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A comprehensive numerical analysis has been conducted to study the combustion of a double-base
homogeneous propellant in a rocket motor. Emphasis was placed on the motor internal flow development
and its influence on propellant combustion. The formulation is based on the Favre-averaged, filtered
equations for the conservation laws and takes into account finite-rate chemical kinetics and variable ther-
mophysical properties. Turbulence closure is obtained using the large-eddy-simulation technique. The
contribution of large energy-carrying structures to mass, momentum, and energy transfer is computed
explicitly, and the effect of small scales of turbulence is modeled. The governing equations and associated
boundary conditions are solved using a time-accurate, semi-implicit Runge-Kutta scheme coupled with a
fourth-order central difference algorithm for spatial discretization. The motor internal flowfield is basically
determined by the balance between the inertia force and the pressure gradient arising from the mass
injection at the propellant surface. The temporal evolution of the vorticity field shows a laminar upstream
region, a transition zone in the midsection of the chamber, and a fully developed turbulent regime further
downstream. The turbulent mixing proceeds at a rate faster than chemical reactions, and the flame stretch
is strong enough to regard propellant combustion as a well-stirred reactor. The combustion wave in the
laminar region exhibits a two-stage structure consisting of a primary flame, a dark zone, and a secondary
luminous flame. The enhanced energy and mass transport in the turbulent region partially merges the
primary and secondary flames, thereby raising the temperatures in the dark zone. In the present study,
the smoother axial velocity gradient and vertical flow convection prevent turbulence from deeply pene-
trating into the primary flame zone. The turbulence energy spectra indicate dominant harmonics in a

frequency range capable of triggering combustion instabilities.

Introduction

Much of the research in the field of solid-propel-
lant rocket propulsion is directed toward a clear un-
derstanding of the combustion instability phenom-
enon. The interactions among the mean, turbulent,
and acoustic flowfields within the combustion cham-
ber, and their effect on the physiochemical processes
occurring in the thin flame region immediately
above the burning propellant surface, can sustain
high levels of pressure fluctuations leading to inef-
ficient operation of the motor. Hence, a comprehen-
sive study of the mutual coupling between the motor
flow development and propellant combustion dy-
namics is essential. The present analysis deals with
the homogeneous propellant combustion in a cylin-
drical chamber by means of a large-eddy-simulation
(LES) technique. The large energy-carrying flow
structures are resolved accurately, and the effect of
small scales of turbulence is modeled. Emphasis is
placed on the gas-phase flame dynamics in order to
explore the effect of local flow motions on propellant
burning.

Considerable progress was made by Tseng and
Yang [1] in investigating the combustion of homo-
geneous propellants in realistic motor environments.
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The issue of turbulence penetration into various
flame zones and its ensuing influence on propellant
burning behavior was carefully addressed. Roh et al.
[2,3] conducted a comprehensive numerical study of
the interactions between acoustic oscillations and
transient propellant combustion in laminar flows, to
identify the key mechanisms responsible for driving
instabilities. The model also featured a finite-rate
chemical kinetic mechanism involving five rate-lim-
iting reactions in the gas phase and two reactions in
the condensed phase to resolve the detailed com-
bustion wave structure. The instantaneous burning
rate was treated as part of the solution. The same
analysis was later extended to incorporate the effect
of turbulence [4,5]. Results indicate that the oscil-
latory flow characteristics were significantly altered
due to the turbulence-enhanced mass and energy
transport in the gas phase. As a consequence, the
energy released in the flame zone and the propellant
combustion response were modified, leading to a
qualitative change in the motor stability behavior.
All the previous studies in the fields of solid pro-
pellant combustion and rocket motor internal flows
employed conventional Reynolds-averaging tech-
niques for turbulence closure. Although these clo-
sure schemes provide good insight into propellant



x=L

FIG. 1. Schematic diagram of a solid rocket motor.

