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TRANSIENT COMBUSTION RESPONSE OF AP/HTPB
COMPOSITE PROPELLANT TO ACOUSTIC OSCILLATIONS
IN A ROCKET MOTOR

Weidong Cai, Piyush Thakre, and Vigor Yang
Department of Mechanical and Nuclear Engineering, The Pennsylvania State
University, University Park, Pennsylvania, USA

A comprehensive theoretical/numerical model is developed to investigate the transient

combustion response of AP/HTPB composite propellant to acoustic excitation in a rocket-

motor environment. The work extends our previous analysis of AP/HTPB combustion at

steady-state to include flow oscillations and their subsequent influence on the flame structure

and propellant burning behavior. Detailed information about the flame-zone physiochemis-

try near the propellant surface is obtained at different locations in the motor for the first

three modes of longitudinal acoustic waves. In addition, various mechanisms dictating the

characteristics of the propellant combustion response, including microscale motions in the

flame zone and macroscale motions in the bulk flow, are explored. The effects of mean

and oscillatory flowfields in determining the propellant combustion response are also exam-

ined. Furthermore, a large flow velocity fluctuation often leads to a nonlinear response of

the heat feedback to the propellant surface and the resultant burning rate.

Keywords: AP/HTBP composite propellant; Combustion instability; Solid rocketmotor; Transient combustion

INTRODUCTION

Combustion instability in solid-propellant rocket motors results from
interactions between acoustic waves and unsteady combustion processes in the cham-
ber. For ammonium perchlorate (AP)-based composite propellants, acoustic flow
oscillations affect propellant burning characteristics not only by influencing reaction
kinetics, but also by altering the local mixing of fuel and oxidizer and the ensuing
diffusion flame structure in the gas phase. This in turn produces acoustic disturbances
by means of unsteady mass, momentum, and energy additions from the burning
propellant into the gas stream. A mutual coupling can thus occur between the
oscillatory flowfield and the transient combustion response of the propellant. The
resultant pressure fluctuations may reach sufficient amplitudes to interfere adversely
with the desired motor operation (Culick & Yang, 1992).
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The study of transient combustion response of a propellant to incident
pressure oscillation dates back to the early 1960s (Culick, 1968; Novozhilov,
1965). The obtained pressure-coupled response function was treated as a propel-
lant property and was used to study the stability behavior of a rocket motor
(Culick & Yang, 1992). Levine and Baum (Baum & Levine, 1986; Levine &
Baum, 1983) conducted a nonlinear instability analysis by combining one-
dimensional gas dynamics with a simple heuristic model of combustion response.
Cohen and Strand (1985a, 1985b) extended the work by accounting for the pro-
pellant composition and AP particle size. Wicker et al. (1996) examined the
dependence of motor stability behavior on the functional form of the combustion
response function. Most existing models (Brewster & Son, 1995; Brewster et al.,
2000) for solid-propellant combustion response employ the quasi-steady gas
phase, homogeneous, one-dimensional (QSHOD) approximation. The change in
the flame structure and associated heat release due to acoustic oscillations is gen-
erally not considered. In spite of their contributions to the understanding of com-
bustion instability, these models provide limited information concerning the
burning behavior of composite propellants amid the oscillatory crossflows typical
in rocket motors. The heterogeneous effects inherent to the combustion of com-
posite propellants are also not taken into account. Furthermore, the notion that
the multi-modal AP particle distribution is responsible for a multi-peaked
response function has not been accepted. A comprehensive analysis encompassing
a multi-dimensional flame structure in a rocket-motor environment is thus needed
to improve the knowledge of the combustion response of AP=HTPB propellant to
acoustic oscillations.

