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Effects of Acoustic Oscillations on Flame Dynamics of
Homogeneous Propellants in Rocket Motors
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The interactions between acoustic waves and gas-phase flame dynamics of a double-base homogeneous pro-
pellant in a rocket motor has been studied by means of a comprehensive numerical analysis. The formulation
treats the complete conservation equations of mass, momentum, energy, and species concentration, and accounts
for finite rate chemical kinetics in the gas phase and subsurface reactions. The model has been implemented to
examine the detailed flow structures and heat-release mechanisms in various parts of the motor, including
microscale motions near the propellant surface and macroscale motions in the bulk of the chamber. Results
indicate that strong interactions between exothermic reactions and acoustic waves occur in regions with steep
temperature gradients due to the large activation energy of the associated chemical kinetics. The dynamic
behavior of the luminous flame plays a decisive role in determining the motor stability characteristics. Distributed
combustion response in the gas phase provides the energy for driving flow oscillations, and can be treated
correctly as a combination of monopole and dipole sources based on acoustic theory.

Nomenclature
A = pre-exponential factor for gas-phase reaction
B = pre-exponential factor for condensed-phase

reaction
Cc = specific heat of condensed phase
Cp = specific heat of gas
EI = activation energy
E, F = convective flux vectors
£,., Fr = diffusion flux vectors
e = specific total internal energy
H = chamber half-height
h(}

fj = heat of formation of species /
//, = specific enthalpy of species /
L = chamber length
m = mass flow rate
N = number of species considered in gas phase

reactions
p = pressure
Qc = total heat release in condensed phase
<2, = heat release from reaction of species /
Q = dependent variable vector
q(. = rate of heat release in condensed phase per unit

volume
qe = thermal diffusion term
qt = mass diffusion term
R,, = universal gas constant
rh = propellant burning rate
r = spatial coordinates
S = source vector
T = temperature or period of oscillation
Tj = initial conditioned temperature of propellant
Tx = temperature at propellant surface
t = time
u, v = bulk velocities in axial and vertical directions,

respectively
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uh v, = diffusion velocities of gas-phase species / in axial
and vertical directions, respectively

V = volume
W = molecular weight of mixture
Wj = molecular weight of species /
jc, y = Cartesian coordinates
Yj = mass fraction of species /
A = thermal conductivity
p = density
r = viscous stress
a), = rate of production of species i

Subscripts
c = condensed phase
g = gas phase
/ = /th species or initial condition
p = propellant
5 = burning surface

Superscripts
T = transpose of vector
' = fluctuating quantity

I. Introduction

T HE phenomenon of combustion instability in a solid-
propellant rocket motor results from interactions be-

tween acoustic waves and unsteady combustion processes in
a confined volume. Acoustic flow oscillations cause local
changes in mixing and combustion processes in the gas phase.
Subsequent variation of heat transfer to the condensed phase
alters the surface pyrolysis and burning characteristics of the
propellant. This in turn produces acoustic disturbances by
virtue of unsteady mass, momentum, and energy additions to
the gas stream. When the process occurs at proper spatial
locations and temporal phases with respect to acoustic mo-
tions, an energy feedback loop may be established and sub-
stantial pressure oscillations are excited and sustained.

Early work focused on the transient combustion responses
of propellants to incident pressure oscillations, with only the
one-dimensional mass and energy transport normal to the
propellant surface taken into account.1-2 The resultant pres-
sure-coupled response function was treated as a propellant
property and used to characterize the stability behavior of a
rocket motor.3 In spite of their contributions to the knowledge
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base of combustion instability, existing models provide limited
information concerning propellant burning behavior in oscil-
latory crossflows under conditions representative of realistic
motor environments. The major obstacle arises from the dif-
ficulties in treating various complicated physicochemical pro-
cesses involved in unsteady combustion of propellants. Spe-
cifically, the following issues need to be resolved in order to
achieve a thorough understanding of the key mechanisms re-
sponsible for driving instabilities in rocket motors: 1) how
unsteady motor internal flow is established by propellant com-
bustion, 2) how local flow disturbances affect propellant burn-
ing characteristics, and 3) what sort of interactions exist be-
tween chamber dynamics and transient combustion responses
of propellants.

As a first attempt to address these fundamental issues, the
present work concentrates on the effect of acoustic oscillations
on flame dynamics in the gas phase. Emphasis is placed on
energy-release processes and their iterations with local flow
oscillations that drive motor instabilities. The transient re-
sponses of propellant combustion to acoustic motions will be
treated in a parallel effort.4 The primary purpose is to conduct
a unified investigation into the ways in which oscillatory gas-
phase heat release couples to and influences the evolution of
unsteady motions in a rocket motor. Detailed flow charac-
teristics are studied systematically, including microscale pro-
cesses near the propellant surface where dominant exothermic
reactions occur and macroscale processes associated with the
unsteady gasdynamics in the bulk of the chamber.

