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Abstract

The baffle is a practical and promising passive damping method of dissipating acoustic energy and
increasing acoustic losses in a solid rocket motor (SRM). In this study, numerical studies were
conducted conjunction with the acoustic pulse response method (PRM) to evaluate the acoustic
damping performance of a full-scale SRM with a baftle. The forced pulse function was imposed
according to the frequency of the longitudinal acoustic mode. We comparatively evaluated the acoustic
damping performance of the SRM with and without a baffle. The performances were characterized by
(1) acoustic growth rate, (2) damping rate, and (3) acoustic energy. The PRM was first validated using
data available in the literature. Several numerical investigations were conducted to develop geometry
design criteria, which were subsequently used to ensure the effective operation of the baffle to suppress
combustion-driven acoustic modes in the SRM. The effects of 1) the baffle axial location (x/L) and 2)
the relative diameter (d/D) on acoustic damping performance were examined in detail. The results

indicated that the baffle is effective in suppressing acoustic oscillations only when placed at 1/4 <x/L
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< 1/2. Furthermore, when the baffle was placed at x/L=1/2, a relative improvement of approximately

51% and 15.3% in the growth and damping rates, respectively, was achieved compared with those in
the SRM without a baffle. In addition, an annular baffle with a smaller inner diameter was observed to
have a good design. A baffle with d/D=1/2 was observed to be associated with a favorable damping

effect. This research elucidates the effective design of a baffle in stabilizing combustion in an SRM.

Key words: Baffle; Acoustic damping; Solid rocket motor; Pulse response method; Damping rate;

Acoustic energy

1. Introduction

The problem of combustion instability in solid rocket motors (SRMs) is characterized by the presence
of sustainable pressure oscillations in the chamber and thrust oscillations [1, 2]. Over the past decades,
various SRMs (e.g., Reusable SRM, Engineering Test Motor, Titan SRM, P80 SRM, and Ariane 5
P230 SRM) have been reported to exhibit combustion instabilities during firing or cold flow test
operations[3]. Such instabilities can result in apparent thrust oscillations and detrimental structural
vibrations of the payload. This has attracted considerable interest [4-11] toward the exploration of
suppressing mechanisms and solutions. The combustion instability of solid propellants results from
amplification or attenuation of acoustic oscillations. Recent studies have revealed that unstable
combustion is an effective acoustic source of generating acoustic pressure waves. These pressure
waves propagate within the combustor, reflecting from the boundaries and back on the propellant
surface [12], causing more time-dependent heat transfer and release. Thus, understanding the travel
and growth of these acoustic waves is both fundamental to exploring the evolution of instability and

the first step in seeking methods to improve the stability of the combustor [13].

Most of the research[14-16] on instabilities demonstrated that SRMs are primarily dominated by

longitudinal acoustic oscillations, and motor design engineers were advised to implement the following
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available solutions [17, 18] to overcome the problem of combustion instability in SRMs: (1) change
the grain configuration, (2) optimize the propellant formulation to either decrease the driving or
increase the damping, and (3) add a mechanical suppression device to increase the damping[12]. The
latter approach, the use of suppression devices, is the subject discussed herein. To dampen pressure
oscillations, acoustic dampers (e.g., Helmholtz resonator, quarter-wavelength tube, perforated plate,
and damping baffle) [19, 20] are widely applied as passive control methods to stabilize various
combustion systems. For SRMs, both the quarter-wavelength tube and Helmholtz resonator exhibit a
slight attenuation of the pressure oscillations and cannot be implemented on actual flights owing to
their complex structure. Damping baffles are more practical in mitigating the longitudinal acoustic
oscillation modes. A baffle is an annular structure located in a rocket chamber that dampens undesired
oscillations. Helley [21] provided an invention to passively control pressure oscillations in a solid
propellant by inserting a baffle to prevent instability. This method has been verified for practical

applications in currently deployed motors.

For motors with a large aspect ratio that exhibit longitudinal instability, the damping baffle is generally
employed as a passive control method for combustion instability [22]. This provides a possible control
method to prevent or dampen the onset of pressure oscillations. Baffles can modify the acoustic
resonance properties of the combustor without significantly altering its structure. Several experimental
investigations with T-burners [23] and pulse guns [24] have been employed for the baffle to suppress
acoustic modes. Extensive research [2] indicates that suppression baffles can be effectively used in
solid propellant motors. The Von Karman Institute [3] conducted experimental studies, which
demonstrated that metal baffles reduce pressure fluctuations in a satisfactory manner. This resulted in
a net reduction of more than 48%. Full-scale or sub-scale tests generally require considerable time and
cost to obtain the damping characteristics. Thus, a promising numerical method that is easily
implemented and provides a quick answer for the damping performance of the baffle should be

established.
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The diameter of the baffle in the motor was also revealed to be important. The baffle is embedded
within the propellant grain. As the firing progresses, the baffle becomes increasingly exposed.
Consequently, the recommended baffle cross-section area (diameter) should be at the time of the worst
instability onset. In addition, an inappropriate baffle location can fail to suppress the acoustic wave
motion and associated motor performance loss. Severe heat transfer and pressure changes may cause
the propellant to burn out prematurely in the aft segment. The aforementioned research confirmed that
the implementation of a damping baffle can prevent or eliminate acoustic oscillations and result in a
negative effect [25]. The location and geometry of the baffles are key factors in their design and
installation, which significantly affects the optimum damping effect. However, detailed investigations
on the optimum geometry criteria for baffles in motors are still insufficient. This partially motivated

this study.