flame dynamics, they are based on semi-empirical
data and lack generality. The schemes provide little
information about the wide range of turbulent en-
ergy and dissipation spectra and are insufficient to
explore the intricate interactions among the acoustic,
vortical, and entropy waves produced in a rocket
chamber. The present work is the first attempt to
apply higher-order closure schemes based on LES
techniques to study these processes in depth, and it
lays the foundation to further advance the knowl-
edge base. This analysis has been previously applied
to study of the non-reacting flowfield in simulated
nozzleless rocket motors [6] and was carefully vali-
dated against the experimental data [7]. The work
was further advanced to simulate traveling acoustic
oscillations in a chamber with mass injection [8]. The
energy transfer mechanisms among the mean, tur-
bulent, and acoustic flows were investigated in
depth, instigating its application to the present study
with propellant combustion.

Theoretical Formulation

Figure 1 shows the physical model of concern, an
axisymmetric combustion chamber loaded with a
double-base propellant grain and connected down-
stream to a choked exhaust nozzle. The propellant
undergoes degradation in a thin superficial layer un-
derneath the burning surface. The gaseous pyrolysis
products are injected into the combustion chamber
along the azimuth, and then react to form the pri-
mary and secondary flames in the gas phase. Because
of the intricacy of the problem, which involves a
wide range of length and time scales, and the limi-
tation of computational resources, the analysis deals
only with the conservation laws in axisymmetric co-
ordinates. This treatment lacks the vortex-stretching
phenomenon commonly observed in turbulent flows
and may underpredict the turbulence production
and dissipation rates. The model, nonetheless, allows
for a systematic investigation into the interactions
between propellant combustion and motor flow de-
velopment. Much useful information can be ob-
tained about the effect of turbulence on flame dy-
namics, especially in the near-surface region. A
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recent study of rocket motor internal flow based on
a comprehensive three-dimensional, LES technique
[9] indicated that the two-dimensional simulation
can indeed capture the salient features of turbulent
flows and leads to good agreement with experimen-
tal data in terms of mean flow properties and acous-
tic-wave-induced flow oscillations.

The governing equations in axisymmetric coordi-
nates can be written conveniently in the following
vector form:

Rl m-E)+~F-F)=H ()
ot ax ay

where x and y represent the axial and radial coor-

dinates, respectively. The inviscid flux vectors, E and

F, and the viscous flux vectors, E, and F,, follow the

definitions given in Ref. [5]. The vector of conserved

variables Q is defined as
Q = ylp. pu, pv, pe, pY;I" 2)

The source term H includes contributions from
chemical reactions and the axisymmetric treatment
of flow properties. A reduced chemical kinetics
mechanism comprising two global reactions in the
condensed phase and five reactions in the gas phase
is employed to describe the combustion-wave struc-
ture [2].

Turbulence Modeling

Turbulence closure is obtained based on the LES
technique in which large, energy-carrying structures
are computed explicitly and the effect of small-scale
motions on large scales is modeled. A spatial filter G
is employed to decompose the flow variables into a
large (resolved) and a subgrid (unresolved) scale,

Fx, t) = Fix t) + Fx, t) with
Flx. ) = L Glx — x'. NFX. 0% (3)

where D is the entire domain, 4 is the computational
mesh size which determines the size and structure
of the unresolved scales, and Fis any flow property
p, u, v, T, or Y;. The superscripts r and s represent
the resolved and unresolved scales of flow proper-
ties, respectively. Favre averaging is further used to
simplify the governing equations for a compressible
turbulent-flow simulation [10]. This density-
weighted averaging eliminates complex triple cor-
relations between density and velocity fluctuations
in the governing equations and is given as

(/&?r @
P

The filtered forms of the governing equations for
axisymmetric configurations are obtained to com-
pute the large-scale motions explicitly. The effect of
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unresolved scales is modeled to provide adequate
dissipation by means of the Smagorinsky model [11].
A comprehensive description of formulation is given
in Ref. [12].