The transient response of premixed flames to acoustic waves in a porous-
walled chamber has been addressed by Chu et al. (2003). This paper focuses on
diffusion flames and extends our earlier work (Cai et al., 2008) on steady combus-
tion of AP=HTPB composite propellant. The previous analysis investigated the
effects of chamber pressure, local flowfield, and AP mass fraction and particle size
on the propellant flame structure and burning characteristics in a rocket-motor
environment. The current focus is placed on the transient response to acoustic
oscillations in the chamber. The formulation includes conservation equations in
both the gas and condensed phases, and accommodates finite-rate chemical
kinetics and variable thermophysical properties. The gas- and condensed-phase
processes are matched at the interface to determine the instantaneous
propellant burning behavior. Only laminar flows are considered here, to avoid
complications arising from turbulence. Detailed flame structures and heat-release
distributions at various axial locations, including microscale motions in the flame
zone and macroscale motions in the bulk flow, are analyzed in a systematic
manner.

In the following section, the theoretical formulation and numerical method are
briefly described. The analysis starts with calculations of the motor internal flow-
fields and propellant burning behavior under steady operating conditions. Subse-
quently, periodic pressure oscillations are imposed at the exit to simulate standing
acoustic waves in the chamber. The interactions between the unsteady combustion
process and oscillatory flows, as well as their influence on the motor instability,
are investigated thereafter.
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THEORETICAL FORMULATION AND NUMERICAL SCHEME

The physical model considered is shown schematically in Figure 1. It consists
of a cylindrical chamber loaded with AP=HTPB composite propellant and an
exhaust nozzle. A sandwich-type of segment containing AP and HTPB is embedded
in the propellant grain. The location of the sandwich can be varied in the motor, so
that the burning properties and combustion wave structures of the propellant can be
studied under different flow environments. The gas-phase formulation involves a
multi-component reacting system with variable thermodynamic and transport
properties. The condensed phase consists of a preheated zone and a thin superficial
reaction layer in which thermal diffusion and decomposition reactions take place.
The details of the conservation equations and the AP=HTPB combustion model
are described in our previous work (Cai et al., 2008). A zeroth-order reaction is
assumed for the condensed-phase decomposition of AP, based on the work of
Guirao and Williams (1971). For gas-phase combustion, the substitution of ethylene
for the HTPB pyrolysis products has been found reasonable (Cai et al., 2008).

A preconditioning technique with dual-time stepping integration is employed
(Hsieh & Yang, 1997; Tseng & Yang, 1994; Zong & Yang, 2007) to solve the conser-
vation equations numerically. The algorithm circumvents the difficulties arising from
the disparity in system eigenvalues due to the low Mach-number regime and stiffness
of chemical source terms. Spatial discretization is achieved with a second-order
central difference scheme. The numerical framework has been verified and validated
against several selected problems involving acoustic excitations (Cai et al., 2003;
Flandro et al., 2000) and stiff source terms (Roh et al., 1998; Zong & Yang, 2008).

RESULTS AND DISCUSSION

Figure 1 shows the physical model of concern, an axisymmetic chamber with a
closed head-end. It measures 0.5 meter in length and 4.22 cm in diameter. The overall
dimensions are five-sixths those of the motor previously considered by Culick and
Yang (1992). The chamber pressure is set as 70 atm. Only the upper half of the
volume is treated because of the flow symmetry with respect to the centerline.
The computation domain for the condensed phase is 50 mm in depth, about twice

Figure 1 Schematic diagram of a rocket motor loaded with AP=HTPB propellant.
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the estimated thickness of the AP preheat zone at 70 atm. The dimensions of the
embedded AP=HTPB sandwich-type of segment are identical to those used in our
previous study on steady-state combustion (Cai et al., 2008). The widths of the
AP (dAP) and HTPB (dHTPB) elements are 200 and 171 mm, respectively, equivalent
to a mass ratio of 7=3. Inert gases simulating the combustion products from the
propellant are injected from the rest of the wall at a prescribed condition.

The steady-state flowfield was first established in the chamber to provide the
initial condition (Cai et al., 2008). Periodic pressure oscillations are then imposed
at the chamber exit to simulate longitudinal standing waves. The forcing frequen-
cies are 1080, 2160, and 3240Hz, corresponding to the first, second, and third
longitudinal modes of the chamber acoustics, respectively. The amplitude of the
oscillation is 2% of the mean pressure. In order to study the interaction between
the gas-phase flame dynamics and the oscillating crossflow, the sandwich-type
propellant segment is placed at three different locations, 3.2, 25, and 46.96 cm
from the head end of the chamber. Figure 2 shows the normal acoustic pressure
and velocity distributions of the first three longitudinal modes, as well as the loca-
tions of the propellant segment. Data acquisition and analysis of the unsteady
flowfield were conducted after the fifteenth cycle of the imposed acoustic field,
when stationary oscillations are attained.