In this work, after exciting acoustic oscillation by superimposing a dominated acoustic pulse on the
mass flow rate by user-defined function (UDF) at the head-end of the combustor, the frame of pulse
response method is used to quantitatively study on the damping effect of the baffle in the solid rocket
motor. The damping effect of baffle on the stability of the solid rocket motor performance has two
aspects: a) suppression on pulse growth, b) synergy on pulse decay. With the present state of the art,
the primary issue is represented by the capability in evaluating the damping characteristics of the in-

duct baffle damper in SRM port, in terms of growth rate, damping rate, and acoustic energy[26].

A comprehensive quantitative analysis of the damping effect in SRMs is considered mandatory in
providing a detailed scenario on the exact function of an annular baffle. A series of numerical studies
were conducted to develop evaluation methods and geometry design criteria that may be used to ensure
effective operational use of baffles to suppress acoustic modes of combustion instability in solid
propellant motors. The acoustic growth and damping rates of motors with and without a baffle were
compared. Analyses of the acoustic energy budget and phase diagram were also used to evaluate the
respective contributions of the baffle to pulse growth and pulse attenuation. A two-dimensional (2D)
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axisymmetric model of a solid propellant motor is presented in Section 2.1. The numerical method and
boundary conditions are described in Sections 2.2 and 2.3. The model verifications and grid
dependency test are presented in Section 2.4. Comprehensive quantitative analyses are finally
conducted in Section 3 to explore the effect of two key parameters: the baffle axial location (x/L) and
relative diameter (d/D). The main conclusions of the baffle design criteria and the optimum outcomes

are summarized in Section 4.

2. Theoretical Foundation and Computational Methods

2.1Numerical Models and Parameters
In SRMs, the internal flow is composed of streamlines ejected from the surface of a burning propellant
that turn and travel in the longitudinal direction. A schematic of the aft-finocyl SRM at end of the
burning is shown in Fig. 1. The distance from the head to nozzle throat is the total length (L). The inner
diameter and outer diameter of the annular baffle are d and D respectively. The installation location of
the baftle is defined as x. The object of study was a large-aspect-ratio (x/L >10) [27] SRM with an aft-
finocyl grain. This type of SRM is prone to suffer from first longitudinal acoustic instability at the end
of its operation time [28]. The baffle is embedded within the propellant grain and will become

increasingly exposed as the propellant burns.

Nozzle

)
£y

A}
.- Motor case

-
-
~

Damping baffle

Fig. 1 Physical model scheme
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The computational domain was simplified to a 2D axisymmetric model. Therefore, the baffle location
and diameter were the dominant geometric parameters affecting the suppression of combustion
instability. Fig. 2 shows the baffle location and acoustic mode. The ten cases listed in Table 1 were
numerically studied to explore the geometry of the baffle on the damping effect. For comparison, case
0 was considered a baseline motor without a baffle. The operating conditions of all the cases were the

same to facilitate comparison.

Acoustic pressure oscillation
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Fig. 2 Computational model scheme and baffle locations

Table 1. Baffle geometries of all cases

Case Location (x/L) Diameter (d/D) Porosity (%) Remark
Case-0 — 100 Without baffle-(2D)
Case-0-3D - - 100 Without baffle-(3D)
Case-1 1/16 12 25 1/16L-1/2D
Case-2 1/8 172 25 1/8L-1/2D
Case-3 1/4 1/2 25 1/4L-1/2D
Case-4 1/2 1/2 25 1/2L-1/2D
Case-5 1/4 5/8 39 1/4L-5/8D
Case-6 1/4 3/4 56 1/4L-3/4D
Case-7 1/4 7/8 77 1/4L-7/8D
Case-8 1/4 15/16 88 1/4L-15/16D
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This SRM was filled with an AP/hydroxyl-terminated polybutadiene (HTPB) four-component
propellant, and its operating pressure was greater than 11 MPa in the ground test. The detailed
formulations of the HTPB propellant are listed in Table 2. With this propellant, the SRM from Fig. 1
was observed to experience pressure oscillations at the end of burning. This was the background and

motivation for this research in exploring the optimum structural parameters of the baffle.

Table 2. Detailed formulations of HTPB propellant

Component AP HTPB RDX Al
Amount (wt.) 51%  10% 21% 18%
The specific physical parameters were calculated using thermodynamics software CEA [29] as the

input for the numerical simulation, and they are listed in Table 3. The gas was assumed to be ideal,

with its viscosity fitted by the Sutherland function at different temperatures.

Table 3. Physical properties of gas for numerical simulation

Parameters Value
Constant-pressure specific heat (C,) 2046 J/kg-K
Specific heat ratio of gas (¥) 1.16223
Total Temperature (7') 3532K
Density (p) Ideal gas
Dynamic viscosity (&) Sutherland law
Gas constant (R) 415.1J/kg-K
Molar mass (M ) 29 kg/kmol

2.2Numerical Method

In this study, numerical analysis was performed using the commercial computational fluid dynamics
(CFD) platform ANSY'S Fluent 19.2, which has been successfully used for simulations in the acoustic
field [4, 30]. The RNG k—¢ turbulence model with scalable wall functions was employed to solve the
Navier—Stokes equations. This approach simultaneously solves the governing equations of continuity,
momentum, and energy. When chemical reactions are neglected, these equations can be expressed in

the following conservative form [31]:
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where u is the instantaneous velocity, V'is the velocity modulus, p is the pressure, p is the fluid density,

q; is the heat flux, and 7;; is the viscous stress tensor.

The coefficient of turbulent viscosity g, are calculated from turbulence kinetic energy & and turbulence

dissipation rate . The transport equation for the standard k—¢ model is shown as follows:
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In these equations, Gy, represents the generation of turbulence kinetic energy due to the mean velocity
gradients. G, is the generation of turbulence kinetic energy due to buoyancy. Y, represents the
contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate. The
quantities a;, and o, are the inverse effective Prandtl numbers for k and &, respectively. S; and S, are

user-defined source terms.