Turbulence/Chemistry Interaction

The reaction rates @; in the species-concentration
equations need to be modeled in order to capture
the effect of subgrid scales on the chemistry. Peters
[13] examined the problem of turbulence/chemistry
interactions for premixed flames in terms of three
non-dimensional parameters: turbulent Reynolds
number, Re,, turbulent Damkohler number, Da, and
turbulent Karlovitz number, Ka, as defined in Ref.
[1]. If chemical reactions proceed at rates lower than
those of turbulent mixing (i.e., Da < 1), and the
flame stretch is strong enough to cause penetration
of small eddies into the flame zone (i.e., Ka > 1),
then the flame structure can be locally modeled as
a well-stirred reactor. Under this situation, turbu-
lence rapidly penetrates into the flame zone through
enhanced mass transfer, leaving chemical reactions
as the rate-controlling processes. No direct interac-
tions between turbulence and combustion occur in
this regime. The present analysis indicates that, for
the combustion of homogeneous double-base pro-
pellant, the condition of Ka > 1 and Da < 1is always
satisfied in the flame zone, a situation first observed
by Tseng and Yang [1]. Accordingly, the closure for
reaction rates follows the usual approximation of re-
solved reaction rates [11]:

CU: = wf(p, T, Yl> YQ, ey, YN)

= ap’, T Y, Yo, .., YR) (5)

The above model allows for fluctuations in the pro-
duction rates as functions of instantaneous flow
properties and thus is less stringent compared to that
used in second-order turbulence-closure schemes

[1].

Boundary Conditions

The present work focuses on the gas-phase flame
dynamics, with the propellant surface conditions
specified based on their values at the chamber head
end [2]. Accordingly, the burning rate, surface tem-
perature, and species concentrations remain fixed
throughout the entire motor. This assumption of uni-
form distribution is in part justified by the experi-
mental observations [14,15] that in many cases, the
erosive burning effect occurring in a strong turbu-
lent environment offsets the decrease in burning
rate due to reduced pressure in the downstream re-
gion and as a result no discernible variation of pro-
pellant burning rate is obtained. The issue of pro-
pellant combustion response to local flow variation
is currently being addressed in a companion study.
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According to the method of characteristics, the
exit plane requires no physical boundary condition,
since the flow is supersonic downstream of the noz-
zle throat. At the upstream boundary, the axial ve-
locity and pressure gradient, as well as the radial ve-
locity gradient, are set to zero along the solid wall.
The last condition is required to prevent the occur-
rence of a numerically produced recirculating flow
at the head end. The mass burning rate, total tem-
perature, and species mass fluxes are fixed at the
propellant burning surface. Normal injection of the
pyrolysis products is enforced by employing the no-
slip condition. Finally, flow symmetry is assumed at
the centerline.

Numerical Method

One characteristic trait of solid-propellant rocket
motor internal flowfields is that the Mach number
varies from zero at the head end to unity in the noz-
zle throat section as the flow accelerates rapidly in
the downstream region. In the low Mach-number
region, the inviscid compressible form of the con-
servation equations is poorly coupled and stiff [1].
The associated disparity among the eigenvalues re-
sults in significant slowdown of the numerical con-
vergence rate. Chemical reactions exhibit another
category of numerical difficulties because of the
wide range of time and length scales involved in their
computations. In regions where reaction rates are
high, the species concentrations may vary rapidly
over a short period of time, and the chemical source
terms must be treated implicitly to avoid numerical
instabilities. To circumvent the above difficulties, a
preconditioning technique along with a dual-time
stepping integration procedure described in Ref.
[16] is first used until the initial transients in the
flowfield diminish and a stable flame is established.
However, the preconditioning method is computa-
tionally expensive and difficult to parallelize because
of its implicit form. A time-accurate semi-implicit
Runge-Kutta scheme with fourth-order central dif-
ferencing for spatial discretization is then employed
for unsteady flow computations. The scheme is fur-
ther equipped with the properties of matrix dissi-
pation and total-variation-diminishing (TVD)
switches to accurately capture steep temperature
and density gradients in the flame region [17,18].
The computational domain is decomposed into small
cylindrical blocks to facilitate parallel processing and
message passing. The simulation was performed on
a single-instruction-multiple-data (SIMD) cluster of
30 Pentium II nodes and required 7200 CPU-pro-
cessor hours to obtain statistically meaningful data
over a time period of 6 ms.

