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INTRODUCTION

It may be currently considered that a new independent CFD direction (computational rarefied gas dynamics) has been
formed. The leading role here belongs to the Direct Simulation Monte Carlo (DSMC) method [1]. The DSMC method
is traditionally considered as a method of computer simulation of the rarefied gas flow as a set of a great number of
model molecules with binary collisions. Usually the numberof simulated molecules is large enough (∼ 105−107),
but this is extremely small in comparison with the number of molecules that would be present in the real gas flow.
Each simulated molecule is then regarded as representing anappropriate number (Fnum) of actual molecules. The
conventional treatment of the DSMC method is based on the principle of splitting of continuous motion and collisions
of molecules within a small time step∆t into two consecutive stages: free-molecular transfer and uniform collisional
relaxation at the time interval∆t.

Another approach to constructing numerical schemes for theDSMC method, based on the principle of the majorant
collision frequency (MCF), was proposed in [2, 3, 4, 5]. These schemes were derived on the basis of the probability
interpretation of the integral form of the master kinetic equation (Kac equation in the spatially uniform case and
Leontovich equation in the spatially nonuniform case) forN−particle distribution function. The statistical estimateof
gas dynamic parameters used in both uniform and nonuniform cases were proved there to be unbiased. In their nature,
the MCF schemes obtained are "time-accurate," i.e., the principle of splitting was not used in their construction. These
schemes without splitting, the so-called "splitless" MCF schemes, were applied for the first time in [5] for solving
the problem of the shock-wave structure. Though the computational efficiency of these schemes depends linearly on
the number of simulated particles, they are more CPU-expensive than the schemes that involve the splitting principle
(NCT, NTC). Therefore, approximate MCF schemes based on thesplitting principle were constructed in [3]. The main
advantage of these schemes is the correct reproduction of the collision frequency with a small number (close to unity)
of model particles in a collisional cell. More than 15-yearsexperience of application of these MCF schemes with
splitting for various problems of rarefied gas dynamics confirmed their high efficiency in solving multidimensional
problems of high-altitude aerodynamics.

An important problem that arises in DSMC modeling is the evaluation of the numerical accuracy of the results
obtained, and how far they are from the solution of the Boltzmann equation. This question is especially important for
the near-continuum flows. One of the most important issues here is the analysis of solution convergence in terms of
the timestep. Normally, this analysis reduces to performing a series of computations with decreasing∆t. For a near-
continuum regime, the computations are often conducted using all available computer resources, and no additional
accuracy-establishing computations are possible in this case. The use of spitless MCF schemes allows avoiding these
difficulties and obtaining results containing no errors dueto time discretization. The present paper describes the main
stages of constructing spitless MCF schemes and gives examples of their combined application with MCF schemes
with time splitting.



MAJORANT COLLISION FREQUENCY SCHEMES

DSMC computations always employ a finite system of model particles; hence, then-particle master kinetic equation
can be naturally used to construct modeling schemes. Our consideration is based on the master kinetic equation, for
which the transition to the Boltzmann equation was examinedin detail in [6]. Such an approach allows one to estimate
the adequacy of modeling results to the solution of the Boltzmann equation.

The regularized master kinetic equation [3] is presented inthe form
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Here fN = fN(t,R,C), f ′N = f(t,R,C′
i j ) are theN-particle distribution functions;

∫
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and particle velocities;(v′i ,v
′
j) and (vi ,v j) are the velocities of a pair of particles before and after their collision;

w̃(v′i ,v
′
j → vi ,v j |ri ,r j ,ρ) is the probability density of the transition of the colliding pair(i, j) from the state(v′i ,v

′
j) to

the state(vi ,v j) with fixed values of the coordinates(ri ,r j); ρ is a regularization parameter. We also have
w̃(v′i ,v

′
j → vi ,v j |ri ,r j ,ρ) → w(v′i ,v

′
j → vi ,v j)δ (ri − r j) whenρ → 0,

w(vi ,v j → v′i ,v
′
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′
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wherebi j andεi j are the collision parameters andχi j is the angle of deviation of the relative velocity after the collision.
Then the total collision frequency is

ν(R,C) = ∑
i< j

h(ri ,r j)
∫

w(vi ,v j → v′i ,v
′
j)dv′idv′j = ∑

i< j
h(ri ,r j)gi j σt(gi j ).

