von Karman Institute for Fluid Dynamics
Lecture Series 1998-03

29th Computational Fluid Dynamics

Feb. 23-27, 1998

Gas-Kinetic Schemes for

Unsteady Compressible Flow Simulations

Kun Xu

The Hong Kong University of Science and Technology
Clear Water Bay, Kowloon, Hong Kong



Gas-Kinetic Schemes for
Unsteady Compressible Flow Simulations

ABSTRACT

The development of gas-kinetic methods for compressible flow simulations have at-
tracted much attention and become mature in the past few years. The gas-kinetic scheme
not only gives accurate and robust numerical solutions for the unsteady compressible Eu-
ler and Navier-Stokes equations, but also provides a new tool to understand the under-
lying physical models for other shock capturing schemes, such as Flux Vector Splitting
(FVS), Flux Difference Splitting (FDS) and Central Schemes. In this lecture, the BGK
method based on the gas-kinetic Bhatnagar-Gross-Krook (BGK) model of the approxi-
mate Boltzmann equation will be fully analyzed, and all assumptions and approximations
related to the numerical discretizations are justified by physical reasons. At the same
time, a large number of numerical test cases are included.

Any finite volume shock capturing scheme basically solves a local Initial Value Prob-
lem (IVP). The accuracy, efficiency and robustness of the scheme depends on:

1. How close the initially reconstructed flow condition is to physical reality.

2. Whether the governing equations can describe all physical situations.

3. How accurately the IVP is solved.

We have to analyze any scheme in terms of the above three aspects. In this lecture,
as a first attempt, from the discretized numerical schemes, we are going to analyze the
real governing equations for the FVS and FDS schemes, from which the advantages and
weaknesses of each approximation are clearly observed. The comparison between the gas-
kinetic scheme and the Godunov method will also be presented. It is concluded that the
Godunov fluxes lack dissipative mechanism in the discontinuous flow regions, especially
in the multidimensional case. Due to a nonzero cell size and time step, the governing
equations should be able to capture both equilibrium and non-equilibrium properties
of the numerical fluid. The Euler equations cannot be used to describe nonequilibrium
effects, and when solved by the Godunov method, spurious solutions, such as the car-
buncle phenomena and odd-even decoupling, will automatically occur. The physical
explanations for these phenomena will be presented in this lecture. In a certain sense,
the BGK method presented in this lecture has a more fundamental physical basis than
the Godunov method for the description of numerical fluid.

The lecture is largely self-contained and some remarks are based on the author’s
understanding of numerical schemes. At the end, it is hoped that this lecture note could
provide a useful guidance to others to understand and develop more accurate and robust
schemes in the future.
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Chapter 1

Introduction

The development of numerical schemes based on the gas-kinetic theory for compress-
ible flow simulations started in the 1960s. The Chu’s method [14], based on the gas-
kinetic BGK model, with discretized velocity space, is one of the earliest kinetic meth-
ods used for shock tube calculations. Another kinetic scheme used in early 70’s is the
Beam scheme [108], which is based on the collisionless Boltzmann equation, where
the equilibrium states are replaced by three “particles” or “beams”. In the 1980’s
and 90’s, many researchers have contributed to gas-kinetic schemes. A partial list in-
cludes Reitz[102], Pullin[99], Deshpande[22], Elizarova and Chetverushkin[27], Croissille
and Villedieu[19], Perthame[95], Macrossan[83], Kaniel[55], Chou and Baganoff[13] and
Moschett and Pullin [86]. Pullin was the first to split the Maxwellian distribution into two
parts and used the complete error function to obtain the numerical fluxes. The resulting
scheme was named Equilibrium Flux Method (EFM). By applying the Courant-Isaacson-
Reeves (CIR) upwind technique directly to the collisionless Boltzmann equation, Mandal
and Deshpande derived the same scheme, which is named Kinetic Flux Vector Splitting
(KFVS)[85]. Since the name KFVS scheme is closer to the name of Flux Vector Splitting
(FVS) in the shock capturing community and they have the same underlying physical
assumptions, the name KFVS will be used in this lecture to refer to these schemes, which
are based on the collisionless Boltzmann equation in the gas evolution stage. In the past
few years, great efforts have been paid to develop and extend new gas-kinetic schemes,
which include the Peculiar Velocity based Upwind (PVU) method of Raghurama Rao
and Deshpande[101] and the Least Square Kinetic Upwinding Method (LSKUM) [23],
and many others. Perthame developed an efficient scheme using a square or half dome
function to simplify the equilibrium gas distribution function. By combining the KFVS

scheme with the multidimensional upwinding techniques developed by several researchers



at the University of Michigan and von Karman Institute [20, 21], Eppard and Grossman
formulated several versions of first order multidimensional gas-kinetic schemes [29].

During the same period, new gas-kinetic schemes[128, 98, 137, 136, 135, 129, 59] based
on the Bhatnagar-Gross-Krook (BGK) model [5] have been developed to model the gas
evolution process more precisely. Schemes of this class are named BGK-type schemes in
order to distinguish them from other Boltzmann-type schemes based on the collisionless
Boltzmann equation. The BGK-type schemes take into account the particle collisions
in the whole gas evolution process within a time step, from which a time-dependent gas
distribution function and the resulting numerical fluxes at the cell interface are obtained.
This approach avoids the ambiguity of adding ad hoc “collisions” for the KFVS or any
other FVS schemes to reduce the numerical dissipations [86, 18]. Moreover, due to its
specific governing equation, the BGK method gives Navier-Stokes solutions directly in
smooth regions. In the discontinuous regions, the scheme provides a delicate dissipative
mechanism to get a stable and crisp shock transition. Since the gas evolution process
is a relaxation process from a nonequilibrium state to an equilibrium one, the entropy
condition is always satisfied by the BGK method. Due to the dissipative nature in
the BGK method, rarefaction shock, carbuncle phenomena or odd-even decoupling have
never been observed, although they occasionally appear in the Godunov-type schemes,
even the 1st-order Godunov method [76, 100, 35]. One purpose of this lecture is to point
out explicitly the relation between spurious solutions and the Godunov method, and
show the necessity to use the viscous governing equations directly to develop accurate
and robust schemes. The multidimensionality of the BGK scheme will also be analyzed.
Recently, the BGK-type has been extended to multicomponent inhomogeneous flows
[129, 63] with applications to shock bubble interaction and the study of Rayleigh-Taylor
instability. At the same time, hyperbolic conservation laws with source terms have been
studied using the equivalent gas-kinetic approaches [130, 131].

Since the simulation of unsteady flows is emerging as an important area of practical
interest, both the robustness and accuracy of a numerical scheme become important
issues. Quite often, the requirements of robustness and accuracy of a numerical scheme
are in conflict with each other. The simulation of a highly compressible flow with strong
shock waves and extreme expansion waves requires a numerical scheme which is capable
of handling both flow features. In the past decades, upwinding schemes have become the
main stream of research in the area of unsteady compressible flow calculations. Although

upwinding schemes have achieved great success, there are still existing many unsolved



problems. For examples, the post-shock oscillations, carbuncle phenomena and odd-
even decoupling are occasionally observed in the scheme based on the exact Riemann
solver; and more problems, such as negative density and rarefaction shocks, exist for
the schemes based on the approximate Riemann solvers. Since the BGK model can be
used to describe the Euler, Navier-Stokes, as well as free particle transport equations, the
BGK scheme presented in this lecture has a larger regime of applicability than upwinding
schemes. Based on the BGK method, the underlying physical models for the Flux Vector
Splitting (FVS) and Flux Difference Splitting (FDS) schemes will be constructed, and
all pathological behaviors will be explained.

For any scheme, we are basically solving a local Initial Value Problem (IVP) around
the cell interface. The accuracy, efficiency and robustness of the scheme depend on
1. How close the initially reconstructed flow condition is to physical reality.
2. Whether the governing equations can describe all flow situations.
3. How accurately the IVP is solved.
All these points are related to the construction of the three stages in a high-order nu-
merical scheme, i.e. reconstruction, gas-evolution and projection. A good numerical
scheme has to compromise among these aspects. Any inappropriate approach in one
of the above three aspects will definitely lead to a failure of the scheme in certain flow
situations. For example, the gas inside a numerical shock layer stays in a highly non-
equilibrium state and dissipation is extremely important to translate kinetic energy into
thermal energy to construct a stable numerical shock transition. However, the Godunov
method uses the inviscid Euler solution in these regions. The misuse of the governing
equations leads to spurious solutions, such as the odd-even decoupling. It is true that
the implicit dissipation is added in the projection stage of the Godunov method. But,
as analyzed in this lecture, the projection dissipation is mesh oriented. The nonhomo-
geneity of the projection dissipation may yield spurious solutions. In this lecture, the
dynamical effects in each stage of a numerical scheme will be analyzed in detail, and the
implicit dissipative mechanism in the upwinding schemes will be explicitly presented.
Basically, the Euler and the Navier-Stokes equations are only approximations to phys-
ical reality, the BGK model is also an approximation of reality. Since the BGK model
can be applied to a wider class of physical conditions, it is not surprising to expect that
the BGK method is more robust and accurate than the Godunov method. As pointed
out by Roe [107], in fact it is not correct to think of the Godunov flux as an ideal to

which all other flux formulas try to approximate in an inexpensive manner. The perfect



flux function has many tasks to perform and many pitfalls to avoid. The Godunov flux,
or the exact Riemann solver, can hardly avoid all these pitfalls. The BGK scheme is
not only a simple alternative to the Riemann solver or any other upwinding method, it
has abundant physical basis to describe the numerical fluid. We can say that the pitfalls
in the Godunov method are mostly due to its governing (Euler) equations. All these
attempts to modify the Godunov-type flux function in hope to get a more robust and
accurate scheme are actually trying to solve some other governing equations instead of
the Euler, although it is not explicitly pointed out. The BGK method in certain ways
avoids these weaknesses in Godunov method because it is simply not solving the Euler
equations.

The conclusion of this lecture is that it is rather pointless to keep on developing new
schemes by modifying the flux functions without constructing or using new governing
equations. There is no physical reason to believe that the Euler equations are the correct
physical model to properly describe the “numerical” fluid in the discretized space and
time. The BGK method is one of the schemes which are based on more reliable governing
equations for computational fluid. It also provides abundant information about how to
connect the numerics with the physics in the design of numerical schemes. It is hoped
that this lecture note will not only deepen our understanding of numerical schemes from
a physical point of view, but also give some guidance to future research in the CFD

community.



