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Abstract. We evaluate the effects of solid particle rotation in high-altitude solid rocket exhaust plume flows, through the
development and application of methods for the simulation of two phase flows involving small rotating particles and a
nonequilibrium gas. Green’s functions are derived for the force, moment, and heat transfer rate to a rotating solid sphere
within a locally free-molecular gas, and integration over a Maxwellian gas velocity distribution is used to determine the
influence of particle rotation on the heat transfer rate at the equilibrium limit. The use of these Green’s functions for the
determination of particle phase properties through the Direct Simulation Monte Carlo method is discussed, and a
procedure is outlined for the stochastic modeling of interphase collisions. As a test case, we consider the nearfield plume
flow for a Star-27 solid rocket motor exhausting into a vacuum, and vary particle angular velocities at the nozzle exit
plane in order to evaluate the influence of particle rotation on various flow properties. Simulation results show that
rotation may lead to slightly higher particle temperatures near the central axis, but for the case considered the effects of
particle rotation are generally found to be negligible.

INTRODUCTION

In the modeling and analysis of exhaust plumes from solid-propellant rockets, several complex and poorly
understood physical phenomena are often overlooked. In particular, the Al,O5; particles which result from the
combustion of aluminized propellants are generally considered using simplified two phase flow models, due to a
lack of experimental study or numerical methodologies for some of the more complicated physical processes
involved. One such example is particle rotation; little study has been devoted to the effects of particle rotation in the
flow regimes common to rocket exhaust plumes, and rotation has generally been neglected in plume modeling and
analysis. In order to understand and quantify the influence of particle rotation on various flow properties, the
mechanisms by which particles in the plume develop angular momentum must first be considered.

In a typical solid rocket motor, aluminum is used within the propellant grain to reduce combustion instabilities
and increase specific impulse. Liquid alumina (Al,Os) droplets are formed inside the combustion chamber, with a
bimodal size distribution concentrated around diameters of roughly 1 um and 100 um [1]. The droplets are then
accelerated through the rocket nozzle, where they may encounter several different phenomena that tend to contribute
angular momentum. First, smaller droplets are accelerated by the expanding gas far more rapidly than the larger
droplets, so that droplets of different sizes develop widely varying velocities. Alumina droplets commonly account
for 20% to 40% of the total mass flow through the nozzle entrance, so the high number density and considerable
relative velocities between droplets of different sizes allow for a large number of collisions. Most of these collisions
result in coalescence of the droplets into larger agglomerates, which rotate according to the dynamics of off-center
coalescing collisions [2]. At the same time, larger droplets tend to break apart within the nozzle due to collisions or
surface stresses imposed by the accelerating gas, and these breakup processes may impose significant angular
momentum on the resulting droplet products. Within the subsonic converging nozzle region, larger droplets may
diverge considerably from gas streamlines and accumulate in the boundary layers along the nozzle wall, where large
transverse gradients in the bulk gas velocity can also induce rotation [3]. As the droplets cool and solidify into solid
particles, inelastic collisions between particles may contribute to rotation as well. Turbulent and acoustic
fluctuations in the gas can intensify many of these rotation mechanisms.

CP762, Rarefied Gas Dynamics: 24" International Symposium, edited by M. Capitelli
© 2005 American Institute of Physics 0-7354-0247-7/05/$22.50

413



Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display acurrently valid OMB control number.

1. REPORT DATE 2. REPORT TYPE 3. DATES COVERED
13 JUL 2005 N/A -
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Particle Rotation Effectsin Rarefied Two-Phase Plume Flows £b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Department of Aerospace Engineering University of Michigan, Ann REPORT NUMBER
Arbor, M1 48109

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONY M(S)

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT
Approved for public release, distribution unlimited

13. SUPPLEMENTARY NOTES
See also ADM 001792, I nter national Symposium on Rarefied Gas Dynamics (24th) Held in Monopoli (Bari),
Italy on 10-16 July 2004.

14. ABSTRACT

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF; 17.LIMITATION OF | 18 NUMBER | 19a NAME OF
ABSTRACT OF PAGES RESPONSIBLE PERSON
a REPORT b. ABSTRACT c. THISPAGE UU 6
unclassified unclassified unclassified

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



In exhaust plume flows at high altitudes, the gas generally exhibits a high degree of nonequilibrium behavior
outside of a small inviscid core region just beyond the nozzle exit [4]. The gas velocity and energy distributions can
deviate significantly from the equilibrium limits, and continuum assumptions underlying Computational Fluid
Dynamics (CFD) techniques may break down due to the large mean free paths in relation to the characteristic length
scales for macroscopic flow gradients. In order to accurately model such flows, the nonequilibrium nature of the gas
must therefore be considered within a non-CFD framework. As an additional problem in the consideration of two
phase flows, typical CFD-based methods for two phase flow simulation use rarefaction corrections to empirical
particle drag coefficient and Nusselt number formulations which often fail at the high Knudsen number and high
Mach number conditions of interest.

As an alternative to empirical correlations for interphase momentum and energy transfer, analytical models for
solid bodies in high Knudsen number flows may provide significant improvements in both overall accuracy and the
physical effects which may be considered. Particle rotation is one such effect, and several authors have studied
various properties associated with the rotation of objects within a free-molecular equilibrium gas. Epstein [5]
derived the moment imparted on a rotating sphere, subject to several constraints including a lack of translational
motion. Wang [6] determined the drag and lift coefficients for a rotating sphere, and showed that the direction of the
lift force is opposite that of the Magnus force for continuum flow. lvanov and Yanshin [7] derived force and
moment equations for various bodies of revolution. While all of these authors have developed closed form solutions
which are applicable to the general flow regimes of interest, the formulas they provide are limited by assumptions of
Maxwellian gas velocity distributions, and none have considered the effect of rotation on interphase heat transfer. In
addition, these formulas tend to be very complicated and poorly suited for evaluation within a larger numerical
scheme for the simulation of high-altitude plume flows.

In a recent paper [8] a methodology is proposed for the simulation of such plume flows, where the gas is
modeled using the Direct Simulation Monte Carlo (DSMC) method and the rates of momentum and heat transfer to
the particles are based on equations of Gallis et al. [9] While the particles are assumed to be chemically inert,
consideration is made for the effects of interphase momentum and energy transfer on both the particles and the gas.
In the present effort, this method is extended to include effects of particle rotation, so that the influence of rotation
on various flow properties can be evaluated. First, we derive the Green’s functions for the force, moment and rate of
heat transfer on a rotating spherical particle in a locally free-molecular gas. For the special case of a stationary
rotating particle in a Maxwellian gas, the heat transfer Green’s function is integrated analytically to provide a closed
form solution. Next, we discuss the use of these Green’s functions to modify the properties of representative solid
particles within a two-phase DSMC simulation, and present two-way coupling approaches through which solid
particles may influence the surrounding gas. When used within a larger two-phase flow model, these procedures
allow for momentum and energy conservation in a time-averaged sense, and enable the simulation of two-phase
rarefied flows involving very large solid particle mass fractions.

The procedures mentioned above are implemented for two phase flow calculations in the DSMC code
MONACO [10]. As a test case, we consider the near-field plume flow for a Star-27 solid rocket motor [11]
exhausting into a vacuum. Estimates of particle angular velocities at the nozzle exit are based on the assumption that
coalescing droplet collisions within the nozzle are the dominant mechanism for inducing particle rotation, and
calculations are made using the limiting cases of maximum possible and zero initial angular velocities. Comparison
of results shows that, at least for the case considered, effects associated with particle rotation are generally within
the limits of statistical scatter in the calculated flow properties.

