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Thus, the proper simulation of flows in rarefied gases requires a more detailed
description. This book discusses classical and modern methods to derive
macroscopic transport equations for rarefied gases from the Boltzmann equation,
for small and moderate Knudsen numbers, i.e. at and above the Navier-StokesFourier level.
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Macroscopic Transport Equations for Rarefied Gas Flows
Struchtrup H. (2005) Macroscopic transport equations for rarefied gas flows. In:
Macroscopic Transport Equations for Rarefied Gas Flows. Interaction of Mechanics
and Mathematics.
Macroscopic transport equations for rarefied gas flows ...
Thus, the proper simulation of flows in rarefied gases requires a more detailed
description. This book discusses classical and modern methods to derive
macroscopic transport equations for rarefied...
Macroscopic Transport Equations for Rarefied Gas Flows ...
MACROSCOPIC TRANSPORT MODELS FOR RAREFIED GAS FLOWS7 of 26 The idea of
the CE expansion method is to add corrections to the local equilibrium distribution
by adding terms of higher orders in the Knudsen number, f =f(0)+Kn
f(1)+Kn2f(2)+∙∙∙, (3.2) subject to the condition that the hydrodynamic variables
{ρ,vi,θ}are the same at any level of expansion, so that ρ ˆ 1,vi, 3 2 θ ˙ =m Z(1,ci,
C2
Macroscopic transport models for rarefied gas flows: a ...
The main goal of this section is to study the nonlinear transport phenomena and
macroscopic flow behavior of rarefied Couette flows from low speed to high speed,
with particular concentration on the detailed structure of the nonisothermal KL and
the shear-stress Knudsen number dependence of the effective transport
coefficients in the whole system.
Nonlinear transport of rarefied Couette flows from low ...
Many macroscopic equations are proposed to describe the rarefied gas dynamics
beyond the Navier-Stokes level, either from the mesoscopic Boltzmann equation or
some physical arguments, including (i) Burnett, Woods, super-Burnett, augmented
Burnett equations derived from the Chapman-Enskog expansion of the Boltzmann
equation, (ii) Grad 13, regularized 13/26 moment equations, rational extended
thermodynamics equations, and generalized hydrodynamic equations, where the
velocity distribution ...
On the accuracy of macroscopic equations for linearized ...
Struchtrup, H. 2005b Macroscopic Transport Equations for Rarefied Gas Flows.
Springer . Struchtrup , H. 2012 Unique moment set from the order of magnitude
method .
Macroscopic and kinetic modelling of rarefied polyatomic ...
The R13 equations, derived from the Boltzmann equation using the moment
method, provide closure to the mass, momentum and energy conservation laws in
the form of constitutive, transport equations for the stress and heat flux that
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Thermophoresis of a spherical particle: modelling through ...
The basis of most of the approaches to modeling of rarefied gases is the Boltzmann
equation. In the continuum limit, a set of macroscopic transport equations can be
obtained from the Boltzmann equation, and the Chapman–Enskog method utilized
for their closure.
Influence of angular momentum on transport coefficients in ...
Macroscopic transport equations for rarefied gas flows : approximation methods in
kinetic theory. [Henning Struchtrup] -- "This book discusses classical and modern
methods to derive macroscopic transport equations for rarefied gases from the
Boltzmann equation, for small and moderate Knudsen numbers, i.e. at and above
...
Macroscopic transport equations for rarefied gas flows ...
Due to the failure of the continuum hypothesis for higher Knudsen numbers,
rarefied gases and microflows of gases are particularly difficult to model.
Macroscopic transport equations compete with particle methods, such as the
Direct Simulation Monte Carlo method (DSMC), to find accurate solutions in …
Evaporation Boundary Conditions for the Linear R13 ...
macroscopic transport equations for rarefied gas flows approximation methods in
kinetic theory interaction of mechanics and mathematics Oct 04, 2020 Posted By
Frank G. Slaughter Ltd TEXT ID b135cd27f Online PDF Ebook Epub Library
interaction of mechanics and mathematics 2005 by struchtrup henning isbn
9783540245421 from amazons book store everyday low prices and free delivery
on eligible
Macroscopic Transport Equations For Rarefied Gas Flows ...
The kinetic theory of gases is a historically significant, but simple, model of the
thermodynamic behavior of gases, with which many principal concepts of
thermodynamics were established.The model describes a gas as a large number of
identical submicroscopic particles (atoms or molecules), all of which are in
constant, rapid, random motion.Their size is assumed to be much smaller than the
...

