investigated in cold flow corresponds to those in
reactive flow field with negligible error. Based on
this approximation, several acoustic tests and
analyses were carried out successfully for prac-
tical baffle design (Harrje and Reardon, 1972;
Sohn, 2002 ; Wicker et al., 1995; Yang et al,
1995) and especially, the acoustic effects of blade
baffle and hub-blade baffle were extensively in-
vestigated through effective linear acoustic an-
alysis in Sohn’s work (2002). The acoustic dam-
ping mechanism of baffle is described elsewhere
(Wicker et al., 1995 ; Yoon and Yoon, 1997) but
not completely well-known yet.

In this study, baffle height and hub position
are selected as design parameters of hub-blade
baffle with five blades. Depending on the various
combination of baffle height and hub position,
five-variant baffles are employed and the dam-
ping effects of each variant on the major acoustic

modes are intensively investigated through the
acoustic analysis adopted in the previous work
(Sohn, 2002). It should be noted that only
acoustic oscillation is investigated here without
considering the coupling with heat release rate
from the flame.

2. Numerical Methods and Models

2.1 Numerical methods

The acoustic field in combustion chamber is
calculated through linear acoustic analysis and it
is obtained by solving the following wave equa-
tion

2
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where p is the pressure fluctuation caused by
acoustic-wave propagation, ? is the time, c is the
sound speed, and <2 is the Laplacian operator.
The derivation of Eq. (1), the introduced ap-
proximations, and its boundary conditions are
described in detail in elsewhere (Zucrow and
Hoffman, 1977).

The wave equation can be solved effectively
by finite element method (FEM) and Galerkin
method, which is one of FEMs, is used here
(Chapra and Canale, 1989; SAS, 1993) . Details
on solution procedures and principles based on
Galerkin method can be found in the literature
(SAS, 1993). As a solver of the wave equation,
ANSYS code is adopted in this study, which has
been validated for acoustic analysis (Kang and
Yoon, 1994 ; SAS, 1992).

2.2 Models

The selected combustion chamber and grid sys-
tem are shown in Fig. 2, where the expansion
nozzle part is omitted because it does not affect
the acoustic field in the combustor part. The
principal dimensions are the axial length, L, of
452 mm, the chamber diameter, D¢, of 420 mm,
and the nozzle throat diameter, Dy, of 152.5 mm.
As shown in this figure, the converging part of
chamber has abrupt change of its cross-section
due to relatively small throat diameter. In prac-
tical reactive flow of rocket engine, the sonic
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(a) Unbaffled chamber (b) Baffled chamber
(Case C)

Fig. 2 Geometries and computational
unbaffled and baffled chambers

grids in

condition is formed at the nozzle throat and thus,
the throat can be considered to be acoustically
closed end (Zucrow and Hoffman, 1977). Ac-
cordingly, wall boundary condition can be ap-
plied at the throat and all of outer boundaries
surrounding fluid are regarded as wall. The fluid
in the chamber is air of which density is 1.21 kg/
m® and its sound speed is 340 m/s at 15.5°C. In
analyzing the acoustic field in unbaffled chamber,
i.e., chamber without baffle installation, about
23,000 elements are used for numerical calcula-
tion and in the other cases, the same order of the
number of elements is adopted. This number of
elements has been found to be enough to simulate
acoustic behavior accurately in the present cham-
ber.