ANALYSIS OF ROTATION EFFECTS

Following the Green’s function approach of Gallis et al. [9], we consider a spherical solid particle within a
locally free-molecular simple gas. Incident gas molecules which collide with the particle are either specularly
reflected off the surface, or are diffusely reflected with full thermal accommodation of translational and rotational
energy modes to the particle temperature. We assume that the particle is small enough to allow for a low-Biot
number approximation of spatially uniform temperature, yet large enough that the change in particle velocity during
an interphase collision is much smaller than that of the gas molecule. These assumptions are all generally valid for
the high altitude plume flows of interest, and are used to derive the following Green’s function for the force on a
nonrotating particle due to gas molecules of relative velocity class u:

F.(u) :rcRﬁngf(u,)(mcr +§ /2nkaijur 1)
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Here R, is the particle radius, ng is the gas number density, f(u,) is the gas velocity distribution function in a particle-
centered coordinate frame, m is the mass per gas molecule, ¢, is the relative speed, t is the particle thermal
accommodation coefficient, T, is the particle temperature and kg is Boltzmann’s constant.

In considering the Green’s function Fy(u,) for the force imparted by the gas on a rotating particle, we first
decompose F, into a term which accounts for momentum transfer to the particle from incident gas molecules, a term
for momentum exchange during specular reflection, and a corresponding term for diffuse reflection. It can be shown
that the second term is zero and that only the third term may be influenced by particle rotation. Next, using the
velocity superposition principle, the momentum transfer due to diffuse reflection is separated into a component
independent of rotation and a component which depends on the particle angular velocity w, but is independent of T,,.
This latter component is the only contributor in a time-averaged sense to the force Green’s function F,,; due to
particle rotation, and allows the Green’s function for the total force on the particle to be computed as F, = Fy + Frot.
Following the above logic, Fy is equal to the product of the collision frequency for diffusely reflecting collisions
and the rotational component -m<ug> of the average momentum transferred to the particle during diffuse reflection.
Here u, is the tangential velocity of the particle surface at the collision point in an inertial particle-centered reference
frame. In order to evaluate <uz> we express U as a function of the angle 6 between -u, and the outward surface
normal unit vector n. at the collision point, then multiply by the distribution function for 6 and integrate over all
particle surface elements where a collision may occur. We find:

Ful)= SR U )y @

By adding (1) and (2) and integrating over all gas velocity space, we then determine the total force on the particle.

In the absence of any gas vorticity effects or forces not associated with interphase collisions, the rotating particle
will experience a damping moment about the particle center which will tend over time to reduce the magnitude of
®p. Depending on the angle between @, and the gas bulk velocity relative to the particle, the moment may also have
a component orthogonal to ®, which tends to change the axis about which the particle rotates. This moment can be
determined using the same Green’s function approach as above. Again, incident and specularly reflected gas
molecules do not contribute to the moment, and the average moment contribution during diffuse reflection depends
only on the tangential velocity of the particle surface. The Green’s function My(u;,) for this moment can then be
expressed as the negative product of the collision frequency for diffuse reflection and the average angular
momentum mR,<ncxuz> about the particle center imparted on diffusely reflected gas molecules. The averaging
operation is performed through integration over the particle surface, to find the following result:

I\/L(ur)=inR2mngf(Ll,)rc{Llr(;)le, - 30)pj 3

Through energy conservation arguments, the Green’s function for the heat transfer rate to a rotating particle can
be expressed as

Qp(ur) = TCRi ng f (Ur)TCr |:% mcr2 - +(er0t _%Arothij:| - IVL (ur) O (4)

where e, is the average rotational energy of incident gas molecules, A,y is the number of rotational degrees of
freedom for the gas, and ew, = 2kg T+ ¥2am<ue-ug> is the average kinetic energy of diffusely reflected gas molecules
in an inertial particle-fixed coordinate frame. By integrating over the particle surface, we derive the general formula

2
Q=R ngf(l#)fc{;m‘f—(%;ArmjkBEJremtJr;mag R;{s—(“;“*) ﬂ ®
o
where m,=|wy|. Note from (5) that a greater value of @, corresponds to an increase in heat transfer from the gas to the
particle. This property can be justified physically by considering a single particle surface element in a coordinate
frame which is fixed to the local tangential surface velocity. In this coordinate frame the average Kinetic energy of
diffusely reflected gas molecules will be independent of @, while the average kinetic energy of incident gas
molecules tends to increase as a)pz. Thus, the only effect of particle rotation here is to increase the interphase energy
transfer associated with the Kinetic energy of incident gas molecules which are involved in diffusely reflecting
collisions.
In the special case where the particle which moves at the bulk velocity of an equilibrium simple gas with
temperature Tg, (5) may be integrated analytically over all gas velocity space to provide a closed form solution for
the net heat transfer rate:
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If T, > T, as is typical for high-altitude rocket exhaust plume flows, then the two bracketed terms in (6) are of
opposite sign. Assuming the first term is greater in magnitude than the second, we find that particle rotation tends to
reduce the magnitude of the heat transfer rate and allows for a more gradual reduction in T, over time.

DSMC IMPLEMENTATION

The Green’s functions given above can be used to allow rotating solid particles to be modeled within a DSMC
simulation. For simplicity we neglect radiative heat transfer and assume the particle phase to be dilute and
chemically inert, so that temporal variation in the properties of individual particles may occur only through the
mechanisms described above or through particle-wall interactions. Representative solid particles are tracked along
with DSMC gas molecules through a computational grid, and during each time step the total force, moment, and
heat transfer rate for each particle is determined by adding contributions from all gas molecules which are assigned
to the same cell. The force, moment and heat transfer contributions to a particle from a single DSMC gas molecule
are computed by evaluating (1), (2), (3) and (5) with the quantity ngf(u,) replaced by the ratio of the local gas
molecule weighting factor to the cell volume. Once all Ny molecules in the cell have been considered, the particle
velocity u, and temperature T, are altered as described in Ref. [8], and w, is updated by the product of the net
moment, the local time step and the inverse of the particle moment of inertia.

Due to the large particle phase mass fractions typical of the high-altitude plume flows of interest, accurate
simulation requires consideration of momentum and energy coupling from the particles to the gas. This is
accomplished here by probabilistically modeling individual interphase collisions and modifying the velocity and
rotational energy of all gas molecules involved. A collision selection scheme based on the No Time Counter method
of Bird [12] is used to determine which, if any, DSMC gas molecules will collide with each solid particle during a
given time step. If a particular gas molecule is found to collide with the particle, then the collision will involve either
diffuse reflection, with probability 1, or specular reflection, with probability 1-t. In the latter case, the post-collision
relative velocity u, is sampled from an isotropic distribution such that the relative speed ¢, of the molecule is
unchanged during the collision, and the molecule velocity is reaSS|gned to equal u +ur . In the case of diffuse
reflection, a more complicated procedure is required to find u,’, and the gas molecule rotational energy must be
altered as well [8].

If a gas molecule is diffusely reflected off a nonrotating solid particle, then the magnitude and direction of u,” are
statistically independent, so each can be determined separately. Following the procedure outlined in Ref. [8], the
post-collision relative speed ¢, is sampled from the distribution function

f(6)dc =2 ¢ ep(-fc?)dc; "
using the acceptance-rejection method [12], where B,= ,m/(ZKB-I;)' The angle & between the vectors -u, and u,” is also

determined using the acceptance-rejection method, by sampling from a numerical approximation

f(8) = 0.020428° - 0.251558° + 1.1045* — 1.9035° + 0.49385° + 1.2485 (8)
of the distribution function for 8<[0, n]. An azimuthal angle ay required to define the direction of u,” in three
dimensional space is sampled from a uniform distribution over [0, 2x], and the components of u,” are calculated
using formulas derived by Bird [12] for binary elastic collisions:

ur*:&[—urwsé‘)+sirﬁsin%(\/f+vf)ﬂ v, al ~V.08d srﬁ(crwms%Jrivsm%)} |:_\MGBSLSIWXC,V(@%—L}/ZVV§H %)} 9)

G G (O +wf) G (7+w)

The absolute velocity of the gas molecule is then set to the final value up+u,*.

