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Abstract. The Mach 10 flow of argon past acircular cylinder at a Knudsen number 0.0091 is chosen as the test case
for the comparison of results from five distinct DSMC codes. Theresults from all the codes are consistent, but there
isavery largevariation in the magnitude of the computation that has been made to obtain these results  The codes
are differentiated by the extent to which they incorporate the sophisticated DSMC procedures that have been
developed over the past decade. The DS2V code includes all these procedures in its default form, but most can be
optionally disabled. This program is used to study the convergence of the results as the number of simulated
molecules increases and as the time step decreases. While the converged values are independent of the degree to
which the sophisticated procedures are activated, the rate of convergence to these values with increasing molecule
number is drastically affected. The procedure that promotes nearest neighbor collisions is the most beneficial and
enables a result of given accuracy to be obtained from the DS2V program with up to two orders of magnitude fewer
molecules than is required by a ssimple DSMC program. The non-uniform time step that adapts automatically to the
local mean collision time permits a given degree of time step convergence to be obtained with less than half the
computational effort that is required when a fixed time step is employed.

INTRODUCTION

The MONACO DSMC code has recently been applied [1] to the hypersonic flow past a circular cylinder.
The number of simulated molecules that were employed and the consequent computation time were almost two
orders of magnitude higher than are required for similar calculations with the DS2V code [2]. This latter code
includes several sophisticated procedures that have been developed since the 1994 publication of reference [3].
The significant differencein computational effort isrelevant to two current DSMC issues:-

(i) Woagner [4] provided a convergence proof that a simple DSMC code provides a solution of the
Boltzmann equation. In addition, analytical predictions of both the spatial [5] and temporal [6] discretization
errors in simple DSMC have been verified by experience with these codes. The new and often complex
procedures in sophisticated DSMC codes such as DS2V are not amenable to analytical study. A number of
people who participated in the 2005 DSMC workshop meeting in Santa Fe expressed a preference for
continuing to work with the simple procedures. The newer procedures were regarded as unproven and there
were fears that they might amount to unjustifiable short cuts that could lead to erroneous results.

(ii) A variety of new methods have recently been put forward as aternatives to the DSMC method for the
numerical solution of RGD flows. These methods generally incorporate physcal approximations, typicaly a
variant of BGK gas model or the lattice gas model, that are incapable of providing an accurate representation of
areal gas. This deficiency is commonly justified through claims that the new method is computationally more
efficient than the DSMC method. To date, there has been little attempt to base these claims on quantitative
comparisons andit is important to establish the DSM C computational requirements for representative test cases.

The nominal Knudsen number 0.01 case (actually 0.0091) of reference [1] has been chosen as atest case for
detailed study with the DS2V program and for comparison with whatever data is available from other DSMC
codes. The diameter of the cylinder is 0.3048 m and its surface is diffusely reflecting at a temperature of 500 K.
The stream velocity is 2634.1 m/s, the number density is 4.247x10%° /cu m, and the temperature is 200 K. The
VHS model for Argon has a mass of 6.63x10 *® kg, a diameter of 3.595x10™° m at a reference temperature of
1000 K, and a temperature-viscosity index of 0.74.



SOPHISTICATED DSMC PROCEDURES

Minimization of collision partner separation

Meiburg [7] pointed out that the simple DSMC procedures allow collisions between molecules near opposite
edges of a cell and that these collisions act to destroy the angular momentum within the cell. The practical
effect of this was overstated in that the preservation of any meaningful flow gradients within a cell is an
advantage over most continuum methods in which angular momentum is carried only by gradients based on the
grid-point values. At the same time, it was clear that the loss in angular momentum should be minimized and
sub-cells [3] were introduced to that end. The gains from fixed sub-cells were limited by their adverse effect on
computational efficiency and “transient sub-cells’ [2] were introduced in verson 3 of the DS2G program in
1998. Some early programs directly chose the nearest molecule in the cell as the collision partner for a
randomly chosen molecule. This was abandoned because the computational effort was proportional to the
square of the number of molecules in the cell, but was incorporated [8] into the DAC program as “virtual sub-
cells’. The DS2V/3V programs now employ virtual sub-cells when the number of moleculesin a collision cell
is less than 40 and transient sub-cells otherwise. Note that, when these “nearest-neighbor” procedures are
employed, it is necessary [2] to explicitly prevent, for each molecule, successive collisions with the same
collision partner. The ratio of the local mean collision separation to the local mean free path is sampled and
displayed in the DS2V/3V programs and, for a good calculation, should be appreciably less than unity.