Figure 2 Distributions of acoustic velocity and pressure of (a) first, (b) second, and (c) third longi-

tudinal modes of acoustic oscillation at phase angles of 0 and p (-- - acoustic velocity, —acoustic pres-

sure, . location of AP=HTPB sandwich).
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Acoustic Pressure and Velocity Fields

The oscillatory flowfield was examined first. Figure 3 shows the contour plots of
the pressure amplitude of the first and second modes of standing acoustic waves. The
low Mach-number environment renders a one-dimensional acoustic pressure field,
with no discernible variation in the radial direction. The phenomenon of acoustic
refraction, commonly observed for waves traveling in a nonuniform medium, is not
evident here. Figure 4 shows the distributions of the amplitudes of the axial velocity
fluctuations for the first two modes. The complex structure adjacent to the surface
indicates the presence of an acoustic boundary layer within which rapid fluctuations
arising from acoustic disturbances, unsteady shear waves, and flame oscillations occur
(Apte & Yang, 2002; Flandro et al., 2000; Majdalani, 1999; Roh et al., 1998). The
acoustic wave couples with the mass injection from the propellant surface and
generates fluctuating vorticity to satisfy the no-slip boundary condition. The acoustic
oscillations can also affect the flame dynamics and produce entropy fluctuations.

Based on the linear approximation for small amplitude oscillations, the axial
velocity fluctuation u 0 comprises three contributions (Pierce, 1989):

u0 ¼ u0a þ u0v þ u0s ð1Þ

where a, v, and s represent the acoustic (irrotational), vorticity (shear), and entropy
(thermal) disturbances, respectively. The amplitude of the velocity fluctuation in
Figure 4 reaches a maximum of 18m=s at the acoustic pressure node, consistent with
classical acoustic theory (i.e., ju0j ¼ jp0j=qa). The velocity fluctuation in the core
region is one-dimensional because the vorticity and entropy disturbances are

Figure 3 Distributions of amplitudes of pressure oscillations in rocket motor: (a) first mode,

(b) second mode.
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smoothed out by viscous dissipation and heat conduction, respectively. The primary
difference between the two modes lies in the spatial structure and phase distribution
of the oscillatory field. Because the flame zone is located very close to the burning
surface, the acoustic boundary-layer thickness is primarily influenced by the shear
wave. The oscillation frequency plays a key role in the viscous damping of the shear
wave and thus the radial penetration of the disturbance (Flandro et al., 2000; Maj-
dalani & Van Moorhem, 1997). Figure 4 shows that the thickness of the acoustic
boundary layer decreases with increasing frequency due to enhanced viscous
damping.

Entropy Waves

Figure 5 shows a close-up view of the amplitude of axial-velocity fluctuation in
the flame zone for the first mode. The propellant sandwich is located at x¼ 3.2 cm.
According to Pierce (1989), the contribution of the entropy component of the axial-
velocity fluctuation is proportional to the fluctuation of the temperature gradient
(i.e., u0 / ðrTÞ0). Figure 6 shows the contour plot of jðdT=dxÞ0j, bearing a close
resemblance to the distribution of ju0sj. The contribution of the entropy disturbance
to the velocity fluctuation in the flame zone is evident. To further quantify
this phenomenon, the radial distribution of ju0j in the near-surface region is exam-
ined. Figure 7a shows the radial distribution of the amplitude of the axial-velocity
fluctuations at x¼ 3.22 cm downstream of the head end. Because the diffusion flame
height is about 110 mm at 70 atm (Cai et al., 2008), the influence of the entropy
fluctuation on u0 is restricted to the region of the first wavelength of the shear

Figure 4 Distributions of amplitudes of axial-velocity fluctuations in rocket motor (a) first mode

(b) second mode.
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Figure 6 Close-up view of amplitude of temperature-gradient fluctuation, jðdT=dxÞ0j, in flame zone

(f¼ 1080Hz: first longitudinal mode of acoustic oscillation).