If a diffusely reflecting collision involves a rotating solid particle, then Eq. 8 is not valid and an alternate
procedure must be used. In this case u, is found by separately determining nonrotational Uy and rotational Uy
components, then adding the two together. To calculate uy,, , we first compute the angle 6 between -u, and the
outward normal unit vector n. at the collision point on the particle surface by setting sin’ equal to a random number
on [0, 1]. A corresponding azimuthal angle o, is sampled from a uniform distribution over [0, 2x], and components
of n. are then calculated as

_1 oot =L g SOGWESGuvsng) |, 1 S0GYes ¢ -uwsin @), (10)
=g L+ snalf i) { VT ey } c[”‘me* ) }
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Next, we find the angle ¢ between the vectors n. and u,, by sampling sin?¢ from a uniform distribution over [0, 1].
An azimuthal angle o, is sampled from a uniform distribution over [0, 2x], and Eq. 7 is used to find the magnitude
of u,, . The components of u,, are then determined through the following equations:
o oy . sin(n. cos e, —n__n_.sin - i 008 0+, , 1, Sin
U, =6, 008 +singsingy (14F, | v *=¢. N O+ nc(n, o8 B ,Sina) | W= st - ng(n %Z”r:/ LSNa) | (11)
g (1_nq x) ’ (l_nc,x) ’

Finally, the rotational component of u,” is computed as U,y = R, @,xn, and the gas molecule velocity is reassigned
to the post-collision value g+ Ugr + Urgr -

PLUME SIMULATION

To evaluate the importance of particle rotation effects, all procedures described above are implemented in the
DSMC code MONACO [10], and an axisymmetric simulation is performed for the nearfield plume flow from a
Star-27 solid rocket motor expelling into a vacuum. The nozzle has an exit diameter of 78 cm and a divergence half-
angle of 17.2°. All gas and particle properties along the nozzle exit plane are taken from Anfimov et al. [11] Based
on values provided by these authors, spherical Al,O; particles of diameter D, = 0.15, 0.2, 0.3, 0.5, 1, 2 and 3 pm
together constitute a total mass flow fraction of about 30%, with particles of each size distributed uniformly over the
nozzle exit. The gas here is a mixture of H,, N, and CO, with mole fractions of 0.38, 0.31, and 0.31 respectively.
Effects of radiative heat transfer, heterogeneous reactions, gas chemistry and particle phase change are neglected.
While each of these phenomena may significantly alter flow properties of interest, we intend only to assess the
importance of particle rotation effects on a representative plume flow, not to calculate flow properties for a
particular case with the greatest possible accuracy.

Following Vasenin et al. [2], we assume that coalescing collisions between liquid droplets within the nozzle are
the dominant contributors to particle rotation. The maximum allowable particle angular velocity magnitude is then
determined by a criterion for the centrifugal breakup of liquid droplets. A normalized angular velocity

o do mm (12)

is set to equal some critical value Q;; for all particles at the nozzle exit, where m, is the particle mass and o is the
liquid surface tension of the particle material. While the magnitude of @, will be constant for all particles of equal
diameter at the nozzle exit, the initial direction of o, for each particle is randomly selected on a plane normal to the
axis of symmetry. Salita [1] uses momentum and energy conservation arguments to show that the collision-induced
rotation rate of spherical liquid agglomerates should be limited by Q=3.31. Following these arguments, we
perform plume simulations with initial particle angular velocities corresponding to ©=3.31 and Q=0 in order to
evaluate potential upper bounds for the influence of particle rotation on various flow properties.

The simulations use a rectangular grid domain, starting at the nozzle exit plane and extending 10 m downstream
in the axial direction and 4 m in the radial direction. Calculations are performed on 16 1.4 GHz AMD Opteron
processors, with each case requiring about 3000 CPU hours. As an example of simulation results for the 9=3.31
case, Figure 1 shows average angular velocity magnitudes for particles of each size as a function of distance from
the central axis, along a radial plane 10 m downstream of the nozzle exit. Figure 2 shows the variation in average
particle temperatures along this same plane, for both the =3.31 and Q=0 cases. From a comparison of Tp values for
any radial location and particle size, particle rotation is shown in Figure 2 to have little measurable impact on
particle temperatures in the plume. However, for all but the largest and smallest particles considered, rotation does
account for a roughly 5 to 10 K increase in average particle temperatures within about 0.5 m of the central axis. This
trend is likely due to the fact that the gas density, and therefore the component of the interphase energy transfer rate
associated with particle rotation, tends to decrease with distance from the axis. The trend is less pronounced for the
smallest particles because these rapidly lose the bulk of their rotational energy on entering the grid domain, and for
the largest particles because of their relatively low initial angular velocities.

With this one minor exception, we find a general lack of dependence on particle rotation for all flow properties
of interest. Distributions of gas translational temperature, particle and gas humber densities, maximum divergence
angles for each particle size, and various other properties show differences between the two cases which are
comparable to the expected statistical scatter. We can therefore conclude that, at least for the plume simulation
considered here, particle rotation may be neglected with no significant loss in overall accuracy. The numerical
methods described above do maintain some utility in making this conclusion possible, and in allowing for the
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simulation of other two-phase rarefied flows, such as MEMS flows involving frequent particle-wall collisions,
where rotation effects may still be important.

FIGURE 1. Variation in particle angular velocity magnitudes along a radial plane 10 m downstream from the nozzle exit.

FIGURE 2. Average particle temperature as a function of distance from the central axis.

ACKNOWLEDGMENTS

The authors gratefully acknowledge financial support for this work from the Air Force Research Laboratory at

Edwards Air Force Base, with Dean Wadsworth and Tom Smith as technical monitors.

REFERENCES

Salita, M., J. Propulsion and Power 7, 505-512 (1991).

Vasenin, I. M., Narimanov, R. K., Glazunov, A. A., Kuvshinov, N. E., and lvanov, V. A., J. Propulsion and Power 11, 583-
592 (1995).

Crowe, C., Sommerfeld, M., and Tsuji, Y., Multiphase Flows with Droplets and Particles, CRC, New York, 1998, p. 99.
Simmons, F. S., Rocket Exhaust Plume Phenomenology, Aerospace Press, El Segundo, CA, 2000, pp.21-30.

Epstein, P. S., Phys. Review 24, 710-732 (1924).

Wang, C., AIAA Journal 10, 713-714 (1972).

Ivanov, S. G., and Yanshin, A. M., Fluid Dynamics 15, 449-453 (1980).

Burt, J. M., and Boyd, I. D., AIAA Paper 2004-1351 (2004).

Gallis, M. A, Torczynski, J. R., and Rader, D. J., Physics of Fluids 13, 3482-3492 (2001).

. Dietrich, S., and Boyd, I. D., J. Computational Physics 126, 328-342 (1996).
. Anfimov, N. A, Karabadjak, G. F., Khmelinin, B. A., Plastinin, Y. A., and Rodionov, A. V., AIAA Paper 93-2818 (1993).
. Bird, G. A., Molecular Gas Dynamics and the Direct Simulation of Gas Flows, Clarendon Press, Oxford, 1994, pp. 34-36,

218-220, 425.