In subsequent sections, a theoretical formulation of ho-
mogeneous propellant combustion in a rocket motor is first
established, followed by a brief description of the numerical
algorithm used in this work. The analysis starts with calcu-
lation of the motor internal flowfields under steady operating
conditions, with propellant burning rates predicted as part of
the solution. Periodic pressure oscillations are then imposed
at the exit to simulate standing acoustic waves in the chamber.
Various distinct features of unsteady motions and their influ-
ence on flame dynamics are investigated in depth. Special
attention is given to the multidimensionality of flow distur-
bances and the response of heat-release processes in various
regimes of reaction zones.

II. Theoretical Formulation
Figure 1 shows the situation examined here, a two-dimen-

sional rocket motor loaded with a double-base homogeneous
propellant grain. The formulation follows the model estab-
lished in Ref. 5, but with an improved reaction mechanism a
more detailed investigation into the interactions between
acoustic oscillations and flame dynamics can be conducted.
The analysis of the gas-phase process is based on the complete
conservation equations of mass, momentum, energy, and spe-
cies concentration, and takes into account finite-rate chem-
ical kinetics and variations of thermophysical properties with
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Fig. 1 Schematic diagram of a solid rocket motor.

temperature. The flow is assumed to be laminar in order to
concentrate on the effect of flow disturbances on unsteady
heat-release mechanisms without complications arising from
turbulent transport. In vector notation, the set of conservation
equations for a multicomponent chemically reacting system
of N species can be written as

f + £ ( E - * ' ) + £ < F - F - > = S ^
where x and y represent the axial and vertical coordinates,
respectively. The conserved variable vector Q, convective flux
vectors E, F, and diffusion-flux vectors Ev, Fv are defined
next:

Q = [p, pw, pv, pe, pYi]T (2)

E = [pu, pu2 + /?, puv, (pe + p)u, puYY (3)

F = [pv, puv, pv2 + /?, (pe + p)v, pvYi\T (4)

Ev = [0, r,,, r,v, UTXX + vrxy - qex, -q(y (5)

Fv = [0, rxy, rvv, urxy + vryy - qey, -qiyY (6)

S = [0, 0, 0, 0, a),.]7" (7)

where subscript / stands for species /, ranging from 1 to N —
1. In these equations, p, M, v, Yh and r represent the density,
axial and vertical velocity components, mass fraction of spe-
cies /, and viscous stress, respectively. The thermal diffusion
terms qe^ and qe^ consist of contributions from heat conduction
and mass diffusion processes. Pick's law is used to approxi-
mate species diffusion terms g, and g, . For a multicomponent
mixture, pressure and temperature can be calculated itera-
tively from the following thermodynamic relation and equa-
tion of state:

(8)

(9)

where hf and Wt are the specific enthalpy and molecular weight
of species /, respectively.

Within the pressure and temperature ranges of practical
rocket-motor environments, thermal conductivity and viscos-
ity of each species are basically functions of temperature only.
They can be well approximated by fourth-order polynomials
of temperature, with the coefficients of these polynomials
supplied by McBride et al.6 and valid for a temperature range
from 300 to 6000 K. For mixtures, the specific heat is obtained
by mass-concentration weighting of each species. Thermal
conductivity and viscosity are calculated using Wilke's mixing
rule.7

A. Chemical Kinetics Model
Owing to the difficulties in establishing a complete chemical

kinetics scheme and limitations of computational resources,
a thorough consideration of all physical and chemical pro-
cesses does not appear feasible. A reduced reaction mecha-
nism is therefore used to describe the combustion-wave struc-
ture in both the gas and condensed phases. This model is a
viable alternative that provides well-resolved and reasonably
accurate information about major chemical kinetic pathways.
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The scheme is developed following a careful review of ex-
isting models8-13 and experimental data13"15 for double-base
propellant combustion. In brief, two global reactions in the
condensed phase are proposed, including molecular degra-
dation initiated by the rupture of O-NO2 bond and ensuing
reactions of NO^ and aldehydes. These two reactions provide
the elementary species [i.e., NO2, NO, CH2O, (CHO)2, etc.],
essential for maintaining the gas-phase flame:

double-base propellant -» 2.49NO2 + 2.36CH2O

+ 1.26(CHO)2 + 0.17CO + minor residuals (Rl)

NO2 + 0.56CH2O + 0.16(CHO)2-*NO

+ 0.38 CO + 0.5CO2 + 0.5H2O + 0.22H2 (R2)