The well known transport laws of Navier-Stokes and Fourier fail for the simulation
of processes on lengthscales in the order of the mean free path of a particle that is
when the Knudsen number is not small enough. Thus, the proper simulation of
flows in rarefied gases requires a more detailed description. This book discusses
classical and modern methods to derive macroscopic transport equations for
rarefied gases from the Boltzmann equation, for small and moderate Knudsen
numbers, i.e. at and above the Navier-Stokes-Fourier level. The main methods
discussed are the classical Chapman-Enskog and Grad approaches, as well as the
new order of magnitude method, which avoids the short-comings of the classical
methods, but retains their benefits. The relations between the various methods are
carefully examined, and the resulting equations are compared and tested for a
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description of an ideal gas, over the derivation of the Boltzmann equation, towards
the various methods for deriving macroscopic transport equations, and the test
problems which include stability of the equations, shock waves, and Couette flow.
The fast-paced growth in microelectromechanical systems (MEMS), microfluidic
fabrication, porous media applications, biomedical assemblies, space propulsion,
and vacuum technology demands accurate and practical transport equations for
rarefied gas flows. It is well-known that in rarefied situations, due to strong
deviations from the continuum regime, traditional fluid models such as NavierStokes-Fourier (NSF) fail. The shortcoming of continuum models is rooted in
nonequilibrium behavior of gas particles in miniaturized and/or low-pressure
devices, where the Knudsen number (Kn) is sufficiently large. Since kinetic
solutions are computationally very expensive, there has been a great desire to
develop macroscopic transport equations for dilute gas flows, and as a result,
several sets of extended equations are proposed for gas flow in nonequilibrium
states. However, applications of many of these extended equations are limited due
to their instabilities and/or the absence of suitable boundary conditions. In this
work, we concentrate on regularized 13-moment (R13) equations, which are a set
of macroscopic transport equations for flows in the transition regime, i.e., Kn1. The
R13 system provides a stable set of equations in Super-Burnett order, with a great
potential to be a powerful CFD tool for rarefied flow simulations at moderate
Knudsen numbers. The goal of this research is to implement the R13 equations for
problems of practical interest in arbitrary geometries. This is done by
transformation of the R13 equations and boundary conditions into general
curvilinear coordinate systems. Next steps include adaptation of the transformed
equations in order to solve some of the popular test cases, i.e., shear-driven, forcedriven, and temperature-driven flows in both planar and curved flow passages. It is
shown that inexpensive analytical solutions of the R13 equations for the
considered problems are comparable to expensive numerical solutions of the
Boltzmann equation. The n.
Due to failure of the continuum hypothesis for higher Knudsen numbers, rarefied
gases and microflows of gases are particularly difficult to model. Macroscopic
transport equations compete with particle methods, such as the direct simulation
Monte Carlo method (DSMC) to find accurate solutions in the rarefied gas regime.
Due to growing interest in micro flow applications, such as micro fuel cells, it is
important to model and understand evaporation in this flow regime. To gain a
better understanding of evaporation physics, a non-steady simulation for slow
evaporation in a microscopic system, based on the Navier-Stokes-Fourier
equations, is conducted. The one-dimensional problem consists of a liquid and
vapor layer (both pure water) with respective heights of 0.1mm and a
corresponding Knudsen number of Kn=0.01, where vapor is pumped out. The
simulation allows for calculation of the evaporation rate within both the transient
process and in steady state. The main contribution of this work is the derivation of
new evaporation boundary conditions for the R13 equations, which are
macroscopic transport equations with proven applicability in the transition regime.
The approach for deriving the boundary conditions is based on an entropy balance,
which is integrated around the liquid-vapor interface. The new equations utilize
Onsager relations, linear relations between thermodynamic fluxes and forces, with
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are fitted to DSMC data and compared to other R13 boundary conditions from
kinetic theory and Navier-Stokes-Fourier solutions for two steady-state, onedimensional problems. Overall, the suggested fittings of the new phenomenological
boundary conditions show better agreement to DSMC than the alternative kinetic
theory evaporation boundary conditions for R13. Furthermore, the new evaporation
boundary conditions for R13 are implemented in a code for the numerical solution
of complex, two-dimensional geometries and compared to Navier-Stokes-Fourier
(NSF) solutions. Different flow patterns between R13 and NSF for higher Knudsen
numbers are observed which suggest continuation of this work.
