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Abstract.  Several algorithmic extensions to the Lattice Boltzmann method (LBM) that permits its application to rarefied 
gas flows are presented.  The accuracy of the new method is first demonstrated by validating the desired power-law 
viscosity-temperature relationship over the range of power-law exponents typically found in single component fluids.  
Next, the plane Poiseuille flow scenario is simulated for a series of Knudsen numbers, Kn, ranging from the continuum to 
the transition regimes, using a single computational framework.   The reduced flow rate with the new approach is found 
to agree well with previously reported results for Kn < 1.   

INTRODUCTION 

This paper presents several algorithmic extensions of the Lattice Boltzmann method (LBM) that permits its 
application to rarefied gas flows.  The most general current method for modeling such flows is known as Direct 
Simulation Monte Carlo (DSMC) [1,2] which evolves the dynamics of a statistically representative number of 
particles underlying the macroscopic flow.  While demonstrably accurate over a wide range of flow scenarios, the 
DSMC becomes prohibitively expensive computationally for practical flows that approach continuum conditions 
[1]. This is a pervasively common scenario for subsonic rarefied gas flows such as found in microfluidic devices 
[1,3]. The LBM is a relatively recently developed alternative kinetic-based approach to simulating fluid dynamics 
that solves the Boltzmann equation using a discrete velocity representation and a simplified collision model, such as 
the standard BGK model [4,5]. Previously, its main application areas have tended to involve continuum flows 
containing complex physics and geometry where the main priority has been to minimize the fluid viscosity in order 
to progress towards large Reynolds numbers typical of such flows [6]. The standard LBM does not accurately 
simulate flows with non-vanishing Knudsen number due to its use of a single parameter BGK model that is 
equivalent to the molecular Maxwell model (i.e. linear relationship between viscosity and fluid temperature [2]) and 
its use of a physically inappropriate “bounce-back” boundary condition at solid surfaces.   

We have extended the collision model used in the LBM to allow for a general power-law relationship between 
the viscosity and temperature as found in the Variable Hard Sphere (VHS) molecular model typically used in DSMC 
[2].  We have also extended the gas-surface interaction model to include Maxwell’s scattering kernel to allow for a 
combination of specular and diffuse reflection via an accommodation coefficient [7]. This scattering kernel was 
achieved through the use of flux-based boundary conditions [8] that allow for a surface generally oriented with 
respect to the underlying regular Cartesian grid. 

As well as the extended LBM approach described above, another hybrid technique has been developed.  This 
approach solves the same discrete kinetic Boltzmann equation used in the LBM but incorporates a discrete Monte 
Carlo collision model with several extensions that accelerates its computational capability relative to DSMC, 
particularly in the near-continuum regime, and permits its application to rarefied gas dynamics.  Specifically, 
efficiency advantages are a consequence of: a reduction in the number of degrees of freedom that must be evolved 
(phase-space is discrete rather than continuous); a reduction in the overhead of selecting and then finding particles in 
memory to collide (they are all colocated at the same discrete lattice site, e.g. indices in memory); a reduction in the 
length of time or number of ensembles that must be averaged to achieve a clean signal by allowing “multiple” 
collisions at once; and finally, the ability to achieve larger time steps due to an implicit implementation of the 
collision process.  This new method is called Lattice Boltzmann-Monte Carlo (LBMC) to reflect its underlying 
discreteness and its use of a stochastic collision process.  

The key to the proposed LBMC model is the determination of an “adequately” sampled discrete-velocity model.  
The chosen discrete system not only possesses the requisite symmetry to erase the underlying discrete lattice 
structure at the macroscopic level, but also possesses several number theoretic properties that assures its collisional 
“completeness” at the microscopic level [9], which is critical for achieving statistical equivalence with the 
continuous DSMC model and avoiding spurious invariant quantities.  This is in contrast to typical discrete-velocity 
models applied to the Boltzmann equation that commonly suffer from insufficient collisional variation to produce 
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realistic dynamics [10].  However, despite these sources of acceleration, it was found that the efficiency of this new 
LBMC approach was still inferior compared to the extended LBM approach described above.  Thus, due to space 
limitations in this paper, we focus on the latter method and reserve a detailed description of the LBMC for a 
subsequent paper although we do include some results of this method here for comparison purposes. 