The stoichiometric coefficients in reaction (Rl) are deter-
mined based on the composition of a "hot" double-base pro-
pellant containing 52% nitrocellulose (NC), 43% nitroglyc-
erin (NG), and 5% minor additives.13 The heat of combustion
of the propellant is about 1100 cal/g, similar to that of EC-1
propellant studied by Aoki and Kubota.15 The coefficients in
reaction (R2) represent a revision of those suggested by Fad-
doul et al.12 in order to match experimental results of species
concentrations and temperature at the surface. The rates of
production of the nondegraded propellant and NO2 are given
next:

a>c = -Bcexp[(-Ec)/RuT\pc (10)

(11)

where subscripts c and g stand for the condensed and gas
phases, respectively, and Ru is the universal gas constant. The
pressure dependence in Eq. (11) is required for a better pre-
diction of burning characteristics (i.e., regression rate, surface
temperature, and condensed-phase heat release) under var-
ious operating conditions, especially in the high-pressure range.

Following the suggestions of Lengelle et al.10-13 and Bizot
and Beckstead,11 gas-phase kinetics are grouped into five global
reactions: two first-order NO2 and NO-carbon reactions, and
three second-order reactions involving aldehydes and NO.
These reactions represent the most important and slowest
steps limiting the reaction rates in the gas phase, even though
many other intermediate reactions take place:

NO2 + 0.56CH2O 4- 0.16(CHO)2-*NO

+ 0.38CO + 0.5CO2 + 0.5H2O + 0.22H2 (R3)

CH2O + CH2O -> CO + 0.5C2H4 + H2O (R4)

(CHO)2 + (CHO)2 -» 4CO + 2H2 (R5)

NO + 0.16CO + 0.12C2H4 + 0.12H2

-> 0.5N2 +0.40CO2 + 0.36H2O (R6)

C + NO -» CO + 0.5N2 (R7)

Note that most of the NO2 and aldehyde reactions that form
NO, CO, CO2, and H2O occur in the primary flame zone due
to their relatively low activation energies. The highly exo-
thermic reduction of NO to N2, (R6), usually proceeds in the
secondary flame zone and provides the major heat source for
raising the flame temperature to its final value. The reaction
of carbon and NO, (R7), is included to obtain the correct
dark-zone temperature and thickness.8 Although the mass
fraction of solid carbon at the propellant surface is quite small

(ranging from about 2.5% at 10 atm to 2.0% at 100 atm), this
reaction releases an appreciable amount of energy owing to
its large heat of combustion, and consequently plays an im-
portant role in determining the dark-zone behavior. The rate
of production of each constituent species can be written in
the following form:

^Nir»o — ~*
-E,N02\

RUT ) (12)

(13)

— A/1(CHO)2

Wn

~ I PgMC (14)

WK K N

exp

= -AcaTbpWexp
RUT

(15)

(16)

where the pressure term in Eqs. (12) and (16) has the unit of
atm, and W represents the mean molecular weight of the gas
mixture.

B. Condensed-Phase Process
The condensed phase consists of a preheated zone and a

superficial degradation layer in which thermal decomposition
of the propellant and the reaction of the decomposed species
take place simultaneously. If we ignore the bulk motion, mass
diffusion, and axial thermal diffusion, with the assumption of
constant thermophysical properties, the formulation govern-
ing condensed-phase processes reduces to the following set
of one-dimensional equations:

Mass

Energy

m = pcrh

^ dT ar ^ 82T
pt.Cc — + raC, — = A,. —- + qcdt dy dy2

Species concentration

ay, SY,pf. — + m — = co.
dt dy

(17)

(18)

(19)

where pc denotes propellant density and rb burning rate. The
rate of condensed-phase heat release per unit volume qc is
determined by the net effect of the endothermic decompo-
sition (Rl) and the exothermic reaction of NO2 and aldehydes
(R2). The in-depth boundary conditions associated with Eqs.
(18) and (19) are T = Tt and Yp = 1, respectively, where T,
is the initial (conditioned) temperature of the propellant. The
surface conditions require that the propellant decomposition
be completed (i.e., Yp = 0) and T = Ts.
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C. Interfacial Boundary Conditions
The processes in the gas and condensed phases are matched

at the propellant surface by requiring continuities of mass and
energy. This procedure eventually determines the propellant
burning rate and surface conditions of temperature and spe-
cies concentrations.