The fast-paced growth in microelectromechanical systems (MEMS), microfluidic
fabrication, porous media applications, biomedical assemblies, space propulsion,
and vacuum technology demands accurate and practical transport equations for
rarefied gas flows. It is well-known that in rarefied situations, due to strong
deviations from the continuum regime, traditional fluid models such as NavierStokes-Fourier (NSF) fail. The shortcoming of continuum models is rooted in
nonequilibrium behavior of gas particles in miniaturized and/or low-pressure
devices, where the Knudsen number (Kn) is sufficiently large. Since kinetic
solutions are computationally very expensive, there has been a great desire to
develop macroscopic transport equations for dilute gas flows, and as a result,
several sets of extended equations are proposed for gas flow in nonequilibrium
states. However, applications of many of these extended equations are limited due
to their instabilities and/or the absence of suitable boundary conditions. In this
work, we concentrate on regularized 13-moment (R13) equations, which are a set
of macroscopic transport equations for flows in the transition regime, i.e., Kn?1.
The R13 system provides a stable set of equations in Super-Burnett order, with a
great potential to be a powerful CFD tool for rarefied flow simulations at moderate
Knudsen numbers. The goal of this research is to implement the R13 equations for
problems of practical interest in arbitrary geometries. This is done by
transformation of the R13 equations and boundary conditions into general
curvilinear coordinate systems. Next steps include adaptation of the transformed
equations in order to solve some of the popular test cases, i.e., shear-driven, forcedriven, and temperature-driven flows in both planar and curved flow passages. It is
shown that inexpensive analytical solutions of the R13 equations for the
considered problems are comparable to expensive numerical solutions of the
Boltzmann equation. The new results present a wide range of linear and nonlinear
rarefaction effects which alter the classical flow patterns both in the bulk and near
boundary regions. Among these, multiple Knudsen boundary layers
(mechanocaloric heat flows) and their influence on mass and energy transfer must
be highlighted. Furthermore, the phenomenon of temperature dip and Knudsen
paradox in Poiseuille flow; Onsager's reciprocity relation, two-way flow pattern, and
thermomolecular pressure difference in simultaneous Poiseuille and transpiration
flows are described theoretically. Through comparisons it is shown that for
Knudsen numbers up to 0.5 the compact R13 solutions exhibit a good agreement
with expensive solutions of the Boltzmann equation.
This volume is the fifth in a series of proceedings which started in 1999. The
contributions include the latest results on the theory of wave propagation,
extended thermodynamics, and the stability of the solutions to partial differential
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Integrable Hamiltonian Hydrodynamic Type Systems (334 KB). Contents:
Quantitative Estimates for the Large Time Behavior of a Reaction-Diffusion
Equation with Rational Reaction Term (M Bisi et al.); Linearized Euler''s Variational
Equations in Lagrangian Coordinates (G Boillat & Y J Peng); Restabilizing Forcing for
a Diffusive Prey-Predator Model (B Buonomo & S Rionero); Fluid Dynamical
Features of the Weak KAM Theory (F Cardin); Ricci Flow Deformation of
Cosmological Initial Data Sets (M Carfora & T Buchert); Fuchsian Partial Differential
Equations (Y Choquet-Bruhat); Analytic Structure of the Four-Wave Mixing Model in
Photoreactive Material (R Conte & S Bugaychuk); A Note about Waves in
Dissipative and Dispersive Solids (M Destrade & G Saccomandi); Exponential and
Algebraic Relaxation in Kinetic Models for Wealth Distribution (B Dring et al.);
Solitary Waves in Dispersive Materials (J Engelbrecht et al.); A GinzburgOCoLandau
Model for the Ice-Water and Liquid-Vapor Phase Transitions (M Fabrizio); Stability
Considerations for Reaction-Diffusion Systems (J N Flavin); A Mechanical Model for
Liquid Nanolayers (H Gouin); A Particle Method for a Lotka-Volterra System with
Nonlinear Cross and Self-Diffusion (M Groppi & M Sammartino); Transport
Properties of Chemically Reacting Gas Mixtures (G M Kremer); Navier-Stokes in
Aperture Domains: Existence with Bounded Flux and Qualitative Properties (P
Maremonti); On Two-Pulse Interaction in a Class of Model Elastic Materials (A
Mentrelli et al.); On a Particle-Size Segregation Equation (C Mineo & M Torrisi);
Problems of Stability and Waves in Biological Systems (G Mulone); Multiple Cold
and Hot Second Sound Shocks in HE II (A Muracchini & L Seccia); Differential
Equations and Lie Symmetries (F Oliveri et al.); Bifurcation Analysis of Equilibria in
Competitive Logistic Networks with Adaptation (A Raimondi & C Tebaldi); Poiseuille
Flow of a Fluid Overlying a Porous Media (B Straughan); Analysis of Heat
Conduction Phenomena in a One-Dimensional Hard-Point Gas by Extended
Thermodynamics (S Tanigushi et al.); On Waves in Weakly Nonlinear Poroelastic
Materials Modeling Impacts of Meteorites (K Wilmanski et al.); and other papers.