Results and Discussion

The gas-phase combustion dynamics of homog-
enous propellant in an axisymmetric motor has been
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FIG. 2. Time evolution of vorticity field.
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FIG. 3. Power spectral density of axial velocity fluctua-
tion at various axial locations, y/R = 0.98.

investigated using the analysis described earlier. The
major ingredients of the propellant are 52% nitro-
cellulose, 43% nitroglycerine, and 5% additives, sim-
ulating one of the propellants (code number EC-1)
studied by Kubota et al. [19]. The chamber measures
2 c¢m in diameter and 55 cm in length and is con-
nected to a choked nozzle at the exit, as shown in
Fig. 1. The nozzle throat area is set based on the
contraction ratio of 1.25. The low contraction ratio
gives rise to higher Mach numbers in the down-
stream region of the chamber, such that the effect
of high-speed cross flow on flame dynamics can be
studied. The chamber pressure is 25 atm and the
flame thickness is 5 mm at the head end. The mass
flux at the propellant surface is 8.1 kg/m?, with the
injection Reynolds and Mach numbers around 10*
and 1.85 X 1077 respectively. The surface tem-
perature is fixed at 640 K. The computational grid

150 250 350 500 600 750 900 1200 1600 2500 x 10° 1/s

consists of 500 and 130 points in the axial and radial
directions, respectively. The grid is highly stretched
toward the propellant burning surface to accurately
resolve the flame structure and steep temperature
gradients near the surface. The smallest grid spacing
normal to the surface is about 10 gm.

Vorticity Dynamics

Figure 2 shows the temporal evolution of the vor-
ticity field. Only the lower half of the cylindrical
chamber is presented to facilitate discussion, where
y/R = 1 corresponds to the burning surface. Vortic-
ity is produced at the propellant surface because the
no-slip condition renders the flow to enter the cham-
ber radially and then turn to align smoothly with the
axial axis [20]. Near the head end, the turbulent fluc-
tuations appear to be small, and the flow is mostly
laminar. Transition to turbulence occurs around x/R
= 25, and the flow becomes highly turbulent further
downstream. In an axisymmetric flow without heat
release or viscous effects, the vorticity of a given fluid
particle is conserved. However, the conservation
property of vorticity is no longer valid due to viscous
dissipation, volume dilatation, and baroclinicity re-
sulting from the misalignment between the density
and pressure gradients. In the flame zone, density
varies dramatically so that volume dilatation and bar-
oclinicity become predominant and viscous dissipa-
tion gives negligible contribution to the vorticity evo-
lution. The present axisymmetric computation lacks
the vortex-stretching phenomenon responsible for
transfer of energy from the large to the small scales
through the energy cascade mechanism, and leads
to lower dissipation and production rates. Neverthe-
less, it provides much useful insight into the flow
development and its interactions with the propellant
flame dynamics, which was not previously available
using second-order turbulence closure schemes.
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FIG. 4. Power spectral density of axial velocity fluctua-
tion at various radial locations, x/R = 40.
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Figure 3 shows the power spectral density of axial
velocity fluctuations (u') at various axial locations,
normalized with the reference velocity (it,) corre-
sponding to the mean centerline velocity at Mach
number 0.6. Here, the fluctuating variable is ob-
tained by subtracting the time-mean value from its
instantaneous quantity. The peak magnitude of v’
increases as the flow accelerates in the axial direc-
tion. The range of dominant harmonics containing
most of the turbulence intensity varies according to
the local Reynolds number. The vortex-shedding fre-
quencies (i.e., 3.1 and 6.1 kHz) correspond to the
natural hydrodynamic instability modes. Turbulence
induces low-frequency fluctuations in pressure (not
shown) in the downstream region with frequencies
of the order of the first and second longitudinal
acoustic modes of the motor (i.e., 850 and 1900 Hz).
This suggests a mechanism for strong coupling be-
tween the acoustic motions and turbulence. A com-
prehensive analysis of the interactions among the
acoustic, vortical, and entropy waves produced
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within the combustion chamber is currently being
performed and will be presented in subsequent pub-
lications. Following the data analysis procedure es-
tablished in Ref. [8], the present work could be used
effectively to identify various motor instability phe-
nomena.