The scale elimination procedure in the RNG theory results in a differential equation for the turbulent

viscosity:

2 ~
4
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C, = 100 (8)
Equation (6) was integrated to obtain an accurate description of the variation of effective turbulent
transport with the effective Reynolds number, enabling the model to better manage low-Reynolds

number and near-wall flows.

In the high-Reynolds number limit, Equation (6) yields

k2
He = pr? ©)

with €, = 0.0845, derived using RNG theory. This value of €, used in the standard model is very

close to the empirically determined value of 0.09.

Scalable wall functions were used to impose the usage of the log law in conjunction with the standard
wall function approach [31]. All y* values for wall cells were larger than 11.225. The second-order
implicit formulation was used in an unsteady solver for the mass and momentum equations. The
Courante—Friedriche-Lewy number was set to 1 and the time step was 5x107 s to achieve the evolution
of acoustic pressure fluctuations. For the simulation, numerical convergence was achieved by
satisfying the following two requirements: First, the pressure oscillation amplitude should be kept
nearly constant as the number of iterations increases. Second, the mass flow rate imbalance between

the inlet and outlet should be monitored until it reaches a small value (10*-10 kg/s) [32].
Boundary Conditions:

The essential boundary conditions of computational fluid dynamics (CFD) at the head, nozzle exit,

and walls are set as follows:

Head: The mass flow rate in the motor is a function of pressure. The equation was as follows derived

from Ref. [33]: m = CpP.A; = LPCAt, where Cp is the mass flow rate coefficient, P, is the

/RTf
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equilibrium pressure in the chamber, A; is the throat area of nozzle, I" is the parameter related to the
specific heat ratio, and Ty is the adiabatic combustion temperature. Acoustic pulse is stimulated by

injecting gas at the unsteady mass flow inlet, the gas total temperature is 3532K, the flow rate of which
. . _ m'| .

is defined as m = |m]| [1 + |E| - sin(wt + 90)],

where m and m’ are the mean mass flow rate and amplitude of the pulse, respectively. =27 f
denotes the pulse frequency, 6, is phase angle.

Nozzle exit: Pressure outlet boundary condition with 1.01325x10°Pa and 298K were assumed where
the quantities were extrapolated from the flow variables within the cells of the upstream computational

domain
Motor case: The wall boundary condition was adopted as an adiabatic no-slip condition.

Six virtual pressure monitors were set along the axial direction to record the pressure change history.

The detailed locations of the monitors are listed in Table 4.

Table 4. Detailed normalized locations of monitors

Monitors Po P P2 P Pa Ps
G 0,0) (1/16,0) (2/16,0) (3/16,0) (4/16,0) (5/16,0)

2.3Pulse Response Method (PRM)

Extensive research [34, 35]has been performed to apply the linear instability theory to the prediction
of the stability of SRMs. In practice, different SRMs must satisfy different stability requirements
during different operation scenarios. The numerical simulation process using the pulse response
method (PRM) is shown in Fig.3. The upper curve is the chamber response, and the lower trace is the
pulse function. The damping effect of the baffle on the stability performance of the SRM has two
aspects: (a) suppression of pulse growth and (b) attenuation of pulse decay. Suppression of the trigger

pulse means that the baffle (or any other structure in the motor) can suppress the evolution or weaken

10
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the perturbation growth of the pulse when an external trigger pulse disturbance occurs abruptly. If a
motor remains continuously unstable after a pulse, the mitigation of the steady pulse is the damping
effect of the baffle that the acoustic oscillation dissipates to reduce its effect on motor operation. An
unstable motor will inevitably return to a stable state when its pressure is not divergent or unlimited.
The synergy of the attenuation pulse is the effect of the damping baffle to promote acoustic oscillation

dissipation and attenuation in the stage of an unstable motor back to a stable state.

0 t t

; oo [\ fo
A A :‘H\Hu\,_
! in ’,H\ / fﬁ\ M / : i ‘\ I AVAVAN NN A NAAAAA
p VARV, \\/ \/ U \\ / \ \/ VYV VYA

Acoustic Vo |
Oscillation o
+—Trigger pulse stage—t¢—— Steady pulse stage ——»i¢———Attenuation pulse stage —

m

Mass flow rate

Turn on forced pulse Turn off forced pulse

Fig. 3 Process of pulse response method

The PRM was effectively used to evaluate the nozzle damping coefficient in experiments at the U.S.
Naval Ordnance Test Station [14, 24]. In this study, the PRM was a numerical method developed by
considering both the growth and damping rates of acoustic pressure oscillation and applied to the
damping evaluation of the baffle. Generally, an unstable motor with an operation pressure (p) indicates

that

p=p+p) (10)

where p is the average pressure, and p'(f) is the acoustic pressure oscillation. Solid rocket motor
instability is the amplification or attenuation of acoustic oscillations caused by solid propellant
combustion processes in the chamber. Therefore, the coefficients ¢, and «,, are representatives

of amplification or attenuation performance that sum the driving and damping terms, including

pressure coupling, velocity coupling, nozzle damping, and structure damping. We assumed that a
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motor chamber only affiliated with a baffle has no additional dissipation of acoustic energy. Therefore,
the acoustic oscillation is not damped by factors other than the baffle itself. The amplitude of the
acoustic oscillations increases linearly. Therefore, the growth rate of the acoustic oscillation amplitude

is expressed as

'(tz)_ '(tl)
£ PR tz_f (11)

aGR

When the forcing acoustic oscillation pressure signal is turned off, the baftfle damping effect is
determined by the damping rate. Under these conditions, the evolution of the acoustic pressure
amplitude of the combustor can be represented as an exponential [14, 36]. This can be illustrated by

the following equation:

p'(t) = p, sin(w,t)e™ (12)

where po is the initial amplitude, ¢ is the time evolution, and w is the oscillation frequency. In this study,

o ,, was used only for the baffle damping performance was proposed without considering the

combustion kinetics. According to Eq. (9), the amplitude of the acoustic pressure oscillation decays
exponentially. Therefore, the damping rate can be obtained by plotting the peak-to-peak amplitude—

time profile in a logarithmic time coordinate system to quantify the damping effect of the baffle:

