elCI4

14TH EUROPEANTURBULENCE CONFERENCE 1-4 SSPTEMBER 2013, LYON, FRANCE

LARGE-EDDY SIMULATION OF CHANNEL GAS-PARTICLE FLOW
INDUCED BY WALL INJECTION WITH FORCED PRESSURE OSCILLATIONS

Konstantin Volkov & Vladislav Emelyano¥
!Centre for Fire and Explosion Sudies, Kingston University, London, UK
“Department of Plasma and Gas Dynamics, Baltic Sate Technical University, & Petersburg, Russia

Abstract A numerical analysis of the internal flow is perfeed to improve the current understanding and niiagetapabilities of
the complex flow characteristics encountered intwastion chambers of solid rocket motors (SRMs)réspnce of forced pressure
oscillations. The two-phase flow is simulated wéthcombined Eulerian—-Lagrangian approach using {edgly simulation. The
filtered Navier—Stokes equations are solved nurattyidor the gas phase. The particulate phasemsilated through a Lagrangian
deterministic and stochastic tracking models tovidie particle trajectories and volume fraction @friticulate phase. The results
obtained highlight the crucial significance of haticle dispersion in turbulent flow and high putal of statistical methods. Strong
coupling between acoustic oscillations, vorticatiom turbulent fluctuations and particle dynamg®sbserved.

INTRODUCTION

Aluminium particles in solid propellant serve twarposes: increasing specific impulse and supprgssimbustion instability
(damping effect). Unlike the other ingredients nailium particles burn in a significant portion betchamber of solid rocket motor
(SRM) and produce alumina smoke and agglomeratsate carried out into the flow field [1]. Alumimh particles affect
combustion instabilities by acting as driving omgang mechanisms [2]. The two-phase flow with distred combustion of
particles and forced oscillations significantlyligfnces SRM performance in terms of acoustic inigatslag accumulation, nozzle
erosion and two-phase losses [3]. A reliable stglprediction includes the numerical simulatiortibé turbulent reactive two-phase
flow in the combustion chamber of SRM (Figure 1).
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Figure 1. Combustion chamber.

SRMs are subject to pressure oscillations causedolgx shedding and acoustic feedback resultiognfimpingement of the
vortices on the nozzle and other obstacles [4]. G3@dlatory flow field in a SRM consists of thrdestinct types of wave motions:
acoustic (irrotational and compressible), vortigatational and incompressible) and entropy (agisiom unsteady heat release)
modes [5, 6]. The coupling between the acousticeneawd the incoming radial mass flow from the priapelsurface generates
fluctuating vorticity and causes the energy transfem the acoustic to the vortical field (flow-hing energy losses). The
interactions between entropy fluctuations and naifeum flow act as a strong source term for driviagoustic oscillations in
regions with large velocity gradients. The threeveg along with the transient combustion resporisprapellant, dictate the
stability behavior of SRMs. Aluminium droplet consion and alumina residue behavior in the chamifieectacombustion
instabilities by acting as driving or damping meaibens [2].

A numerical analysis of the internal flow is perfard to improve the current understanding and miodettapabilities of the
complex flow characteristics encountered in comibasthambers of SRMs in presence of forced osicifiatand combustion of
particles. In order to extend the reliability ofnrmerical calculations as a predicting tool to bedu® industrial applications in
design and development of SRMs, one needs to iretwvlevel of accuracy of physical models andefifectiveness of numerical
schemes. The study is intended to develop numaiwysis of the internal two-phase flows with eagb on the momentum and
energy transfer between the gas and solid pariiclesesence of forced oscillations and combustioparticles. To meet the aim of
the study the specific objectives are addressgtb Gtudy particle dynamics in the turbulent flfield and combustion of particles;
(i) to examine the interactions between turbukemd forced oscillatory flow fields; (iii) to explerthe effects of particles on steady
and unsteady flow motions.

The two-phase flow is simulated with a combinedeliah—Lagrangian approach. The filtered Navier—&okquations are solved
numerically for the gas phase. The particulate @lgsimulated through a Lagrangian determinististochastic tracking models to
provide particle trajectories [7, 8].