As shown in Fig. 2(b), the typical hub-blade
baffle with five blades is adopted here and the
thickness of hub and blades is 10 mm in any
case. As for hub diameter, Dy, and baffle height,
i.e., baffle axial length, Ljp, there are design
criteria based on numerous engine tests (NASA,
1974 ; Shibanov, 2002). Although the criteria
have not been supported by a firm theoretical
verification, practical baffle designs have follow-
ed them. According to that criteria, the hub is
typically located so that Dy/Des ranges from 0.3
to 0.4. And it is desirable to make Lg/Decn be
between 0.1 and 0.3. Considering these criteria,
the baffle with Dy=150 mm and Lz=85mm is
selected as a baseline. With this baseline, several
variants are designed and listed in Table 1, where
Dy and Dy denote inner and outer diameters
of the hub, respectively. As indicated in this
table, Cases A to D are made to investigate the
effects of baffle axial length on acoustic behavior

Table 1 Specifications of hub-blade baffles

CASE| Lg[mm] |Dy; [mm]Dyo [mm]| Comment
A 65 140 160 Lg |
B 70 140 160 Ls |
C 85 140 160 Baseline
D 100 140 160 Leg T
E 85 260 280 Dy ©

(a) Baffled chamber with (b) Baffled chamber with

hub diameter of 150
mm (Cases A-D)

Fig. 3 Geometries

hub diameter of 270
mm (Cases E)

and computational grids on
cross—section near injector plate in baffled
chambers

and Cases C and E are for the effects of hub posi-
tion. In the Case E with Dy=270 mm, the hub is
located at the node of acoustic-pressure oscilla-
tion, which corresponds to the anti-node of acous-
tic-velocity oscillation (Zucrow and Hoffman,
1977). Figure 3 shows the grid systems on the
cross—section near injector plate in Cases A to D
and E.

2.3 Numerical strategy

The acoustic effects of baffle are identified by
two factors, i.e., the shift of natural or resonant
frequency and the acoustic damping factor. To
quantify them, modal and harmonic analyses
are conducted, respectively (Sohn, 2002). In har-
monic analysis, sound source is positioned on
small area near the combustor wall, where sinu-
soidal sine wave with the specific frequency is
generated numerically as a function of time, and
the resultant pattern of acoustic oscillation is
calculated. And thereby, natural acoustic modes,
i.e., the first (1T), second (2T), and higher (3T,
---) tangential modes, radial modes (IR, 2R, --+),
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longitudinal modes (1L, 2L, ---), and combined
modes (ILI1T, ITIR, ---), are identified, and
acoustic-pressure responses to acoustic excita-
tion and the damping factors are calculated. The
sweeping frequency of acoustic excitation from
sound source with the amplitude of 10 Pa ranges
from 400 to 1,000 Hz here. The monitoring point
is near combustor wall at the opposite side to
sound source on the identical cross—section, where
the pressure amplitude is monitored.

The acoustic damping capacity of baffle is re-
presented by damping factor, 7, which is defined
from bandwidth method (Laudien et al.,, 1995)
as

fz_fl (2)

7= fpeak
where fpear is the frequency at which the peak
response (Ppear) is calculated, f1 and f2 are the
frequencies at which the pressure amplitude cor-
responds to pear/+ 2 (2>/f1). This equation in-
dicates that the damping factor becomes higher
as the bandwidth normalized by the peak fre-
quency, fpear, is broadened on the plane of the
excitation frequency vs. acoustic-pressure re-
sponse. In calculating the factor, boundary ab-
sorption coefficient, 3, needs to be evaluated for
harmonic analysis, which depends on the surface
mechanical property of combustor wall and
injector face plate. It is evaluated to be 0.005
from the experimental result (Ko et al, 2001).
But, its absolute value is trivial in investigating
the damping effect of baffle since the damping
factor is linearly proportional to the value of 5.