_Inp't,)-np't)
Uy = Z_tl : (13)

To facilitate the application of the pulse response method [37] in this research, a periodic pressure
oscillation signal with a frequency equivalent to the first longitudinal acoustic mode was imposed on
an unsteady flow at the head end of the chamber via UDF for 1.0 s to obtain the growth rate and
acoustic energy budget, and the damping rate was obtained when the pressure oscillation was turned

off.
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The instantaneous acoustic energy (Ea(f)) evolution for oscillation ( p'(¢) ) can also be used to quantify

the damping effect of the baffle [38] [12]. The acoustic energy of every unit volume of the chamber is

defined as [39]:

(0] t+27r/w|:
E,(1)=2E"

’ 2
P de
2yp,

(14)

where o is the oscillation frequency, p '(¢) is the acoustic pressure fluctuation, y = 1.16 is the specific

heat ratio, and po is the mean atmospheric pressure.

2 R L
EX ()=, dof rdr| E,(r)dx (15)
Pulse amplitude (or intensity) and frequency are the two main factors that impose pulse pressure
oscillation signals in the PRM. The frequency is determined by the first longitudinal acoustic
oscillation frequency calculated using classical acoustic theory [40]. In this study, longitudinal
oscillation was of primary concern. According to classical acoustic theory, the longitudinal acoustic

mode frequencies of the motor can be expressed as follows:

S, =na/2L=n-\JyRT /2L (16)
where n=1, 2, 3... is the acoustic mode, L is the length of the closed-closed cylinder, T is the

temperature and R is the gas constant.

2.4 Model Verifications and Grid Dependency Test
2.4.1 Applicability of 2D simplification
Three-dimensional (3D) and 2D simulations were first conducted to verify the applicability of the 2D
axisymmetric model. We set the time step as 5e-5 s, the mesh element as 20 million, and unsteady time
up to 1 s. The computations were performed over 64 thousand core-hours (AMD EPYC 7452, Linux
64 bit). The results of the 2D and 3D simulations were compared to illustrate the rationality of 2D
simplification. Fig. 4 depicts the normalized acoustic pressure distribution based on the 2D and 3D

calculation results. The contours of the acoustic pressure were consistent.
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Fig. 4 Comparison of the normalized acoustic pressure distribution of 2D and 3D models.

We compared the parameters of acoustic pressure characteristics. The change in the acoustic pressure
with time is shown in Fig. 5 (a). The acoustic oscillation frequencies and amplitudes of the
corresponding limit cycles are compared in Fig. 5 (b). We observed that the oscillation frequency of
the 3D model was exactly the same as that of 2D model (159 Hz). The relative deviation of the limit
cycle amplitude was no more than 7%. For the convenience of comparison, the limit cycle and decay
zones are magnified in Fig. 5 (c) and (d). The details of the acoustic pressure evolution and decay
process were consistent in both the 2D and 3D models. This indicates that the 2D model used in this
study can be used as an effective substitute for the 3D model when considering computational cost and

efficiency.
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Fig. 5 Comparison of 2D and 3D model
2.4.2 Grid Dependency Test

Grid dependence test was performed in two steps to guarantee that the selected mesh density was
suitable for the prescribed turbulence closure model. The evolutions of the pressure values in the first
step are compared in Fig. 6, where the other parameters were kept constant. The coarsest mesh with
60 k had approximately 60 thousand cells, and the finest grid had 960 thousand cells. Five grids with
aratio of 1:2:4:8:16 were studied. The pressures of the 60 k and 130 k grids did not fit well, particularly
at the peak value of the limit cycle. The results indicated good consistency when the grid was higher
than 240 thousand cells (240 k). This grid was employed for all the subsequent numerical computation
because it had an excellent trade-off between computational accuracy and time cost. Furthermore, the

corresponding grid size was selected in the geometrical models with different baffle implementations.
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Fig. 6 Comparison of mesh independence

The second step is to carry out a grid independence study on the damping ratio. Damping coefficients
under different grid scales are compared. It can be seen that when the mesh number is greater than
500K, the damping coefficient almost remains unchanged. The difference between the value at 240K

grid-scale and that at 500K grid-scale is only 0.009.

The grid convergence index (GCI) [41] was analyzed to quantitatively evaluate grid convergence.

(fz—f1)

1
P —1

F
GCI =

(17)

Here, f is the parameter selected for the convergence. In this study, it was the damping ratio. Subscripts
1 and 2 correspond to the fine and selected grids, respectively. The values of F=1.25, =2, and p=2,
as suggested by Roache [41]. The maximum error between the mesh with 240 k and 500 k cells was
approximately within 0.14%. This analysis indicated that the grid was adequate to capture most of the
features of the flow, and the solution was grid-independent. The mesh with 240 k cells was selected
for all the subsequent numerical computations because it created an excellent trade-off between

computational accuracy and time cost.
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283  2.4.2 Temporal convergence study

284  To check the temporal convergence, we fixed the mesh size at 250K such that the error from the spatial
285  discretization is negligible compared to the time stepping error. The increasing time step size Se-5,
286  2.5e-4 and 1.25e-3 s are chosen to run the simulation up to 1s. The temporal convergences of acoustic
287  oscillation pressure are depicted in Fig.7. It can be observed that the convergence is in good agreement