Chapter 2

Gas-Kinetic Theory and Finite

Volume Formulation

There are two ways to describe flow motion. The first one is based on macroscopic
quantities, such as mass, momentum and energy densities, as well as the physical law
governing these quantities, such as the Euler, Navier-Stokes or higher order approximate
equations supplied by the equation of state. Another type of description comes from
microscopic considerations, i.e. the gas kinetic theory. The fundamental quantity in
this description is the particle distribution function f(x;,u;,t), which gives the number
density of molecules in the six-dimensional phase space (z;,u;) = (x,¥, z,u,v,w). The
evolution equation for the gas distribution function f is the Boltzmann equation. Phys-
ically, the gas kinetic equation provides more information about the gas flow and has

larger applicability than the macroscopic counterpart.

2.1 Two Descriptions of Gas Flow and Governing

Equations

Before we get the relation between the Boltzmann equation and the hydrodynamic equa-

tions, let us first introduce the macroscopic description of gas flow. Hydrodynamic

Equations can be described as equations for the mass, momentum and energy densities,
pU?

plag,t) 5 plag, )Uilet) 5 =+ pelayt), (2.1)

where € is the internal energy density, U; is the velocity of the hydrodynamic flow, and

U? = U? + U2 + U is the square of the macroscopic velocity.



The Navier-Stokes equations merely state the laws of the conservation of mass, mo-
mentum and energy, supplied with the constitutive relations, equation of state, and the
definition of transport coefficients. The conservation laws for these functions can be
written in the following form|[68],

Equation of continuity

Op n opU; —0, (2.2)

875 8:1:]-

Equation of momentum

8pUl + (9/)U1U] . 0p i 80'2']'

- _ F, 2.3
ot Ox; Ox;  Ox; r 29
Equation of energy
o pU? 0 pU? 0
il trd+ o Ui+ pe+p)] = pRU; + 5 (03U = i) (24)

The closure of the equations (2.2-2.4) is based on two hypotheses, which are
1). The existence of a local thermodynamic equilibrium. This allows us to use the second

law of thermodynamics, which holds for quasi-static processes,
1
Tds = de + pd(-),
p

and the empirical equation of state,

p=pp,T) ;o e=¢€(p,T),

where s and T" are entropy density and temperature.
2). The existence of two linear dissipative relations: Newton’s formula for the force of
internal friction, and Fick’s formula for the vector of thermal flux ¢;. Newton’s formula

is used in generalized form for the viscous stress tensor o;;. These formulas have the

form
ou, oU, 2. AU, U,
o _ 25 YUYk 5.2k,
7 77[8:1:]- * ox; 35” &Bk] + G0y oxy’
o _HaT
qi = axi-

The first relation expresses the viscous stress tensor in terms of the derivatives of the ve-

locity, and the second links the thermal flux vector with the gradient of the temperature.
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Within the framework of phenomenological theory the coefficients of viscosity n, ¢, and
the coefficient of thermal conductivity s are measured experimentally as functions of p
and T. As a result, we have a closed set of equations for the “hydrodynamic” variables
of p,U; and T. In order to compare the effects from both the viscous term and the heat
conduction term, a useful number is defined, which is the Prandtl number,

Pr:n—Cp
K

Y

where C), is the specific heat at constant pressure. The Prandtl number is practically
constant for air, and the value is 0.72 at the common temperature. From a theoretical
point of view, the justification of the above Navier-Stokes equations is largely based on
the kinetic theory of gases.

Another picture to describe flow motion is based on particles’ motion, or the statistical
description of a fluid. For example, the fluid density is defined as a collection of individual

particles

p= Zmni, (2.5)

where m is the molecular mass and n; is the particle number density at a certain velocity.
However, due to the large number of particles in a small volume in common situations,
such as 37, n; = 2.7x 10" moleculars in 1 cubic centimeter at 1 atmosphere and T' = 0°, to
follow each individual particle is impossible. Instead, a continuous distribution function
is used to describe the probability of particles to be located in a certain velocity interval.

For the hydrodynamics purpose, n; is approximated by a gas distribution function,

f(xiv t ui)a

where (z;,t) is the location of any point in space and time, u; = (u,v,w) is particle
velocity with three components in the z,y, and z directions, and the relation between
n; and f is

mn; = f('riata U’Z)

As a result, the sum in Eq.(2.5) can be replaced by the integral

p:///fdudvdw,

in the particle velocity space. For molecules with internal motion, such as rotation and
vibration, the distribution function f can take these internal motion into account as well

through additional variables &;. The dimension and formulation for &; are defined below.
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For monotonic gas, the internal degree of freedom N is equal to 0. For diatomic
gases, under the normal pressure and temperature, /N is equal to 2 which accounts for
two independent rotational degrees of freedom. Equipartition principle in statistical
mechanics shows that each degree of freedom shares an equal amount of energy %k:T,
where £ is the Boltzmann constant and 7" the temperature. Then, the specific heat ratios
C, and C), for the gases in equilibrium state have the forms

_ N+3

C, —5 R ; C,=

(N+3)+2

R, (2.6)

where R = k/m is the gas constant, m is the mass of each molecule, and the 3 accounts
for the molecular motion in z,y and z directions. From the above equations, we can

obtain the ratio of the principal specific heats, which is commonly denoted by ~,

(N+3)+2.

N+3 27)

So, v is 5/3 for monotonic gas (N = 0), and 7/5 for diatomic gas (N = 2).

The thermodynamic aspect of the Navier-Stokes equations is based on the assumption
that the departure of the gas from local equilibrium state is sufficiently small. Although
we do not know the real gas distribution function f exactly in the real flow situation, in
classical physics we do know the corresponding equilibrium state g locally once we know
the mass, momentum and energy densities. In the following we are going to define the
equilibrium distribution and present all its physical properties. In order to understand
the internal variable ; inside the gas distribution function, let’s first write down the

Maxwell-Boltzmann distribution g for the equilibrium state,
)% e—k[(ui—Ui)Q-l-f?}

)¥ e_)\[(u_U)Q+(U_V)2+(w—W)2+§%+--~+§12V] , (28)

where & = (&1, &, ..., {y) are the components of the internal particle velocity in N di-
mensions, A is a function of temperature, molecule mass and Boltzmann constant, with
the relation A = m/2kT, p is the density, U; = (U, V, W) is the corresponding macro-
scopic flow velocity with three components in the x,y, and z directions, and (u,v,w)
are the three components of the microscopic particle velocity. In the above equation,

the parameters A, U; and p which determine g uniquely are functions of space and time.



Taking moments of the equilibrium state g, the mass, momentum and energy densities
at any point in space and time can be obtained. For example, the macroscopic and

microscopic descriptions are related by

p 1
pU; | = /g u; dudvdwdg. (2.9)
pe 3 (i +€2)
More specifically,
p 1
pU . u
pV | = / g v dudvdwdé,...déy, (2.10)
pW - w
pe P+ +w?+ &+ ..+ &)

from which the total energy density pe can be expressed as

N +3

e 2
p6—2p(U + Vi W+ X )

which includes both kinetic and thermal energy densities. The detail formulation of the
integrations of the Maxwellian distribution function can be found in Appendix B. Note
that Eq.(2.8) describes the gas distribution function g in 3-Dimensions and the value of
N can be obtained in terms of v from Eq.(2.7). If we re-define the internal variable ¢;

as a vector in K dimensions, in the 3-Dimensional case we have

=37 +5
=1

K=N

In this lecture, we only give 1-D and 2-D flow simulations. In these cases, the distribution
function g has to be modified as follows. For 1-D gas flow, the macroscopic average
velocities in y and z directions are equal to zero with (V, W) = (0,0). So, the random
motion of particles in y and z directions can be included in the internal variable & of
the molecules. As a result, the internal degree of freedom becomes N + 2, which is
denoted again by K with the relation K = N + 2. The distribution function ¢ in the

1-Dimensional case goes to

3| >

)%e_)\[(u_U)2+v2+w2+§§+...+512\]] (211)



where the dimension of ¢ is K. Substitue N = K — 2 into Eq.(2.7), we get the relation
between K and «y in the 1-D case,

For example, for diatomic gas with N = 2 and v = 1.4, K is equal to 4, and the total
energy density goes to
1

L 2
5P (U™ +

K +1

pe = )

In 2-Dimensional flow calculations, K is equal to N + 1, and the equilibrium distribution

function is

2
+
w

e MU+ (u=V)?+w?+e 4. +€§ ] (2.12)

Q
I
s
—~
~—
y

N> 3|>

)55 e AU 0=V)24e%]

|
=
—~

Then, the relation between v and K becomes

For diatomic gas, K is equal to 3 in the 2-D case and the total energy density becomes

K42

I 2
p€—2p(U +V 4 ) ).

In all cases from the 1-D to 3-D, the pressure p is related to p and A through the following
relation,

p.m  p
pr— T —_ — — L —
p=nkT = ko = oy

where n is the particle number density, k£ is the Boltzmann constant, and m is the

molecule mass. Note that the pressure is independent of the internal degree of freedom

N.
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Due to the unique format of the equilibrium distribution function ¢ in classical sta-
tistical physics, at each point in space and time, there is a one to one correspondence
between g and the macroscopic densities, e.g. mass, momentum and energy. So, from
macroscopic flow variables at any point in space and time, we can construct an unique
equilibrium state. However, in real physical situation, gas does not necessarily stay
in the Local Thermodynamic Equilibrium (LTE) state, such as gas inside a shock or
boundary layer, even though we can still construct a local equilibrium state there from
the corresponding macroscopic flow variables. Usually, we do not know the explicit form
of the gas distribution function f in extremely dissipative flow regions, such as that
inside a strong shock wave!. What we know is the time evolution of f, the so-called the

Boltzmann Equation,
fetuife, +aifu, = QUf, f) (2.13)

Here f is the real gas distribution function, a; is the external force term acting on
the particle in i-th direction, and Q(f, f) is the collision operator. From the physical
constraints of the conservation of mass, momentum and energy during particle collisions,

the following compatibility condition has to be satisfied,

[ vaQ(r.NE=0, (2.14)

where d= = dudvdwd&;dé,...d¢k and ¥, = (1,u, v, w, 5(u? + v* + w? + &2))". For conve-

nience, the following notations will be used,

=+ +...+& ; d§ = d§,d§s...dék .