It should be noted that the direct evaluation ofν(R,C) would require a computational effort proportional toN2. This
is very costly in terms of computational resources. To overcome this difficulty, a method for constructing numerical
schemes of the DSMC method based on the majorant collision frequency was proposed in [3], which allowed the
computational effort to grow linearly withN.

In constructing the Monte Carlo schemes on the basis of the majorant frequency principle [5], we transform Eq. (1)
to the form
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majorant collision frequency.
Equation (2) with the initial and boundary conditions can bepresented as an integral equation. Then, as it follows

from the general theory of Monte Carlo methods, the probabilistic treatment of the kernel and the free term of this
equation yields the process of DSMC modeling. To avoid too many details of secondary importance, let us trace all
considerations as applied to a particular case of a spatially inhomogeneous Cauchy problem for Eq. (1). All principal
issues of modeling of particle collisions and transfer are retained. In the general case of the initial-boundary problem,
modeling of collisions with the body surface and fluxes of particles entering the computational domain does not suffer
any significant changes. Modeling of these processes was studied in detail in [3] and is naturally included into the
scheme of the DSMC method for Eq. (2).

The integral equation for the collision densityϕ(t,R,C) = νm fN(t,R,C) has the form
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K2(t
′ → t|R′,C) = νmexp{−νm(t − t ′)}, (5)

K3(R′ → R|C, t) = δ (R−R′−C(t − t ′)), (6)

ϕ0(t,R,C) =
∫

fN(0,R′,C)νmexp{−νmt}K3(R′ → R|t,C).

The probabilistic interpretation of the integral form of the master kinetic equation (3) with kernels (4)-(6) allows
us to formulate a new scheme of DSMC modeling of a spatially inhomogeneous rarefied gas flow: a splitless MCF
scheme [3, 4, 5]. We present this scheme for the general case,where the computational domain is bounded by the
external surfaceΓ and by the body surfaceγ. We assume that the surfaceΓ is subjected to the steady conditions

f1(rΓ,v) = f 0
1 (rΓ,v), (v,nΓ) < 0, rΓ ∈ Γ;

q+(rΓ,v) = |(v,nΓ)| f 0
1 (rΓ,v);

q+(rΓ) =
∫

q+(rΓ,v)dv,νΓ =
∫ ∫

q+(rs,v)dvdsΓ,
and the body surfaceγ is subjected to the condition
|(v,nγ)| f1(t,rγ ,v) =

∫

(v′,nγ )<0
|(v′,nγ)| f1(t,rγ ,v′)T̃γ(v′ → v)dv;

∫

T̃γ(v → v′)dv′ = 1; rγ ∈ γ.

HerenΓ andnγ are the outward normals to the surfacesΓ andγ, respectively, at the pointsrΓ andrγ . The particle
entry into the computational domain and interaction of particles with the body are modeled in a manner similar to that
used in [1].

Thus, the general scheme of the DSMC method for a spatially inhomogeneous rarefied gas flow, based on the
majorant frequency principle, can be presented as follows.

0. In accordance with the initial distributionfN(0,R,C), the coordinatesri and velocitiesvi of particles for a given
trajectory of the random process are sampled.

1. The time of the next transition in the system, caused either by intermolecular collisions or by generation of
a new particle on the surfaceΓ, is sampled with a probability densityνΓ

mexp{−νΓ
mτ}. Here νΓ

m = νΓ + νm and

νm = Nn(Nn−1)
2 [νi j ]m. All particles are transferred in accordance with the timeτmin = min{τγ ,τ}, whereτγ is the

time of the first intersection of the body surface after the time tn. If tn+1 = tn + τmin > T ([0,T] is the time interval
where the evolution of theN-particle model of the gas is considered), this trajectory is terminated, and one should go
back to Step 0.