Figure 4 shows the energy spectra of u’ at two
radial locations in the fully turbulent regime, x/R =
40. The decrease in the dominant frequency away
from the surface is indicative of the vortex-pairing
phenomenon commonly observed in turbulent shear
flows. An upstream vortical disturbance originating
close to the wall overtakes a neighboring down-
stream disturbance since it is convected at a higher
speed. As these vortical structures travel away from
the wall, their size doubles, and therefore the fre-
quency is halved [21]. The energy spectra are also
shown on a log-log scale and compared with the Kol-
mogorov-Obukhov spectrum (—5/3 law) obtained
for homogeneous turbulence at large Reynolds num-
bers. The cut-off frequency of the present calcula-
tion lies in the inertial subrange, ensuring that the
large-scale motions are correctly resolved.

Mean Flowfield

The mean flowfield is obtained by taking the time
average of the instantaneous quantities over 6 ms in
order to obtain statistically meaningful data. The
mean Mach number increases along the centerline
almost linearly from zero at the head end to 0.6 at
the nozzle entrance, and the flow becomes super-
sonic in the divergent section of the nozzle [12,22].
The flowfield clearly exhibits a multidimensional
structure with the Mach number near the surface
having a much smaller value. The situation with
pressure, however, is substantially different. The
pressure decreases from the head end to the nozzle
exit as the flow accelerates due to the propellant
burning. The flowfield is dominated by the axial
strain rates, and variations in the radial velocity are
so small that an almost uniform distribution of the
chamber pressure in the radial direction is obtained
[1-5,8]. A comprehensive description of the mean
flowfield can be obtained from Refs. [12,22].

Turbulence and Flame Dynamics

The radial distributions of the mean temperature
at various axial locations is shown in Fig. 5. A two-
stage flame structure consisting of the primary flame,
the dark zone, and the secondary-flame zone is
clearly observed in the upstream laminar region [2].
The temperature increases rapidly from 640 K at the
surface to around 1600 K in the dark zone, and
reaches the final flame temperature of 2850 K. The
overall reaction mechanism for the propellant burn-
ing can be globally grouped into the following steps:
(1) molecular degradation and ensuing exothermic
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FIG. 6. Snapshots of temperature, heat release, and NO mass fraction fields, ¢ = 9.6 ms.

reactions of NO, and aldehydes in the subsurface
layer; (2) generation of NO, CO, CO,, and H,0, as
well as removal of NO, and aldehydes, in the pri-
mary flame; and (3) reduction of NO to form the
final products such as Ny, CO,, Hj, and so forth in
the secondary flame [2]. The thickness of the dark
zone depends on the chemical reaction time and the
flow convection time determined by the radial ve-
locity distribution. In the turbulent region, the en-
hanced thermal diffusion facilitates the NO reduc-
tion, which normally occurs at elevated
temperatures due to its large activation energy. This
process leads to a rapid temperature rise at the end
of the primary flame and, consequently, a thinner
dark zone. The temperature plateau around 2000 K
may result from the increased radial velocity, which
essentially reduces the local flow-residence time re-
quired for completing chemical reactions.