The gas kinetic theory suggests that the Navier-Stokes equations are valid if the

length scale A of the flow is much larger than the mean free path [ of the molecules, i.e.

where K, is the Knudsen number. Since shock waves and boundary layers are different
physical phenomena, the characteristic length scales will be different. For example, in a

boundary layer, the significant length scale is the thickness of the boundary layer,

L
b Rel/?’

A

'We should always be aware of the differences between the local equilibrium state g and the real gas
distribution function f in different flow situations.
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where Re = UL /v is the Reynolds number, v = 1/p is the kinematic viscosity coeflicient,
U is the upstream velocity, and L is the typical scale of the problem, e.g. the length of
the flat plate. Since the mean free path of the particle can be approximated as[140],

— UV 7 y 1/2

where c is the speed of sound, the condition for the validity of the Navier-Stokes equations

becomes

M
g < b

where M = U/c is the Mach number. On the other hand, for a shock wave, the thickness
of a shock front is,

A ~ L/Re,

and the condition for the validity of the Navier-Stokes equations goes to
K,~M<1, (2.16)

which means that the shock strength cannot be extremely high. Note that the physical
shock thickness is usually on the order of particle mean free path?.

Assuming further that the spatial and temporal variations of the distribution function
f are small on the scale of the mean free path and the mean time interval between
collisions, it is possible to find the first order approximations to the viscous stress tensor
and the heat flux from the Boltzmann equation, which are in agreement with the Navier-
Stokes equations. It is also possible to obtain the exact format for n,{ and k in the
Navier-Stokes equations, in particular to show that ( = 0 for a monatomic gas[62].
Thus the Navier-Stokes equations may be regarded as the leading term in an asymptotic
expansion of the full Boltzmann equation in the limit of K, ~ 0. From the Boltzmann
equation, the quantities v and k can be derived as functions of the basic quantities
describing the molecules [10]. For example, the viscous stress o;; and the heat flux ¢

can be obtained from the gas distribution function f, such that

Jij = —(/(Uz — UZ)(U] — U])fdudvdwdg _péij)y

2In numerical simulations, the numerical shock thickness is usually on the order of cell size, which
is equivalent to the mean free path for the numerical fluid in discontinuous regions being the cell size

| ~ Az, instead of the physical mean free path I (Eq.(2.15)) in the real fluid.

12



and
0= [ = U) (w= 0P+ (0= V)4 (w = W) + &) Fdudvdude, — (217)

where p is the local pressure. The viscous stress o;; and heat conducting ¢; terms go to

zero if and only if f = g for the flow in equilibrium state.

Remark(2.1)

In the Boltzmann equation (2.13), the advection term on the left hand side always
drives f away from local equilibrium distribution; the collision term on the right hand
side Q(f, f) pushes f back to equilibrium. Although, Q(f, f) does not change the local
mass, momentum and energy, it does re-distribute particles in the phase space (u;, ),
and subsequently change the transport coefficients of the particle system, e.g. viscosity
and heat-conductivity. The real flow evolution is governed by the competition and
balance between the convection and collision terms. As analyzed in the next chapter,
the projection stage for the construction of constant states inside each numerical cell can
be physically approximated as a process governed by the reduced Boltzmann equation
fi = Q(f, f), where the mass, momentum and energy are conserved in the collisional
process due to [ Q(f, f)adudvdwdé = 0. In other words, the collision term does not

change the total energy, but it does re-distribute the energy between kinetic and thermal

ones.

Remark(2.2)

For any shock capturing method, the numerical shock region usually spans over a
few mesh points. So, the mean free path of the “numerical fluid” in these regions, which
is proportional to the shock thickness, is on the order of the cell size, i.e. [ ~ Az. As a
result, the numerics amplifies the thickness of shock layer, and Eq.(2.15) requires that
the artificial viscosity coefficient is on the order of v ~ Ax. The BGK method, presented
in this lecture, could consistently capture the amplified numerical shock region from the
controllable particle collision time 7, which also ranges from the physical one to the
numerical one 7 ~ At, where At is the time step. The robustness and accuracy of the
BGK method is mainly due to its ability to capture both equilibrium and nonequilibrium

gas flow.
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2.2 Bhatnagar-Gross-Krook (BGK) Model of the Boltz-

mann Equation

One of the main functions of the particle collision term is to drive the gas distribution
function f back to the equilibrium state g corresponding to the local values of p, pU; and
pe. The collision theory assumes that during a time dt, a fraction of dt/7 of molecules in
a given small volume undergoes collision, where 7 is the average time interval between
successive particle collisions for the same particle. The collision term in the BGK model
alters the velocity-distribution function from f to g. This is equivalent to assuming that
the rate of changes df /dt of f due to collisions is —(f —¢)/7, so the Boltzmann equation

without external forcing term becomes [5],

a&:i - T

af of f-g9

o T (2.18)

At the same time, due to the mass, momentum and energy conservation in particle
collisions, the collision term (g — f)/7 satisfies the compatibility condition,

9=y a=—o, (2.19)
-

where d= = dudvdwdé and g = (1,u;, 3(uf + £2))". Eq.(2.18) is a nonlinear integro-

differential equation, since the distribution function f appears in a nonlinear fashion in

g, where p, pU;, pe for the determination of g are integrals of the function f. The above

BGK model coincides in form with the equations in the theory of relaxation processes

and is therefore sometimes called the relaxation model.

If 7 is a local constant, Eq.(2.18) may be written in integral form[62],

1

t /
flai t,u, &) = ;/t g(i—u;(t—t'), ' uz, ) e T 4 U fo (2 —ui (t—to), to, ui, €),
0

(2.20)
where fy is the real gas distribution function f at ¢y, and g is the equilibrium state
in (z,t). As a special case, we examine a gas whose state at time ¢, is described by
a gas distribution function f(x;,ty), which does not depend on the spatial coordinates.
It follows from the conservation laws that the mass p, momentum pU; and energy pe
are constant in space and time and nothing will change macroscopically. Then, the

corresponding equilibrium state g is a constant in space and time. From Eq.(2.20), we
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have

flaist) = (L= e 70M)g 4 e 007 f (1) (2.21)

Thus, the distribution function tends to the equilibrium state g exponentially, with
a characteristic relaxation time 7 equals to the time interval between collisions. For
example, the denser the gas is, the faster the equilibrium is attained. From this example,
we can observe that the gas-kinetic description provides more information than the
macroscopic descriptions. Although, all macroscopic quantities are homogeneous and
time independent, the particle distribution actually is a function of time. Consequently,
the dissipative property of the gas system is also changing with time. The evolution
from f to g is a process of increasing of entropy. So, the dissipative character in this gas
system is a function of time.

The detail derivation from the BGK model to the Navier-Stokes equations is given
in Appendix A. A similar derivation is given in [125]. The explicit expressions for the
coefficients n , ¢ and k in the Navier-Stokes equations can be obtained. Due to the fact
that all molecules, regardless of the velocities, have the same particle collision time 7
in the BGK model, the BGK equation only gives the Navier-Stokes equations with a
fixed Prandtl number which is equal to 1. For a state close to equilibrium, Eq.(2.18)
confirms the obvious fact that the rate of approach to equilibrium is proportional to its
deviation from the equilibrium. The validity of this assertion has been confirmed by
comparison with the solution of the full Boltzmann equation [9]. In order to understand
the reason why the BGK model can capture the Navier-Stokes solutions accurately, such
as the laminar boundary layer, we are going to give two simple examples to illustrate
the dissipative characters of the model and derive the dissipative coefficients. Because
of the smallness of 7 in the BGK model, in a gas whose state is not varying rapidly with
time, f — g will be small. Therefore, the distribution function can be written as

9y 9y

f=g—r2—u,

(2.22)

For a gas with uniform density and temperature, streaming along the z-direction
with velocities U which is a function of z alone (see part (a) in Fig.(2.1)), Eq.(2.22) goes

to

U 9
f=g- ngﬁ. (2.23)

According to the definition and the condition W = 0, the viscous stress in the z-direction
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Figure 2.1: Linearly distributed steady velocity and temperature field.

across a plane z = constant is
Opy = — /(u — U)w fdudvdwdg.

Substitute Eq.(2.23) into (2.24), with the formation of equilibrium state

A

_)(K+3)/267A((u7U)2+v2+w2+é2)
T

9=p(

Y

and the definition o,, = 70U /Jz in the Navier-Stokes equations, we have

dg
_ _ 2
n = T/(u U)w aUdudvalwd£

0

TS0 (/(u - U)w2gdudvdwd§> + T/w2gdudvdwd§,

(2.24)

(2.25)

(2.26)

where the first integral in the bracket vanishes, and the second term is equal to the

pressure p. So, we have
n=71p,

which is consistent with the results in Appendix A3.

(2.27)

3 As analyzed in chapter 6, the lack of this kind of dissipative property for the shear wave in upwinding
schemes based on the inviscid Euler equations, e.g. Godunov, Roe, Osher ...schemes, automatically lead

to spurious solutions, such as carbuncle phenomena and odd-even decoupling.
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Similarly, for a gas at rest and uniform in pressure, but with a temperature which is

a function of z (part (b) of Fig.(2.1)), Eq.(2.22) becomes

(g T 00
0z 0T
With the equilibrium state
g= p(é)(K+3)/2€—)\(u2+v2+w2+£2)’ (228)
T

and the definition of heat flux —k9T/0z in Eq.(2.17), we have

1
p = 9 [ 50 + 0 4+ w? + €)uPgdudvdwds (2.29)
oT J 2
_ Q(K“’E)
— Tor' 2 o
_ Ti(@P’f_T)
- oT 2 m
K+ 5pk
— 7'——’
2 m

where A\ = m/2kT is used in the above equation. The heat conducting coefficient ob-
tained in this simple case is identical to the result from a rigorous proof (Appendix A).

Further, from the above expressions n and x, we can get that the Prandtl number for

the BGK model,

where R = k/m and C, = (K + 5)R/2 (Eq.(2.6)) have been used. In conclusion,
in regions where the flow is smooth, the BGK model can recover the Navier-Stokes
equations exactly with Pr = 1. Since in the continuum regime the behavior of the fluid
depends very little on the nature of individual particles, the most important properties
are: conservation, symmetry (Galilean invariant) and dissipation. The BGK model
satisfies all these requirements [71].