In this paper, the performance of the extended LBM is first demonstrated by validating the desired viscosity-
temperature relationship over the range of allowed temperature and power-law exponents typically found in single-
component fluids.  Next, reduced flow rate results for the plane Poiseuille scenario are presented for a series of 
Knudsen numbers, Kn, ranging from the continuum (Kn<0.01) to the transition (0.1<Kn<10) regimes for subsonic 
flow conditions within a single computational framework. Good agreement is found between the new method and 
previously reported results using other techniques.   

In the following sections, the general LBM method used here is described as are the extensions required for 
application to rarefied gas flows.  Subsequently, computational results of the two flow scenarios described above 
using a MATLAB-based prototype code are presented and discussed. The paper concludes with a summary of the 
main results as well as directions for future work. 

LATTICE BOLTZMANN METHOD 

In this section we briefly summarize the analysis of the discrete form of the update process used to evolve the 
fluid status in this work.  The origin of this process is the continuous Boltzmann equation which is discretized not 
only in space and time, but also in the microscopic velocity.  The discrete Boltzmann update process investigated 
had the following general form 
                                  ( ) ( ) ( ) ( ) { }( ) ( ) ( )tNKnCNKnBtNKnAtttN eq

ijijijijijij ,,, xxcx +Ω+=∆+∆+                     (1) 
where the discrete velocity notation of [9] has been used, indicating the presence of multiple energy particles (j,i 
designate the allowable discrete energy and discrete velocity within a given energy, respectively, of the allowed 
discrete velocity vectors ijc ). The quantity on the left-hand side represents the updated particle density after the 
advection and collision process.  The update process on the right-hand side is a combination of three elements: first, 
the old free-streamed distribution, ijN , secondly, the output of an explicit collision process, ijΩ , and thirdly, an 
equilibrium distribution, designed to have the same macroscopic collisional invariants as the pre-collision 
distribution, specifically mass, momentum and energy [MME].  They are linearly combined according to the three 
update coefficients A,B,C, which may be functions of the local Knudsen number. This representation encompasses a 
broad variety of specific models [17].  
     A discrete form of kinetic theory is applied to (1) by expanding about a given point in space and time (but 
maintaining the microscopic velocity discretization) and forming discrete moments of the distribution function and 
its evolution equation.  The general form of the conservation equations, formed by taking appropriate moments of 
(1), indicates that in order for the MME to be collisionally invariant the update coefficients must sum to unity, 
A+B+C = 1.    
     The analysis continues by computing higher-order moments leading to the momentum flux tensor, S, and energy 
flux vector, Q and then substituting them into the conservation relations.  This leads to a system of macroscopic 
equations that require additional closure relations for these higher order moments, as in the continuous microscopic 
velocity case.  A discrete form of the Chapman-Enskog closure analysis is performed, which requires specification 
of the equilibrium distribution and the specific velocity field discretization used.   
      For the results presented in this work, we have used a three-speed system based on the four-dimensional, D=4, 
face-centered hypercube (FCHC) structure (see [9,12,17] for specification of direction vectors).  This system permits 
three-dimensional, coupled, artifact-free simulation of subsonic near-isothermal flows [9,12]. The total number of 
directions is 34 for an implicit three-dimensional projection of the system. Key ingredients of this discrete velocity 
system are its symmetry properties, supported by number theoretic analysis of the system [9,12], and its “collisional 
variety” whereby any discrete pre-collide binary combination of states may be transferred to a number of potential 
out-states while preserving local MME within the discrete system [9].  This is a necessary property to avoid spurious 
invariants in methods that employ an explicit collision process, such as the LBMC approach described above.   In 
the future, we will explore the use of reduced discrete velocity sets in order to further improve computational 
efficiency. 
      Further background details on the application and results of the Chapman-Enskog analysis leading to the 
recovery of the Navier-Stokes equations for this system may be found in [11], which may be straightforwardly 
extended for the generalized LBM system (1) used here. 
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ALGORITHMIC EXTENSIONS FOR RAREFIED FLOWS 