Cell structureand adaption

The number of collisonsin acell is proportional to the product of the instantaneous and average number of
molecules in the cell. The average number is essentially the number density times the cell volume and
commonly used collision procedures [3] make use of the sampled number density. However, if N is the
instantaneous number and averages are denoted by <.>, the fact that < N (N—1) > isidenticdl to<N< N>>in
a Poisson distribution enables the collision procedures to be based entirely on the instantaneous number. This
means that the DSMC procedures can be made completely independent of the sampled macroscopic properties
and separate collision and sampling cells may be employed with the flow resolution being that of the smaller
collision cells. Separate cells were first introduced in the SMILE program [9] and this feature is amost
essential when the total number of simulated moleculesisin the millions. For agiven total number of simulated
molecules, the quality of the results improves continuoudly as the number of molecules per cell decreases and
values less than ten are now recommended. This means that there should be at least a million collision cellsin a
calculation with ten million simulated molecules and this would be impractical if it meant that there were also
more than a million sampling cells. A small and uniform number of molecules per collision cell can be
achieved only by adapting thesecells to the flow. The quality of the output isimproved if the sampling cells are
also adapted to a uniform sample size per cell. In addition, because the number of collision cellsis very large, it
is not practical to follow the molecules from cell to cell by calculating intersections with cell boundaries and the
geometry model must alow the direct determination of the cell from the molecule coordinates. In addition to
satisfying these conditions, the DS2V/3V geometry model [2] scalestrivialy from two to three dimensions.

Time step adaption

For a good calculation, the time step must be small in comparison with the mean collision time and simple
programs employ a user specified time step that is uniform over the flowfield. The ratio of the maximum to the
minimum value of the mean collision time in the cylinder test case is just over one hundred. If a uniform time
step is sufficiently small in comparison with the minimum mean collision time near to the stagnation point, it is
excessively small over the remainder of the flowfield. Thisleadsto an inefficient calculation and most existing
calculations of cold surface hypersonic blunt body flows with smple DSMC codes have employed time steps
that are too large in the vicinity of the stagnation point. The solution is to employ a variable time step that
adapts everywhere to a specified fraction of the sampled local mean collision time. The proceduresto do thisin
the DS2V/3V codes require the assignment of atime parameter to every molecule and to every cell.

Automatic setting of the computational parameters

The automatic adaption of the time step relieves the user of the difficult task of setting the time step. Most
of the other computational parameters can also be set automatically and the only parameter that must be set by
the userin the DS2V/3V programsistheinitial number of megabytesto be used by the calculation



COMPARATIVE RESULTS

DSMC and continuum results were compared in reference [1] primarily through the overall drag and the net
stagnation point or peak heat transfer. The drag is one of the quantities that are least sensitive to the
computational parameters while the heat transfer is one of the most sensitive. The net heat transfer is
particularly challenging if the incident and reflected heat fluxes are near equal but, in this case, the value of the
reflected flux isjust half that of the incident flux. The results for these quantities from the DSMC programs that
have already been mentioned in this paper are shown in Table 1.

Program Total Simulated Total Cells TimeStep  Computation Time Drag Peak Heat
Molecules Transfer
(u sec) (hours) (N)  (Wisqgm)
MONACO 26,800,000 34,770 0.02 1872 parallel CPU 40.00 39,319
DS2G (ver.2) 2,900,000 129,600 (sub-) 0.2 20 on 3GHz PC 39.95 38,300
SMILE 24,000,000 4,000,000 (call.) 39.76 39,000
DAC 1,300,000 150n 3GHz PC 39.71 38,500
DSs2v 330,000 41,000 (collision) 0.12 (min.) 10 on 3GHz PC 39.76 38,400

TABLE 1 .Resultsfor the hypersonic cylinder test case from five DSMC codes.

The spread in the results is 0.7% for the drag and 2.6%.for the peak heet transfer. Thisis reasonably good,
although several results lie outside the range of variaion that would be expected to be produced by statistical
scatter and different stages of convergence with regard to the spatial and temporal resolution of the flow. All
calculations were made for a half cylinder with a plane of symmetry parallel to the flow direction through the
axis of the cylinder. Most calculations set the origin at the stagnation point and the upstream downstream and
outer boundaries at -0.2 m, 0.65 m, and 0.4 m. The flowfield was larger in the SMILE calculation and the
D2V run was repeated with this larger flowfield. The DS2V values did not change and the heat transfer
distributions are compared in Fig. 1. A logarithmic scale has been used to bring up the excellent agreement in
the downstream region of the flow. A small vortex extended over the final three or four sampling intervals.
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FIGURE 1. The distribution of heat transfer around the cylinder.
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FIGURE 2. Theinfluence of the sophisticated proceduresin DS2V cal culations with 330,000 simulated molecules.