With the application of conservation laws to the gas-solid
interface, the matching conditions are expressed as follows:

Mass balance for the mixture

Mass balance for species /

Energy balance

(20)

(21)

dT
dy

\CC- Pcrh CC(TS - TKf) (22)

Subscripts g and s represent conditions at the interface on
the gas and solid sides, respectively. Under steady-state con-
ditions, the net heat flux to the condensed phase can be ob-
tained by integrating the energy equation for the condensed
phase, yielding

/df
l< - T,) - (23)

where Q( is the total heat release in the condensed phase.
Equations (20-22), along with the condition that Yp = 0 at
the interface, are sufficient to solve the set of unknowns (v,
r,,, 7, 7,) at the propellant surface.

In addition to the above boundary conditions, the no-slip
condition (u = 0) is imposed at the gas-solid interface. Pres-
sure is deduced from the momentum balance normal to the
propellant surface.

III. Numerical Method
The theoretical formulation summarized in the preceding

section presents a stringent challenge for computational ef-
ficiency. There are several well-recognized reasons for this
difficulty, including slow convergence and large round-off er-
ror at low Mach numbers, numerical stiffness associated with
chemical reactions, and entangled coupling of physicochem-
ical processes between gas and condensed phases. A brief
summary of various computational problems encountered in
an analysis of rocket-motor internal flow is given in Ref. 5.

In view of the deficiencies in existing numerical schemes
for treating propellant combustion in rocket motors, the au-
thors have developed an implicit dual time-stopping integra-
tion method,5-16-17 which has proven to be quite efficient and
robust for reacting flows at all speeds. The algorithm first
employs pressure decomposition and preconditioning tech-
niques to circumvent difficulties for low-speed compressible
flows, a basic requirement for treating acoustic oscillations in
a rocket motor. A fully coupled implicit formulation is then
used to enhance numerical stability and efficiency. The scheme
has the advantage of achieving a high degree of temporal
accuracy with only a modest increase in computational cost.
Moreover, since the governing equations are solved implicitly,
the numerical method is very stable, and allows the selection
of the integration time step to be dictated by physical pro-
cesses rather than numerical stability.

IV. Strand Burning Characteristics
The chemical kinetics scheme is first validated against mea-

surements of strand-burning characteristics over a pressure
range of 1-100 atm. The analysis is based on one-dimensional
treatment of the conservation equations in both the gas and
condensed phases, along with the set of reaction mechanisms,
(R1-R7), for the chemical pathways. Major ingredients of
the propellant are 52% NC and 43% NG, simulating one of
the propellants (code number EC-1) investigated in Ref. 15.
Thermochemical parameters used in the present study are
compiled from Refs. 11 and 13, as listed in Table 1. The heat
of combustion for reaction (R6), <2NO, is adjusted to match

Table 1 Thermochemical parameters of
double-base propellant

Parameter Value Reference

EC

^N(>2

£cH20

^(CHO)2

^NO

Ecarh

B,
#N02

•^NO-"

^C'H20

^(CHO)2

-^NO

^carh

G,
GNO,
CcChHO

Cf(CHO)->

GNO
Gear,

PC

c,>c<
A,
A,

167.4, kJ/mole
20.9, kJ/mole
104.7, kJ/mole
83.7, kJ/mole
209.3, kJ/mole
129.8, kJ/mole
1.0 x 1017, 1/s
1.3 x 106, 1/s
1.0 x H>% 1/s
5.0 x 10s, m-Vkg.s
5.0 x 10s, m3/kg.s
5.0 x 10s, nfYkg.s
2.8 x 107, 1/s
- 135, kcal/kg
1040, kcal/kg
389, kcal/kg
-539, kcal/kg
1900, kcal/kg
1600, kcal/kg
1620, kg/m3

0.35, kcal/kg.K
0.40, kcal/kg.K
2.5 x 10s, kcal/m.s.K
7.0 x 105, kcal/m.s.K

13
13
12
12
11
8

13
——

11
12
12
11
11
13
13
13
13

10
13
11
11
11
11

Y-Coordinate, cm

1000

<D

750
8.

I
500

condensed phase—i p -100

——gas phase

0.019
b)

0.020
Y-Coordinate, cm

0.021

Fig. 2 Temperature distributions in condensed and gas phases at
various pressures: a) entire combustion wave and b) close-up view
near surface.
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9 atm, Ref. 9
11 atm, Ref. 12
10 atm, current