The LBM system described above was extended in order to facilitate its application to rarefied gas flows.  
Extensions were developed and implemented in two areas: i) the discrete BGK collision model was extended to 
permit a general power-law relationship between the fluid dynamic viscosity and its temperature and ii) gas-surface 
interactions were extended to include Maxwell’s scattering kernel for a general surface orientation.  These 
developments are briefly described in this section.   

Collision Model For Rarefied Flows 
The goal of initial efforts in this area was to adapt Bird’s “No Time Counter” [2] explicit collision process to the 

discrete velocity case within the LBMC framework.  This required implementation of an appropriate collisional 
cross-section model and the commonly used Variable Hard Sphere (VHS) [2] technique was selected to accomplish 
this.  This model achieves a realistic power-law relationship between the dynamic viscosity of the fluid, µ, and fluid 
temperature, T. This relationship is considered one of the most critical physical properties to capture in order to 
achieve accurate rarefied gas flow simulation [2]. 

Implementation of the VHS model into the LBMC required appropriate specification of the collision operator. 
Within the LBM framework, ({A,B,C}={1-λ,0,λ} in (1)) this can be accomplished by setting the single-time 
relaxation parameter, λ, as follows 

                                                         
1~2

2~~
2
11

1 +
=⇒=






 −= −ω

ω

α
λα

λρ
µ

T
TT                                                       (2) 

where RTT ≡~  is the temperature, T, multiplied by the gas constant, R. The proportionality factor, α, is dependent 
on the particular molecule being simulated and may be readily computed from tabulated data or simple models [2].  
Values of the exponent, ω, range from unity for so-called Maxwell molecules (the standard model used in the LBM) 
to ω=1/2 for the hard-sphere model with typical gases being somewhere in between.  Locally setting the BGK 
collision parameter consistent with (2) permits the desired viscosity power-law relation to be achieved consistent 
with the VHS cross-section model.  A similar approach is employed for implementations of the BGK model within 
the continuous Boltzmann equation (see Section 2.5.1 of [13]). 

Gas-Surface Interactions Models  
The inclusion of gas-surface interaction models into the LBMC/LBM was accomplished in two steps.  First, a 

general technique for achieving boundary conditions on a generally oriented surface using a previously developed 
flux-based method [8] in conjunction with a discrete velocity system was implemented.  Secondly, techniques for 
achieving diffuse and specular reflection, the two components of Maxwell’s model of gas-surface interaction [10], 
were developed within this framework.  It is noted that the general boundary interaction capability developed here 
will also allow more sophisticated interaction models, such as the Cercignani-Lampis model [7], to be incorporated 
into the approach in the future. 

Theoretical and implementation details of the flux-based boundary condition method may be found in [8]. 
Briefly, a general surface overlaying the underlying regular lattice is discretized into a series of point-wise 
continuous linear elements and at each surface element fluxes of particles are collected from all discrete directions 
and volumes that reach that element in a single time-step.  Particles are considered to be spread evenly throughout a 
lattice cell to perform this calculation.  These fluxes, from a half-sided distribution, are altered so that the out-going 
flux produces a desired net change of a fluid property at the surface in order to achieve the desired boundary con-
dition (e.g. velocity, temperature).  The use of partial volumes and fluxes, rather than a one-to-one scattering process 
for each discrete velocity direction, permits boundary conditions to be applied independent of the position and 
orientation of this surface with respect to the underlying discrete lattice. 