418



	Welcome Screen
	Previous Proceedings
	Title Page
	Copyright
	Dedication
	Preface
	Local Organizing Committee, Acknowledgment of Support and Sponsorship, Session Chairmen and Paper Reviewers
	International Advisory Committee and Symposia Locations
	Contents
	GENERAL INVITED LECTURES
	From Nice 1958 to Bari 2004: 46 Years of RGD Symposia (Evening Lecture)
	Convergence to Equilibrium: Entropy Production and Hypocoercivity (Harold Grad Lecture)
	Molecular Alignment in Gaseous Expansions and Anisotropy of Intermolecular Forces (Lloyd Thomas Lecture)
	Historical Account and Branching to Rarefied Gas Dynamics of Atomic and Molecular Beams: A Continuing and Fascinating Odyssey Commemorated by Nobel Prizes Awarded to 23 Laureates in Physics and Chemis

	CHAPTER 1: BOLTZMANN AND RELATED EQUATIONS
	On the Quantum Boltzmann Equation (abstract only)
	Kinetic Modelling of a Heterogeneous Dispersed Medium
	Nonlinear Acoustics to Second Order in Knudsen Number without Unphysical Instabilities
	The Discrete Boltzmann Equation: The Regular Plane Model with Four Velocities
	Stability Analysis of a Multigroup Model for the Boltzmann Transport Equations of Carriers and Phonons
	A Reactive BGK-Type Model: Influence of Elastic Collisions and Chemical Interactions
	A Semi-Continuous Boltzmann Equation for Particles with General Dispersion Relations
	A Method of Joint Solution of the Boltzmann and Navier-Stokes Equations
	Generalized Hydrodynamic Equations and the Problem of Boundary Conditions
	Coupling Direct Boltzmann and Continuum Flow Solvers
	Macroscopic Equations for High-Speed Rarefied Monatomic Gas Flows Past Cold Bodies
	Continuous Inverse Kinetic Theory for Incompressible Fluids
	Exact Forms of Representation of Boltzmann Collision Integral as a Divergence of the Flow in Velocity Space
	On One-Dimensional Discrete Velocity Models of the Boltzmann Equation for Mixtures
	On the Application of the Moment Equations to the Thermally Induced Flows
	Theory of Stochastic Transitions in Area Preserving Maps

	CHAPTER 2: INTERNAL FLOWS AND VACUUM SYSTEMS
	Information Preservation (IP) Method in Simulation of Internal Rarefied Gas Flows in MEMS
	Flows of a Binary Mixture of Rarefied Gases between Two Parallel Plates
	Effect of Surface Grooves on the Rarefied Gas Flow between Two Parallel Walls
	Knudsen Compressor Performance at Low Pressures
	Vacuum Pump without a Moving Part Driven by Thermal Edge Flow
	Characterization and Optimization of a Radiantly Driven Multi-Stage Knudsen Compressor
	Statistical Simulation of Thin-Film Bearings
	A New Procedure for Designing Blade Arrangements of a Turbomolecular Pump
	Investigation of Peculiarities of Small Reynolds Number Flows
	Translational Non-equilibrium of a Gas by Flow in Vacuum through the Constant Cross-Section Channel
	Numerical Simulation of Particle Flow Conductance in a Duct under Free-Molecular Conditions
	Condensation of Methanol Vapor onto Its Liquid Film on a Solid Wall behind a Reflected Shock Wave
	Turbulent Thermal Convection over Rough Surfaces
	Numerical Simulations of Blood Flow inside a Mechanical Heart Valve
	Thermodynamic-Model Independence in Numerical Schemes for the Solution of Navier-Stokes Equations
	Application of Nonlinear Dynamics Methods to Rarefied Gas Flows in Channels
	Performance Characteristics of a Disk-Type Drag Pump in the Molecular Transition Region
	Monte Carlo Simulation of Thermal Conduct of Dissociating Nitrogen Gas between Flat Plates

	CHAPTER 3: KINETIC AND TRANSPORT THEORY
	Self-Similar Solutions of the Boltzmann Equation with Elastic and Inelastic Interactions (abstract only)
	On Stationary Solutions to the Linear Boltzmann Equation with Inelastic Granular Collisions
	Instability of the Plane Couette Flow by the Ghost Effect of Infinitesimal Curvature
	On the Rayleigh-Bénard Problem in Rarefied Gases
	Non-equilibrium Effects in Reacting Gas Flows
	Kinetic Theory of Soft Matter: The Penetrable-Sphere Model
	Quasi Equilibrium Knudsen Boundary Layers
	Nonuniform Relaxation Problem for Mixtures and Effects of the Anomalous Heat Transfer
	Transition Regime of Gas-Phase Heat Transfer in Powder Beds
	Light-Induced Heat and Mass Transfer of Rarefied Gas in a Flat Channel
	Radiative Heat Transfer Computations as a Free Molecular Flow Modeling Tool
	The Limiting Behavior of the Broadwell Model: Flow in a Thin Channel

	CHAPTER 4: RAREFIED JETS AND PLUMES
	Unbound Neutral Atmosphere in the Solar System
	Comparison between Navier-Stokes and DSMC Simulations of the Rarefied Gas Flow from Model Cometary Nuclei
	Numerical Simulation of Collision-Induced Dissociation of Large Molecular Ions in Mass-Selective Detector with Atmospheric Pressure Chemical Ionization
	The Free-Jet Expansion of Supercritical CO2 from a Capillary Source
	Experimental Analyses of Flow Field Structures around Clustered Linear Aerospike Nozzles
	DSMC and Navier-Stokes Study of Backflow for Nozzle Plumes Expanding into Vacuum
	Anomalous Inflow into Rarefied Plasma Expansion
	Experimental and Numerical Study of Nozzle Plume Impingement on Spacecraft Surfaces
	Modeling of Vapor Expansion under Pulsed Laser Ablation: Time-of-Flight Data Analysis
	Laser-Induced Plasma in a Water Bubble
	Acceleration Phenomenon of Helium Arc Jet through a Magnetic Nozzle
	Modeling of Argon Condensation in Free-Jet Expansions with the DSMC Method
	Numerical Study of Free Transitional Jets with FCT Limited Scheme
	Three Dimensional Simulation on Deformation of Jet Boundary in an Underexpanded Axisymmetric Jet
	Numerical Simulations of Gas Cloud Expansion in Rarefied Environment
	Particle Rotation Effects in Rarefied Two-Phase Plume Flows
	Time-Resolved Analysis of High-Power-Laser Produced Plasma Expansion in Vacuum
	Stationary Population Inversion in an Expanding Argon Plasma Jet by Helium Puffing
	Solid Rocket Motor Backflow Analysis for CONTOUR Mishap Investigation
	Experimental and Numerical Modeling of Rarefied Gas Flows through Orifices and Short Tubes
	Back Flux for Pulsed Laser Evaporation into Vacuum
	Studies on Impingement Effects of Low Density Jets on Surfaces—Determination of Shear Stress and Normal Pressure

	CHAPTER 5: MONTE CARLO METHODS AND NUMERICAL SOLUTIONS
	Monte Carlo Methods and Numerical Solutions
	A Numerical Study of Taylor-Couette Problem for a Rarefied Gas: Effect of Rotation of the Outer Cylinder
	DSMC Convergence Behavior for Fourier Flow
	Numerical Study of Essentially Unsteady Evaporation
	Evaporation and Condensation Flows of a Vapor-Gas Mixture from or onto the Condensed Phase with an Internal Structure
	Molecular Dynamics Study on the Evaporation Part of the Kinetic Boundary Condition at the Interface between Water and Water Vapor
	A Kinetic Model for Vapor-Liquid Flows
	Half-Space Problem of Weak Evaporation and Condensation of a Binary Mixture of Vapors
	Applicability of the Homogeneous Nucleation Theory to the Condensation in Free Gas Expansions
	Direct Simulation of Ultrafast Detonations in Mixtures
	DSMC Study of Shock-Detachment Process in Hypersonic Chemically Reacting Flow
	Three-Dimensional Rayleigh-Bénard Convection of a Rarefied Gas: DSMC and Navier-Stokes Calculations
	On the Stability of Higher-Order Continuum (HOC) Equations for Hybrid HOC/DSMC Solvers
	The DS2V/3V Program Suite for DSMC Calculations
	DSMC Simulations of Hypersonic Flows and Comparison with Experiments
	Nonlinear Acoustics in Diatomic Gases Using Direct Simulation Monte Carlo
	Development of a General Parallel Three-Dimensional Direct Simulation Monte Carlo Code
	Analysis of Repeated Collisions in the DSMC Method
	Comparison between Time Relaxed Monte Carlo Method and Majorant Frequency Scheme Methods for the Space Homogeneous Boltzmann Equation
	Plane Couette Flow Computations by TRMC and MFS Methods
	Object-Oriented Software Design of Real Gas Effects for the DSMC Method
	Analysis of Numerical Errors in the DSMC Method
	Influence of Boundary Conditions and Chemical Reactions on the Rayleigh-Bénard Convection of a Rarefied Gas Mixture
	A Fast Iterative Synthetic Method for Discrete Velocity Calculations
	On the Accuracy of DSMC Modeling of Rarefied Flows with Real Gas Effects
	Dynamics of Fluid Dynamics Fluctuations by Particle Simulations
	DSMC Simulations of Fourier and Couette Flow: Chapman-Enskog Behavior and Departures Therefrom
	Lattice Boltzmann Method for Phase-Separating Liquid-Vapor Systems
	DSMC Implementation of the Schamberg Model: Comparison with the Maxwell Model
	Unsteady Outflow of the Vapour into Vacuum from the Flat Surface
	Flows of a Vapor due to Phase Change Processes at the Condensed Phases with Temperature Fields as Their Internal Structures
	Hypersonic Flow over a Wedge with a Particle Flux Method
	DSMC Simulation of Non-Uniform Flow Effects behind a Conical Nozzle
	Discrete Velocity Numerical Approach to Strong Evaporation of Graphite
	Simulation of Plane Poiseuille Flow of a Rarefied Gas with an Extended Lattice Boltzmann Method