The BGK model has been applied to a number of problems of nonequilibrium flow.
Two successful applications of the BGK model are the study of shock structure and lin-

earized Couette flow. One is related to discontinuous flow and the other to a continuous

one. The internal structure of shock waves has been studied by various investigators since
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the work of Rankine in 1870. The study of this problem has the distinct advantage that
it does not involve the complicating effect of molecular interaction with solid surfaces.
Although the structure of shock waves can be obtained theoretically from the solution
of the original Boltzmann equation, an exact solution valid for a general range of Mach
numbers has never been obtained. However, the shock structure obtained from the BGK
model [72] provides useful information both to shock physics, and to the capturing of
numerical shock structure in shock capturing schemes.

For any shock capturing scheme, the numerical shock wave will not have zero thick-
ness as described by the Euler equations. Density, velocity, temperature, and other
quantities of interest vary continuously in a few numerical cells through the wave. Since
the Chapman-Enskog theory, which leads from the Boltzmann equation to the Navier-
Stokes equations, depends on the continuous assumption and the slight departure of the
gas distribution function from the local equilibrium state, theoretically the Navier-Stokes
equations could only give an accurate description of weak shock structure. If there is a
similarity between the numerical shock and the physical shock, the von Neumann and
Richtmyer artificial viscosity concept based on the Navier-Stokes equations can only be
applied to weak shock too. This is probably one of the direct reasons why no uniform
viscous term can be found to capture all strengths of numerical shocks [91]. Thus, based
on the artificial viscosity concept, in order to capture a steady and oscillation free shock
transition, delicate dissipation has to be applied according to the shock strength. It is
definitely a difficult problem to nail down the explicit form of dissipation. For upwind-
ing schemes, dissipation is added mostly during the projection and reconstruction stages.
Fortunately, the projection dissipation cannot simply be described by a second-order vis-
cous term in the Navier-Stokes equations. Although, the Navier-Stokes equations can be
obtained from the BGK model, in strong nonequilibrium flow regions, the BGK model is
an equation more physically applicable than the Navier-Stokes equations. Therefore, as a
governing equation, the BGK model provides abundant physical mechanism to construct

numerical scheme for both “smooth” and “discontinuous” flow.

2.3 Entropy Condition

It is well-known that the Boltzmann equation, which is based on and derived from the
reversible laws of mechanics, describes irreversible processes. For nonlinear gas sys-

tem, thermodynamic irreversibility is accompanied by dissipation in the system and an
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increase of entropy. The rigorous proof of entropy (H-theorem) for the Boltzmann equa-
tion can be found in [10]. In this section, only the entropy condition for the BGK model
will be presented since the main part of the lecture is about the BGK model for the
construction of gas-kinetic schemes.

The Boltzmann H-theorem states that if we define
H = / flnfd=

as the entropy density (the real entropy is defined as s = —kH), where d= = dudvdwdg,

and
H, = /uiflnde

as the entropy flux in direction ¢, where f is the gas distribution function in the BGK

model, the entropy condition implies the following inequality,

OH o | OH,;

<0. (2.30)

In order to prove the above inequality, let’s multiply (1 +Inf) on both sides of the BGK

model (2.18) and take an integration with respect to d=,

0 0 _
/(a—{+uzaxfi)(1—|—lnf)dE:/g(l—i—lnf)dE, (2.31)

which gives

/flnfd_ i / Zflnfd_:—/(g A1+ Inf)d=. (2.32)

From the compatibility condition (2.19), and the fact that Ing can be expressed as a sum

of conservative moments of the collision term, we have

/(g — f)Ingd= =

With the definitions of H and H;, and the relations of [(g— f)d= = 0 and [(g— f)lngd= =
0, Eq.(2.32) goes to

OH  OH,; —

E—i— o, %/(g—f)lnfd: (2.33)
=~ [lg- D ~ng)a=
< 0.
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Therefore, it is proved that the BGK model satisfies the entropy condition, and the
particle system will move towards the equilibrium state due to particle collisions.
Boltzmann’s H-theorem is of basic importance because it shows that the Boltzmann
equation ensures irreversibility. The entropy condition guarantees the dissipative prop-
erty in the gas system. Thus, it is not surprising that most schemes based on the

gas-kinetic theory satisfy the entropy condition automatically.

2.4 Gas-Kinetic Formulation for Conservation Laws

From the BGK model, most well-known viscous conservation laws can be recovered to
a certain degree by selecting the appropriate equilibrium state in the BGK model. The
inviscid hyperbolic system corresponds to the state with local equilibrium distribution
function. In the following, some examples will be given.

Linear Advection-Diffusion Equation

The linear advection-diffusion equation in 1-D is written as
Uy + cU, = vU,,, (2.34)

where v is the viscosity coefficient. The above equation can be derived from the 1-D

BGK model by adopting the equilibrium state,

A s Aue?
g = U(5) 2,
™

and the conservation constraint,

| (= gdu=o.
From the Chapman-Enskog expansion, to the first order, f is given as

f=9—71(9: +ugs). (2.35)

Substitute the above equation into the BGK model and integrate with respect to u, we

get

3 3
Ut + CUx = lUx:c u

The 4th-order derivative in the above equation has a very nice property of stabilizing a

numerical scheme [42]. Thus, if we take the collision time in the BGK model as 7 = 2vA,
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the advection-diffusion equation is recovered from the BGK model. As a special example,
if we set ¢ = 0 in the above equilibrium state g, the diffusion equation can be recovered.
Burgers’ Equation

In order to get Burgers’ equation,
U +UU, =0, (2.36)

we need to define the equilibrium state g in the following way;,

g = (2)Vrue v, (2.37)
T
where the compatibility condition becomes
[ (= gdu=o.
Shallow Water Equations
The 2-D shallow water equations are
pe+ (pU), + (pV), =0,
(PU): + (U + §%)s + (pUV), =0, (2.38)

0
(PV )i+ (pVU), + (pV2 + %), = 0,

where G is the gravitational constant. In order to recover the above equations, the

equilibrium state ¢g in the BGK model can be chosen as

L M0y 4 -7
- u v 2.39
where
1
A= —.
Gp
The compatibility condition in this case is
1
/(g — )| uw | dudv=0. (2.40)

The Euler and Navier-Stokes Equations
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For the 1-D Euler and Navier-Stokes equations, the BGK model is

forup =21 (2.41)

and the equilibrium state g is the Maxwell-Boltzmann distribution,

g = p(2) S5 M0
T

With the definition ,, ,

Yo = (Lu, 5 + €))7,

the compatibility condition between f and g is

/(g — [)thadudg = 0, a=123. (2.42)

For a local equilibrium state with f = g, the Euler equations can be obtained by taking

the moments of v, to Eq.(2.41). This yields
1
[l v |(o+uge)dudg =0,
3 (u? +€7)

and the corresponding Euler equations are

p pU
pU + pU? + & =0,
50U+ 1550 ), (U + 5509) ),

where the pressure p is p/2\.

To first order in 7, the Chapman-Enskog expansion[62] gives

f=9—7(g+ugs).

Taking moments of 1, again to the BGK equation with the new f, we get

1 1
/ u (gt + Ug;p)dUd§ = 7—/ U (gtt + 2ugxt + UZsz)dudf
L+ €) L 4 )
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After integrating out all the moments, the corresponding Navier-Stokes equations can

be expressed as

P pU 0
U s | =T rirUs
K+3)U
U+ 55 ) e+ O | PSR + 25 KU,

In the 3-D case, the derivation is given in Appendix A.

2.5 Finite Volume Gas-kinetic Scheme

There are three stages in a high resolution numerical scheme: the initial reconstruc-
tion, gas evolution, and projection. In all these stages, how to correctly capture the
gas evolution from the reconstructed initial condition plays a fundamental role in the
determination of the quality of the scheme. The finite-volume gas-kinetic scheme for
compressible flow simulations uses the Boltzmann equation as the governing equation
and focuses on the evaluation of time-dependent gas distribution function f at a cell
interface, from which the numerical fluxes can be computed, such as these fluxes across
cell boundaries in Fig.(2.2). Since the Boltzmann equation is a scalar equation and a
single distribution function f includes all information about the macroscopic flow vari-
ables as well as their transport coefficients, the schemes in two and three-dimensions can
be constructed similarly. As a consequence, the 2-D BGK scheme presented in chapter
4 is probably a multidimensional method, at least in the gas evolution stage, because
0/0x and J/0y terms in the Navier-Stokes equations are both included in the evolution
of gas distribution function across a cell interface.

In the following, the 1-D finite volume scheme will be outlined. The Boltzmann

equation in 1-D case can be written as

fe+ufe =Q(f. f). (2.43)
The connection between f and macroscopic variable W is
W= (p.pUspe)" = [ tafdud,
and the corresponding fluxes are

F(W) = (Fy, Fo, Fpe) " = [ wii fdude, (2.44)
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Figure 2.2: Interface fluxes by a finite volume gas-kinetic scheme

where ¢, = (1,u, 3(u® + £2))".
In order to develop a finite volume gas-kinetic scheme, take moments of 1, in
Eq.(2.43) and integrate it with respect to dud¢ in phase space, dz in a numerical cell

[ij_l/g, .Tj+1/2], and dt in a time step [tn, tn+1],

[+ ufoybadudgdndt = [ QUF, fvadudédudt,

from which we can get

1 tn+1

Wy = [ (B - B are [ [ [ vedudedrar

tm j—1/2

Due to the compatibility condition(2.42), the term [ Q(f, f)adud€ in the above equation

is precisely zero. Therefore, the flow variables can be updated according to

tn+1

mn n 1
e /t (Fio1pa(t) = Fyppa(t)) dt, (2.45)

where [Fj1;/o is the numerical flux across a cell interface, and is obtained from the
integration of the particle distribution function, shown in (2.44). In the 2-D and 3-D
cases, similar finite volume formulation can be obtained.