Figure 5 Close-up view of amplitude of axial-velocity fluctuation in flame zone, sandwich propellant

located at x¼ 3.2 cm (f¼ 1080Hz: first longitudinal mode of acoustic oscillation).

Figure 7 Radial distribution of axial-velocity fluctuation in flame zone; first longitudinal mode of acoustic

oscillation (f¼ 1080Hz): (a) overview (b) close-up view.
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wave, as denoted by the dashed line. Figure 7b shows a close-up view. The velocity
fluctuation ju0j is distorted on the diffusion flame front (point A). The maximum heat
release at the flame front causes a local peak in the temperature distribution, render-
ing a positive and a negative temperature gradient, ðdT=dxÞ0 > 0 and ðdT=dxÞ0 < 0,
immediately below and above point A, respectively. The temperature-gradient fluc-
tuation thus exhibits a phase change of p across the flame. The corresponding u0s
shows the same trend, thereby enhancing ju0j on one side and reducing it on the
other. The net effect renders a distortion on the oscillating velocity profile, as seen
in Figure 7b. Figure 8 shows the distribution of the amplitude of heat-release fluctu-
ation in the flame zone. It bears a close resemblance to those of the velocity and
temperature fluctuations in Figures 5 and 6, mainly because the temperature
variation is a consequence of the heat-release process.

Figure 9 shows the distribution of entropy fluctuation, js0j, for the first longi-
tudinal mode of acoustic oscillation. The prominence of js0j even outside the flame
zone suggests that the heat-release fluctuation is not the only mechanism producing
entropy waves. The temperature fluctuation arising from the mixing between the hot
combustion products from the final diffusion flame and the warm fuel pyrolysis
species may also play an important role. This phenomenon can be explained based
on the following linearized equation of state:

s0 ¼ Cp
T 0

T
� p0

�qq
ð2Þ

Figure 8 Distribution of amplitude of heat-release fluctuation in flame zone; first longitudinal mode of

acoustic oscillation (f¼ 1080Hz).

Figure 9 Distribution of amplitude of entropy fluctuation in flame zone; first longitudinal mode of acous-

tic oscillation (f¼ 1080Hz).
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Figure 10 shows the distribution of temperature fluctuation, jT 0j. A close
correlation between entropy and temperature fluctuations is clearly observed. The
maximum jT 0j does not occur at the location where the heat release exercises its
maximum fluctuation. The situation can be elaborated by considering the temporal
evolution of the temperature field. Figure 11 shows the instantaneous temperature
distributions at two different times within one cycle of oscillation. The time period
of the acoustic oscillation is denoted by s. As a consequence of acoustic motion,
the flamelet moves slightly upstream at t¼ 15.25 s and then sweeps downstream after
one half cycle at t¼ 15.75 s in response to the local velocity oscillation. This flame-
dancing phenomenon, along with the ensuing change in the mixing between burned

Figure 10 Distribution of amplitude of temperature fluctuation in flame zone; first longitudinal mode of

acoustic oscillation (f¼ 1080Hz).

Figure 11 Snapshots of temperature field in flame zone within one cycle of acoustic oscillation, (a)

t¼ 15.25 s, (b) t¼ 15.75 s; first longitudinal mode of acoustic oscillation (f¼ 1080Hz).
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products and unburned fuel species outside the flame, is responsible for the
formation of the two regimes with intense temperature fluctuation (points A and B
in Figure 10). The mutual coupling between the non-uniform flowfield and acoustic
oscillations could be as instrumental as the heat-release fluctuation in influencing
entropy disturbances.