	CHAPTER 6: DIRECT NUMERICAL SOLUTION OF THE BOLTZMANN EQUATION
	Direct Numerical Solution of the Boltzmann Equation
	DSMC Calculation of Vortex Shedding behind a Flat Plate with a New Intermolecular Collision Scheme
	A Fast Simulation Method with Arbitrary Viscosity Law

	CHAPTER 7: MICROFLOWS
	Comparison between Navier-Stokes and DSMC Calculations for Low Reynolds Number Slip Flow Past a Confined Microsphere
	The Impact of Accommodation Coefficient on Concentric Couette Flow
	Diffusiophoresis of a Spherical Volatile Particle
	Flow of a Rarefied Gas between Parallel and Almost Parallel Plates
	Geometric and Constitutive Dependence of Maxwell/s Velocity Slip Boundary Condition
	A Wall-Function Approach to Incorporating Knudsen-Layer Effects in Gas Micro Flow Simulations
	Carbon Deposition on Blade Surfaces of Laser Microactuator for Optical MEMS
	A Critical Review of the Drag Force on a Sphere in the Transition Flow Regime
	Direct Numerical Simulation of a Forced Micro Couette Flow Using DSMC
	Gaseous Flows in Microchannels
	Application of the DSMC and NS Techniques to the Modeling of a Dense, Low Reynold/s Number MEMS Device
	Hybrid Molecular Dynamics—Monte Carlo Simulations for the Properties of a Dense and Dilute Hard-Sphere Gas in a Microchannel
	Effect of Surface Forces on the Gas Flow in Nanosize Capillaries
	Flow of Gas Mixtures through Micro Channel

	CHAPTER 8: GRANULAR GASES
	Some Aspects of the Boltzmann Equation for a Granular Gas
	DSMC Evaluation of the Navier-Stokes Shear Viscosity of a Granular Fluid
	Impurities in Inelastic Maxwell Models
	Heat Flux in a Vibrated Granular Gas: The Diffusive Heat Conductivity Coefficient
	Green-Kubo Representation of the Viscosity of Granular Gases
	Motion of Nanoparticles in Rarefied Gas Flows
	Rarefied Flow through a Packed Bed of Spheres
	Stochastic Simulation of Thermoemission from Surfaces of Dusty Grains
	Stochastic Simulation of Fluctuation Stage of Phase Transfer on Solid Surface during Thin Film Formation
	A BGK Model for a Mixture of Chemically Reacting Gases

	CHAPTER 9: MOLECULAR BEAMS
	Stereospecific Control by Molecular Orientation
	Simulation of the Parameters of Seeded Molecular Beam
	Crossed Beam Studies of Prototype Insertion Reactions: C(1D)øH2 and N(2D)øH2
	Time Resolved Observation of Multiple Electronic Configurations in the Electronic Relaxation of Isolated Molecules by Photoelectron Imaging
	Development of High Energy Molecular Beam Source Using Small Shock Tube
	Structural Determinations and Dynamics on Floppy Molecular Systems
	Deposition from Supersonic Beams (SuMBE): A Kinetic Approach for Controlling Thin Film Properties

	CHAPTER 10: GAS PHASE MOLECULAR COLLISION DYNAMICS
	Multiscale Modeling of Molecular Collision Dynamics
	Modeling of OH Product Distributions Using QCT-MD and BL Models in a Bow Shock
	Deviations from the Mass Action Law in Non-equilibrium Gas Flows
	Electron-Molecule Collision Cross-Sections for Air Kinetics
	A Comparison of Semiclassical IVR and Exact Quantum Collinear Atom Diatom Transition Probabilities for Mixed Reactive and Non-Reactive Regimes
	Dynamics of Collision-Induced Dissociation of Two Molecules with Ionic Bond

	CHAPTER 11: GAS-SURFACE INTERACTION
	Progress in Gas-Surface Interaction Study
	Atomic Oxygen Recombination and Chemical Energy Accommodation on Alumina at High Temperature
	Out-of-Plane Scattering Distribution of Nitrogen Molecular Beam on Graphite (0001) Surface
	Multiscale Analysis for Gas-Surface Interaction of Hyperthermal SiH4 and Si(100) Surface
	Investigation of Transient Forces Produced by Gases Expelled from Rapidly Heated Surfaces
	Anisotropic Scattering Kernel and Temperature Jump at the Wall
	Scattering Kernel of Polyatomic Gases
	A Silicon Crystal Microbalance for Normal Momentum Transfer Study in a Gas-Surface System
	Analytic Solutions for the Probability of Atomic Surface Recombination as a Function of Surface Parameters
	Behavior of the Reflected Molecules of a Diatomic Gas at a Solid Surface
	Fractal and Statistical Models of Rough Surface Interacting with Rarefied Gas Flow
	Some Approaches for Study of Momentum and Energy Transfer in a Gas/Solids System

	CHAPTER 12: STATE-TO-STATE KINETICS
	H2 State to State Kinetics in Nozzle Expansion
	Behavior of Ro-Vibrationally Excited H2 Molecules and H Atoms in a Plasma Expansion
	Modeling Dissociation-Vibration Coupling with the Macroscopic Chemistry Method
	Experimental Study of Rotational Nonequilibrium in Low Density N2 Jets Using REMPI
	Quantum Molecular Dynamics Simulation of Dissociative Adsorption of H2 /Pt(111)
	A Combined MD Simulation and Experimental Investigation of the O2 Formation on b-quartz at High Temperature
	A Statistical Model for Vibration-Chemical Reaction Interaction in Gas Mixtures
	State-to-State Reaction Rate Coefficients, Distributions, and Gas Dynamics behind Strong Shock Waves
	Vibration-Electronic Kinetics and Radiation in a Non-equilibrium CO Flow behind a Shock Wave
	State-to-State Kinetics and Transport Properties of a Reactive Air Flow near a Re-Entering Body Surface
	Vibrational Populations of the Adlayer in Exoergic Processes at Solid Surfaces
	Kinetic Foundation of Nonextensive Gas Dynamics
	Consideration of the Vibrationally Linked Molecular Dissociation Model Based on the Kinetic Theory
	Vibrational Relaxation/Excitation Collision Model of Diatomic Molecules for Rarefied Gas Flows
	Transport Coefficients of a Single Reactive Gas