The time dependent flux function across a cell interface is evaluated from the gas
distribution function f which is obtained by solving the Boltzmann equation with the

collision term. Although, the collision term has no direct influence on the update of
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conservative variables inside each cell, as shown in Eq.(2.45), it does affect the interface
flux and consequently affects the dissipative properties in the whole flow system. The
BGK scheme solves the BGK model f;+uf, = (g— f)/7 directly for the time dependent
distribution function f at a cell interface. This unsplitting scheme for the Boltzmann
equation distinguishes it from Kinetic Flux Vector Splitting (KFVS) scheme, where the
collisionless Boltzmann equation f; +uf, = 0 is solved in the gas evolution stage. In the
following chapters, the numerical discretizations for both KFVS and BGK schemes will
be presented. At the same time, the dynamical mechanism in the splitting schemes, e.g.

the FVS and KFVS schemes, will be analyzed.
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Chapter 3

Gas-Kinetic Flux Vector Splitting
Method

The Euler equations are the moments of the Boltzmann equation when the velocity dis-
tribution function is a Maxwellian, and the collision term in the Boltzmann equation
vanishes in this situation. The Boltzmann equation with vanishing collision term is
called collisionless Boltzmann equation. Based on the collisionless Boltzmann equation,
a very large number of kinetic schemes have been developed. A partial list of researchers
include Sander and Prendergast (1974) [108], Pullin (1981) [99], Deshpande (1986) [22],
Perthame (1992) [96], Macrossan [84], Estivalezes and Villedieu [30], Mandal and Desh-
pande [85], Eppard and Grossman [29], Chou and Baganoff [13], Moschetta and Pullin
[86], and many others. Although the collisionless Boltzmann equation and the Euler
equations have different gas dynamical property, it can still be used to approximate the
Euler equations. One of the main reason is that artificial collisions have been added in
the projection stage, i.e. the preparation of initial Maxwellian distribution functions in

each time step.

3.1 Collisionless Boltzmann Equation

It is well-known that the Euler equations can be derived from the Boltzmann equation
with a local equilibrium distribution function. For an equilibrium state, f is equal to
the Maxwellian distribution g, the collision term Q(f, f) goes to zero automatically, i.e.

Q(g,9) =0. So, in 1-D case, once f = g holds, the Boltzmann equation becomes
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Since there is no collision term on the right hand side of the above equation, this equa-
tion is called the collisionless Boltzmann equation'. With the initial condition of the
gas distribution function fy(z,0) at time ¢ = 0, the exact solution of the collisionless

Boltzmann equation is
f = folx —ut,t). (3.2)

For example, for the same initial condition as the Riemann problem, two constant equi-

librium states at x < 0 and x > 0 can be constructed,

g, <0
fo = {g 2> 0 (3.3)

= g1 = H(z)) + g,H(2),

where H(z) is the Heaviside function. As stated in the last chapter, the equilibrium
states ¢; and g, have one to one correspondence with the macroscopic flow variables. For
example, in the equilibrium state g,
A
g = p(=)Hte A=+ (3.4)
7r
there are 3 unknowns, p, U and A, and A can be obtained from the macroscopic variables

(p, pU, pe) through the relation

K +1 p
4 pe—L1pU?

A (3.5)

Hence, from the initial condition in Eq.(3.3), the exact solution from the collisionless

Boltzmann equation is
f(z,t) = folx —ut) = (1 — H(z — ut)) + g,H(x — ut). (3.6)
Since t > 0, the above equation can be reformulated as
) = (= H(; —w) +gH —w (3.7)

IThe collisionless Boltzmann equation itself cannot keep the initial equilibrium state in its time
evolution process.
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which is a similarity solution! So, similar to the Riemann solution of the Euler equa-
tions, the collisionless Boltzmann equation also provides a similarity solution for the case
with two constant initial states. Although this similarity solution from the collisionless
Boltzmann equation is commonly referred to as an approximate Riemann solution [41], it
provides a different gas evolution picture. The scheme based on the solution (Eq.(3.7)) for
the flux evaluation at a cell interface is so-called Kinetic Flux Vector Splitting (KFVS)
scheme. The analysis in section(3.4) shows that the real governing equations for the
KFVS scheme are different from the Euler equations. Without the help from the pro-
jection stage, i.e. the preparation of initial equilibrium states at the beginning of each
time step, the KFVS would never approximate the Euler solutions.

Before we analyze the underlying dynamical effect in the collisionless Boltzmann
equation, let’s calculate the exact solutions of Eq.(3.1) under the following initial condi-
tion
(pr = 1.0, pU; = 0.0, pre; = 2.5) <0

3.8
(pr = 0.125, p, U, = 0.0, pe, = 0.25), >0 (38)

Wofe) = {

from which two Maxwellians of g, and g, in Eq.(3.3) can be constructed. Based on the
solution (3.6), the mass, momentum and energy densities at any point in space x and a

fixed time t can be obtained by taking the moments of f(x,t),

p(x,t) . 1
pU(x,t) | = [m f(z,t) u dudg. (3.9)
pe(z,1) s(u® +¢%)

The density distribution from 1st-moment in the above equation is plotted in Fig.(3.1).
The solid line refers to the exact solution from the similarity solution of the Euler equa-
tions and the x symbol is the solution from the collisionless Boltzmann equation (3.7)2.
There are many differences between these two curves. No contact discontinuity wave

is formed in the collisionless Boltzmann solution and the shock and rarefaction waves

are quite smeared. This figure shows the differences between the Euler solution and the
collisionless Boltzmann solution even with the same initial condition.

Remark(3.1)

It is true that if the flow remains in a local equilibrium state, Eq.(3.1) is the correct

description of the flow motion. However, even with an initial local equilibrium state,

2Note that both curves are analytic solutions under the same initial condition, one is obtained from
solving the Euler equations, and the other from the collisionless Boltzmann equation.
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Figure 3.1: Exact Euler (solid line) and collisionless Boltzmann (x symbol) solutions for
the same initial condition

the collisionless Boltzmann equation drives the gas distribution function, such as that
in Eq.(3.7), away from its equilibrium assumptions. In other words, the collisionless
model cannot keep the equilibrium state. Physically, the mechanism for bringing the
distribution function close to a Maxwellian is the collisions suffered by the molecules of
the gas, the so-called collision term in the Boltzmann equation. However, the collisionless
Boltzmann equation ignores this dynamical process. Other Flux Vector Splitting (FVS)
schemes using F' = F" + F~ | such as Steger-Warming and van Leer [114, 123], have a

similar gas evolution mechanism.

3.2 Kinetic Flux Vector Splitting Scheme

Although the KFVS scheme lacks particle collisions in the gas evolution stage, it still gives
reasonable numerical solutions, which are different from particle free stream solutions.
The reason is that in the projection and reconstruction stages of a numerical scheme,
artificial particle collisions are introduced. In this section, the KFVS scheme is presented

and a physical analysis of this scheme is given in section (3.4).

3.2.1 1st-order KFVS

The one-dimensional space is divided uniformly by numerical cells. Each cell occupies a
small space & € [x;_1/2,Tj11/2], where j + 1/2 denotes the cell interface between cells j

and j + 1, and the cell center is located at x;. With the initial mass, momentum and
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energy densities inside each cell j,

W; = (pj, p;Uj, pj€j), (3.10)

an equilibrium state g;, which is

05 = py(20) 5 =N luUp+]

can be obtained. For example, \; is given by

K+1 P;j
Aj = 1 o i (3.11)
Pji€i — 3PiY;
So, under the following initial condition around a cell interface x;, 12,
. < .
fo(l’) _ g]7 r = $]+1/2 (312)
gj+1, T > Tjt1/2

= g;(1 —H(z - 95j+1/2)) + gjp1H(z — xj+1/2)’

the solution f based on the collisionless Boltzmann equation (3.1) at x;,1/, and time ¢

becomes

f(@jp1/2,t) = folr —ut) | =

9;, u >0
szj+1/2 { (313)

gj+1, w<0.

From the above distribution function, the numerical fluxes for the mass, momentum and

energy across the cell interface can be constructed, which are

F

p

FVVJ-i-l/? - FpU = /Ul/iaf(l’j+1/2, t)dudf

F
Pe 7 j+1/2

= [ [wigiduds+ | [ uvagiaduds (314)

where 1, stands for the moments ¢, = (1,4, 3(u® + £2))7.

The evaluation of the moments of the equilibrium state in Eq.(3.14) is straightforward
by using the recursive relations in Appendix B. In the following, the details of the

numerical formulations are presented,
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(3.15)

where the complementary error function (a special case of the incomplete gamma func-

tion) is defined by

erfc(z \/_ /

Like sine and cosine functions, erfc(z), or its double precision derfc(x), is a given function
in FORTRAN. Using the above numerical fluxes, the flow variables p;, p;U;, p;€; inside

each cell can be updated as

n+1 n
Pj Pj Fpj12 = Fpjr12
p;U; =1 pUi | to| Foj-12— Fujrie | (3.16)
Pi€j Pi€; Foej—1/2 = Fpejt1/2

where n is the step number and

, oA
Az’
with At the stepsize in time, and Az the mesh size in space.

Before we give a detailed numerical analysis of the KFVS method, let’s first apply
the above scheme to some standard test cases. In the following, Sod, Sjogreen and blast
wave test cases are presented.

e Sod Shock Tube [113]: This test case is a one dimensional shock tube problem
with two different initial constant states in the left and right parts of the tube —
o= LpU = 0,p€¢ = 2.5 and p, = 0.125,p,.U, = 0,p.e, = 0.25. This is a stan-

dard Riemann problem with a similarity solution. There are three waves, shock, contact
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discontinuity and rarefaction emerging from the location of the initial discontinuity. The
results from the 1st-order KFVS scheme and 100 grid points are shown in Fig(3.2) for the
density, velocity and pressure distributions, where the solid lines are the exact solutions.
Comparing Fig.(3.2) with (3.1), we can clearly observe that the numerical solution from
the collisionless Boltzmann equation is different from the exact solution of the same equa-
tion. Basically, the preparation of Maxwellian distribution functions at the beginning
of each time step is equivalent to adding pseudo-particle collisions into the collisionless
Boltzmann method to capture the contact discontinuity wave.

e Sjogreen Supersonic Expansion Case [26]: Sjogreen test case is about the supersonic
expansion of gas. This test has initial conditions p; = 1,pU; = —2,p¢ = 3 and
pr = 1L,p.U. = 2, p.e, = 3, and a strong expansion wave is formed at the center of
the region. The results from the KFVS scheme are shown in Fig(3.3). Some upwinding
schemes based on the approximate Riemann solvers have difficulties in this case[100].

e Woodward-Colella Test Case [126]: This case is about strong blast waves interactions.
The initial condition consists of three constant states between reflecting walls. The
initial condition is p; = 1.0, p,U; = 0, pje; = 2500 for 0 < = < 0.1, p,, = 1.0, p Uy, =
0.0, p€m = 0.025 for 0.2 < z < 0.9 and p, = 1.0, p, U, = 0.0, p,.€, = 250 for 0.9 <z < 1.
Two strong blast waves develop, collide, and produce new contact discontinuities. The
density, velocity and pressure profiles are shown in Fig(3.4), where 400 mesh points are

used.