The radial variations of the turbulence intensity
(not shown) at various axial locations were computed
from the collected data [12,22]. Several points
should be noted here. First, the onset of turbulence
occurs in regions away from the propellant surface
due to the stronger local hydrodynamic instability.
The peak of turbulence intensity tends to move away
from the primary flame zone along the chamber.
One factor contributing to this phenomenon is the
intricate coupling among the flow convection, chem-
ical reaction, and turbulent mixing in the down-
stream flame zone. Second, since the flow is domi-
nated by strain rates in the axial direction, the axial
turbulence intensity appears to be much greater

than its radial counterpart. Third, in the present
study, the chamber pressure is 25 atm at the head
end, which is much lower than the pressure of 65
atm studied in Ref. [1]. The resultant mass burning
rate and injection Reynolds number are so small that
the turbulence intensity near the surface is too weak
to exercise any influence on the flame structure.
Hence, the mean temperature profile in the primary
flame zone remains unchanged even in the turbulent
regime.

Evolution of Temperature, Heat Release, and
Species Mass Fraction

The temporal evolution of the temperature field
and its associated heat-release distribution was ob-
tained to provide direct insight into the turbulent
combustion mechanism. Fig. 6 shows the snapshots
of the temperature, total heat-release, and NO mass-
fraction fields. For the present configuration, the
Karlovitz number, Ka, characterizing the turbulent
flame stretch as the ratio of the chemical time scale
to the Kolmogorov time scale is larger than unity
throughout the entire flame zone. This leads to a
highly stretched and thickened flame. Small turbu-
lent eddies can penetrate into the secondary flame
zone and cause large temperature oscillations in the
turbulent regime. The heat-release fluctuation ba-
sically follows the spatial gradient of the temperature
fluctuation and can be easily determined by the en-
ergy balance over a control volume [2]. A large
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amount of heat is released in the primary and sec-
ondary flame zones. The rapid fluctuations of tem-
perature and heat release suggest strong interactions
between the flame dynamics and flow evolution. The
consumption of NO in the secondary flame zone is
a rate-limiting reaction for homogeneous propellant
combustion. The turbulence-enhanced heat and
mass transport results in rapid reduction of NO in
the dark zone, thereby releasing a large amount of
energy and increasing local flame temperature.
Small fluctuations in temperature, heat release, and
species concentrations are also observed in the pri-
mary flame zone very close to the burning surface.
This elucidates the potential of the present work in
analyzing the intricate physiochemical processes oc-
curring in the near-surface flame zone and their ef-
fect on transient propellant combustion responses in
realistic motor environments.

Conclusion

The gas-phase flame dynamics of a double-base
homogeneous solid propellant in an axisymmetric
rocket motor has been investigated in depth. Tur-
bulence closure was obtained by means of a LES
technique for the first time to allow for a compre-
hensive analysis of the interactions between propel-
lant combustion and motor flow development. Re-
sults indicate that the temperature distribution in
the flame zone exerts a significant influence on the
flow evolution. The effect of turbulence appears
mainly in determining eddy diffusivity and conduc-
tivity, and propellant combustion can be treated as
a well-stirred reactor. The propellant combustion in
the upstream laminar region exhibits a two-stage
flame structure similar to that observed in a station-
ary environment. The enhanced heat and mass
transfer in the downstream turbulent region elevates
the temperatures in the dark zone and consequently
decreases the dark zone thickness. The primary
flame structure is little affected in the present study
because the smoother axial velocity gradient and ver-
tical flow convection prevent turbulence from
deeply penetrating into the primary flame. Spectral
analysis of the turbulence properties indicates po-
tential mechanisms for driving combustion instabil-
ities.