Table 2 Species concentrations of double-base propellant combustion

NO2 CH20 (CHO)2 NO N2 CO CO2 H2O H2 (HC) c
At burning surface

9 atm, Ref. 9
11 atm, Ref. 12
10 atm, current

0.330
0.255
0.274

0.18
0.21
0.22

0.168
0.100
0.108

0.085
0.140
0.136

0.0
0.0
0.0

0.10
0.09
0.09

0.07
0.10
0.10

0.027
0.060
0.040

0.0
0.0
0.0

0.0
0.0
0.0

0.04
0.05
0.03

0.0
0.0
0.0

End of primary flame
0.0
0.0
0.0

0.0
0.0
0.0

0.247
0.260
0.250

0.021
0.040
0.030

0.41
0.34
0.33

0.147
0.180
0.210

0.139
0.140
0.135

0.006
0.007
0.006

End of secondary flame

0.026
0.040
0.030

0.0
0.0
0.0

9 atm, Ref. 9
10 atm, Ref. 16
10 atm, current

0.0
0.0
0.0

0.0
0.0
0.0

0.0
0.0
0.0

0.0
0.0
0.0

0.150
0.149
0.147

0.280
0.288
0.286

0.380
0.348
0.378

0.190
0.185
0.185

0.004
0.004
0.004

0.0
0.0
0.0

0.0
0.0
0.0

1CT 10'1 10°
Y-Coordinate, cm

1.00

'10.75
CO

00.25
CO

O.

•i condensed phase

r~ gas phase

CH2O

(CHO)2

17019
b)

0.020
Y-Coordinate, cm

0.021

Fig. 3 Distributions of species concentrations in condensed and gas
phases at 20 atm: a) entire combustion wave and b) close-up view near
surface.

the final flame temperature predicted by the NASA chemical
equilibrium analysis.18

Figure 2 shows the distributions of temperature at three
different pressures. The flame structure is characterized by
three distinct regimes corresponding to primary flame (fizz),
dark, and secondary (final luminous) flame zones. The tem-
perature increases rapidly from the surface to around 1600 K
in the dark zone, and finally levels off in the secondary flame.
A close-up view of the temperature field near the surface is
also presented. The slowdown in temperature increase im-
mediately underneath the surface is attributed to the heat
release in the thin superficial degradation layer where the
thickness is less than 10 jmrn. Figure 3 presents the species-
concentration profiles in the entire flame zone and a close-
up view near the surface. The overall reaction mechanisms
can be globally grouped into the following steps: 1) molecular
degradation and ensuing exothermic reactions of NO2 and
aldehydes in the subsurface layer; 2) generation of NO, CO,
CO2, and H2O, as well as removal of NO2 and aldehydes in
the primary flame; and 3) reduction of NO to form the final

(D
03

DC

10°

rbocpn;n~0.73

640K

692 K

A Lengelle('91)
-e—Calculated

101

Pressure, atm
10*

Fig. 4 Effect of pressure on propellant burning rate and surface
temperature.

- Kubota(79)
- o Calculated

101 10*
Pressure, atm

Fig. 5 Effect of pressure on dark-zone thickness.

products such as N2, CO2, H2, etc., in the secondary flame.
A two-stage chemical pathway in the gas phase is clearly
observed. Table 2 presents the comparison with experimental
data measured at various locations by means of gas chro-
matography and mass spectrometry techniques. Good com-
parison between predictions and measurements is achieved.

The effects of pressure on burning rate and surface tem-
perature are also studied, giving the result shown in Fig. 4.
The pressure exponent in the Saint-Robert type of burning-
rate law (rh ~ p") is 0.73, consistent with experimental ob-
servations.12 The surface temperature increases from 640 K
at 20 atm to 692 K at 100 atm, owing to enhanced exothermic
reactions at high pressures and their influence on heat transfer
to the propellant surface. It is worth noting that the subsurface
degradation reaction is not affected directly by pressure, but
rather by the near-field heat release process in which pressure
plays an important role. Figure 5 shows the pressure depen-
dence of dark-zone thickness, which is defined as the distance
between the two inflection points in the temperature profile.
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The dark zone thickness decreases exponentially with increas-
ing pressure. The highly exothermic NO reduction at elevated
pressure tends to merge the secondary flame with the primary
flame, and consequently, causes the temperature plateau in
the dark zone to vanish.

V. Interactions between Acoustic Oscillations and
Flame Dynamics

After validation of the chemical kinetics model, the analysis
summarized in Sec. II is implemented to study motor internal
flows coupled with propellant combustion at 60 atm. The
chamber, which is closed upstream, measures 0.6 m in length
and 5.08 cm in height. Only the upper half of the volume is
treated because of the symmetry of flow properties with re-
spect to the centerline. The mass flux entering the chamber
from the propellant surface is about 14.21 kg/m2 s, based on
the strand burning rate. The corresponding injection Mach
number determined by the local flow condition is 9 x 10~4.
Although the maximum Reynolds number at the exit is 105

and turbulence may occur in the downstream portion of the
chamber, the flow remains basically laminar near the surface
due to propellant burning.5 Thus, the present study considers
only laminar flow, with emphasis placed on the interactions
between acoustic oscillations and flame dynamics in the gas
phase. The effect of turbulence on local flow structure has
been addressed in detail in Ref. 5 for situations under steady
operations, and will be further examined elsewhere for cases
involving acoustic waves. The computational grid for the gas
phase consists of 80 and 90 points in the axial and vertical
directions, respectively, while the condensed-phase grid is
composed of 80 and 25 points in the corresponding directions.
The grids are clustered near the burning surface to resolve
the steep gradients of temperature and species concentrations
in the near field. The computational domain for the condensed
phase is 100 jmrn, with the smallest grid spacing normal to the
surface about 1.7 and 0.1 jam, respectively, in the gas and
condensed phases.