The nearest-neighbor procedures in the DS2V program may be disabled and the runs can, of course, be made
with or without default cell adaption. Figure 2 compares the DS2V case” from Teble 1 with similar runs in
which one or both procedures have not been employed. The absence of a single procedure leads to a
degradation in the results and that due to the disabling of the nearest-neighbor procedures is the more serious.
A surprising result is that the combined error is far greater than the sum of the individual errors. Moreover
there is a qualitative as well as a quantitative degradation of the profiles. All runs were of similar magnitude
with a sample of more than 600,000 molecules striking each surface interval near the stagnation point and the
statistical scatter should be similar in al runs. A sample of the order of 100,000 is adequate for an engineering
calculation and, because the steady state is reached in less than one hour, this requires only three hours on a
contemporary PC.

DS2vV CONVERGENCE STUDIES

Figure 3 shows that the relationships between the results from the four options change as the total number of
simulated molecules is varied. Except for very small molecule numbers when the default adaption leads to a
reduction in the number of collision cells, there is an improvement after cell adaption. Thisis most pronounced
when the nearest-neighbor procedures are disabled. With cell adaption, the nearest-neighbor procedures lead to
a near-converged result with less than a tenth the number of molecules that are required when these procedures
are disabled. The number of molecules that are required for a near-converged result in an adapted DS2V runis
less than one percent of the number required in an unadapted run with the nearest-neighbor procedures disabled.

* Thisis also Demonstration Case # 9 in the DS2V code that is available as a free download from gab.com.au
and can be run on any Windows PC.
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FIGURE 3. Convergence with molecule number in DS2V runs with the default time step.
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A significant result with regard to the validity of the nearest-neighbor procedures is that they have no effect
on an adapted flow when the total number of molecules exceeds three million. However, if they are not
employed, there are large changes in the flowfield when adaption occurs. These changes produce significant
transient disturbances that lead to atemporary reduction in the peak heat transfer by as much as ten percent.

The default DS2V time step is one third the local mean collision time. This can be varied between one fifth
and one half the mean collision time each time that a run is restarted. The minimum value with the default
setting and 330,000 simulated molecules is 1.2x107 seconds. Figure 4 shows that this leads to a near-
converged result. For avariation in time step through a factor of twenty, the drag changes by 1.2% and the peak
heat transfer by 11%. The mean value of the time step is three times the minimum value and, allowing for
overheads, the variable time step increases the computational efficiency by a factor of more than two.

The DS2V interactive display includes advice to the user on the number of molecules that are required for a
good calculation. This is based on the sampled ratios of the mean collision separations to the local mean free
path. The advice for this problem proved to be unduly pessimistic. When convergence with regard to both
molecule number and time step is taken unto account, the DS2V result for the peak heat transfer is 37,600 + 200
W/sq mand that for the drag is 39.68 + 0.05 N.

CONCLUDING REMARKS

For this problem, the sophisticated DSMC procedures do not lead to error and can reduce the number of
simulated molecules that are required to obtain a result of given accuracy by two orders of magnitude. The
computation time is not reduced to anything like the same extent because a longer run is needed to obtain the
same sample size. However, in addition to the statistical scatter associated with the sample size, thereisalso a
systematic unevenness in the results that is minimized by the sophisticated procedures. In addition, the
reduction in the required number of simulated molecules leads to a reduction in the fraction of the run time that
is occupied by the unsteady phase of the flow and by any transients caused by flow adaption.

The sophisticated DSMC procedures increase the memory requirements, but this increase is small in
comparison with the memory that is saved by the reduction in the required number of simulated molecules. For
a given computer, the sophisticated procedures enable calculations to be made at much lower Knudsen
numbers. This hypersonic cylinder test case at Kn = 0.0091is an easy calculation on a contemporary PC. 1t is
gtill far from a continuum calculation because the maximum slip velocity exceeds 200 m/s and the maximum
temperature slip exceeds 300K. Continuum flow would require areduction in Knudsen number by a factor of
about fiveand this would be beyond the capabilities of a PC if the sophisticated procedures were not employed.