	CHAPTER 13: RAREFIED PLASMAS
	Monte Carlo Simulation of Charged Species Kinetics in Non-Equilibrium Gases
	Three-Dimensional Particle Modeling of Plasmas in a Reactor with Multipolar Magnetic Field
	Low Frequency Dynamical Behavior of the Plasma at the Exit Plan of a Hall Effect Thruster
	Geometrical Scaling of Hall Thruster Particle Model
	Modeling of Arc Jet Plasma Flow in Transitional Regime by Navier Stokes and State-to-State Coupling
	Strong Shock-Wave Interaction with an Expanding Plasma Flow: Influence on the CN Molecule Internal Modes
	Monte Carlo Simulation of Isotope Separation Phenomena by DC Discharge as Rarefied Gas Dynamics
	PIC/MC Modeling of Dusty Plasmas
	Measurement of Radial and Axial Neutral Gas Temperature in a Semi-conductor Plasma Reactor
	Hydrogen Plasmas for Negative Ion Production
	Capacitively Coupled Radio Frequency Discharge Plasmas in Hydrogen: Particle Modeling and Negative Ion Kinetics
	Non-equilibrium Vibrational Kinetics in Radiofrequency H2 Plasmas: A Comparison between Theoretical and Experimental Results
	Grid-Free Plasma Simulations Based on Hierarchical Treecode Field Solvers
	Transport of a-ray Generated Ion Clusters in Rarefied Flows
	Modeling of the Arc-Jet Plasma Flow in the SR5 Nozzle Using a Thermochemical Non-equilibrium and a State-to-State Approach
	Numerical Modeling of Hall Thruster

	CHAPTER 14: NON-EQUILIBRIUM PLASMA KINETICS (HYPERSONICS AND SCRAMJETS)
	Weakly Ionized Plasmas in Hypersonics: Fundamental Kinetics and Flight Applications
	DSMC Simulations in Support of the STS-107 Accident Investigation
	Testing Continuum and Non-Continuum Descriptions in High Speed Flows
	Hypersonic Rarefied Flow Simulation Using 2D Unstructured DSMC with Free Stream Condition
	Hypersonic Transversal Flow of Rarefied Gas Mixture Past Infinite Band
	Continuum Approach to Hypersonic Aerodynamics and Heat Transfer Prediction at Low Reynolds Numbers
	Solution of the Boltzmann Equation for Electrons in Laser-Heated Metals
	Evaluating Anisotropy and Thermodynamic Non-equilibrium in Hypersonic Transitional Regime
	Shock Wave Structure for Argon, Helium, and Nitrogen
	Direct Monte Carlo Simulation of the Transverse Supersonic Rarefied Gas Flow Past a Cylinder
	MHD of Aircraft Re-Entry: Limits and Perspectives
	Viscous Effects on Cooled Pitot Tubes in Hypersonic Low Reynolds Number Flows
	Dual-Mode Scramjet Operation at a Mach 5 Flight Enthalpy in a Clean Air Test Facility
	Relativistic Kinetic Theory of Magnetoplasmas
	Canonical Lie-Transform Method in Hamiltonian Gyrokinetics: A New Approach
	Plasma Expansion in Presence of Electric and Magnetic Fields
	Transport Properties of Equilibrium Argon Plasma in a Magnetic Field

	CHAPTER 15: EXPERIMENTAL PROCEDURES IN RGD
	Experimental Aspects of Code Validation in Hypersonic Flows
	Application of PSP to Surface Pressure Measurement in High Knudsen Number Flows
	Planar Laser-Induced Iodine Fluorescence Measurements in Rarefied Hypersonic Flow
	Laser Interferometric Measurement of Shear Stress in Low-Density Flows
	The Experimental Facilities at Laboratoire d/Aérothermique
	ICP Plasma Jet for Target Interaction Studies of O-atoms in O2 and CO2 Supersonic Flows
	An Analysis and Predicting the Efficiency of Atomic Oxygen Recombination and Chemical Energy Accommodation on Heated Silica Surfaces


	Author Index
	Help
	INTRODUCTION
	ANALYSIS OF ROTATION EFFECTS
	DSMC IMPLEMENTATION
	PLUME SIMULATION
	ACKNOWLEDGMENTS
	REFERENCES
	Welcome Screen
	Previous Proceedings
	Title Page
	Copyright
	Dedication
	Preface
	Local Organizing Committee, Acknowledgment of Support and Sponsorship, Session Chairmen and Paper Reviewers
	International Advisory Committee and Symposia Locations
	Contents
	GENERAL INVITED LECTURES
	From Nice 1958 to Bari 2004: 46 Years of RGD Symposia (Evening Lecture)
	Convergence to Equilibrium: Entropy Production and Hypocoercivity (Harold Grad Lecture)
	Molecular Alignment in Gaseous Expansions and Anisotropy of Intermolecular Forces (Lloyd Thomas Lecture)
	Historical Account and Branching to Rarefied Gas Dynamics of Atomic and Molecular Beams: A Continuing and Fascinating Odyssey Commemorated by Nobel Prizes Awarded to 23 Laureates in Physics and Chemis

	CHAPTER 1: BOLTZMANN AND RELATED EQUATIONS
	On the Quantum Boltzmann Equation (abstract only)
	Kinetic Modelling of a Heterogeneous Dispersed Medium
	Nonlinear Acoustics to Second Order in Knudsen Number without Unphysical Instabilities
	The Discrete Boltzmann Equation: The Regular Plane Model with Four Velocities
	Stability Analysis of a Multigroup Model for the Boltzmann Transport Equations of Carriers and Phonons
	A Reactive BGK-Type Model: Influence of Elastic Collisions and Chemical Interactions
	A Semi-Continuous Boltzmann Equation for Particles with General Dispersion Relations
	A Method of Joint Solution of the Boltzmann and Navier-Stokes Equations
	Generalized Hydrodynamic Equations and the Problem of Boundary Conditions
	Coupling Direct Boltzmann and Continuum Flow Solvers
	Macroscopic Equations for High-Speed Rarefied Monatomic Gas Flows Past Cold Bodies
	Continuous Inverse Kinetic Theory for Incompressible Fluids
	Exact Forms of Representation of Boltzmann Collision Integral as a Divergence of the Flow in Velocity Space
	On One-Dimensional Discrete Velocity Models of the Boltzmann Equation for Mixtures
	On the Application of the Moment Equations to the Thermally Induced Flows
	Theory of Stochastic Transitions in Area Preserving Maps

	CHAPTER 2: INTERNAL FLOWS AND VACUUM SYSTEMS
	Information Preservation (IP) Method in Simulation of Internal Rarefied Gas Flows in MEMS
	Flows of a Binary Mixture of Rarefied Gases between Two Parallel Plates
	Effect of Surface Grooves on the Rarefied Gas Flow between Two Parallel Walls
	Knudsen Compressor Performance at Low Pressures
	Vacuum Pump without a Moving Part Driven by Thermal Edge Flow
	Characterization and Optimization of a Radiantly Driven Multi-Stage Knudsen Compressor
	Statistical Simulation of Thin-Film Bearings
	A New Procedure for Designing Blade Arrangements of a Turbomolecular Pump
	Investigation of Peculiarities of Small Reynolds Number Flows
	Translational Non-equilibrium of a Gas by Flow in Vacuum through the Constant Cross-Section Channel
	Numerical Simulation of Particle Flow Conductance in a Duct under Free-Molecular Conditions
	Condensation of Methanol Vapor onto Its Liquid Film on a Solid Wall behind a Reflected Shock Wave
	Turbulent Thermal Convection over Rough Surfaces
	Numerical Simulations of Blood Flow inside a Mechanical Heart Valve
	Thermodynamic-Model Independence in Numerical Schemes for the Solution of Navier-Stokes Equations
	Application of Nonlinear Dynamics Methods to Rarefied Gas Flows in Channels
	Performance Characteristics of a Disk-Type Drag Pump in the Molecular Transition Region
	Monte Carlo Simulation of Thermal Conduct of Dissociating Nitrogen Gas between Flat Plates

	CHAPTER 3: KINETIC AND TRANSPORT THEORY
	Self-Similar Solutions of the Boltzmann Equation with Elastic and Inelastic Interactions (abstract only)
	On Stationary Solutions to the Linear Boltzmann Equation with Inelastic Granular Collisions
	Instability of the Plane Couette Flow by the Ghost Effect of Infinitesimal Curvature
	On the Rayleigh-Bénard Problem in Rarefied Gases
	Non-equilibrium Effects in Reacting Gas Flows
	Kinetic Theory of Soft Matter: The Penetrable-Sphere Model
	Quasi Equilibrium Knudsen Boundary Layers
	Nonuniform Relaxation Problem for Mixtures and Effects of the Anomalous Heat Transfer
	Transition Regime of Gas-Phase Heat Transfer in Powder Beds
	Light-Induced Heat and Mass Transfer of Rarefied Gas in a Flat Channel
	Radiative Heat Transfer Computations as a Free Molecular Flow Modeling Tool
	The Limiting Behavior of the Broadwell Model: Flow in a Thin Channel