MODEL AND NUMERICAL METHOD

Flow solution is provided using cell-centered gnitolume formulation of the unsteady 3D compresditdvier—Stokes equations on
structured mesh. Governing equations are solvetthdypth step Runge—Kutta time marching scheme eRise parabolic method
(PPM) and Chakravarthy—Osher scheme are appli@w/iszid fluxes, and central difference schemehef 2nd order is applied to
viscous fluxes. The feature of the flow inducedw®ll injection is that the gas velocity in the bulkthe computational domain is
much smaller than the acoustic speed. The convemtimimerical algorithms developed for compresdibles encounter disparity
of the eigenvalues of the system and singular bebawof the pressure gradient in the momentum égpaaPreconditioning block-
Jacobi technique in conjunction with implicit damhe-stepping integration method is employed tbikzz numerical calculations
and speed up convergence. The scheme is effiaientadoust over a wide range of Mach numbers. Tieenical method is stable
and allows the selection of the integration tinepgb be dictated by physical processes ratherrtharerical stability.

RESULTSAND DISCUSSION

The unsteady calculations are performed in theviglig manner. After convergence toward a steadg stzlution, the channel flow
is excited close to its first longitudinal mode imgans of one period of head-end forcing. Presssci#lations equal to 5% of the
head-end mean pressure at imposed acoustic fragsieme forced at the head-end in order to analgsteady flow field. Then the
response of the flow field to that perturbatioraiglysed in term of frequency and exponential dagiprhe numerical model is
applied to simulate internal gas-particle flow feiog on the influence of the turbulence effectsttom flow structure, particle
trajectories and dispersion, and impact of pagide vertical and acoustic flow fields. Computagi@f the two-phase flow are
performed in non-coupled manner and fully couplethner.

Acoustic oscillations exert a strong influence amsteady flow evolution. In particular, single-hamuw oscillations excite a
fluctuating flow with a broadband frequency spettr(this phenomenon is referred to as acousticatiyéed turbulent motion).
Generation of turbulence by organized externalifigrés viewed as an energy transfer process fraratoustic flow field to the
turbulent flow field. The coupling between the Relgis stresses and the gradient of acoustic velgeityides a mechanism to
transfer the kinetic energy from acoustic motiamsurbulent fluctuations. Furthermore, an earlysition from laminar regime to
turbulent one occurs depending on the forcing aomggi and frequency. The effect of energy exchaggestto be more profound for
low-frequency acoustic oscillations.

Particles are inclined to damp and to dispersewtirees by slowing them. The damping is more pronednehen the particle
response time is close to the acoustic time petiel acoustic Stokes number is close to unity). T&mping increases with the
particles loading. There exists the optimum pagtisize at which the maximum damping of acousticionobccurs. For small
particles than closely follow the wave motions, thétive velocity and temperature differences leetwtwo phases become so
small that the viscous and thermal dissipatiomssginificant. The large particles hardly follow thvave motions to cause effective
momentum and energy exchange, thereby leadinggligitde acoustic attenuation. Propagation of atiousaves in gas-particle
mixture involves a series of rarefaction and corsgimn processes, during which both momentum andhtdieelaxation take place
between particles and gas. For small particlesililedum is reached, and particles are treateddafitianal gas species. For large
particles, the gas remains almost unchanged, @nddbustic wave speed has a value correspondihgttin a gas.

Particle trajectories are computed for differenttipke diameters. A significant difference existetbeen particle trajectories

calculated from laminar and turbulent flow fiel@nall particles deviate from their mean flow paihder the influence of gas flow

oscillations and turbulent dispersion, and enhantphase interactions. The dispersion of padidtecontrolled by the particle

Stokes number. Limiting trajectory of particles wheoncentration of particles increases is cleabgerved in the calculations.

Dispersion of particles leads to increasing theigles residence time in the channel and their atibn rate. The particle damping
effect is defined by the particle loading and thiorof particle relaxation time to turbulent tiseale. The particles lead to damping
of turbulent fluctuations and have laminarizatidfeet resulting in additional dissipation of turbut kinetic energy due to relative

motion of gas and patrticles. The turbulence moahriaffect is more visible for small particles.
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