These conclusions apply only to the single test case. Additional problems and test cases should be studied in
similar detail in order to build a database of validated results. The relative merits of various DSMC codes and
of new methods that are proposed as alternatives to DSMC coul d then be assessed through quantitative rather
than qualitative comparisons

ACKNOWLEDGEMENTS
The author is grateful to Professor M. Ivanov for the SMILE results and to Dr. R. Wilmoth for the DAC resuilts.
REFERENCES

1. Lofthouse, A.J., Boyd, I.D.,, and Wrightt M., “Effects of Continuum Breakdown on Hypersonic
Aerothermodynamics’, AIAA Paper 2006-993, Jan. 2006.

2. Bird, G.A., “The DS2V/3V Program Suite for DSMC Calculations,” in Rarefied Gas Dynamics, edited by M. Capitdlli,
AIP Conference Proceedings 762, New Y ork 2000, pp. 541-546

3. Bird, G.A., Molecular Gas Dynamics and the Direct Smulation of Gas Flows, Oxford University Press, Oxford, 1994.

4. Wagner, W., “A convergence proof for Bird’s direct simulation Monte Carlo”, J. Sat. Phys. 66, 1011-1044 (1992).

5. Alexander, F.J.,, Garcia, A.L., and Alder, B.J., “Cell size dependence of transport coefficients is stochastic particle
algorithms”, Phys. Fluids 10, 1540-1542 (1998).

6. Garcia, A.L. and Wagner, W., “Time step truncation error in direct simulation Monte Carlo”, Phys. Fluids 12, 2621-
2633 (2000).

7. Meiburg, E., “Comparison of the Molecular Dynamics method and the direct simulation technique for flows around
simple geometries’, Phys. Fluids 29, 3107-3113 (1986).

8. LeBeauy, G.J, Boyles, K.A., and Lumpkin, F.E., “Virtual Sub-Cells for the Direct Simulation Monte Carlo Method”,
AlIAA Paper 2003-1031, January 2003.

9. lvanov, M.S, Markelov, G.N., and Gimelshein, S.F., “Statistica Simulation of Reactive Rarefied Flows: Numerical
Approach and Applications,” AIAA Paper 98-2669, June 1998.



	Title page
	Using CD
	Copyright
	CONTENTS
	Preface
	Local Organizing Committee, Acknowledgment of Support and Sponsorship, Session Chairmen and Paper Reviewers
	International Advisory Committee and Symposia Locations
	GENERAL INVITED LECTURES
	Boltzmann Equation and Hydrodynamics Beyond the Navier-Stokes Level (Harold Grad Lecture)
	Dusty Plasma in the Earth and in Space: Experiments (Lloyd Thomas Lecture)
	Kinetic Theory in Vehicular Traffic Flow Modeling (Special Invited Lecture)

	CHAPTER 1 Kinetic and transport theory 
	Kinetic Theory of Nanoparticles Transport and Relaxation Processes in Gases and Liquids
	Generalized Stefan-Maxwell Diffusion Equations for Multicomponent Mixtures of Polyatomic Gases
	Rarefaction Effect on Heterogeneous Reaction Rate. Temperature Jump on a Porous Surface
	Kinetic Description of Classical Matter Infalling in Black Holes
	On Generalized Non-Equilibrium Thermodynamics of Rarefied Gas
	Description of Transport Processes in Intensive Parameters
	Generalized Boltzmann Physical Kinetics: Theory, Main Results and Problems
	On the First Order Chemical Reaction Rates in Non-Equilibrium Gas Flows
	Couette Flow Solution for Regularized 13 Moment Equations
	About Nanoparticle Friction Force in Gases and Liquids
	Non-Classical Diffusion in Dense Gases and Liquids
	Boundary Conditions for Strongly Perturbed Rarefied Gas

	CHAPTER 2 Boltzmann and related equations 
	Macroscopic Models for Non-EquilibriumFlows of Monatomic Gas and Normal Solutions
	Grad’s Thirteen Moment Method for a Heterogeneous Dispersed Medium
	New Forms of the Boltzmann Collision Integral
	Stable Equations to Second Order in the Knudsen Number for the Fluid Dynamics Variables
	A Simple Model Kinetic Equation for Inelastic Maxwell Particles
	Several Properties of the Matrix Elements of the Collision Integral of the Boltzmann Equation
	The Boltzmann Equation for a Gas with Rotational Degrees of Freedom on the Basis of a Statistical Model
	Dissociation and Recombination of a Diatomic Gas in a Background Medium
	Regularized 13-Moment-Equations
	Weak Shock Wave Solutions for the Discrete Boltzmann Equation
	Dual Variational Principles of the Linear Boltzmann Equation
	On the Uniqueness of Continuous Inverse Kinetic Theory for Incompressible Fluids
	Strong Breakdown of Equipartition in Uniform Granular Mixtures
	On the Existence of a Shock Wave Solution for the Boltmann Equation with a Modified Collision Term
	Simulation of Shock Wave Structure in Nitrogen with Realistic Rotational Spectrum and Molecular Interaction Potential
	General Methods of the Construction of Discrete Kinetic Models with Given Conservation Laws