From the above three test cases, we can observe the diffusive character of the 1st-
order KFVS scheme, and similar simulation results are obtained from any other first order
scheme, such as the Godunov method. But, as analyzed in section (3.4), the reason for
the diffusivity in the KFVS scheme is not only from the truncation error of the numerical
discretization, but also from the intrinsic dissipative nature in the governing equation

itself.

3.2.2 2nd-order KFVS

There are many ways to extend 1st-order KFVS to higher orders. In the following, we
present an extension, which is consistent with the BGK scheme developed in the next
chapter. In order to have a higher order scheme, we need first to construct higher order
initial conditions. For simplicity, the location of a cell interface between cells j and
J +1is assumed to be x;;12 = 0. The initial distribution around a cell interface can

be obtained from the interpolated macroscopic flow variables. For example, by using a
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Figure 3.2: Sod test case solutions using the 1st-order KFVS scheme
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34



nonlinear limiter on the conservative variables directly, a second-order accurate initial

condition on the left and right sides of a cell interface can be constructed,

Wi + %x, x <0,
W, + Weg >0 (8:17)
r 9x U = Y

from which the equivalent initial gas distribution function fy, can be obtained (see
Fig.(3.5)),

fa(l+ar), =<0,
folz) = {gr(l fad), 230 (3.18)

where the terms a; and a, in Eq.(3.18) are based on the Taylor expansion of the
Maxwellian distribution function and have the form

1 1
a; = aj + apu + a13§(u2 +&%) and  a, = a1 + apou + apz= (U + E2).

. (3.19)

Based on the relations between macroscopic variables and microscopic gas distribution
function, we have

oW, o0
W+ e = / Vagi(1 + az)duds,
ox —00
oW, 00
W, + o / Vagr(1 + a,x)dudé, (3.20)
from which we get
Wi= [ tagduds . W, = [tagedude, (3.21)
and
W r
oW _ / Yagiduds Al / Vo grardudg, (3.22)
ox ox
where ),

(1,u, 2 (u? + €2))T. Once p,U, A in both equilibrium states g, and g, are

obtained by solving Eq.(3.21), Eq.(3.22) on the both sides of a cell interface can be
expressed as

aq %
M| ay p %et) | (3.23)
w) "\
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where the symmetric matrix M has the form

1 v HU*+ B
3
M= v - +K%3 U %(533422(3—%{2) 4K+3 ' (324
%(U2_'_KQJX1) %(U3+( ;A) ) i(U4+( +A) +( —ZA2+)>

In equations (3.23) and (3.24), (p,U, \), (a1, as,as3), and (0p/dx,d(pU)/dx,0(pe)/dx)

stand for the corresponding values on both sides. The solutions of Eq.(3.23) are

4\?

az = K+1(B—2UA),
a =204~ 20,
a; = %% —axU — ag(U; + K4—J;1), (3.25)
where
A= %(a((gf) —U%),
B— %(Qagf) (U4 %)%).

As an alternative, the values of (aj,as,a3) can be obtained directly by the Taylor-
expansion of the Maxwellian distribution function in terms of the macroscopic flow

variables. For example, the direct Taylor expansion of g gives

19p oU  K+1 O\

e 205 -+ (T — U2)8—I (3.26)
ay = zAg—g + ZU% (3.27)
az = _2% (3.28)
where d\/dx can be expressed as
% _ KZ1(6_2U2)2<—%+U‘3—§), (3.20)

and the derivatives of Je/Jx and OU /Ox are related to the gradients of the conservative

variables
de _ 10(pe) €dp

dr  p Ox pOx’
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and

ou _ Udp  10(pU)

or  pdx  p O

Once the initial gas distribution functions in Eq.(3.18) are obtained, based on the
collisionless Boltzmann equation the time evolution of the gas distribution function at

the cell interface x = 0 is

a(l —aqut), u>0

3.30
g-(1 —aut), u<0, (3:30)

fix12 = folx —ut) |,_o = {

from which, the corresponding mass, momentum and energy fluxes can be obtained,

F, 1
Fu = / /u u g(1 — aqyut)dudg

u>0 l(u2 " 52)

Pe 7 jr1/2 2
1
—I—/ O/U U gr-(1 — a,ut)dudé. (3.31)
u<
s +&%)

The moments of a Maxwellian in the above equation can be obtained using the recursive
relation in Appendix B. Once we get the fluxes, the flow variables inside each cell can

be updated through

1 At
Wit =W} + Azr /o (Fw,j-1/2 = Fwjt1/2)dt,

where At is the CFL time step.
In the following numerical test cases, the van Leer limiter is used for the recon-

struction of initial conservative variables inside each cell. The van Leer limiter stands

for
ST

L(s,r) = (sign(s) + sign(r))w,

(3.32)

where s and r represent the slopes of conservative variables. For example, for the con-

struction of density distribution, we have

Pi+1 — Pj
s="21"_ and r="2 "7
Tjt1 — T LTy —Xj-1
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Figure 3.6: Sod test case using the 2nd-order KFVS scheme

where p; is the cell averaged value. After implementing the limiter, linear distributed
macroscopic variables inside each cell can be obtained. The density distribution in cell
7 becomes

p(x) = pj+ L(s,r)(xz — ;) for x40 < <5450

Similar equations can be found for the momentum and energy.

For the same shock tube test cases, the simulation results from the current 2nd-
order KFVS scheme are shown in Fig.(3.6)-Fig.(3.8). From these figures, we can clearly
observe the improvement of the accuracy of shock, contact discontinuity and rarefaction
waves. For the 2-D forward step problem, the density and pressure contours obtained
from the 2nd-order KFVS scheme are shown in Fig.(3.9). We can compare these results
with those from the BGK method in the next chapter, where the same limiter is used
for the construction of initial condition. Similar to other Flux Vector Splitting (FVS)
schemes [124] for the Navier-Stokes solutions, the KFVS scheme usually gives a much
poorer result than those obtained from the Godunov or FDS schemes. Even for the
Euler solutions, the 2nd-order FDS scheme usually gives less dissipative results than

those from the 2nd-order FVS scheme. The reason for this will be explained later.
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Figure 3.9: Density and pressure distributions from the 2nd-order KF'VS Scheme using
the van Leer limiter for the construction of initial conservative variables.

3.3 Positivity

For the gas-kinetic scheme, the positivity property is closely related to the positive gas
distribution function f, i.e. f > 0. For the Ist-order KFVS scheme, the positivity
condition can be rigorously proved. In other words, if the initial state in each cell has
positive density and pressure, after the evolution and projection stages, the updated flow
variables inside each cell will also have positive density and pressure. Numerically, for
the Ist-order KFVS method, we have never observed negative density or pressure once
the initial condition is physically reasonable, even in the case of flow expanding into
a vacuum. Practically, positivity is an important property for any numerical scheme,
especially in the inviscid flow simulation of high speed flows, e.g. to keep density and
pressure positive at rear parts of flying objects in aerodynamics. Although positivity is
a basic and natural requirement for any numerical scheme to be used in real engineering
applications, there are not many schemes which could satisfy this property. Currently,
there are probably three 1st-order schemes which can be proved to be positive, namely,
Godunov, Lax-Friedrichs, and KFVS schemes. For the AUSM+ scheme[76], the proof is

only valid in certain flow situations. Many popular methods, such as Roe’s approximate
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Riemann solver, lack this property and unphysical solutions are occasionally obtained [26,
100]. A scheme which satisfies the positivity requirement is not necessarily a good one,
because the positivity requirement is only one of the requirements for a truly accurate
and robust method. However, if a scheme could easily violate this basic requirement, it
will definitely have limited applications. For example, for hypersonic flow calculations,
it is extremely important to keep the pressure and density positive. In the literature, for
the case of high Mach number flow passing over a cylinder, the majority of papers only
present the solution for the front half of the cylinder. Numerically, to keep a positive
density in the rear part of the cylinder is more difficult than capturing the shocks. This
case will be used to test our BGK method in the next chapter. In the following, we give
a rigorous proof of the positivity of the KFVS scheme [118]. Similar analysis can be
found in the literature [95, 30].

The numerical scheme (3.16) can be split into two steps. In the first step we consider

the case when there is only gas flowing out of cell j. This gives

P; Pj Juco ugidud€ — [, ug;dudg
psUs | = | pU; |+ | Jucougidudé — [,-0ugidudé , (3.33)
P Pi€; Juco 5 (W + &) gjdudS — [0 5 (u® + §2)gjdudé

where o = At/Az. The second step is to add the correction terms:

pj rj Juso ugj—rdudg = [, o ugjrrdudg
piUi | = | AU |+ 0| fusow’gimrduds — [, oo u?gjsadudd :
7ié; pies fuso 400 + €2) gy rdude — [, %(u® + €2)g;1dude

(3.34)
where the notation (p, pU, pe)"t' = (p, pU, pé) has been used. It can be verified that

(55, ;U;, pé;) obtained by (3.16) are exactly the same as those obtained by using (3.33)
and (3.34). In order to simplify the notation, pU is denoted by m in the following

lemmas.

Lemma 3.3.1 Assume that p},mj, pje; are computed by (3.33). If pj > 0 and p?ej >

5(m;)? for all integers j, then

, (U*)Q (3.35)
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for all j, provided that the following CFL condition is satisfied:

1
o< , (3.36)
max; (|Uj| + ¢;)

where ¢; = 1/v/2); is the local speed of sound.

Proof. It follows from (3.33) that

. 1
p; = pj_Upj{inO‘j_'_ﬂj}’

) U1
mj = mj—apj 2 +K Oéj‘{'uj'ﬁj ,

‘o Ul K+3 U K+2
pie = pi&i—opi o Vit 5t ) B
J J

where
-\U7
= erfc( \/>U) — erfc (\/)‘T'Uj) NI ‘ =y : (3.37)

For ease of notation, we drop the subscript j in the remaining part of the proof. It

follows from (3.37) that

0<Ua<2Ul, f<

3
>/-

If o satisfies (3.36), then

1
*>posmax (|Uj| +¢) — || U +—=|; >0.
= oo {1+ ) - (W14 )} =

Furthermore, we observe that

where, by direct calculations

K+1 1 K+2 2K + 3
4 = 2 ) 2 2 232 | 2
<16/\ U 5o Ty P T vl
K+1 2K 3
4\
B 1 27K—i—12
C = pe 5™ = P
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Figure 3.10: The function F(z, K), with K = 0,2,4,8, co.