The steady-state flowfield must be obtained first to provide
the initial conditions for analysis of unsteady motions. A com-
prehensive study of steady motor internal flow and combus-
tion-wave structure (including the effects of pressure and
crossflow on propellant burning characteristics) by the authors
is presented in Ref. 5. With this steady-state solution as a
known condition, periodic pressure oscillations are imposed
at the chamber exit to simulate acoustic oscillations of the
longitudinal standing wave in the motor. The propellant mass
burning rate is fixed at its steady-state value, thereby enabling
a systematic investigation into the unsteady heat-release
mechanism in the gas phase without complications resulting
from the coupling with the condensed-phase processes. The
transient combustion response of propellant to ambient flow
disturbances and its ensuing influence on acoustic waves is
addressed in companion work.4 The amplitude of the pressure
oscillation is 2% of the mean pressure; the frequencies are
877.5 and 1755.1 Hz, corresponding to the first and second
modes, respectively. Data analysis of flow characteristics is
conducted after steady oscillations are achieved in the sixth
cycle of the imposed acoustic oscillations.

A. Pressure and Velocity Fields
Figure 6, which shows the instantaneous distributions of

acoustic pressure at four different times within one cycle of
oscillation for the first and second modes, exhibits well-de-
fined standing waves in the chamber. The corresponding con-
tour plots for the first mode are given in Fig. 7. The low
Mach-number environment basically renders a one-dimen-
sional pressure field, with no discernible variation in the ver-
tical direction. The phenomenon of acoustic refraction, com-
monly observed for waves traveling in a nonuniform medium,
is not evident here. Figures 8 and 9 show the evolution of the

First Longitudinal Mode

1.00

Second Longitudinal Mode
0.0.03

^ 0.02

I 0.01

W

0.00

! -0.01
>
• -0.02

f= 1755.1 Hz:

t = 6.1T

6.4T

0.00 0.25
b)

0.50
X/L

0.75 1.00

Fig. 6 Time evolution of acoustic pressure field: a) first and b) second
longitudinal mode.

2.5

£ 1.5
1.0

t = 6.5T

-1 >o

,

0

(unit :kPa)

r 0

0.0 0.1 0.2 0.3 0.4 0.5 0.6

^.o

1.5
1.0

100

0.0 0.1

«, -100 .

0.2 0.3 0.4 0.5 0.
X-Coordinate, m

Fig. 7 Contour plots of acoustic pressure; first mode.

axial velocity fields of the first and second modes, respec-
tively. Only the upper portion of the chamber is presented in
order to obtain better spatial resolution of the flowfield. The
complex structure adjacent to the surface indicates the pres-
ence of an acoustic boundary layer within which rapid velocity
fluctuations arising from unsteady shear wave19-20 and flame
oscillations21-22 occur. The physicochemical processes in-
volved are extremely intricate, including interactions among
all three modes of acoustic, vortical, and entropy distur-
bances. The axial acoustic oscillation may couple with the
mass flow entering the chamber from the surface and generate
fluctuating vorticity to satisfy the no-slip boundary condition.
The same acoustic wave can also affect the heat-release mech-
anism in the flame zone and produce entropy fluctuations
based on the local flame dynamics. Both ensuing vorticity and
entropy disturbances are then smoothed out by viscous dis-
sipation and heat condition during their convection down-
stream by the mean flow. Consequently, a simple acoustic
field is rendered in the core-flow region, with a one-dimen-
sional distribution of velocity fluctuation, which is consistent
with classic acoustic theory. The general subject of mutual
coupling among acoustic, vortical, and entropy modes is dis-
cussed comprehensively within the context of solid rocket
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6.25T (unit: m/s)

»- 1-5

'o.o oTi 02 as ( X 4 0 5 as
25^az5^

c= 2.0 f
s: 1-5

.0 0.1
X-Coordinate, m

Fig. 8 Contour plots of axial velocity fluctuation; first mode.