288  when time step below 2.5e-4 s.
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290 Fig.7 Temporal convergence study

291  To ensure the accuracy of the numerical method and grid-scale calculation adopted in this study, we
292 compared the numerical results with the results of Buffum [24] to evaluate the reliability of the
293 numerical scheme. Buffum [24] and Sun [4] conducted research on the nozzle damping rate based on
294  this tester. Fig. 8 shows the damping rates of the nozzle from both Ref. [4] and our simulations. These

295  results were observed to be considerably consistent, including the trend of distribution and the values.
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Fig. 8 Comparisons of damping rate from Ref. [4] and present simulation data
The pulse amplitude has a significant effect on combustion instability. Generally, the larger the pulse
intensity, the more easily the combustion instability can be excited [2]. The decay process of pressure
oscillation under different pulse amplitude conditions of the numerical simulation and experimental
test are provided in Ref. [14]. The pressure decay rate at different pulse intensities in the experimental
test and numerical simulations were observed to remain basically unchanged, that is, the damping
coefficients of the experimental and numerical data were almost the same under different pulse
intensity conditions. The damping rate was verified for all numerical and experimental cases and was
observed to be independent of the pulse amplitude. In addition, these results were well validated by

the theoretical simulation results in Ref. [37].

3. Results and Discussion

3.1 Effect of the Baffle on Acoustic Field Characteristics
Numerical simulations using the method presented in this manuscript were first conducted to analyze
the physical mechanisms occurring in the vicinity of the baffle when acoustic waves impinge on it.
Fig. 9 shows the instantaneous acoustic pressure contours of the two scenarios for an entire oscillation
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period. The divergence part of the nozzle is omitted because it did not affect the acoustic field in the
combustor. If the first-order axial oscillation occurs in the combustor, the waves propagate within the
motor and generate a steady oscillation. According to classical acoustic theory [31], a motor with
closed ends has acoustic pressure anti-nodes at both ends. The acoustic field here completely
corresponded to this, which indicated that the method adopted can effectively excite the required
oscillation. The acoustic field was excited and exhibited the characteristics of acoustic standing waves.
The absolute acoustic pressure at the head and bottom ends of the motor initially decreased and then
increased. The absolute acoustic pressure was most intense at both ends of the chamber. The absolute
acoustic pressure at the mid-point of the motor was the weakest compared with the other positions.
The oscillation amplitude level in the motor with the baffle was much smaller than that of the motor
without one. Because the same color scale was used, the banded contour was present in the motor with
the baffle owing to the lower range. This indicated that the adopted baffle was sensitive to the acoustic

pressure oscillation of the first acoustic mode.
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Fig. 9 Comparison of acoustic pressure mode of the SRM with or without the baffle (case 4 and
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The comparisons of the acoustic wave pressure shape evolution over the entire period are shown in
Fig. 10. The light gray zone is the location of the baffle in case 4. We can conclude that both motors
in cases 0 and 4 successfully simulated the first mode acoustic modes. This was consistent with the
results shown in Fig. 9. The acoustic pressure shapes were the same during the different time periods.
The head and end of the motor were acoustic pressure anti-nodes that achieved the maximum
magnitude. The anti-node amplitude of the motor with the baffle was only half that of the reference
motor. The mid-point amplitude of the motor was always maintained at zero, which corresponded to a
pressure node. This was because the acoustic pressure amplitude was always zero at the baffle position;
therefore, the suppression effect was reflected only at both ends of the motor. However, the acoustic
pressure oscillation distribution amplitude along the axial direction was smaller when a baffle was in
the motor. This indicated that the acoustic pressure mode of the modeled combustor was affected by

the baffle. It only affected the acoustic amplitude but not the mode shape.
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Fig. 10 Comparison of acoustic pressure shape evolution in period 7 of the SRM with and

without a baffle. (The grey area is the baffle location in case 4)

Fig. 11 compares the evolution of contours on the normalized acoustic velocity mode of the two motors
in the absence and presence of the baffle. The acoustic velocity at the head and bottom ends of the
motor initially increased at To and then decreased over the phase angle. The velocity anti-node was
located in the middle of the chamber, where the acoustic velocity was the highest all-time compared
with the other positions. The acoustic velocity nodes were located at the head and end of the motor.
However, when the acoustic disturbance was assumed to be unchanged from the pulse, the baffle
dramatically changed the local velocity shape, particularly in the middle region of the motor. This was
because the baffle reduced the flow passage area. It had an apparent effect on the local acoustic velocity

mode at the baffle location, but not at the ends of the motor. It represented the acoustic energy
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dissipation due to the damping resulting from the baffle in the acoustic viscous and flow shear layers

at the tip of the baffle.
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Fig. 11 Comparison of acoustic velocity oscillation mode of the SRM with baffle or without

(case 4 and case 0)

Fig.12 compares the profiles of the acoustic velocity mode in the axial direction at a different time for
the motors with and without a baffle. The acoustic velocity mode shape for the motor without a baffle
was symmetrical. From the head to the end of the case 0 motor, the acoustic velocities increased
gradually and then decreased. The head and end of the motor were the acoustic velocity nodes. The
mid-point of the motor was the acoustic velocity anti-node, which achieved the maximum acoustic
magnitude. The acoustic velocity profile with the same convex shape as the first mode depicts. The
most distinct difference was that the maximum acoustic velocity increased abruptly after the baffle
was implemented. A peak was observed to be located behind the baffle. However, the acoustic velocity
amplitude at the axial line was also smaller when the baffle was in the motor. The baftle was more
sensitive to the magnitude of the acoustic velocity than to the acoustic pressure. In summary, the baffle

at the maximum acoustic velocity (anti-node) and minimum acoustic pressure (node) operated
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effectively by dissipating more acoustic energy, but for the extent of the specific effect, the damping

performance required further analysis, which is described in the following section.
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Fig. 12 Acoustic velocity oscillation evolution in the SRM with and without baffle (The grey

area is the baffle location in case 4)