If the particles leave the computational domain owing to their displacement, then we haveNn+1 = Nn−∆N−, where
∆N− is the number of particles left; otherwiseNn+1 = Nn andRn+1(Nn+1) = Rn(Nn+1)+ τminCn+1(Nn+1).

If τmin = τγ , one should go to Step 2; otherwise to Step 3
{tn+1,Nn+1,Rn+1(Nn+1),Cn+1(Nn+1)}, n = 0,1,2, . . . 2. In the case of a collision with the body, the velocity of

the reflected particle is sampled in accordance with the boundary transformT̃γ , and one should go to Step 1.
3. A collision of a pair of particles occurs with a probability νm/νΓ

m (Step 3.1), and a new particle is generated with
an additional probability (Step 3.2).

3.1. The collision occurs in accordance with the kernelK1(Cn+1 → Cn+2|Rn+1) :
3.1.1) Pairs(i, j) are uniformly chosen amongNn+1 particles;

3.1.2) with a probability 1− νi j (Rn+1,Cn+1)

[νi j ]m
there occurs a dummy collision, i.e., the particle velocities remain

unchanged, and one should go to Step 1{tn+1,Nn+1,Rn+1(Nn+1),Cn+2(Nn+1)}, n = 0,1,2, . . . ;
3.1.3) with a probabilityνi j (Rn+1,Cn+1)/[νi j ]m, there occurs a real collision.
The direction of the relative velocity vector after the collision is sampled with a probability densityσ(gi j ,e)/σt(gi j ),

and the velocities of the particlesi, j are replaced byvi =
1
2(v′i +v′j)+

1
2g′i j e; v j =

1
2(v′i +v′j)− 1

2g′i j e; g′i j = |v′i −v′j |.
Then one should go to Step 1:{tn+1,Nn+1,Rn+1(Nn+1),Cn+2(Nn+1)}, n = 0,1,2, . . . ;
3.2 The coordinates of the new particle are sampled with a probability densityq+(rΓ)/νΓ and velocity with

a probability densityq+(rΓ,v)/q+(rΓ). Number of particlesNn+2 = Nn+1 + 1. Then one should go to Step 1:
{tn+1,Nn+2,Rn+1(Nn+2),Cn+2(Nn+2)}, n = 0,1,2, . . . ;

Cyclic repetition of Steps 1-3 yields one trajectory of a random process on a time interval[0,T]. To determine the
gas flow parameters, one should useL trajectories and standard estimates of the DSMC method.

Let us consider particular methods of regularization of thecollision integral in Eq. (1). The structure of kernels (4)-
(6) of the integral equation (3) remains unchanged for all types of regularization of the collision integral. Its particular
form affects only the kernelK1(C′ → C|R′) responsible for particle collisions in the system. The global modeling



scheme for a particular type of regularization requires an additional description only on Step 3.1 to allow for the
relative spatial positions of the colliding particles. Applying the regularization conventionally used for the Boltzmann
equation, we obtain

w̃(v′i ,v
′
j → vi ,v j |r′i ,r′j ,ρ) = h(ri ,r j)w(v′i ,v

′
j → vi ,v j)

whereh(ri ,v j) = σ−1
0 if |ri − r j | < ρ and 0 if |ri − r j | > ρ ; σ0 = 4

3πρ3. The parameterρ determines the size of
the "region of particle interaction." We will call such regularization the free cell regularization.

In the case of regularization corresponding to decomposition of the computational domain into non-intersecting cells

dk, (k = 1, . . . ,M);
M
Σ

k=1
dk = V0, the so-called cell regularization, collisions occur between particles that belong to

one cell. In this case,

w̃(v′i ,v
′
j → vi ,v j |r′i ,r′j ,ρ) = {

M
Σ

k=1
hk(ri)hk(r j)d

−1
k }w(v′i ,v

′
j → vi ,v j).