	CHAPTER 3 Numerical solutions of kinetic equations 
	Lattice Boltzmann Method – Current Status and Prospects for Computing Compressible Flows at Moderate Knudsen Numbers
	Arbitrary Post-Collision Velocities in a Discrete Velocity Scheme for the Boltzmann Equation
	On the Treatment of Strong Evaporation and Condensation Flows of a Vapor at the Fluid Dynamic Level – Fluid Dynamic Formulation for Phase Change Problems
	True Direction Equilibrium Flux Method Applications on Rectangular 2D Meshes
	Unified Solver for Rarefied and Continuum Flows in Multi-Component Gas Mixtures
	Analytical and Numerical Normal Solutions of the Boltzmann Equation for Highly Nonequilibrium Fourier and Couette Flows
	Numerical Study of the Spiral Cylindrical Couette Flow of Rarefied Gas
	Multi-Processor Statistical Simulation of Forming a Detonation Wave in the Shock Tube for Cases of Different Thresholds of a Reaction
	A Numerical Scheme for the Boltzmann Equation
	Numerical Study of Transverse Supersonic Flow of Monatomic and Diatomic Gases Past a Plate
	On the Existence of the Negative Mass Flows in Evaporation and Condensation Problems – Effects of the Finite Thermal Conductivities of the Condensed Phases
	Numerical Investigation on Models of the Boltzmann Equation for Gas Mixtures
	The Tang-Toennies Potentials for the Boltzmann Collision Integrals
	Divergent And Stochastic Combined Forms Of The Boltzmann's Collision Integral In Numerical Simulation
	Numerical Modeling of the Unsteady Vapor Outflow from a Flat Surface Using Direct Numerical Solution of the Boltzmann Equation
	A Method of Joint Solution of the Boltzmann and Navier-Stokes Equations with Application to the Problems of Gas Flows over Plane Plates
	Computation of Decaying Isotropic Compressible Turbulence
	Solving of the Boltzmann Equation in Some Problems with Moving Interface Surface
	Heat Transfer in a Gas Mixture
	Parallel Implementation of the Unified Flow Solver

	CHAPTER 4 DSMC and related simulations 
	Time Relaxed Monte Carlo Methods for the Boltzmann Equation: an Overview
	Sophisticated Versus Simple DSMC
	Parallel Hybrid Method for Subsonic Flows
	Detecting Equilibrium Cells in DSMC to Improve the Computational Efficiency
	Applying the Macroscopic Chemistry Method to Dissociating Oxygen
	Streamline Extrapolation Technique for Subsonic Outflow Boundary Conditions in DSMC Simulations
	New Model for Statistical Simulation of High-Temperature Nonequilibrium Dissociation
	Reconsideration of the Majorant Collisional Frequency Schemes for the DSMC Method
	Statistical Errors of DSMC Results for Rarefied Gas Flows
	Use of Independent Ensemble Averaging for DSMC Solutions in Unsteady Flow
	DSMC Estimate of the Ionic Wind Effect on a Supersonic Low-Density Flow
	On the Stability of the Vertically Stratified State of a Vapor–Gas Mixture between Two Parallel Condensed Phases
	DSMC Simulations of Shock Interaction with Shock-Scale Harmonic Fluctuations
	Progresses in Monte Carlo Simulation of Light Scattering Spectra in Atomic Gases
	Numerical Determination of Reaction Coefficient of Nitrogen Atoms with Solid Carbon by Using DSMC Method
	Numerical Analysis of the Cylindrical Couette Flow of a Vapor-Gas Mixture
	Simulations of Reactor Efficiency for Pulsed Pressure Chemical Vapor Deposition (PP-CVD)
	DSMC Simulation of Pressure-Driven Flows and Heat Transfer in Microfilters
	Statistical Modeling of Interactions between Gas Molecules and Pulsed Optical Lattices
	Object-Oriented Software Design for the Three-Dimensional Direct Simulation Monte Carlo Method
	On Evolution of Vortical System in Rarefied Gas Flow
	A New Decoupled Rotational Energy Exchange Scheme for DSMC Calculations
	Rotational Collision Number and Rotationally Inelastic Cross-Section in Monte Carlo Simulations
	A DSMC Method for the Landau-Fokker-Planck Equation
	Construction of Optimal Parameters for the Test Particle Monte Carlo Method
	Application of Parametric Correction for Improving of DSMC Method Results
	Simulation of Rarefied Gas Flows by Improved TRMC Method
	Time Relaxed Monte Carlo Methods Based on Sampling from McKean Graphs
	DSMC Computations of a Rarefied Gas Interacting with Light
	DSMC Method as Applied to Investigation of Slip Flow of Plasma-Rise Gas in Hollow Cathode
	Quantifying the Effects of Rarefaction in High Velocity, Slip-Flow Regime
	Interpretation of Impact and Static Pressure Measurements in Non-Equilibrium Supersonic Flow by the DSMC Method
	Efficient Parallelization of the DSMC Method
	SMILE System for 2D/3D DSMC Computations