The internal flow field that passes through a baffle separates as a core flow, constituting a continuous
source of vorticity produced within the jet shear layers. When acoustic waves interact with the jet, a
fraction of the acoustic energy of the incident acoustic wave is converted into vortical energy, which
is eventually dissipated by viscous losses [42]. The dissipation of acoustic energy is proportional to
the viscous losses from the vorticity of the baffle edges. The turbulent viscosity ratio is a significant
symbol of turbulent viscosity loss. A more intense turbulent viscosity indicates that acoustic energy is

easily converted into vortical energy and dissipated without significant acoustic regeneration [43]. Fig.
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13 shows a comparison of the turbulent viscosity ratio of the motor flow field with and without an in-
duct baffle, as the baffle location was set to 1/2 and the first longitudinal oscillation occurred. The
monitor line position is located at downstream and close to baffle. The data in the figure of that area
is zoomed for comparison. Most of the turbulent viscosity ratio along the radial direction was higher
when the baffle was in the motor. The baffle changed the local viscosity dramatically, particularly in
the edge region of the baffle. The turbulence caused by the viscosity enhanced the conversion between

the acoustic wave and vortical energy
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Fig. 13 Dramatic change of turbulent viscosity ratio of the motor with or without baffle of 1/2
location

3.2 Effect of Baffle on Damping Performances
Section 3.1 discusses the acoustic field under the entire periodic simulation. In this section, the
damping of the baffle is quantitatively analyzed, and the processes of pulse growth and pulse
attenuation are analyzed. An acoustic forcing pulse is triggered by imposing a small harmonic mass

rate at the head end, which eventually sets a standing wave on the first axial acoustic mode with a small
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non-dimensional pressure amplitude. An acoustic pulse imposed at 0 s was used to evaluate the effect
of the baffle on suppressing the trigger pulse pressure oscillation. The suppressing effect of the baffle
on the trigger pulse was measured by calculating the growth rate to quantify the damping. Fig. 14 (a)
compares the time evolution of the acoustic pressure fluctuations at the head of case 0 (without baffle)
or case 4 (with baffle at x/L=1/2), as the baffle was set at the midpoint of the chamber. Small-amplitude
pressure disturbances initially occurred and then gradually increased into a steady cycle pressure. The
growth rate was used to quantify the damping performance of the trigger pulse. The growth rate after
the trigger pulse can be obtained by plotting the peak-to-peak acoustic oscillation amplitude-time curve
(Fig. 14 (a)). After linear fitting, we observed that the growth rate decreased from 40248 to 24254 Pa/s
owing to baffle implementation. The growth rate of the improved motor was only 60% of that of the
original motor. We observed that the optimized result of the growth rate was nearly equivalent to the
acoustic pressure amplitude. The baffle was observed to have a greater damping effect than the original

motor.

The forced acoustic pulse was stopped at t=1.00 s with a controlled mass flow rate to evaluate the
effect of the baffle on the attenuation of pulse oscillations. Note that the simulations only provided the
total damping rate of a motor with or without a baffle. Fig. 14 (b) shows the time evolutions of the
numerical acoustic pressure signal fluctuations at the head end of the combustors decay with an
exponential rate of t>1.00 s. The dashed line is an exponential fit that enabled us to determine the
damping rate. We observed that the steady disturbances gradually decayed into a small-amplitude

pressure oscillation.
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Fig. 14 Acoustic oscillation response. Forcing pulse was begun at t=0 and stopped at t=1.00 s.

The dashed line is an envelope of linear or exponential fit.
The damping rate was used to quantify the damping performance of the attenuation pulse. The damping
rate could also be obtained by plotting the peak-to-peak acoustic oscillation amplitude time plot in a
logarithmic-time coordinate system after turning off the pulse (Fig. 14 (b)). The damping rate was
observed to decrease from -27.33 to -31.53 s7'. To elucidate the synergy effect on the pulse decay
process, the phase plot was determined to examine whether the oscillation amplitude (p’) was in phase
with the gradient of amplitude (dp/dt). Fig. 15 (a) and (b) compare the corresponding phase diagrams
of the acoustic pulse fluctuation growth. The helical curve beginning from the central point
characterizes the elevated oscillations in the phase plot. Both initially begin with small-amplitude
pressure disturbances. However, such disturbances rapidly increase into a steady oscillation in Fig. 15
(b) for 0.3 s. Fig. 15(c) and (d) show the phase diagrams of the acoustic pulse decay process. The
helical curve begins from the outer border to the central point and characterizes the decay oscillations
in the phase plot. It can be clearly seen that the pressure gradient gradually decreased to zero. This
meant that the pressure oscillation periodically decayed to zero. Furthermore, the oscillation amplitude
was dramatically reduced in the motor with the baffle. Therefore, the baffle accelerates the dissipation

of such acoustic oscillations.
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Fig. 15 Comparison of phase diagrams

3.3 Damping Performances on Different Monitor Positions
The constructive damping responses at different positions of the baffle in the motor varied. To explore
the axial position effect, we compared the growth rate and decay rate at different positions in the first
half of the motor. According to the above-described data processing method, the comparisons of the
growth and damping rates with various monitoring point positions are illustrated in Fig. 16. The lower
growth rate and damping rate indicated a better suppression effect on the motor instability. The growth
rate for case 0 was higher than that for case 4. The highest growth rate of approximately 43642 Pa/s
was achieved at x/L= 1/16 for case 0. The growth rate is dependent on position owing to the acoustic

pressure anti-node at the head end. In addition, when the monitors moved to the motor rear, the pressure
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growth rate of the trigger pulse increased slightly and then decreased in the position range from 2/16
to 5/16. The average growth rate decreases from 37339 to 23360 Pa/s owing to the baffle
implementation in the motor. Therefore, the effect of the baffle on the trigger pulse growth rate is

related to the monitor position.