Consistent with existing theories on gas-surface interaction models in rarefied systems (e.g. [10]), we require that 
the out-going flux, out

i,χΓ , in a given direction, i, from a given surface element, χ, with outwards pointing normal, n, 
be computed from the in-coming flux according to a the scattering kernel, ( )ijijR cc →′  using 

                                           ( ) ( ) diffuseout
iv

specout
iv

in
iijij

out
i

ij

R ,
,

,
,,

0
, 1 χχχχ σσ Γ+Γ−=Γ→′=Γ ′

<⋅′
∑

nc

cc                            (3) 

where a specific implementation resulting in Maxwell’s model [10] is indicated. This model results in contributions 
from both specular and diffuse reflection as controlled by the single accommodation coefficient, vσ .  
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        Algorithms for achieving both of these types of boundary interaction have been developed but, for space 
limitation reasons, are presented elsewhere [17].  We note that a no-slip boundary condition, as would be achieved 
in continuum flows, may also be implemented via the use of a “bounce-back” boundary condition where 

in
i

out
i ′Γ=Γ ,, χχ  and jiij ′−= cc [8].  For the case of stationary walls, this will achieve a “zero-velocity” boundary 

condition.  Thus we see that boundary conditions involving a general combination of diffuse, specular and                             
bounce-back reflections may be incorporated into the extended LBM/LBMC technique via the developed 
algorithms. 

SIMULATION RESULTS 
The extensions described in the previous section were implemented into a MATLAB-based prototype code and 

applied to two basic “building-block” flow scenarios: fluid-only shear decay and plane-Poiseuille flow.  The purpose 
of the first simulation was to validate the desired viscosity-temperature relationship over the allowed temperature 
range and power-law exponents typically found in single-component fluids.  An initial sinusoidal velocity shear is 
prescribed in a fluid-only system and allowed to decay over time.  The rate of decay indicates the viscosity of the 
fluid, see [9] for details.  Figure 1 presents simulated dynamic viscosity vs. temperature results for both the LBMC 
(incorporating a direct collision process) and the extended LBM (with the new collision model) for three different 
molecules (i.e. three different power-law relationships): HCl, Air and Helium.  Results are presented in physical 
units after conversion from “lattice” units and the proportionality constant, α, in (2) was chosen to match 
experimental results for each molecule (from Appendix A of [2]).   There is excellent agreement between the two 
developed approaches and semi-empirical theory for all molecules over the allowed temperature range (nominally a 
factor of two in absolute units for this three-speed discrete system [9,11]).  This validated the implementation of the 
VHS model within this new discrete computational framework. It is noted that the results of this simulation are 
insensitive to the difference in internal energy degrees of freedom between an actual polyatomic gas (e.g. Air, HCl) 
and the simulated monatomic gas (which has only translational degrees of freedom). 
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FIGURE 1 : Dynamic viscosity as a function of temperature in physical units for three different molecules with differing 
viscosity-temperature power-law exponents.  Simulated results using both the extended LBM and LBMC approaches in 
comparison with semi-empirical theory shown. 

 
Next, a series of pressure-driven Poiseuille flow simulations were performed at Knudsen numbers that varied 

from the continuum (Kn < 0.01) to the transition flow regimes (Kn ~ 1).   The same channel geometry was used for 
all cases, specifically 150  x 50 cells, (the parallel solid walls were oriented horizontally).  All simulations were 
begun with the same initial no-flow conditions within the geometry.  Inlet and outlet boundary conditions were 
implemented via a specification of the particle distribution with the desired flow properties in buffer cells situated 
immediately upstream and downstream of the simulated volume.    For a prescribed pressure gradient, the inlet 
density, pressure and temperature (via the ideal gas equation of state, Tp ~ρ= ) were specified and the velocity was 
allowed to float self-consistently assuming zero-gradient at the inlet. At the outlet, the pressure and temperature 
were specified and the density and velocity were allowed to float consistent with a zero-gradient assumption.  
Similar boundary conditions were used for DSMC in [14]. The accuracy of these inlet-outlet boundary conditions 
was verified using a continuum flow scenario where analytical results are available (not shown). Future work will 
extend the flux-based boundary condition method used at the solid walls to the inlet-outlet boundaries as well. 
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The Knudsen number for the pressure-driven flow was set by adjusting the mean-free path of collisions via the 
fluid viscosity.  The characteristic length scale used to compute Kn was the height of the channel, H=50, so that 