3. Results and Discussions

3.1 Modal analysis

The major natural frequencies in unbaffled and
baffled chambers are calculated and summarized
in Table 2. Baffle installation affects little the
first longitudinal mode (1L) and IL1T, but it
decreases appreciably the natural frequencies of
transverse modes. The frequencies of the two
lowest modes, fi; and fir, which are of particular
interest in acoustic instability of liquid rocket
engine, are calculated over the wide range of
baffle axial length and shown in Fig. 4. The value
of fir is maintained at a nearly constant value
irrespective of baffle axial length, Lp, while the
value of fir decreases with L The crossover
baffle length is about 60 mm. Comparing Case E
(Ls=85mm, Dy=270 mm) with Case C (Lz=
85 mm, Dy=150mm), the shift of fr is less
than in Case C, but that of fi is more as shown
in Table 2. Concerning 2T and IR, natural fre-
quencies decrease more with baffle length. These
results imply that the longer baffle has more
appreciable effect on acoustic damping and the
hub with larger diameter of Dy=270 mm has
less/more damping effect of the first tangential/
radial mode. The former founding is in a good
agreement with the experimental work (Harrje
and Reardon, 1972).

3.2 Harmonic analysis
Acoustic responses to pressure oscillation with
the excitation frequency of 400 to 550 Hz are

Table 2 Resonant frequencies of the major acoustic modes in unbaffled and baffled chambers

Mode Unbaffled Case A Case B Case C Case D Case E
IL 462.1 465.6 465.8 466.0 465.9 466.4
- 5003 458.2 451.9 4317 410.2 454.2

84% |) (9.7% ) (137% {) (18.0% 1) 92% 1)
7478 7475 753.2 744.6 746.5

tLIT PLo (55% 1) | (55% 1) | @8% 1) | (59% L) | (56% i)

- 8113 696.7 671.7 620.6 567.4 633.0
(14.1% 1) (16.5% |) (23.5% 1) (30.1% 1) (220% 1)

IR 1018.7 765.6 762.3 700.2 629.5 665.9
(24.8% 1) (252% 1) (31.3% 1) (38.2% 1) (34.6% 1)
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Fig. 5 Acoustic pressure responses of chamber to

acoustic excitation in the frequency range of
1L and 1T modes (4=5 Hz)

calculated and shown in Fig. 5. The increment of
the frequency is 5 Hz. In unbaffled chamber, the
amplitude of 1T is much higher than that of 1L
and the absolute value of its amplitude is over
80 Pa, which is so high compared with the ampli-
tude of the imposed pressure wave, 10 Pa. This
indicates that the adopted chamber here are the
most sensitive to acoustic oscillation of the first
tangential mode. This figure shows that baffle
installation causes the value of fir to decrease,
which is already found through modal analysis in
the preceding section. From the responses in
Cases C and D, in which baffle is installed, the
amplitude of 1T is still higher than that of 1L.
But, in Cases A, B, and E, the amplitude of 1T is

Amplitude [Pa]

Frequency {Hz]
Fig. 6 Acoustic pressure responses of chamber to

acoustic excitation in the frequency range of
ILIT, 2T, and 1R modes (4=5 Hz)

rather lower than that of 1L. It is worthy of
note that this results from the mode overlap or
interference between 1T and 1L because fi7r and
fi are much close to each other in Cases A, B,
and E. As a result, the mode overlap causes one
mode to be attennated or amplified additionally.

Acoustic responses in high-frequency range are
shown in Fig. 6, which shows the similar trend of
2T and IR to that of IT in that baffle length has
significant effect on those acoustic modes. On the
other hand, the mode of 1L1T is affected little by
baffle length and hub diameter.

Based on the harmonic analyses, damping fac-
tors of the major acoustic modes are calculated
from Eq. (2) and summarized in Table 3. In
calculating damping factor, the increment of the
frequency is 0.5 Hz, which has been verified to
be small enough to produce accurate value of
damping factor. Damping factor ratio is the nor-
malized damping factor by the damping factor in
unbaffled chamber. From this table, it is found
that baffle installation increases the damping fac-
tor appreciably, which indicates the combustion
stabilization effect of baffle. As predicted from
the literature (Harrje and Reardon, 1972), the
damping factor increases in proportion to baffle
length. But, there are some exceptions, i.e., in 1T
of Cases A and E, 2T of Case D, and IR of
Case D. The values of 7,7 in Cases A and E with
Lp=65 and 85 mm, respectively, are higher rather
than that in Case D which has the longest baffle
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Table 3 Damping factors of the major acoustic modes in unbaffled and baffled chambers