Vorticity Dynamics

The coupling between acoustic oscillation and combustion response can also be
characterized by the following vorticity transport equation:

DX
Dt

¼ ðX � rÞu� Xðr � uÞ � rð1=qÞ � rpþ nr2X� lrð1=qÞ � ðr � XÞ

þ 4

3
lð1=qÞ � rðr � uÞ

ð3Þ

where X is the vorticity defined as r� u. In the case without heat release, vorticity is
produced at the wall to satisfy the non-slip condition. In the present case, the heat
release in the flame zone gives rise to non-uniform distributions of density, pressure,
and temperature. Vorticity can thus be produced through baroclinicity and volume
dilatation, represented by �rð1=qÞ � rp and �Xðr � uÞ, respectively. The resultant
vorticity enhances the fuel=oxidizer mixing and subsequently modifies the character-
istics of the diffusion flame above the burning propellant.

The acoustic-wave-induced vorticity generation and transport in a cold-flow
environment has been elaborated by Flandro (1995) and Majdalani and Roh
(2000) for laminar flows, as well as by Flandro et al. (2000) and Apte and Yang
(2002) for turbulent flows. The focus of the present study is on the vorticity evolution
caused by the interactions between acoustic oscillations and propellant combustion.
The perturbed baroclinicity term has two components: rð1=�qqÞ � rp0 and
rð1=q0Þ � r�pp. The former results from the coupling between the acoustic-pressure
and time-averaged flowfields. The latter is attributed to the heat-release fluctuation
in the flame zone. The perturbed volume-dilatation term includes two components:
Xðr � u0Þ and X0ðr � uuÞ, accounting for the compressibility effect. Figures 12a and
12b show snapshots of fluctuating vorticity at the downstream end of the motor
within one cycle of acoustic oscillation, corresponding to the two extremes of the
flame-tip locations. The unsteady flame is accompanied by a pair of opposite vortices
on the two sides of the flame front. The temperature gradients at these locations also
exhibit opposite signs. Because the pressure gradient associated with the flame is not
significant, the density field is dictated by the local temperature variation. Opposite
vortices are thus generated on the two sides of the flamelet through the baroclinicity
mechanism. As the acoustic pressure gradient changes its sign from 15.25 s to 15.75 s,
the corresponding unsteady vortices also alter their directions. At a given time
instant, however, the vortices on the two sides retain opposite signs. Figure 13 illus-
trates the acoustic-oscillation-induced vorticity fluctuation. Such vortices provide an
additional mechanism to enhance the mixing between the fuel and oxidizer
streams and consequently the diffusion-controlled reaction. The flamelet is dragged
closer to the propellant surface. The resultant elevation of heat feedback increases
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the propellant burning rate. Figure 14 shows the time evolution of the temperature
gradient and mass flux at the propellant surface. The influence of vorticity fluctu-
ation on the propellant burning behavior is clearly observed. Such enhancement
of diffusive combustion due to vortices was also noted by Marble (1985).

Rayleigh’s Criterion

The correlation between unsteady heat release and acoustic pressure fluctu-
ation provides a quantitative measure of the extent to which the flame may drive
or suppress the flow oscillations. This is achieved by calculating the Rayleigh para-
meter, hp0q0i, a time-averaged quantity of the product of acoustic and heat-release
fluctuations over one cycle of oscillation. An acoustic wave can be excited or damped

Figure 12 Snapshots of fluctuating vorticity field for a sandwich propellant located at downstream end

(x=L¼ 0.94) within one cycle of acoustic oscillation, (a) t¼ 15.25 s (b) t¼ 15.75 s; first longitudinal mode

of acoustic oscillation (f¼ 1080Hz).

Figure 13 Schematic diagram illustrating acoustically induced vorticity fluctuation.
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if the integral is positive or negative, respectively. Figure 15 shows the Rayleigh para-
meter for the first two modes of acoustic oscillation near the chamber head-end. The
parameter exhibits both positive and negative peaks with about the same magnitude
in the flame zone. Similar to the situation for a premixed flame in homogenous
propellant combustion (Roh et al., 1998), the diffusion flame serves as an acoustic

Figure 14 Time evolution of (a) temperature gradient and (b) mass flux at propellant surface, showing

influence of vorticity on propellant burning behavior (--- - - steady-state condition).