Three numerical schemes of the DSMC method implementing theabove-mentioned types of regularization were
developed in [5]. The first two schemes (free cell and cell schemes) do not use sorting of particles over the cells,
and the computation efficiency is increased by using a special organization of the computational process (the so-called
delayed transfer of particles). The third scheme (cell scheme) involves sorting of particles over the cells, which leads to
a significant decrease in the majorant frequency of collisions and, hence, to substantial improvement of computational
efficiency. It was the third scheme that was used in computations described below.

COMPUTATIONAL EXAMPLES

Some examples computed with the use of the splitless MCF scheme are described below and compared with data
obtained by the MCF scheme with time splitting (for brevity,the latter scheme will be further called the MCF scheme
or the split MCF scheme).

The first example was a one-dimensional Couette flow between two infinite parallel plates with a distanceD from
each other. One of the plates moves with respect to the other plate with a constant velocityv (the velocity vector lies in
the plane of the plate). Both plates have an identical temperatureTw, and the law of diffuse reflection of molecules with
full accommodation of energy is defined on the surface. Molecules are assumed to interact as hard spheres. In such a
formulation, the problem of the Couette flow depends on two dimensionless parameters: Knudsen numberKn= λ/D,
whereλ is the mean free path, and speed ratios= v/

√
2RTw. In the study described, the values of these parameters

were Kn=0.1 ands= 10.
The DSMC results are plotted in Figs. 1 and 2. The computations involved 50 collisional cells and 10,000 model

particles. The curves in the figures refer to∆t=0.16 (1),∆t=0.04 (2),∆t=0.004 (3),∆t=0.0004 (4), and splitless MCF
scheme (5). All curves except for curve 5 show the results obtained by the MCF scheme with splitting, using different
time steps nondimensionalized by the mean collisional timeτλ . All values of∆t used were smaller than the residence
time (mean time needed for the particle to cross the cell). Thus, the formal constraints on the time step in the DSMC
method were satisfied even for the greatest value of∆t.

All the presented gas-dynamic parameters were non-dimensionalized as follows: temperatureT
′
= T/Tw, stress-

tensor componentsp
′
xx = pxx/(ρ0c2), p

′
xy = pxy/(ρ0c2), and heat-flux vector componentsS

′
x = Sx/(ρc3), S

′
y =

Sy/(ρ0c3), wherec =
√

2RTw.
The left part of Fig. 1 shows the temperature profiles. The temperature is seen to comparatively weakly depend on

the time step and to coincide, almost in all cases, with the splitless MCF result. The heat-flux profilesS
′
x in the right

part of Fig. 1 are more sensitive to the value of∆t. For a large time step (curve 1), the difference in the heat flux
obtained by the MCF and splitless MCF schemes can reach 20%. This difference tends to zero with decreasing time
step.

The most sensitive indicators of the error due to a finite timestep are the stress-tensor components plotted in Fig. 2.
For high values of∆t, the values ofPxx and Pxy (curves 1 and 2) are no longer constant in terms ofx, which is
qualitatively incorrect. It is only after a significant decrease in∆t that the distributions of the stress-tensor components
become constant and approach the result obtained by the spitless MCF scheme.

A comparison of CPU costs for split/splitless schemes reveals the advantages of the split scheme: even with the
minimum time step, the split scheme is several times faster than the splitless scheme. Nevertheless, if we take into
account that a series of computations is needed to verify theconvergence of the numerical solution in terms of∆t,
the use of the splitless scheme is preferable in the one-dimensional case. In two-dimensional and three-dimensional
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FIGURE 1. Temperature and heat flux.
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FIGURE 2. Stress-tensor components.

cases, straightforward application of the splitless scheme is too CPU-expensive. Thus, a combined use of the split
and splitless schemes is implied. The flow is first computed bythe conventional MCF scheme until a steady state
was reached, and then the splitless MCF scheme is used. Such an approach allows obtaining a numerical solution
independent of∆t with reasonable CPU-costs.