The last equation indicates that C' > 0. It follows from Jensen’s inequality and the

integral formulation (3.33) that A > 0,B > 0. Direct calculation also shows that
B%? — 4AC > 0. These facts imply that there are two positive roots for the quadratic
equation Ac? — Bo + C' = 0. In order that (p*)%¢* > 1 (m*)?, o should satisfy o < oy,

where o7 is the smaller root of the quadratic equation. Direct calculation gives

-1
1 2K + 3 1 [K+1, 1,
o= <2UO‘+2K+25+ K+il sy @ +45) |
Now introduce the following function:

K+3 1 2K + 3¢

F(x,K) = |z|+ K+ ix(erfc(—x) — erfc(w)) e

1 K+1 —22?
T ;_ (erfc(—x) - erfc(a:)>2 + 647T

It can be shown that F(z, K) is always positive for any = € R and for any positive

K. This can also be seen from Figure 3.10 where we have plotted F(x, K) for several

43



values of K. Since v = (K + 3)/(K + 1), F(x, K) > 0 indicates that

1
0] > ————.
U+ /3%
This completes the proof of this lemma. O

Lemma 3.3.2 Assume that p;,m;, p;€; be computed by (3.34). If pi,m; and pje; used
in (3.34) satisfy p; > 0 and (p})*c; > %(m}‘)Q for all integers j, then for any choice of

o > 0 the following positivity-preserving properties hold

p;=0, (7)) > 5 (my)* (3.38)

for all j.

2
Proof. It follows from Lemma 3.3.1 that pi > 0, (p})%; > 3 (m;‘) . It is observed

from (3.34) that p; > p; > 0. Similar to the proof of Lemma 3.3.1, we can write

piE; — % (r;)* in the following form:

1
prE; — 5 (m;)* = Ad® + Bo + C,

where the coefficients A, B, and C' are obtained from (3.34). Using the facts that
2
(p3)%€; > 5 (m;‘) and

1
[ S+ g adude = [ Culg;dud
u>0 2 u>0 2

u 1
| S+ @)gpnduds < [ ol gjiaduds,
u<0 2 u<0 2

we can show that A >0, B > 0 and C' > 0. This completes the proof of (3.38). O
Combining Lemmas 3.1 and 3.2, we conclude that the collisionless approach is positivity-

preserving as long as the standard CFL condition is satisfied.

Remark(3.2)

Lemma 3.3.2 shows that the positivity-preserving analysis for the numerical scheme

(3.16) can be determined by analyzing the simplified scheme (3.33). In other words, the
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CFL condition is obtained by considering the scheme (3.16) with the following assump-
tion:

pi-1=0,  p; >0, pjp1=0. (3.39)

For high-order schemes, a similar theorem about positivity can be proved with a limita-
tion on the slopes of the initial reconstruction data and the specific techniques to extend

the KFVS scheme from 1st to 2nd order[30].

3.4 Physical and Numerical Analysis

The gas evolution model in the KFVS scheme is based on the collisionless Boltzmann
equation. However, the exact free stream solution in Fig.(3.1) and the numerical solution
in Fig.(3.2) are different. What is the main reason for their deviation? In this section,
we are going to analyze the KFVS scheme. This analysis can be equally applied to any
other Flux Vector Splitting (FVS) scheme once Fj i1/ = F*(W;)+ F~(W;11) is used for
the flux construction, such as van Leer splitting [123] and Steger-Warming splitting [114].
The difference is that instead of free particle transport, they have free wave penetrations.

In most of the current literature, the KFVS scheme is regarded as an approximate
Riemann solver for the numerical solution of the Euler equations. It is observed that as
the time step At and cell size Az approach zero, the numerical solution of the KFVS
scheme suggests that the scheme converges to the Euler solution. However, with finite cell
size and time step, it is noticed that the KFVS scheme usually gives more diffusive results
than Flux Difference Splitting (FDS) scheme. In this section, a underlying physical
model for the KFVS scheme is constructed to explain its dissipative characters. The
way to derive the real governing equations from the discretized numerical schemes is
an important issue we should face in order to better develop and understand numerical
methods. Although, it is very helpful to use the words “implicit dissipation” to conceal
our ignorance in the understanding of dissipative mechanism in the upwinding schemes,
it also prevents us from getting a complete understanding of these schemes. In the CFD
community, there are many methods for the numerical solution of compressible flow. Do
we really find any principles or useful guidance to lead us to more reliable methods? Or,
could we have any confidence to say that this new scheme can avoid spurious solutions
instead of saying that it works for this test case? It seems that we have not had this
kind of confidence yet. One of the main purposes of this lecture is to get a better

understanding to what we are really doing in a numerical scheme.
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Figure 3.11: KFVS Solutions vs Euler solution, where At is the CFL time step.

From numerical observations, it is well-known that the KFVS and FVS schemes give
very dissipative results for the Navier-Stokes solutions[82, 124], such as in the laminar
boundary layer calculations, especially with coarse meshes. It is also observed that the
steady state flow structures from the KFVS scheme in the multidimensional case could
probably depend on the cell size. To explain this, we need a clear understanding of the
underlying physical model in the discretized KFVS scheme.

In the gas evolution stage of the KF'VS scheme, the particles can transport freely. For
example, gas in high temperature region can freely move into low temperature region
without suffering any particle collisions. As a result, the free penetration of particles
strongly and easily smears any temperature gradients and removes the possible forma-
tion of contact discontinuity waves. Similarly, the “shock” from collisionless Boltzmann
equation will also be smeared due to the free transport of particles across the “shock”
front even though the shock has self-steepening mechanism. Numerically, the contact
discontinuity waves from the KFVS scheme are still obtained, which means that the
particles are not absolutely moving freely as described in the collisionless Boltzmann
equation. The numerical particles do suffer some kind of collisions to reduce the dissipa-
tion to a lower level. In order to understand this, we need to take a careful look at the

two stages in a lst-order numerical scheme: the gas evolution stage and the projection
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stage. In the gas evolution stage, the collisionless Boltzmann equation

af  of _

is solved with the exact solution shown in Eq.(3.13). However, in the projection stage,
the flow variables are averaged inside each cell, and the averaging is based on the mass,
momentum and energy conservations. More specifically, instead of keeping the nonequi-
librium solution from the collisionless Boltzmann equation inside each cell, an equilibrium
state is constructed with the same mass, momentum and energy densities inside each
cell. The above conservative property in the projection stage makes it identical to the
dynamical effects from the collision term Q(f, f) in the Boltzmann equation, where the
local mass, momentum and energy are conserved during the course of particle collisions.
Therefore, dynamically, the projection stage is actually a physical process solving the

following equation,
fe=Q(f. ), (3.41)

to translate a non-equilibrium state to an equilibrium one. Since the particle collision
time 7 in Q(f, f) is much shorter than the time step 7 < At, the Maxwellian distribu-
tion is obtained instantaneously inside each cell. If we combine the gas evolution and

projection stages to form a uniform KFVS scheme, the real governing equation of the

KFVS scheme will be a modified “BGK” model,

?9_{ + u% = %, (3.42)
where the real physical collision time in BGK model is replaced by the time step At.
The dynamical effect from the two numerical stages in the 1st-order KFVS scheme is
qualitatively described in Fig.(3.11), where the free transport in the gas evolution stage
always evolves the system away from the Euler solution (f becomes more and more
different from the Maxwellian), the projection stage drives the system back to approach
the Euler solution (the preparation of the equilibrium state). The characteristic time
interval in the KFVS scheme is the time step.

The underlying macroscopic governing equation (3.42) for the KFVS is identical to
that from the BGK model, except the collision time 7 is replaced by the CFL time step
At. All theoretical results related to the BGK model can be applied to the above model
equation. The first and direct consequence is that the KFVS scheme satisfies the entropy
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condition. It is true that entropy-violating solutions have never been observed in the
KFVS scheme. Also, the above governing equation for the KFVS scheme tells us that

the numerical viscosity coefficient 7 in the KFVS scheme is
n = pAt, (3.43)

where p is the local pressure, and the corresponding heat conduction coefficient & is

S IV A4
K 5P (3.44)

Since the time step is related to the cell size by the CFL condition, the dissipative coeffi-
cients in the KFVS scheme will be proportional to the cell size. In regions where the flow
is smooth, we conclude that the KFVS scheme is solving the “Navier-Stokes” equations
and the dissipative coefficients are proportional to the time step. In discontinuous region,
we cannot figure out the corresponding governing equations for the macroscopic variables
from the “BGK” model of Eq.(3.42), because the standard Chapman-Enskog expansion
is only correct in smooth flow regions. Although there is uncertainty about the explicit
dissipative term in KFVS scheme for the macroscopic equations in the discontinuous
regions, the free particle transport inside each time step will equalize the particle mean
free path [ to the cell size Az. Physically, this is critically important for the robustness
of the KFVS scheme®. The numerical shock thickness (~ Az) does require that the

numerical mean free path be equal to the cell size (I ~ Ax). So, numerics and physics
match perfectly for discontinuous solutions in the KFVS scheme. Although free particle
transport makes the KFVS scheme extremely robust and provides a reasonable mecha-
nism to construct the numerical shock structure, the large mean free path also poisons
the Navier-Stokes solutions in the smooth regions, such as in laminar boundary layer

calculations.