Readership: Researchers in mathematics, physics, chemistry and engineering."
This Element presents a unified computational fluid dynamics framework from
rarefied to continuum regimes. The framework is based on the direct modelling of
flow physics in a discretized space. The mesh size and time step are used as
modelling scales in the construction of discretized governing equations. With the
variation-of-cell Knudsen number, continuous modelling equations in different
regimes have been obtained, and the Boltzmann and Navier-Stokes equations
become two limiting equations in the kinetic and hydrodynamic scales. The unified
algorithms include the discrete velocity method (DVM)–based unified gas-kinetic
scheme (UGKS), the particlebased unified gas-kinetic particle method (UGKP), and
the wave and particle–based unified gas-kinetic wave-particle method (UGKWP).
The UGKWP is a multi-scale method with the particle for non-equilibrium transport
and wave for equilibrium evolution. The particle dynamics in the rarefied regime
and the hydrodynamic flow solver in the continuum regime have been unified
according to the cell's Knudsen number.

This book presents generalized heat-conduction laws which, from a mesoscopic
perspective, are relevant to new applications (especially in nanoscale heat
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and at the same time keep up with the pace of current microscopic research. The
equations presented in the book are compatible with generalized formulations of
nonequilibrium thermodynamics, going beyond the local-equilibrium. The book
includes six main chapters, together with a preface and a final section devoted to
the future perspectives, as well as an extensive bibliography.

Back Cover Text: This book addresses the study of the gaseous state of granular
matter in the conditions of rapid flow caused by a violent and sustained excitation.
In this regime, grains only touch each other during collisions and hence, kinetic
theory is a very useful tool to study granular flows. The main difference with
respect to ordinary or molecular fluids is that grains are macroscopic and so, their
collisions are inelastic. Given the interest in the effects of collisional dissipation on
granular media under rapid flow conditions, the emphasis of this book is on an
idealized model (smooth inelastic hard spheres) that isolates this effect from other
important properties of granular systems. In this simple model, the inelasticity of
collisions is only accounted for by a (positive) constant coefficient of normal
restitution. The author of this monograph uses a kinetic theory description (which
can be considered as a mesoscopic description between statistical mechanics and
hydrodynamics) to study granular flows from a microscopic point of view. In
particular, the inelastic version of the Boltzmann and Enskog kinetic equations is
the starting point of the analysis. Conventional methods such as Chapman-Enskog
expansion, Grad’s moment method and/or kinetic models are generalized to
dissipative systems to get the forms of the transport coefficients and
hydrodynamics. The knowledge of granular hydrodynamics opens up the possibility
of understanding interesting problems such as the spontaneous formation of
density clusters and velocity vortices in freely cooling flows and/or the lack of
energy equipartition in granular mixtures. Some of the topics covered in this
monograph include: Navier-Stokes transport coefficients for granular gases at
moderate densities Long-wavelength instability in freely cooling flows NonNewtonian transport properties in granular shear flows Energy nonequipartition in
freely cooling granular mixtures Diffusion in strongly sheared granular mixtures
Exact solutions to the Boltzmann equation for inelastic Maxwell models
This book is dedicated to the recent developments in RET with the aim to explore
polyatomic gas, dense gas and mixture of gases in non-equilibrium. In particular
we present the theory of dense gases with 14 fields, which reduces to the NavierStokes Fourier classical theory in the parabolic limit. Molecular RET with an
arbitrary number of field-variables for polyatomic gases is also discussed and the
theory is proved to be perfectly compatible with the kinetic theory in which the
distribution function depends on an extra variable that takes into account a
molecule’s internal degrees of freedom. Recent results on mixtures of gases with
multi-temperature are presented together with a natural definition of the average
temperature. The qualitative analysis and in particular, the existence of the global
smooth solution and the convergence to equilibrium are also studied by taking into
account the fact that the differential systems are symmetric hyperbolic.
Applications to shock and sound waves are analyzed together with light scattering
and heat conduction and the results are compared with experimental data.
Rational extended thermodynamics (RET) is a thermodynamic theory that is
applicable to non-equilibrium phenomena. It is described by differential hyperbolic
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related to the kinetic theory through the closure method of moment hierarchy
associated to the Boltzmann equation, the applicability range of the theory has
been restricted within rarefied monatomic gases. The book represents a valuable
resource for applied mathematicians, physicists and engineers, offering powerful
models for potential applications like satellites reentering the atmosphere,
semiconductors and nano-scale phenomena.
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