Mode Unbeaffled Case A Case B Case C Case D Case E
Py
amping 0.945 1.841 1.583 1.614 1.775 1.892
T factor {%]
ratio 1.000 1.948 1.675 1708 1.878 2,002
damping 0.693 1157 1.206 1.357 2.454 1.358
- factor [%]
ratio 1.000 1.670 1740 1.958 3.541 1.960
damping
. 1112 1.581 1537 4
| ot (99 0.555 8 2.466
ratio 1.000 2.004 2.849 2.769 4.443

=AW

Nomalized ampiitude
o o
[4)] [=2]

0. 1 I i 1 i 1 J i
49708 0% 099 088 100 100 101 101 102 102
Normmalized frequency, f/ T oak

Fig. 7 Damping of the first radial modes in

unbaffled and baffled chambers

of 100 mm. This is because 1T mode in two cases
of A and E is overlapped with 1L mode and
thereby acoustic oscillation of IT mode is atten-
uated appreciably, leading to increase in 7ur.
This reasoning is also supported by harmonic
analysis shown in Fig. 5. The relatively higher
(lower) value of 7ar(71z) in Case D, compared
to the other cases, also results from the mode
overlap or interference between 2T and IR mo-
des. Additionally, it is worthy of note that there
cannot be calculated 7¢ in Case B. This is illu-
strated in Fig. 7, where f; cannot be found based
on Eq. (2). In this case, iz is much close to firir
as shown in Fig. 6 and thus, IR mode cancels out
significantly, leading to ambiguous resonance at
IR mode. This acoustic attenuation/amplification
of a specific mode due to the mode overlap is the
additional effect of baffle installation, which is
new finding, and it is worth while to investigate

Fig. 8 Acoustic field resonated at the first sub-
tangential mode in baffled chamber of Case E

this phenomenon in more detail as a future
work.

In Case E (Dy/Dc=0.642), where the hub is
positioned at the pressure node of 1R mode, the
value of 7z is much higher than in the other
cases (Dy/Dci=0.357). This verifies the theo-
retical prediction from fundamentals of acous-
tics (Harrje and Reardon, 1972; Sohn, 2001).
However, as aforementioned, the baffle of Case
E is not recommended in that it has smaller
shift of fir than in Case C. In addition, the
present analysis shows that the chamber of Case
E could be resonated at the sub-tangential mode
in the field confined by the hub, which is
illustrated in Fig. 8. In a similar form to the first
ordinary tangential mode in the chamber, the
first sub-tangential mode in the hub is evidently
shown, which could trigger the tangential-mode
instability.
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4. Concluding Remarks

Acoustic behavior in combustion chamber of
liquid rocket engine has been numerically in-
vestigated through linear acoustic analysis. Hub
and five-blade baffles with various specifications
are installed in the chamber, and the two design
parameters are baffle axial length and hub posi-
tion. Modal and harmonic analyses produce the
resonant frequencies and acoustic-pressure res-
ponses in each specification of baffled chamber.
Acoustic damping effect of baffle are judged by
the shift of resonant frequencies and the damping
factor for each resonant mode.

Baffle installation has appreciable effects on
combustion stabilization and the effect is more
appreciable as baffle length increases. Concerning
damping of IR mode only, it is the most effec-
tive to position the hub at the node of pressure
oscillation. Depending on chamber geometry and
baffle length, the mode overlap could show up
when two modes are close to each other, and
thereby, the additional acoustic attenuation/am-
plification at a specific mode results. Thus, the
phenomenon of the mode overlap should be con-
sidered in designing baffle. The acoustic predic-
tion conducted in this study is helpful to under-
stand acoustic behavior in baffled chamber and
to design the effective baffle which suppresses
acoustic instability.
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