	CHAPTER 5 Experimental procedures in RGD
	Photonic Analyses of High Knudsen Number Flows
	Experimental Studies On Impingement Pressure
	On-Orbit Experiments On Pressure Change Research In Ambient Space Vehicle Environment
	Mass Flow Rate and Tangential Momentum Accommodation Coefficient from Experiments in a Single Micro Tube
	On-Orbit Quartz Crystal Microbalance Measurements of Molecular Deposition on Russian and U.S. Space Stations
	Development of Pressure Sensitive Molecular Film as a Measurement Technique for High Knudsen Number Conditions
	Discharge Coefficients and On-Axis Flow Properties in Small Sonic Orifices at Low Reynolds Numbers
	Zinc Deposition Experiments for Validation of DSMC Calculations of Internal Flows
	Modeling of Processes of External Contamination of International Space Station by Jets of Orientation Thrusters
	Modification of a Rarefied Supersonic Flow over a Flat Plate Using an Electrical Discharge
	Structure and Gas Parameters of Plume Expiring in Vacuum from Four Nozzles, Located Around of the Space Vehicle Case

	CHAPTER 6 Clusters and aerosolos 
	Kinetic Multiscale Modeling and Simulation of Cluster Formation Processes in Free Gas Expansions Using DSMC
	Condensation and Temperature Forces Between Aerosol Particles
	Quasi-Chemical Cluster Model Approach To Gas Precondensation Stage
	On the Motion of Nonsymmetrical Particles with Nonuniform Active Surface in Rarefied Gas
	The Direct Simulation Monte Carlo Of Cluster Formation Processes In Laser Plume

	CHAPTER 7 Gas-surface interaction 
	Gas Jet Deposition of Teflon-Like Films and Ultra-Dispersed Particles
	Surface Structure Degradation of Si-Based Materials Exposed to Dissociated Air and Nitrogen Flows
	Theoretical Dynamics Study of Atomic Oxygen over β-Cristobalite (100)
	Measurements of Thermal Accommodation Coefficients
	Experimental Research of Reflected Flux at Interaction of High-Velocity Free Molecular Beam with Solid Surfaces
	Molecular Dynamics Study of Xe-Graphite (0001) Surface Scattering
	Monte Carlo Simulation of Heterogeneous Catalytic Processes on Heat Shield Coatings of Space Vehicles
	Surface Roughness Effects in Low Reynolds Number Channel Flows
	Wall Temperature Jump in Polyatomic Gas Flows
	Rarefied Gas Atoms Reflection on Rough Surfaces
	Plasma Surface Interaction: Thin Film Formation
	Quasiclassical Approximation for Rotational and Vibrational Transition Probabilities in Gas-Surface Scattering
	Investigation of Heterogeneous Atoms Recombination by Molecular Dynamics Method
	Application of Nocilla Model for Plume Impingement Analysis
	The Normal Momentum Accommodation Effect on Thin Plate Oscillations in a Rarefied Gas

	CHAPTER 8 Space vehicles aerodynamics
	Measurements for Validating DSMC and Navier Stokes Computations of Chemically Reacting Hypervelocity Flows
	Blunt Body Aerodynamics for Hypersonic Low Density Flows
	Scaling Parameters for Hypersonic Flow: Correlation of Sphere Drag Data
	Numerical Study of Hypersonic Rarefied Gas Flows About a Toroidal Ballute
	Numerical Modelling of the Magnus Force and the Aerodynamic Torque on a Spinning Sphere in Transitional Flow
	Numerical Simulation of Rarefied Gas Flows about a Rotating Cylinder
	Cassini-Huygens Aerodynamics with Comparison to Flight
	Application of Modified DSMC Algorithm to Inviscid Flow Calculation
	High-Altitude Aerodynamics of the Clipper Spacecraft