                                                              
H

T
Re
Ma

H
Kn mfp

5.0~

22

−
===

ωπαγπλ                                           (4) 

where the VHS model was used to set the viscosity, γ is the ratio of specific heats, and Ma and Re are the Mach and 
Reynolds numbers respectively.  The initial bulk fluid temperature was set equal to the wall temperature, which was 
kept constant for all cases.  The hard sphere molecular model, 5.0=ω , was used throughout.  Consequently, the 
Knudsen number was adjusted through the viscosity coefficient parameter, α. The values of Knudsen number 
examined covered from the continuum through the slip flow and well into the transition flow regime (0.1 < Kn < 
10).  The results presented here focus on this latter regime. 
       Profiles of longitudinal velocity, pressure and temperature as a function of both the cross-wise and longitudinal 
coordinate for these Kn with the fully diffuse wall boundary condition, 0.1=vσ  have been examined (not shown) 
and found to exhibit qualitatively similar trends as found in a recent study using DSMC for the same geometry with 
similar Kn [14].   Moreover, the curvature of the cross-stream pressure profile increased as Kn increased and was 
found to qualitatively agree with the DSMC results (i.e. concave with a maximum near the walls) [14], both of 
which were in the opposite direction to that produced by the slip-enhanced Navier-Stokes equations [14]. 
       Quantitatively, we have compared the simulated reduced flow rate in the channel, ch

PG* , as a function of 
Knudsen number with previously published results using other approaches including DSMC [3], Boltzmann-BGK 
using a variational approach [15], and experiment [16].   The reduced flow rate is defined 

                                                                            
dxdPH

MGch
P

*
2* β

&−=                                                       (5) 

where H is the channel height, M&  is the local mass flow rate, dxdP /* is the local pressure gradient at a central point 

far from the ends of the channel and ( ) 5.0~2
−

= Tβ  .  It is assumed that temperature gradient effects are negligible. 
         Figure 2 presents this comparison focusing on the transition flow regime in terms of the rarefaction parameter, 

( )Kn2πδ = , at an accommodation coefficient of 0.1=vσ , i.e. the fully diffuse boundary condition.  The agreement 
between all of the methods is quite good, indicating the accuracy of the extended LBM in this important rarefied 
flow regime.  Figure 3 presents simulated results at four values of the accommodation coefficient, 

{ }00.1 ,92.0 ,80.0 ,50.0=vσ , for the developed approach in comparison with the variational Boltzmann-BGK results 
reported in [15].  The agreement between the two approaches for all investigated values of  vσ  is quite good.  This 
further illustrates the accuracy of the Maxwell gas-surface interaction model scattering kernel implemented within 
the discrete velocity framework that has been developed here. 
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FIGURE 2 : Reduced flow rate, ch

PG* , as a function of the rarefaction parameter, δ, in the transition flow regime.  The legend 
indicates the source of the results.  Good agreement between the extended LBM and the other results was found. 

CONCLUSIONS 

This paper presents two new approaches for simulating rarefied gas flows using a discrete velocity system.  The 
extended LBM incorporates two developments that i) extends the standard lattice-Boltzmann BGK collision model 
to allow for a general power-law relationship between the viscosity and temperature as found in the VHS molecular 
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model, and ii) extends a previously developed flux-based boundary condition approach for discrete Boltzmann 
systems to include the two elements of the Maxwell scattering kernel, specular and diffuse reflection, the 
contribution of which may be adjusted by a single accommodation coefficient.   The second developed approach, 
denoted LBMC, incorporates the above two extensions but does so within the context of a discrete Monte Carlo 
collision process.  The two developed approaches are shown to give equally accurate viscosity measurements over 
the range of the VHS power-law relationship but focus is placed on the extended LBM approach due to its improved 
computational efficiency in comparison with the LBMC.   
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FIGURE 3 :  Reduced flow rate, ch

PG* , as a function of the rarefaction parameter, δ, and accommodation coefficient, vσ , in the 
transition regime.  Comparison of extended LBM and BGK results from [15] shown. 