Nomenclature

convective flux vectors

diffusive flux vectors

specific total energy

spatial filter

source vector

number of species in gas-phase reactions
dependent variable vector

chamber radius

..qﬁ

<

jeolle!
N

FROZITAC
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T temperature
t time
u, v bulk velocities in axial and radial direc-
tions, respectively
X,y axial and radial coordinates
Y; mass fraction of species i
A4 filter width
p density
; rate of production of species i
Superscripts
! fluctuating quantity
r resolved scale

s subgrid scale
~ density-weighted quantity
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COMMENTS

Sebastien Candel, Ecole Centrale Paris, France. It was
indicated in the presentation that the Damkéhler number
was less that unity. However, this number will change from
section to section because the flow velocity changes from
nearly zero to a high value. T was wondering how this num-
ber was established. I also noticed that the heat release was
quite localized indicating that the flame was quite identi-
fiable, apparently indicating that the regime at combustion
may not be of the distributed reaction type.

Author’s Reply. The Damkohler and Karlovitz numbers
are computed as follows:

k/e @; (e
Da = —, Ka = — |-
w;/p p Vv

where k is the turbulent kinetic energy, ¢ the turbulent
dissipation rate, p is the density, v is the kinematic viscosity
and ¢, is the species mass production rate. These numbers
vary in the axial direction, however, their radical distribu-
tions in the turbulent flame region always fall in the regime
of Da < 1 and Ka > 1. The turbulent combustion may be
locally treated as a well-stirred reactor. An in-depth analysis
can be found in Refs. [12,22] in paper.

The thickness of the two-stage flame structure is large
(0.3-0.4 cm) compared with the chamber radius (R = 1
cm), and thus the flame may not be considered as a flame
sheet. The heat-release contours indicate an identifiable
flame corresponding to the secondary flame zone. The pro-
pellant combustion response, however, is determined by
the primary flame, which remains unaffected even in the
turbulent regime for the present configuration.

Allen Kuhl, Lawrence Livermore National Laboratory,
USA. Your numerical simulations are two-dimensional ax-
isymmetric, but the vorticity distribution will be three-di-
mensional. In particular, the vorticity will evolve into
streamwise filaments that generate mixing that is funda-
mentally different from your two-dimensional simulations.
Therefore, care is suggested in interpreting your results
quantitatively.

Author’s Reply. The authors appreciate the suggestion.
The present work represents the first attempt to incorpo-
rate finite-rate chemical kinetics to model the two-stage

flame structure of homogeneous solid-propellant combus-
tion in rocket motors. As pointed out in the paper, the
axisymmetric simulation lacks the vortex-stretching phe-
nomenon commonly observed in turbulent flows and may
underpredict turbulence production and dissipation rates
[1]. A two-dimensional time-resolved simulation of non-
reacting flows in a simulated nozzleless rocket motor, how-
ever, has been shown to capture the salient features of tur-
bulent flows and led to good agreement with experimental
data in terms of mean flow properties and acoustic-wave-
induced flow oscillations (Refs. [9,12] in paper). The pres-
ent work establishes a numerical/theoretical framework
that can be easily extended to three-dimensional simula-
tions.
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Xu Zhou, Queen Mary and Westfield College, UK. You
obtained a dominant frequency. Do you observe the Strou-
hal number St = fD/U, within any range? For example,
for a jet flow, the jet-preferred mode of instability in terms
of Strouhal number is ~0.3-0.7.

Author’s Reply. Previous work on the flow evolution in
simulated rocket motors under non-reacting conditions
[1,2] indicated that the Strouhal number based on the in-
jection velocity, chamber half-height, and dominant vortex-
shedding frequency, St = fh/v,, has a value around 6, cor-
responding to the pure hydrodynamic instability. For the
present reaction-flow simulations, however, the presence
of a distributed reaction zone significantly modifies the vor-
ticity dynamics. The vortex-flame interactions become so
important that the Strouhal number based on the above
definition may not characterize the dominant frequencies
observed in the fluctuation-velocity spectra.
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