	CHAPTER 9 Inrenal flows, jets, and plumes 
	Problems of Gas-Dynamical and Contaminating Effect of Exhaust Plumes of Orientation Thrusters on Space Vehicles and Space Stations
	Instability of the Plane Poiseuille Flow for Longitudinal Vortical Disturbances by the Ghost Effect of Infinitesimal Curvature
	On the Taylor-Couette Problem in the Continuum Limit
	Effect of Vibrational Energy on Dynamics of Pulsed Vapor Cloud Expansion
	Hybrid Navier-Stokes/DSMC Gas Flow Simulations in Very Low Pressure Thin Film Deposition
	Simple Rarefied Gas Flows in Porous Regions
	Effect of Carrier Gas Nature on Collision-Induced Dissociation of Large Molecular Ions in Mass-Selective Detector with Atmospheric Pressure Chemical Ionization
	Experimental Studies On Heat Transfer To Bodies In Hypersonic Rarefied Gas Flows
	Transient Plume Impingement Analysis For Formation Flying Spacecraft
	Simulation of Nozzle Plume Droplet Flow in Transitional Regime
	Modeling of Gaseous Expansion in Free Jet and Microchannel Flows Using the Modified Moment Method
	Self-Similar Interpolation in Rarefied Gas Dynamics
	Low Density Jet Impingement - Measurement of Heat Transfer
	Modelling of Pulsed Laser Ablation of a Solid Target in a Vacuum in the Explosive Boiling Model
	Light-Induced Heat and Mass Transfer of Rarefied Gas in a Capillary
	Peculiarities of Gas Ejection Into Vacuum From a Nozzle with Near-Wall Liquid Film
	Viscosity Effects on Prandtl–Meyer Expansion

	CHAPTER 10 Reaction and relaxation processes 
	Radiation Heat Transfer Models for Re-Entry Aerothermodynamics
	State-Specific Vibrational Relaxation and Thermal Dissociation in Nonequilibrium Hypersonic Flows
	O+HCl Cross Sections and Reaction Probabilities in DSMC
	A Molecular Kinetic Model of Reacting Gas Flows
	Advanced Models of Vibration-Dissociation Kinetics in Mixtures Containing CO2
	The Effect of the Affinity on the Equilibrium Behavior of a Reactive System
	Multiscale Analysis for Atomic Oxygen Recombination on Silica Surface
	Stochastic Models of Hot Planetary Coronae
	Multi-Temperature Kinetics and Thermodynamic Properties Behind Shock Waves in Reacting Air Components
	Multi-Temperature Kinetics and Transport Properties in CO2/N2 Mixtures
	On a Role of Multi-Level Energy Transitions in the State-to-State Vibrational-Chemical Kinetics
	A Strong Shock Wave Structure in Low Density Gas Mixture Flow Past a Cylinder
	On the Influence of Vibrational Distributions on Dissociation Rates

	CHAPTER 11 Plasma flows and processing 
	Modeling of Multi-Time Scale Particles in Rarefed Gas and Plasma
	Time-Dependent Processes in Diodes with Rarefied Plasma
	“Anomalous” Shock Structure In Weakly Ionized Gas Under Strong Thermal Nonequilibrium
	Non-Linear Gyrokinetic Theory of Magnetoplasmas
	Electron-Beam Activation of Rarefied Gases
	Distribution Function and Transport Properties of the Ions Moving in a Neutral Gas under External Electric Field
	Low Pressure Deposition in a High Density Plasma CVD Reactor
	Simulation of Low Pressure Plasma Processing Reactors: Kinetics of Electrons and Neutrals
	Laser Deflection Diagnostics Of Shock Wave Interacting with Ar and N2 DC Discharge
	Superabundant-Variable Approach to Gyrokinetic Theory
	Gas – Surface Interaction in Hollow Cathode Glow Discharge
	Nonlinear Debye Screening in Strongly-Coupled Plasmas
	Direct Simulation Monte Carlo Study of Neutral Temperature, Density, and Pressure in an Inductively Coupled Plasma
	The Role of Secondary Electrons and Metastable Atoms in Electron-Beam Activation of Argon-Silane Mixtures