 
Pressure-driven plane Poiseuille flow results demonstrate qualitatively accurate flow (i.e. velocity, temperature, 

pressure) profiles in both the longitudinal and cross-wise directions consistent with reported DSMC results, 
including the capturing of the appropriate curvature of the crosswise pressure profile that is incorrectly captured 
with the slip-enhanced Navier-Stokes approach.  Quantitatively, the reduced flow rate as a function of Knudsen 
number with the extended LBM was found to be consistent with previously reported results from the continuum up 
to Kn ~ 1 (i.e. the transition regime) for the series of accommodation coefficients investigated.  This was 
accomplished using a single computational framework and the same geometry resolution for all cases. 

Future analysis will focus on performance at Kn > 1.  Initial results demonstrate the qualitative capturing of 
Knudsen’s minimum for Poiseuille flow and will be reported in the future.  Extended LBMs with a reduced number 
of discrete velocities, which will improve computational efficiency, will also be investigated.  The combination of a 
single computational framework for a large Kn range, the use of a discrete velocity update process, and applicability 
to general flow geometry makes the new LBM-based technique an efficient and accurate analytical tool for subsonic 
rarefied gas scenarios such as found in microfluidic applications. 

ACKNOWLEDGEMENTS 
This work was sponsored by the Defense Sciences Office (DSO) of the Defense Advanced Research Projects 

Agency (DARPA), contract number DAAH01-03-C-R261.  Approved for Public Release.  Distribution Unlimited. 
REFERENCES 

1. E.S. Oran, C.K. Oh, B.Z. Cybyk, Ann. Rev. Fluid Mech., vol. 30, pg. 403-441, 1998. 
2. G. A. Bird, Molecular Gas Dynamics and the Direct Simulation of Gas Flows, Oxford Science Publications, Oxford,UK, 1994. 
3. G. Karniadakis and A. Beskok, Micro Flows: Fundamentals and Simulation, Springer-Verlag, New York, 2002. 
4. S. Chen and G. D. Doolen,  Ann. Rev. Fluid Mech., vol. 30, pg. 329, 1998. 
5. S. Succi, The Lattice Boltzmann Equation for Fluid Dynamics and Beyond, Oxford University Press, Oxford, UK, 2001. 
6. H. Chen, S. Kandasamy, S. Orszag, R. Shock, S. Succi, V. Yakhot, SCIENCE, vol. 301, No. 5633, pg. 633, 1 August 2003. 
7. C. Cercignani and M. Lampis, Transp. Theory Stat. Phys., vol 1, pg.101, 1971. 
8. H. Chen, C. Teixeira, K. Molvig, Inter. Journal of Modern Physics C, vol. 9, pg. 1281, 1998. 
9. C. Teixeira, Continuum Limit of Lattice Gas Fluid Dynamics, Ph.D. Thesis, MIT, Cambridge, MA, 1992. 
10. C. Cercignani, Rarefied Gas Dynamics, Cambridge University Press, Cambridge, UK, 2000. 
11. H. Chen, C. Teixeira, K. Molvig, Int. J. of Modern Physics C, vol. 8, No. 4, pg. 675, 1997. 
12. C. Teixeira, H. Chen, D. Freed, Comp. Physics Comm., vol. 129, pg. 207, 2000. 
13. F. Sharipov and V. Seleznev, “Data on Internal Rarefied Flows,”J. Phys. Chem. Ref. Data, vol. 27, No. 3, pg. 657, 1998. 
14. Y. Zheng, A. L. Garcia, B. J. Alder, Journal of Statistical Physics, vol. 109, nos. 3/4, pg. 495-505, 2002. 
15. C. Cercignani and C.D. Pagani, Phys. Fluids vol. 9, pg. 1167, 1996. 
16. W. Dong, University of California Report UCRL 3353, 1956. 

673


	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
	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: 