	CHAPTER 4: RAREFIED JETS AND PLUMES
	Unbound Neutral Atmosphere in the Solar System
	Comparison between Navier-Stokes and DSMC Simulations of the Rarefied Gas Flow from Model Cometary Nuclei
	Numerical Simulation of Collision-Induced Dissociation of Large Molecular Ions in Mass-Selective Detector with Atmospheric Pressure Chemical Ionization
	The Free-Jet Expansion of Supercritical CO2 from a Capillary Source
	Experimental Analyses of Flow Field Structures around Clustered Linear Aerospike Nozzles
	DSMC and Navier-Stokes Study of Backflow for Nozzle Plumes Expanding into Vacuum
	Anomalous Inflow into Rarefied Plasma Expansion
	Experimental and Numerical Study of Nozzle Plume Impingement on Spacecraft Surfaces
	Modeling of Vapor Expansion under Pulsed Laser Ablation: Time-of-Flight Data Analysis
	Laser-Induced Plasma in a Water Bubble
	Acceleration Phenomenon of Helium Arc Jet through a Magnetic Nozzle
	Modeling of Argon Condensation in Free-Jet Expansions with the DSMC Method
	Numerical Study of Free Transitional Jets with FCT Limited Scheme
	Three Dimensional Simulation on Deformation of Jet Boundary in an Underexpanded Axisymmetric Jet
	Numerical Simulations of Gas Cloud Expansion in Rarefied Environment
	Particle Rotation Effects in Rarefied Two-Phase Plume Flows
	Time-Resolved Analysis of High-Power-Laser Produced Plasma Expansion in Vacuum
	Stationary Population Inversion in an Expanding Argon Plasma Jet by Helium Puffing
	Solid Rocket Motor Backflow Analysis for CONTOUR Mishap Investigation
	Experimental and Numerical Modeling of Rarefied Gas Flows through Orifices and Short Tubes
	Back Flux for Pulsed Laser Evaporation into Vacuum
	Studies on Impingement Effects of Low Density Jets on Surfaces—Determination of Shear Stress and Normal Pressure

	CHAPTER 5: MONTE CARLO METHODS AND NUMERICAL SOLUTIONS
	Monte Carlo Methods and Numerical Solutions
	A Numerical Study of Taylor-Couette Problem for a Rarefied Gas: Effect of Rotation of the Outer Cylinder
	DSMC Convergence Behavior for Fourier Flow
	Numerical Study of Essentially Unsteady Evaporation
	Evaporation and Condensation Flows of a Vapor-Gas Mixture from or onto the Condensed Phase with an Internal Structure
	Molecular Dynamics Study on the Evaporation Part of the Kinetic Boundary Condition at the Interface between Water and Water Vapor
	A Kinetic Model for Vapor-Liquid Flows
	Half-Space Problem of Weak Evaporation and Condensation of a Binary Mixture of Vapors
	Applicability of the Homogeneous Nucleation Theory to the Condensation in Free Gas Expansions
	Direct Simulation of Ultrafast Detonations in Mixtures
	DSMC Study of Shock-Detachment Process in Hypersonic Chemically Reacting Flow
	Three-Dimensional Rayleigh-Bénard Convection of a Rarefied Gas: DSMC and Navier-Stokes Calculations
	On the Stability of Higher-Order Continuum (HOC) Equations for Hybrid HOC/DSMC Solvers
	The DS2V/3V Program Suite for DSMC Calculations
	DSMC Simulations of Hypersonic Flows and Comparison with Experiments
	Nonlinear Acoustics in Diatomic Gases Using Direct Simulation Monte Carlo
	Development of a General Parallel Three-Dimensional Direct Simulation Monte Carlo Code
	Analysis of Repeated Collisions in the DSMC Method
	Comparison between Time Relaxed Monte Carlo Method and Majorant Frequency Scheme Methods for the Space Homogeneous Boltzmann Equation
	Plane Couette Flow Computations by TRMC and MFS Methods
	Object-Oriented Software Design of Real Gas Effects for the DSMC Method
	Analysis of Numerical Errors in the DSMC Method
	Influence of Boundary Conditions and Chemical Reactions on the Rayleigh-Bénard Convection of a Rarefied Gas Mixture
	A Fast Iterative Synthetic Method for Discrete Velocity Calculations
	On the Accuracy of DSMC Modeling of Rarefied Flows with Real Gas Effects
	Dynamics of Fluid Dynamics Fluctuations by Particle Simulations
	DSMC Simulations of Fourier and Couette Flow: Chapman-Enskog Behavior and Departures Therefrom
	Lattice Boltzmann Method for Phase-Separating Liquid-Vapor Systems
	DSMC Implementation of the Schamberg Model: Comparison with the Maxwell Model
	Unsteady Outflow of the Vapour into Vacuum from the Flat Surface
	Flows of a Vapor due to Phase Change Processes at the Condensed Phases with Temperature Fields as Their Internal Structures
	Hypersonic Flow over a Wedge with a Particle Flux Method
	DSMC Simulation of Non-Uniform Flow Effects behind a Conical Nozzle
	Discrete Velocity Numerical Approach to Strong Evaporation of Graphite
	Simulation of Plane Poiseuille Flow of a Rarefied Gas with an Extended Lattice Boltzmann Method

	CHAPTER 6: DIRECT NUMERICAL SOLUTION OF THE BOLTZMANN EQUATION
	Direct Numerical Solution of the Boltzmann Equation
	DSMC Calculation of Vortex Shedding behind a Flat Plate with a New Intermolecular Collision Scheme
	A Fast Simulation Method with Arbitrary Viscosity Law

	CHAPTER 7: MICROFLOWS
	Comparison between Navier-Stokes and DSMC Calculations for Low Reynolds Number Slip Flow Past a Confined Microsphere
	The Impact of Accommodation Coefficient on Concentric Couette Flow
	Diffusiophoresis of a Spherical Volatile Particle
	Flow of a Rarefied Gas between Parallel and Almost Parallel Plates
	Geometric and Constitutive Dependence of Maxwell/s Velocity Slip Boundary Condition
	A Wall-Function Approach to Incorporating Knudsen-Layer Effects in Gas Micro Flow Simulations
	Carbon Deposition on Blade Surfaces of Laser Microactuator for Optical MEMS
	A Critical Review of the Drag Force on a Sphere in the Transition Flow Regime
	Direct Numerical Simulation of a Forced Micro Couette Flow Using DSMC
	Gaseous Flows in Microchannels
	Application of the DSMC and NS Techniques to the Modeling of a Dense, Low Reynold/s Number MEMS Device
	Hybrid Molecular Dynamics—Monte Carlo Simulations for the Properties of a Dense and Dilute Hard-Sphere Gas in a Microchannel
	Effect of Surface Forces on the Gas Flow in Nanosize Capillaries
	Flow of Gas Mixtures through Micro Channel

	CHAPTER 8: GRANULAR GASES
	Some Aspects of the Boltzmann Equation for a Granular Gas
	DSMC Evaluation of the Navier-Stokes Shear Viscosity of a Granular Fluid
	Impurities in Inelastic Maxwell Models
	Heat Flux in a Vibrated Granular Gas: The Diffusive Heat Conductivity Coefficient
	Green-Kubo Representation of the Viscosity of Granular Gases
	Motion of Nanoparticles in Rarefied Gas Flows
	Rarefied Flow through a Packed Bed of Spheres
	Stochastic Simulation of Thermoemission from Surfaces of Dusty Grains
	Stochastic Simulation of Fluctuation Stage of Phase Transfer on Solid Surface during Thin Film Formation
	A BGK Model for a Mixture of Chemically Reacting Gases