	CHAPTER 12 Micro/nano scale flows and devices 
	Numerical Simulation of a Knudsen Pump Using the Effect of Curvature of the Channel
	Low Speed Nano/Micro/Meso-Scale Rarefied Flows Driven by Temperature and Pressure Gradients
	Generalized Reynolds Equation Based on the Ellipsoidal Statistical Model
	Numerical Error Analysis for Deterministic Kinetic Solutions of Low-Speed Flows
	Thermal Creep Continuum Modeling
	Thermal Creep of a Slightly Rarefied Gas through a Channel with Curved Boundary
	On the Dependence of Rarefied Gas Flow Stability in Channels on Interaction Parameters
	Drag of Nano-Particles in the Transitional Flow Regime
	Simulations of Low Speed Flows with Unified Flow Solver
	Monte Carlo Simulation of Rotation of a Laser Opto-Microactuator
	Gas Flow around a Longitudinally Oscillating Plate at Arbitrary Ratio of Collision Frequency to Oscillation Frequency
	The Critical Accommodation Coefficient for Velocity Inversion in Rarefied Cylindrical Couette Flow in the Slip and Near Free-Molecular Regimes
	Gas Mixture Separation in Nanosize Capillaries. Effects of Surface Forces
	Gas Separation Effect of the Pump Driven by the Thermal Edge Flow
	Knudsen Effect and a Unified Formula for Mass Flow-Rate in Microchannels
	Parallel DSMC Application for the Analysis of Argon Gas Flow in a T-Shaped Micro Manifold
	Evaporation-Condensation Problem in Vapour-Gas Mixtures
	Two-Dimensional Slip-Velocity Gaseous Flow Past a Confined Square in a Microchannel

	CHAPTER 13 RGD in astrophisics and aeronomy 
	Free Molecular Simulations of Vapor Dynamics Following a Lunar Impact
	Plasma Kinetics Issues in the ESA ‘Plasma Laboratory in Space’ Study
	3D Numerical Modelling of a Rarefied Gas Flow in the Nearby Atmosphere around a Rotating Cometary Nucleus

	CHAPTER 14 Molecular dynamics simulations
	Why Does Expansion Shock Wave Not Exist in Nature?
	The Molecular Dynamics Calculation of the Self-Diffusion Coefficient
	Hybrid Molecular Dynamics-Monte Carlo Method for Heat and Flow Analysis in Micro/Nano-Channels
	Molecular Dynamics Simulation of Evaporation of a Two-Component Liquid

	CHAPTER 15 Vacuum gas dynamics
	The Integro-Moment Method Applied to Two-Dimensional Rarefied Gas Flows
	First Tritium Pumping Results by a Cryopump with a Precondensed Argon Layer
	Analysis of Free Molecular Flow in a 3-D Turbo Molecular Pump with Non-Parallel Blades
	Silicon Wafer Cooling by Low Pressure Helium Gas in Vacuum Environment

	CHAPTER 16 Molecular beams and collisions (Special Session)
	A Quasi Quantum Treatment of Inelastic Molecular Collisions
	Neutral Molecular Beam Formation or Deceleration Induced by Optical Lattices
	Laser Sustained Plasma Free Jet for the Generation of Fast Atom Beam of Interest in the Simulation of Low Earth Orbit Environment
	A Helium Cluster Beam Source for Cluster Isolated Chemical Reaction Studies
	Gas Dynamics of the Linear Plasma Generator Magnum-PSI
	Expansion Characteristics and Invasion in Hot Rarefied Expanding Plasma Flows
	Development of Shock Heated Molecular Beam: Modification of Shock Tube Valve
	A Mass and Time-of-Flight Spectroscopy Study of the Formation of Clusters in Free-Jet Expansions of Normal-D2
	Asymptotical Analysis of Translational Nonequilibrium in the Hypersonic Flow Near the Flat Plate with the Sharp Leading Edge
	Molecular Beam Study on Oxidation of Si(100) Surface with Ozone
	How Does a Particle Move in Chemical Kinetics?

	APPENDIX (on CD-ROM only!)
	Analytical Solutions of Continuum Equations in Hypersonic Transitional Flow Over Blunt Bodies
	Numerical Modeling of Gaseous Expansion from Micro and Nano Nozzles
	Drag and Heat Transfer Coefficients in Free Molecular Flows
	Stability of Rarefied Gas Flow in a Channel for Ray-Diffuse Scattering Function
	A Study on the Pumping Performance of a Molecular Drag Pump in the Rarefied Gas Flow
	Simulation of an Evaporation of a Monatomic Condensed Phase into a Vacuum by a Monte Carlo Method
	Influence of the Dispersion on the Boltzmann Equation for Nonhomogeneous Case
	Fluid Dynamics at Arbitrary Knudsen on a Base of Alexeev-Boltzmann Equation: Sound in a Rarefied Gas
	Boltzmann Kinetics and Mathematical Modeling in Nanotechnology


	Search
	Exit