Figure 15 Distribution of Rayleigh’s parameter near the chamber head-end (a) first mode (f¼ 1080Hz)

and (b) second mode (f¼ 2160Hz)
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dipole source. For the second mode, the flamelet oscillates over a wider spatial range,
due to the longer perturbation of the axial flow in the flame zone.

Propellant Combustion Response

The presence of crossflow increases the heat transfer to the propellant by bend-
ing the flame towards the surface (Cai et al., 2008). Figure 16 shows schematically
the situation at various locations in the chamber under a steady-state condition.
The dashed line 0 corresponds to the flame centerline, denoting the flame orien-
tation, whereas the solid line l serves as a reference coordinate perpendicular to
the propellant surface. The flame tilts more severely in the downstream region, where
the crossflow is stronger. In the case of acoustic excitation, the flame oscillates in
response to local flow variations of pressure and velocity, thereby modifying the
heat feedback to the surface and subsequently the propellant burning rate.
Figure 17 illustrates the flame dynamics at three different chamber locations under
the influence of acoustic excitation. The solid and dashed lines, 0 and l, correspond
to those in Figure 16 at steady-state. Lines 1 and 2 represent the two extreme loca-
tions of the flame centerline as it fluctuates back and forth during one acoustic cycle.
Depending on the location of the propellant segment, two different scenarios exist
for the energy-feedback fluctuation. The first scenario pertains to regions where
ju0j is so small that the flame centerline oscillates only downstream of the vertical line
l, such as regions neighboring the acoustic velocity node points (e.g., locations 1 and
3 in Figure 2a). The energy feedback to the propellant surface increases monotoni-
cally as the flame moves closer to the propellant surface from line 1 to 2 in the first
half cycle of oscillation, and decreases monotonically in the second half cycle when
the path is reversed. This yields a maximum and a minimum value of the energy
feedback at lines 2 and 1, respectively. The second scenario pertains to regions where

Figure 16 Flame shapes at different chamber locations in presence of crossflow at steady-state.

Figure 17 Flame shapes at different chamber locations in presence of crossflow under acoustic oscillation.
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ju0j is sufficiently large to cause the flame centerline to oscillate across line l, as in
regions near the acoustic velocity anti-node points (e.g., location 2 in Figure 2a
for the first longitudinal mode). During the first half cycle of oscillation, the flame
moves away from the propellant surface from a to b, leading to a decrease in the
energy feedback to the propellant. As time proceeds, the flame begins to move closer
to the surface from b to c, and the heat transfer to the propellant is elevated. In the
second half cycle, the entire trend is reversed. Therefore, in the case of the first
longitudinal mode of the standing acoustic wave at the midstream location, the
energy feedback to the propellant within one cycle of oscillation exhibits two peak
values at, a and c, and two minimum values, at b and d.

In the context of the above analysis, Figure 18 shows the response of the
propellant-surface heat transfer to the pressure and velocity fluctuations for the first

Figure 18 Fluctuations of heat feedback to propellant surface at various axial locations (a) upstream

(x=L¼ 0.064), (b) midstream (x=L¼ 0.5), and (c) downstream (x=L¼ 0.94); first longitudinal mode of

acoustic oscillation (f¼ 1080Hz).
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longitudinal mode of the standing acoustic wave. The results for three different
chamber locations are presented. The axial-velocity fluctuation at the centerline of
the chamber serves as an indication of the magnitude of crossflow oscillation. The
heat flux to the propellant surface is calculated by taking a spatial average over
the entire surface, given by

_qq ¼ 1

S

Z
S

�k
dT

dr
jy¼R

� �
ds ð4Þ

The strong velocity fluctuation at the midstream location (i.e., the acoustic velocity
anti-node point) leads to two local maxima and two minima in the heat-flux oscil-
lation within one cycle of acoustic excitation. The corresponding amplitude at the
chamber head-end and exit (i.e., acoustic velocity node), however, exhibits a single
maximum and a minimum. The magnitude of oscillation is much smaller than that
of the midstream location. This suggests the dominance of velocity fluctuation over
pressure fluctuation in controlling the heat feedback from the flame to the propellant
surface.