2.5

1.0 _______________________
0.0 0.1 0.2 0.3 0.4 0.5 0.6

t = 6.75T

C 1-5

0.0 0.1 0.4 0.5 0.6
X-Coordinate, m

Fig. 9 Contour plots of axial velocity fluctuation; second mode.

combustion instability by the authors in Refs. 21 and 22. The
acoustic boundary-layer thickness, defined by the vertical lo-
cation at which the shear-wave amplitude decays to less than
1% of the acoustic-velocity amplitude, of the first mode is
about twice that of the second mode. For nonreacting motor
flows treated in Refs. 19 and 20, this thickness was found to
depend on two Reynolds numbers: one related to the gas
particle velocity at the surface, and the other to the acoustic
particle velocity or frequency. Since the gas surface velocity
is fixed in the present study, the frequency appears to be the
only major reason for the difference in the observed acoustic
boundary-layer thickness.

The nonuniformity of the velocity field can be further ex-
amined in Figs. 10 and 11, which show the vertical distribu-
tions of the axial velocity fluctuation u' for the first and second
modes, respectively. Both amplitudes and phases are pre-
sented to achieve a better understanding of this complicated
structure. Also included is the flame thickness defined by the
location at which the temperature reaches 97% of the final
flame temperature. The axial velocity fluctuation u' increases
rapidly in the near field due to unsteady vorticity generation,
then oscillates spatially with a decaying amplitude as the shear
wave propagates into the core flow, and finally reaches one-
dimensional distribution in the bulk of the chamber. Com-
pared with the cold-flow simulation in which chemical reac-
tions are not involved,19-20 the first peak in u' near the surface
is much smaller than the second peak. This phenomenon may
be caused by the rapid increase of temperature in the flame
zone. The strong variation of acoustic impedance, approxi-
mately proportional to the inverse of V^T, significantly mod-
ifies the distribution of u' although the acoustic pressure re-
mains nearly one-dimensional, u' usually attains its maximum
amplitude beyond the major heat-release region. The flame
tends to suppress the shear flow disturbance.21-22 In the core-
flow region where the shear wave vanishes, the behavior of
u' follows the isentropic relation with the acoustic pressure,
with a phase lag of 90 deg with reference to p'.
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Fig. 10 Vertical distributions of axial velocity fluctuation of first
mode at xlL = 0.25: a) amplitude and b) phase.
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Figure 12 shows the distributions of the amplitude and phase
of the vertical velocity fluctuation v' at various axial locations
for the first mode. A logarithmic scale is adopted for the
vertical coordinate to clearly indicate the variations near the
burning surface. In the present study in which the propellant
mass burning rate is fixed at its steady-state value, v' varies
slightly near the surface due to density fluctuation associated
with the acoustic pressure oscillation. However, a substantial
increase in the amplitude of v' is observed in the secondary
flame zone (1 — Y/H ~ 0.02) as a result of the huge density
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Fig. 12 Distributions of vertical velocity fluctuation of first mode at
various axial locations: a) amplitude and b) phase.
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Fig. 13 Instantaneous distributions of vorticity fluctuation of first
mode at xlL = 0.25.

change across the flame. Any small perturbation of the flame
location may lead to an appreciable change in v'. This phe-
nomenon is further evidenced by the steep distribution of the
phase in the secondary flame. It should be mentioned that
v' reaches its minimum at the acoustic pressure nodal point
(xlL = 0.5), but not at the acoustic velocity nodal point. The
interaction between unsteady motions and flame dynamics is
basically a pressure-coupled phenomenon, at least in the pres-
ent study, which does not include the effect of turbulence.

The result of the unsteady vortical field study is shown in
Fig. 13 for the first mode. In a two-dimensional flow without
heat release or viscous effect, the vorticity of a given fluid
particle is conserved. However, the conservation property of
vorticity is no longer valid for a viscous reacting flow due to
viscous dissipation, volume dilatation, and baroclinicity re-
sulting from misalignment between the density and pressure
gradients.21"23 In general, viscous dissipation has a negligible
effect on vorticity transport in the flame zone where density
varies so dramatically that volume dilatation and baroclinicity
become predominant. The rate of vorticity change slows down
rapidly beyond the flame zone, and decays gradually toward
the core-flow region. This agrees with the observation that
the flame expands the distribution of vorticity when the vortex
passes through the premixed flame.24