This approach was demonstrated by considering a two-dimensional argon flow around a cylinder with a diameter
d = 0.3048 m. The flow had the following parameters: Mach number M=10, Knudsen number Kn=0.25 (based on the
cylinder diameter), and free-stream temperature 200 K. Thecylinder temperature was 500 K, and the law of diffuse
reflection was set on the cylinder surface.

A series of computations was performed with the split schemewith a decreasing time step. The maximum time step
was chosen to be 0.2 of the mean collisional time in the free stream. Below, the time steps are normalized to their
maximum value. As it could be expected, the distribution of the pressure coefficient over the cylinder surface is almost
independent of the time step, whereas the distributions of the friction coefficient (Fig. 3, left part) and heat-transfer
coefficient (Fig. 3, right part) are extremely sensitive to the value of∆t. The maximum difference is 20% for the
friction coefficient and 15% for the heat-transfer coefficient. This fact confirms that it is necessary to perform a series
of computations with different time steps to verify their convergence. The results obtained by the above-described
approach with a combined use of the split/splitless MCF schemes are also plotted in these figures (the solution with
∆t = 1/2 was used as the initial data for splitless computations). The fields of temperature, which is one of the most
sensitive parameters to the time step, are shown in Fig. 4 forthe splitless computation and for the computation with
the minimum time step. Though there are some differences observed far from the cylinder, the results in the vicinity of
the stagnation point, i.e., in the zone of strong gradients,are identical. The computed results presented here illustrate



0 20 40 60 80 100 120 140 160 180

Phi
0.0

0.1

0.2

0.3

0.4

0.5

0.6
Ct

dt=1

dt=1/2

dt=1/4

dt=1/8

dt=1/16

Splitless    

0 20 40 60 80 100 120 140 160 180

Phi
0.0

0.2

0.3

0.5

0.6

0.8
Ch

dt=1

dt=1/2

dt=1/4

dt=1/8

dt=1/16

Splitless   

FIGURE 3. Skin-friction and heat-transfer coefficients.
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FIGURE 4. Translational temperature.

the feasibility of the combined use of the split/splitless MCF schemes, which allows one to avoid the procedure of
verification of the convergence in terms of∆t in the analysis of the accuracy of DSMC simulations.

Acknowledgments. The present work was supported by the Russian Foundation forBasic Research (Project Nos. 06-
08-00687 and 06-01-22000) and by the International Scienceand Technology Center (Project No. 3151). This support
is gratefully acknowledged.

REFERENCES

1. G. Bird,Molecular gas dynamics and the direct simulation of gas flows, Oxford Press, 1994.
2. M.S.Ivanov, S.V. Rogasinsky. Analysis of numerical techniquesof the direct simulation Monte Carlo method in the rarefied

gas dynamics. Soviet Journal of Numerical Analysis and MathematicalModeling, 1988, vol.3, No 6, pp.453-465
3. M.S.Ivanov, S.V. Rogasinsky. Efficient schemes for statistical simulation of the rarefied gas flows. Matemaicheskoe

modelirovanie., 1989, Vol.1, No. 7, pp.130–145 (In Russian).
4. M.S.Ivanov, S.V. Rogasinsky. Statistical simulation of the rarefied gas flows on a basis of the majorant frequency principle.

Doklady AN SSSR, 1990, Vol. 312, No. 2, pp. 315–320 (In Russian).
5. M.S.Ivanov, S.V. Rogasinsky. Theoretical analysis of traditionaland modern schemes of the DSMC method (invited).

Proceeding of the 17th International Symposium on Rarefied Gas Dynamics. Aachen, FRG, 1990, pp. 629-642.
6. Leontovich, M. A., Basic equations of the kinetic theory of gases fromthe point of view of the theory of stochastic processes.

Soviet Physics JETP, 5, 211–231 (1935).


	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