The situation is substantially changed for the second mode of wave motion due
to the different spatial distribution of ju0j, as shown in Figure 19. In the chamber
upstream region, the amplitude of the velocity fluctuation exceeds its time-mean
value, causing the flame centerline to oscillate across line l. The phenomenon bears
a close resemblance to that at the midstream location for the first mode of acoustic

Figure 19 Fluctuations of heat feedback to propellant surface at chamber head-end and exit (a) upstream

(x=L¼ 0.064) (b) downstream (x=L¼ 0.94); second longitudinal mode of acoustic oscillation (f¼ 2160Hz).

AP/HTPB COMBUSTION RESPONSE TO ACOUSTIC OSCILLATIONS 611

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
P
e
n
n
s
y
l
v
a
n
i
a
 
S
t
a
t
e
 
U
n
i
v
e
r
s
i
t
y
]
 
A
t
:
 
1
8
:
4
0
 
3
 
J
u
n
e
 
2
0
0
9



oscillation (see Figure 18b). At the downstream end, the time-mean crossflow
velocity overrides its fluctuating counterpart, thereby eliminating the velocity modu-
lation effect. The propellant-surface heat flux varies sinusoidally with a much higher
amplitude, in response to the local flow oscillation. For the same velocity fluctuation,
the stronger crossflow in the downstream region tends to enhance the propellant
combustion response due to the flame-bending effect.

Figure 20 shows the time evolution of the propellant burning rate near the
chamber head-end (x=L¼ 0.064) for the first three modes of longitudinal acoustic
oscillation. For the first mode, the velocity fluctuation is small and the propellant
mass burning-rate fluctuation, _mm0, is mainly induced by the acoustic pressure. The
combustion response function, defined as Rp ¼ ð _mm0=�_mm_mmÞ=ðp0=�ppÞ, only has a real part
of 0.94, indicating a strong correlation with the pressure oscillation. The velocity

Figure 20 Fluctuation of propellant mass burning rate near chamber head-end (x=L¼ 0.064m), (a) first

mode (f¼ 1080Hz), (b) second mode (f¼ 2160Hz), and (c) third mode (f¼ 3240Hz).
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fluctuation increases progressively from the first to the third mode, as shown in
Figure 2, and a similar trend is observed in the corresponding values of _mm0. A Fourier
analysis on _mm0 for the third mode shows two dominant frequencies of 3240 and
6480Hz, which correspond to the first and second harmonic of the imposed oscil-
lation. Although the acoustic excitation has a single frequency, the resultant burn-
ing-rate fluctuation features higher harmonics. Such a non-linear behavior can be
attributed to the velocity-modulation phenomenon and the occurrence of multiple
peaks in the ensuing heat-flux fluctuation at the propellant surface.

Figure 21 shows the burning-rate response to the first mode of acoustic oscil-
lation at three different axial locations. At the chamber midstream location where
the highest velocity fluctuation occurs, the burning-rate oscillation exhibits higher
harmonics. In contrast, only a single sinusoidal variation is present near the chamber
head-end and exit because of the low level of velocity fluctuation. It has often been

Figure 21 Fluctuations of mass burning rate at various axial locations for first longitudinal mode of acous-

tic oscillation (f¼ 1080Hz), (a) upstream (x=L¼ 0.064), (b) midstream (x=L¼ 0.5), and (c) downstream

(x=L¼ 0.94).
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observed for AP=HTPB composite propellants that the combustion response to a
single-frequency excitation features multiple harmonics. This phenomenon may arise
from the modulation of the flow velocity above the propellant surface, particularly
because of the reversal in the local flow direction due to acoustic oscillation. It is
possible that the multi-modal distribution of AP particle size also contributes to this
nonlinear behavior, but this notion is not well-established quantitatively and is still
under scrutiny.