	CHAPTER 9: MOLECULAR BEAMS
	Stereospecific Control by Molecular Orientation
	Simulation of the Parameters of Seeded Molecular Beam
	Crossed Beam Studies of Prototype Insertion Reactions: C(1D)øH2 and N(2D)øH2
	Time Resolved Observation of Multiple Electronic Configurations in the Electronic Relaxation of Isolated Molecules by Photoelectron Imaging
	Development of High Energy Molecular Beam Source Using Small Shock Tube
	Structural Determinations and Dynamics on Floppy Molecular Systems
	Deposition from Supersonic Beams (SuMBE): A Kinetic Approach for Controlling Thin Film Properties

	CHAPTER 10: GAS PHASE MOLECULAR COLLISION DYNAMICS
	Multiscale Modeling of Molecular Collision Dynamics
	Modeling of OH Product Distributions Using QCT-MD and BL Models in a Bow Shock
	Deviations from the Mass Action Law in Non-equilibrium Gas Flows
	Electron-Molecule Collision Cross-Sections for Air Kinetics
	A Comparison of Semiclassical IVR and Exact Quantum Collinear Atom Diatom Transition Probabilities for Mixed Reactive and Non-Reactive Regimes
	Dynamics of Collision-Induced Dissociation of Two Molecules with Ionic Bond

	CHAPTER 11: GAS-SURFACE INTERACTION
	Progress in Gas-Surface Interaction Study
	Atomic Oxygen Recombination and Chemical Energy Accommodation on Alumina at High Temperature
	Out-of-Plane Scattering Distribution of Nitrogen Molecular Beam on Graphite (0001) Surface
	Multiscale Analysis for Gas-Surface Interaction of Hyperthermal SiH4 and Si(100) Surface
	Investigation of Transient Forces Produced by Gases Expelled from Rapidly Heated Surfaces
	Anisotropic Scattering Kernel and Temperature Jump at the Wall
	Scattering Kernel of Polyatomic Gases
	A Silicon Crystal Microbalance for Normal Momentum Transfer Study in a Gas-Surface System
	Analytic Solutions for the Probability of Atomic Surface Recombination as a Function of Surface Parameters
	Behavior of the Reflected Molecules of a Diatomic Gas at a Solid Surface
	Fractal and Statistical Models of Rough Surface Interacting with Rarefied Gas Flow
	Some Approaches for Study of Momentum and Energy Transfer in a Gas/Solids System

	CHAPTER 12: STATE-TO-STATE KINETICS
	H2 State to State Kinetics in Nozzle Expansion
	Behavior of Ro-Vibrationally Excited H2 Molecules and H Atoms in a Plasma Expansion
	Modeling Dissociation-Vibration Coupling with the Macroscopic Chemistry Method
	Experimental Study of Rotational Nonequilibrium in Low Density N2 Jets Using REMPI
	Quantum Molecular Dynamics Simulation of Dissociative Adsorption of H2 /Pt(111)
	A Combined MD Simulation and Experimental Investigation of the O2 Formation on b-quartz at High Temperature
	A Statistical Model for Vibration-Chemical Reaction Interaction in Gas Mixtures
	State-to-State Reaction Rate Coefficients, Distributions, and Gas Dynamics behind Strong Shock Waves
	Vibration-Electronic Kinetics and Radiation in a Non-equilibrium CO Flow behind a Shock Wave
	State-to-State Kinetics and Transport Properties of a Reactive Air Flow near a Re-Entering Body Surface
	Vibrational Populations of the Adlayer in Exoergic Processes at Solid Surfaces
	Kinetic Foundation of Nonextensive Gas Dynamics
	Consideration of the Vibrationally Linked Molecular Dissociation Model Based on the Kinetic Theory
	Vibrational Relaxation/Excitation Collision Model of Diatomic Molecules for Rarefied Gas Flows
	Transport Coefficients of a Single Reactive Gas

	CHAPTER 13: RAREFIED PLASMAS
	Monte Carlo Simulation of Charged Species Kinetics in Non-Equilibrium Gases
	Three-Dimensional Particle Modeling of Plasmas in a Reactor with Multipolar Magnetic Field
	Low Frequency Dynamical Behavior of the Plasma at the Exit Plan of a Hall Effect Thruster
	Geometrical Scaling of Hall Thruster Particle Model
	Modeling of Arc Jet Plasma Flow in Transitional Regime by Navier Stokes and State-to-State Coupling
	Strong Shock-Wave Interaction with an Expanding Plasma Flow: Influence on the CN Molecule Internal Modes
	Monte Carlo Simulation of Isotope Separation Phenomena by DC Discharge as Rarefied Gas Dynamics
	PIC/MC Modeling of Dusty Plasmas
	Measurement of Radial and Axial Neutral Gas Temperature in a Semi-conductor Plasma Reactor
	Hydrogen Plasmas for Negative Ion Production
	Capacitively Coupled Radio Frequency Discharge Plasmas in Hydrogen: Particle Modeling and Negative Ion Kinetics
	Non-equilibrium Vibrational Kinetics in Radiofrequency H2 Plasmas: A Comparison between Theoretical and Experimental Results
	Grid-Free Plasma Simulations Based on Hierarchical Treecode Field Solvers
	Transport of a-ray Generated Ion Clusters in Rarefied Flows
	Modeling of the Arc-Jet Plasma Flow in the SR5 Nozzle Using a Thermochemical Non-equilibrium and a State-to-State Approach
	Numerical Modeling of Hall Thruster

	CHAPTER 14: NON-EQUILIBRIUM PLASMA KINETICS (HYPERSONICS AND SCRAMJETS)
	Weakly Ionized Plasmas in Hypersonics: Fundamental Kinetics and Flight Applications
	DSMC Simulations in Support of the STS-107 Accident Investigation
	Testing Continuum and Non-Continuum Descriptions in High Speed Flows
	Hypersonic Rarefied Flow Simulation Using 2D Unstructured DSMC with Free Stream Condition
	Hypersonic Transversal Flow of Rarefied Gas Mixture Past Infinite Band
	Continuum Approach to Hypersonic Aerodynamics and Heat Transfer Prediction at Low Reynolds Numbers
	Solution of the Boltzmann Equation for Electrons in Laser-Heated Metals
	Evaluating Anisotropy and Thermodynamic Non-equilibrium in Hypersonic Transitional Regime
	Shock Wave Structure for Argon, Helium, and Nitrogen
	Direct Monte Carlo Simulation of the Transverse Supersonic Rarefied Gas Flow Past a Cylinder
	MHD of Aircraft Re-Entry: Limits and Perspectives
	Viscous Effects on Cooled Pitot Tubes in Hypersonic Low Reynolds Number Flows
	Dual-Mode Scramjet Operation at a Mach 5 Flight Enthalpy in a Clean Air Test Facility
	Relativistic Kinetic Theory of Magnetoplasmas
	Canonical Lie-Transform Method in Hamiltonian Gyrokinetics: A New Approach
	Plasma Expansion in Presence of Electric and Magnetic Fields
	Transport Properties of Equilibrium Argon Plasma in a Magnetic Field

	CHAPTER 15: EXPERIMENTAL PROCEDURES IN RGD
	Experimental Aspects of Code Validation in Hypersonic Flows
	Application of PSP to Surface Pressure Measurement in High Knudsen Number Flows
	Planar Laser-Induced Iodine Fluorescence Measurements in Rarefied Hypersonic Flow
	Laser Interferometric Measurement of Shear Stress in Low-Density Flows
	The Experimental Facilities at Laboratoire d/Aérothermique
	ICP Plasma Jet for Target Interaction Studies of O-atoms in O2 and CO2 Supersonic Flows
	An Analysis and Predicting the Efficiency of Atomic Oxygen Recombination and Chemical Energy Accommodation on Heated Silica Surfaces


	Author Index
	Help

	copyright: 