Fig.16 (b) shows that the absolute damping rates of case 4 were higher than those of case 0. The
damping rates of the motor without and with baffle were -27.33 and -31.53 s!, respectively. We
observed that the damping rates of a certain motor remained almost the same for different sensor point
positions. This indicated that the baffle can affect the overall acoustic cavity rather than being limited
to the local area. Although the forcing pulses were imposed by the same mass flow rate, the initial
amplitudes of the pulse were different after the pulse was cut off. The damping rate was also verified
for all numerical scenarios and was observed to be independent of the initial amplitude of the pulse.
The positive effect of the baffle was sufficient to change the damping capability of the motor. This
was in good agreement with the results in Ref. [14]. The difference between cases 0 and 4 was
primarily caused by the implementation of the baffle, which was the only structural improvement. The
above-mentioned phenomenon is described to illustrate the damping mechanism of the baffle. This
motivated further analysis of the effect of baffle geometry on the damping effect. The diameter and
position were important parameters for further analyses. The following section describes the numerical

data obtained from the head-end point.

28



468

469

470
471

472

473

474

475

476

477

478

479

480

481

T T T T T T -10 T T T T T T -10
45000 - —=— case0 L 45000 —mu— casel
—e— case4 —e— case4
40000 - 40000 220 L 20
QSSOOO- I 35000 £ - A — B ——-m
& @ 30 +-30
= [ oEERE TR RE Y L REEE R s R Y )
< 300004 - 30000 £
; Q
° £
1 o]
25000 - L 25000 40 L 40
20000 - 20000
T T T T T T ‘50 T T T T T T '50
0 116 2/16 3/16  4/16 5/16 0 116 2/16 3/16  4/16 5/16
Monitor Point Dimensionless Position (x/L) Monitor Point Dimensionless Position (x/L)
(a) Growth rate (b) Damping rate

Fig. 16 Comparisons of growth and damping rates on different monitor positions for the

motors with (case 4) and without (case 0) a baffle

3.4 Effect of Baffle Location on Damping Performances
To explore the effect of the baffle location on the damping performance, we investigated acoustic
pressure oscillations and related normalized acoustic energy levels in different baffle locations. As a
pulse was triggered, acoustic pressure disturbances were initially generated with a small amplitude.
The forced pulse resulted in an expected standing wave cycle with classical sine acoustic pressure
fluctuations. Subsequently, it decayed to zero at an exponential rate. The full evolution of the acoustic
disturbances is examined in this section. Fig. 17 shows the acoustic pressure oscillations (p’) at the
head-end point of the motor as the baffle location was set at four different axial locations (x/L). The
pulsating pressure oscillations were zoomed. We observed that the amplitudes were dramatically

narrowed in most cases.
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Fig. 17 Pulse response of motor with baffle at different locations.

Fig.18 shows the normalization of the acoustic energy and ratio variation with time. Acoustic energy
increased gradually to different values in all cases. It developed more gradually in cases 3 and 4 of the
motor with a damping baffle. However, in cases 1 and 2, acoustic energy increase faster than that in
case 0. When the baffle was placed at x/L=1/2, the acoustic energy (E£.) reduced to approximately 45%
of that in the motor without baffle. This confirmed that the acoustic pressure fluctuations were

successfully suppressed from increasing into steady cycles.
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Fig. 18 Evolution of acoustic energy of motors with different baffle locations
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Fig. 19 shows the effect of baffle on damping capability by the adjustments of locations in the motor.
Baffle location has been correlated to the increasing the values of the growth and damping rates. To
obtain these quantity values for various conditions, the location was varied from x/L = 1/16 to 1/2 with
the same baffle (d/D=1/2) configuration. When the head-end baffle was moved from 1/16 to 1/8, the
pressure growth rate increased slightly from 40961 to 42247 Pa/s, then decreased to 24255 Pa/s; the
minimum value was 20000 Pa/s at the normalized location of x/L = 1/4. When the location of the baffle

was less than 1/8, no apparent suppression on the acoustic oscillation was observed.
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Fig. 19 Effect of normalized baffle locations (x/L) on damping performance

As Fig. 19 (b) shows, the damping rates of motors with baffle were lower than that of case 0. When
the baffle location moved from the head to the rear, the damping rate values decreased from -27.59 to
-31.52 S’'. The lowest damping rate was -31.52 S’ in case 4. Regardless of the exact location of the
baffle, there was a significant difference in the damping acoustic oscillations in the motor. The relative
improvement in both the growth and damping rates with the baffle at x/L=1/2 was maintained at 51%
and 15.3%, respectively, compared with the motors without a damping baffle. These results were in
agreement with the finding in Ref. [44] that the axial acoustic oscillation can be suppressed if a baffle
is located at the mid-point of the motor. For comparison, the damping rates were normalized. The
normalized damping rates in Ref. [23] and in this study are compared in Fig. 20. The location
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dependence of the baffle on the damping ratio is only related to the slope in Fig. 20, and it is
independent of the intercept. The results calculated in this paper are normalized and compared with
the theoretical results in Ref. [23]. The slopes were nearly the same, which indicated that change
discipline is similar. The damping rates changed nearly linearly with the variation in the baffle location.
Considering both the suppression of pulse growth and the promotion of the pulse attenuation, the baffle
had a favorable damping effect only when it was placed at the normalized axial location from 1/4 to
1/2. The theoretical calculation method in the reference can only evaluate the performance of the baffle
in the cylinder motor with constant diameter and fails to consider the effects such as vortex dissipation.
The selected motor in this paper has a gradual burning surface and a submerged nozzle, so the present
result has somewhat deviated from the theoretical calculation. This is also the reason for us to explore
the present numerical method. Therefore, this numerical method can also be effectively applied to the

damping evaluation of complex configurations.
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Fig. 20 Comparison of present simulation and theoretical results in Ref. [23]