The velocity-coupled combustion response manifests itself through both
the oscillatory and mean crossflows. The difference observed in the burning-rate fluc-
tuation between Figures 21a and 21c, despite the equal magnitudes of pressure
and velocity oscillations at these two locations, indicates the significance of the
time-averaged crossflow. At the chamber head-end, the response function Rp has a
real part of 0.94. Its imaginary part is negligibly small. At the downstream location,
however, Rp has a real and an imaginary part of 0.34 and �0.41, respectively. The
disparity of the combustion response in both the magnitude and phase indicates
that mean-flow convection also plays a decisive role in determining the propellant
combustion dynamics.

Thermal Wave in Condensed Phase

The interaction between the acoustic oscillation and the gas-phase flame
dynamics causes a temperature fluctuation at the propellant surface. A thermal wave
thus propagates into the condensed phase through the diffusion process. Figure 22
shows the magnitude of temperature fluctuation and time-averaged temperature in
the condensed phase at the chamber head-end for the first longitudinal mode of
acoustic excitation. The penetration depth (dc) of the thermal wave associated with
acoustic forcing is less than 2 mm into the reactive-diffusive zone, leaving the bulk of
the preheat zone unaffected. Such a small value is attributed to the large thermal
inertia (inversely proportional to thermal diffusivity, a) of the condensed phase. A
simple dimensional analysis gives dC �

ffiffiffiffiffiffiffiffi
a=f

p
, indicating a decrease in dc with

increasing acoustic frequency f. Figure 23 shows the amplitude of temperature

Figure 22 Time-mean temperature and amplitude of temperature fluctuation in condensed phase at

chamber head-end; first longitudinal mode of acoustic oscillation (f¼ 1080Hz).
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fluctuation at the chamber head-end for the first three longitudinal modes of acoustic
excitation. The maximum surface temperature fluctuations jT 0

Sj are 0.3, 0.8, and
1.8K for the three modes, respectively. The penetration depth decreases from the
first to the third mode, which is consistent with the result from the aforementioned
dimensional analysis.

CONCLUSIONS

The transient combustion response of AP=HTPB propellant to standing acous-
tic oscillations in a rocket-motor environment has been studied. Emphasis was
placed on the near-surface flame-zone physiochemistry and propellant combustion
response. The situations in various parts of the chamber were explored for the first
three modes of acoustic excitation. The interactions between the flame dynamics and
acoustic excitations, as well as the ensuing influence on the propellant burning beha-
vior, were studied by examining the contributions of the acoustic, vorticity, and
entropy modes of disturbances to the oscillatory flowfield. The entropy disturbance
is mainly associated with the temperature fluctuation arising from the nonuniform
heat release in the flame zone under acoustic excitation. Unsteady vortices with
opposite orientations are generated on the different sides of the diffusion flame front.
These vortices tend to enhance the mixing between the fuel and oxidizer streams in
the gas phase and consequently elevate the propellant burning rate. The oscillatory
diffusion flame serves as an acoustic dipole source driving flow instability in the
chamber. The velocity-induced combustion response caused by the crossflow oscil-
lation may overshadow the pressure-coupled response, depending on the propellant
location, acoustic forcing frequency and amplitude, and mean flow properties. In
addition, a single-frequency excitation may lead to multiple harmonics in the propel-
lant combustion response. This non-linear phenomenon can be attributed to the
modulation of the flow speed and direction by the acoustic oscillation in the
flame zone. The mean-flow convection also plays an important role in determining
the propellant combustion response through its influence on the flame structure.

Figure 23 Amplitudes of temperature fluctuations in condensed phase at chamber head-end for first three

modes of acoustic oscillation.
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NOMENCLATURE

a speed of sound
f frequency
_mm mass burning rate of propellant
p pressure
q heat-release rate
_qq heat flux to propellant surface
r radial coordinate
R radius of rocket motor
Rp combustion response function
s entropy
T temperature
t time
u,v velocity components in axial and radial coordinates, respectively
x axial coordinate

Greek Symbols

a thermal diffusivity
d penetration depth of thermal wave
q density
X vorticity
s period of acoustic oscillation

Subscripts
a acoustic mode
c condensed phase
s surface quantity or entropy mode
v vorticity mode

Superscripts
0 fluctuating quantity
— time-averaged quantity
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