B. Temperature Field and Heat-Release Mechanisms
Figures 14 and 15 show the vertical distributions of tem-

perature fluctuation at various times for the first and second
modes, respectively. The steady-state temperature profiles
denoted by the dashed lines are also presented to facilitate
discussion. The most significant phenomenon observed for
both modes of oscillation is the occurrence of a large tem-
perature oscillation in the luminous flame zone where the
major reaction is the reduction of NO species. The maximum
amplitude of temperature fluctuation in the core-flow region
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is about 10 K, corresponding to the isentropic variation with
the acoustic pressure, since this region has no chemical re-
action and negligibly small viscous stress. Figures 16 and 17
show the vertical distributions of the amplitude and phase of
temperature fluctuation for the first and second modes, re-
spectively. Strong coupling between flame dynamics and
acoustic waves is observed in the flame zone, except in regions
near the pressure nodal points where the acoustic pressure
reaches its minimum value. The flame moves periodically in
the vertical direction in response to local pressure oscillations,
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thereby rendering an almost symmetric distribution of tem-
perature fluctuation across the luminous flame front for the
first acoustic mode (see Fig. 14). However, the nonsteady
temperature profile reveals a slightly asymmetric shape for
the second mode, with positive and negative peaks observed.
This can be explained by considering the influence of the shear
wave on the near-field flame structure. For the first longi-
tudinal mode, the shear wave reaches its peak value in the
flame zone and completes the first cycle above the flame. For
the second mode, the shear wave finishes its first cycle com-
pletely in the flame zone with the second peak occurring still
inside the flame. The local interactions between the shear
wave and flame dynamics dictate the spatial distribution and
temporal evolution of the temperature fluctuation.

Figure 18 shows the time evolution of the heat-release fluc-
tuation for both modes. The behavior of the heat-release
fluctuation closely follows the gradient of the temperature
fluctuation, easily explained by the energy balance over a gas-
phase control volume. Since the heat-release rate is simply
proportional to the spatial gradient of temperature, the effects
of both thermal inertia and diffusion are shown to be small
compared with the convection process. The flame behaves
quasisteadily in response to imposed pressure oscillation.

C. Rayleigh's Criterion
The effect of heat release on motor stability characteristics

can be investigated using Rayleigh's criterion,25 which deter-
mines the conditions for driving or suppressing flow oscilla-
tions when thermal energy is added periodically to acoustic
fields. The mathematical formulation for this criterion is writ-
ten as

f f p'(r, t)q'(r, t) & dv
JVJr

(24)

An acoustic wave can be excited if the previous integral is
a positive value, and damped if negative. The results using
Rayleigh's criterion for the first and second modes of oscil-
lation are presented in Fig. 19. The quantity (p'q'}, referred
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to as Rayleigh's parameter, is obtained by time-averaging the
product of acoustic pressure and heat-release fluctuations over
one cycle of oscillation. The nonsteady heat release in the
flame zone exhibits a complicated mechanism for driving and
suppressing acoustic oscillations, as evidenced by the positive
and negative values of (p'q'}. The fizz zone (primary flame)
has little influence in the determination of the motor stability
characteristics. However, the dynamic response of heat re-
lease in the luminous flame zone plays a decisive role, with
large excursions of temperature and heat-release fluctuations
occurring in that region. For both the first and second modes
of oscillation, the net value of (p'q') over the entire chamber
is positive. The nonsteady heat release arising from the in-
teractions between acoustic waves and flame dynamics tends
to drive flow oscillations in the motor, and can be treated as
a combination of monopole and dipole sources.

VI. Conclusions
A comprehensive numerical analysis has been developed

to study the interactions between acoustic waves and gas-
phase flame dynamics of a double-base homogeneous pro-
pellant in a rocket motor. The formulation treats the complete
conservation equations of mass, momentum, energy, and spe-
cies concentration, and accounts for finite rate chemical ki-
netics in the gas phase and subsurface reactions. The govern-
ing equations and associated boundary conditions are solved
numerically using a fully coupled implicit scheme based on a
dual time-stepping integration algorithm.

In order to simulate the flame structure of the solid pro-
pellant, a chemical kinetics model is first established. The
model adopts two reactions for the condensed phase and five
reactions for the gas phase. The results from one-dimensional,
steady, and isobaric flow calculations are consistent with ex-
perimental data for burning rates, temperature distributions,
dark-zone thicknesses, and species concentrations. The chem-
ical kinetics model is proven to be suitable for present study
of double-base propellant combustion.

The model has been implemented to examine the detailed
flow structures and heat-release mechanisms in various parts

of the motor, including microscale motions near the propel-
lant surface and macroscale motions in the bulk of the cham-
ber. Results indicate that strong interactions between exo-
thermic reactions and acoustic waves occur in regions with
steep temperature gradients due to the large activation energy
of the associated chemical kinetics. The dynamic behavior of
the luminous flame plays a decisive role in determining the
motor stability characteristics. The distributed combustion re-
sponse in the gas phase provides the energy for driving flow
oscillations, and, based on acoustic theory, can be treated
correctly as a combination of monopole and dipole sources.
The classical treatment of motor stability by means of com-
bustion response or acoustic admittance functions appears too
simplistic, and requires substantial revision to accommodate
the actual physicochemical processes involved.
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