3.5 Effect of Baffle Diameter on Damping Performances

We also confirmed that the baffle diameter is a dominant parameter affecting the suppression of

acoustic instability. To explore the effect of baffle diameter on the damping performance, we
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investigated acoustic pressure oscillations and related normalized acoustic energy levels for different
baffle diameters. The full evolution of acoustic disturbances with a pulse was the same as in the
previous section. Fig. 21 shows the acoustic pressure oscillations (p’) at the head end of the motor
when the baffle location was 1/4, as baffles with five different diameters (d/D) were adopted. The
evolution of all acoustic pressures increased with a peak value, decreased, and then “saturated” to a
limit cycle. The acoustic modes changed significantly because of the installation of baffles with
different diameters, and the amplitude of the acoustic oscillation cycle changed as well. Furthermore,
the pulsating pressure oscillations and a zoom in view are shown in Fig. 21(b). The pressure amplitude
of case 3 was lower than that of cases 5, 6, 7, and 8. In other words, a baffle with a smaller inner

diameter suppresses acoustic oscillations well.
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Fig. 21 Pulse response of motors with different diameters

Fig. 22 shows the normalization of the acoustic energy integral variation with time. Acoustic energy
increased gradually to various levels in all cases. It developed more gradually in cases 3 and 5 of the
motor with damping baffle. However, the acoustic energy of cases 7 and 8 remained at a same higher

level. When the baffle was placed at x/L=1/4, the baffle in case 3 dampened more acoustic energy Ea.
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Fig. 22 Evolution of acoustic energy in motors with different baffle diameters

In this section, we examine the damping capability of the baffle when its diameter is adjusted. Fig. 23
shows the growth and damping rates for different diameters. If the baffle port diameter is sufficiently
small, it may cause unnecessary performance losses. To balance the negative applications, this study
did not adopt a diameter that was too small. The black dashed baseline denotes a motor without a baffle.
It is shown that the growth rate in the motor with the baffle is relatively lower than that of the motor
without a baffle. The baftle location was correlated to the value of the growth and damping rates. To
obtain these quantity values for various conditions, the normalized diameter of the baffle was varied
from 1/2 to 15/16, together with the same location (x/L=1/4) configuration. With a baffle-normalized
diameter increased from 1/2 to 15/16, the pressure growth rate increased from 20000 to 42247 Pa/s,
and then decreased at d/D=7/8. Fig. 23 (b) shows that the damping rates of motors with baffle were
lower than the baseline. As the baffle diameter (d/D) increased, the values increased from -30.85 to -
27.42 s'. The annular baffle with a smaller inner diameter was observed to be the geometric
configuration to suppress combustion-excited acoustic oscillations. The baffle-induced improvement
in the damping performance was attributed to the narrow traveling path of the acoustic wave front.

This is the fundamental mechanism for explaining baffles. The lowest damping rate was -30.85 s
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with a diameter of 1/2 in case 3, when considering both the growth and damping rates of acoustic
pressure oscillations. Although a smaller diameter has a better effect, an excessively small flow
channel will affect the flow instability and motor performance. Hence, the motor with a baffle in case
3 was observed to be associated with a favorable damping effect. As the height of baffle (H) decreased
(smaller inner diameter), the average and peak values of the turbulent viscosity ratio both increased.
A more intense turbulent viscosity indicates that acoustic energy is easily converted into vortical
energy and dissipated without significant acoustic regeneration [43]. Therefore, from the perspective

of viscosity losses, this is an explanation of why a smaller diameter baffle is more effective.
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(a) Growth rate (b) Damping rate

Fig. 23 Effect of normalized diameter (d/D) on damping performance
4. Conclusions
In this study, 2D axisymmetric numerical investigations were conducted to quantitatively evaluate the
damping performance of a baffle in a full-scale SRM. The growth and decay rates of acoustic
oscillations for the SRM with and without a baffle were compared. The pulse response method was
validated first using data available in the literature. Several numerical investigations were conducted
to develop geometry design criteria to ensure the effectiveness of the baffle used to suppress

combustion-excited acoustic oscillations in the SRM. The baffle implementation configurations were
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evaluated by the pulse attenuation method to obtain an optimum design. The key conclusions are

summarized as follows.

The acoustic growth rate, damping rate, and acoustic energy, as proposed in this paper, can be
used to quantitatively evaluate the damping performance of the baffle on trigger pulse growth
and pulse attenuation.

The most apparent effect of the baffle on trigger pulse growth was observed to occur at the
head-end (1/16 the length) of the SRM. The damping rates of the SRM without and with the
baffle were observed to be -27.33 to-31.53 s™!, respectively. The damping rates of the SRM
were independent of the monitoring point positions.

The baffle can be employed to suppress combustion-excited acoustic oscillations only when it
is placed at a normalized axial location from 1/4 to 1/2. It has been confirmed that applying the
damper at x/L=1/2 results in 51% and 15.3% relative improvement in the growth and damping
rates, respectively, compared with those in a SRM without a baftle.

The geometric configuration of the annular baffle with a smaller inner diameter effectively
suppresses combustion-excited acoustic oscillations. The lowest damping rate is -30.85 s-1 for
the baffle with a diameter of d/D=1/2, which was observed to be associated with a favorable

damping effect.
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