For any numerical method, besides numerical modeling errors, there are also trun-
cation errors. For the 1st-order KFVS method, the coefficient of the leading truncation

error in solving Eq.(3.42) is also proportional to Az. So, the macroscopic equation solved

3KFVS is probably the most robust scheme. Although the Godunov method in the 1-D case satisfies
positivity, entropy condition, it can still give glitches in rarefaction waves [120] and develop odd-even
decoupling in the 2-D case. The KFVS scheme also has the entropy and positivity property, gives
much smoother rarefaction waves, and avoids carbuncle and odd-even decoupling completely. As far as
accuracy is concerned, the KFVS scheme is worse than the Godunov method in certain flow situations,
especially for the Navier-Stokes solutions. However, this weakness in the KFVS scheme can be fixed
by including particle collisions in the gas evolution stage, such as in the BGK scheme, and at the same

time, robustness can be kept.
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by the 1st-order KFVS scheme is
Wi+ F(W)y = apAxWyy + ap AxWyy,

where o, is related to the numerical modeling viscosity coeflicient in Eq.(3.43)-(3.44),
and o is the numerical discretization error in solving Eq.(3.42). For the 2nd-order KFVS
scheme, the truncation error will be reduced, and the coefficient in the numerical disper-
sive term will be proportional to (Az)?. However, the numerical modeling dissipation
from the governing equation will remain the same even though the collision time could
be reduced to one half of a time step if an intermediate stage is added inside each time
step for a 2nd order accuracy. Therefore, for a 2nd-order scheme, the real governing

equation becomes

W, + F(W), = %Axwm + an(Ar)*Wse,

where oy, is the coefficient for high order truncation terms.
Suppose we are interested in solving the Navier-Stokes equations by a 2nd-order
KFVS scheme. With an additional physical viscous term vW,,, the governing equation

changes to

W, + F(W), = %Aﬂ/[/m Wy + an(Az)* Wi,

where v is the physical viscosity which is determined by the Reynolds number. As a
result, the accuracy of the numerical solution for the Navier-Stokes equations depends
on the ratio of the physical viscosity coefficient and the numerical modeling viscosity

coefficient. With the definition,

5 — v

— T A
a,Az

if 9 is larger, i.e. with a smaller mesh size, the KF'VS scheme could give accurate Navier-
Stokes solutions, such as the case presented in the paper by Chou and Baganoff[13],
where a large number of grid points have been used for shock structure calculations.
Numerically, with such a refined mesh, we can hardly distinguish the numerical behavior
from different schemes so long as the schemes are consistent with the governing equation.
So, in some sense, the conclusion in [13] is misleading. For a reasonable mesh size, such
as a few points in the boundary layer, the KF'VS scheme could hardly give accurate
Navier-Stokes solution, because § will not be a large number anymore in this situation.

In conclusion, the physical requirement for the transition from the Boltzmann equa-

tion to the Euler equations is based on the assumption of a local equilibrium state. It is
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Figure 3.12: The gas distribution function at a cell interface for flux evaluation in the
KFVS scheme

true that, at the beginning of each time step, the gas distribution in the KFVS scheme is
a Maxwellian distribution function inside each cell, but the real gas distribution function
which is used to evaluate the numerical fluxes across the cell boundary is not Maxwellian
at all — it is composed of “two half-Maxwellians” in © > 0 and u < 0 regions separately,
see Fig.(3.12)%. This non-equilibrium distribution does not correspond to the Euler so-
lutions at all. Physically, molecules in the real gas suffer many collisions during a CFL

time step. Because of particle collisions, the flow could evolve to the equilibrium state.

3.5 Summary

In this chapter, the KFVS scheme has been introduced and analyzed. For all flux vector
splitting schemes, the drawback of poor resolution of the contact discontinuity wave and
the slip surface is due to the intrinsic free particle or wave transport dynamics in the
gas evolution stage. For example, the particles or waves in high temperature region
can easily move to the lower temperature region and eliminate the possible formation
of contact discontinuity wave. Since the laminar boundary layer can be regarded as
contact or slip regions, it gets smeared easily by using the FVS schemes. Although
the strong smearing can be much reduced with the help of the projection mechanism
(pseudo-collisions) in a numerical scheme, the intrinsic viscosity coefficient (~ Az) due

to the numerical modeling in the KFVS and FVS schemes is always there. In order to

4For the FVS scheme, the flux function F. j12 =F j+ +F; 1 does not corresponding to any equilibrium

state although the equilibrium assumption is used to decompose F; = FjJr + F;" inside each cell.
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capture the correct Navier-Stokes solutions, such as the correct boundary layer, we have
to modify the free transport mechanism in the KFVS scheme, in other words we have
to include real particle collisions in the gas evolution stage directly. However, without
using any reasonable particle collisional model, any ad hoc fixes to the FVS scheme will
eventually fail in certain flow situations[86, 35]. In the next chapter, we are going to
include particle collisions in the gas evolution stage, and this inclusion is based on the

BGK model of the Boltzmann equation.
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Chapter 4

Gas-Kinetic BGK Method

As analyzed in the last chapter, the KFVS scheme is based on the collisionless Boltzmann
equation in the gas evolution stage. Due to free transport dynamics in this stage, it
cannot properly capture the contact discontinuity wave and slip lines. The artificial
collisions with the collision time equal to the time step At help the KFVS scheme to
capture these waves. In order to include real particle collisions into the gas evolution
model to reduce over-diffusivity in the KFVS scheme, we have to use a physical model
to approximate particle collisions. In this chapter, the Bhatnagar-Gross-Krook (BGK)
model [5] will be used in the gas evolution stage to construct the numerical fluxes across

a cell interface.

Basically, the KFVS scheme can be regarded as a splitting scheme for the Boltzmann
equation, where the Boltzmann equation is solved in two steps,
of

fi +ui=— =0, in the gas evolution stage

8:101-

and
fi=Q(f, f), in the projection stage.

The over-diffusivity in the KFVS scheme is closely related to the splitting error. The gas-
kinetic BGK scheme presented in this chapter is an unsplitting scheme for the Boltzmann
equation, where the following equations are solved

of —g—1f

fi +ui— = , in the gas evolution stage

ox; T

and
fe=Q(f, f), in the projection stage.
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This chapter provides an excellent example to illustrate the importance of the unsplitting
scheme for hyperbolic conservation laws with a source term!. As analyzed in the last
chapter, the KFVS scheme does converge to the Euler solution mathematically as the
cell size and time step approach zero. However, in practical numerical calculations finite
cell size and time step are used. It is thus necessary to decouple the relation between
viscosity coefficients and time step or cell size in the KFVS scheme in the smooth flow
regions, and keep the coupling in the discontinuous regions once the numerical resolution
determined by the cell size cannot resolve the flow structure.

The development of the BGK method started in the summer of 1990[128], and the
early results were published in two papers [98, 137]. After that, the original scheme has
further been developed and simplified in [136, 135, 134]. At the same time, the BGK
method has been extended to multicomponent flow [129] and hyperbolic conservation
laws with source terms, such as the Euler equations with heat transfer [130]. Currently,
extensions of the BGK scheme to chemical reactive and multiphase flows are under inves-
tigation. In recent years, the BGK method has found its way in many applications, which
include astrophysics [127], aerodynamics [59], hydraulic engineering [32], and physical
science [63, 64]. Also, a modified BGK method has been successfully applied to incom-
pressible flow calculations [79]. Since most hyperbolic equations can be recovered by an
equivalent BGK model, the numerical techniques presented in this chapter for the Euler
and the Navier-Stokes equations can be naturally extended to other conservation laws.
In the numerical part, extensive test cases for both inviscid and viscous flow equations

are presented.

4.1 1st-order BGK Method

4.1.1 Numerical Formulation

The BGK model in the 1-D case is

forufo =21 (4.1)
T

and the compatibility condition is

// gwadudg —0, a=1,23 (4.2)

!The collision term in the BGK model can be regarded as a source term.
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where

wa = (17 u, %(UQ + 52))T'

Again, the notations d€ = d&;d&,...d¢y and €2 = & + &2 + ... + £2 have been used.

For the initial condition of two constant states around a cell interface x = 0,

fo = {m,xSO (4.3)

Gr, >0
= (1 —H(z)) + g:H(x),

and with the assumption of constant equilibrium state gg in space and time, the solution

f of the BGK model at x = 0 is?,

f=0—e")go+e " (gH(u) + g, (1~ H(u))), (4.4)

where the equilibrium state gy is constructed by applying the compatibility condition

(4.2) along the line (z = 0, 1),
//J;ooo wagOdUdf = //O:o wafo(—ut)dudg

_ / /u , Vogududs + / /u _ Vagrdude. (4.5)

The underlying physical assumption in the above equation is that the left and right
moving particles collapse at a cell interface to form an equilibrium state go.

The solution (4.4) is different from the solution based on the collisionless Boltzmann
equation. In the limit of 7 — 0, Eq.(4.4) goes to f = go, which is an exact Maxwellian
distribution function for the Euler equations at the cell interface. Physically, in this
limiting case, the use of f = gq is identical to the assumption in the Godunov method,
where an equilibrium state is always obtained at the cell interface in the construction of
flux functions from the flow variables. For 7 — oo, f is equal to fy, which recovers the
distribution function in the KFVS scheme. So, in some sense, Eq.(4.4) makes a bridge

between the KFVS (or FVS) scheme and the Godunov method. In the current 1st-order

BGK scheme, e~*/7 can be assumed to be a constant.

2For the BGK model, with the initial condition of two constant states separated at & = 0, there is
no similarity solution. This is due to the fact that a characteristic time scale 7 is involved in the BGK

equation.
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Figure 4.1: Schematic model for the gas distribution function at cell interface

The distribution function at a cell interface for the 1st-order BGK method is based

on the combination of two functions: the nonequilibrium state from the initial gas distri-

bution function fy; and the equilibrium state gy constructed from fy, see Fig.(4.1). With

the definition e/ = 1), the final distribution function f at z = 0 is
fix12 = (L =n)go + nfo. (4.6)

The positivity property for the above scheme has been analyzed in [118].
The numerical formulation for the 1st-order BGK scheme is the following:
1. Given the initial mass, momentum and energy densities {p}, pjUT', pj€}} in each cell
J, compute U and A7 for the construction of the Maxwellian distribution function gj,
Nj VKL U242
where ); is determined by

K+1 ;

4 pjej—30U7

and K =4 for vy =14.

2. Compute the numerical fluxes from fj, which are denoted as {ngﬂ/Q, F[?U,j+1/27 F;)E,jﬂﬂ}.

0
Fp7j+1/2

Fyjipe | = //u>0 uagjdudé + //u<o U gir1dudé

0
Fpe,j+1/2
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= pPj (TJ + i) erfe(— )‘JUJ) T %e JA]
T A
Ul | K43 U2 gaa) e MY
(TJ + WJ;UJ-) erfc(— )\jUj) + (Tj + 8; 7r)\j'
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j+1 K+3 . ) _ j+1 K+2 ) e e
( 4 + 8\t Uj—‘rl) erfC( )\j+1U]+1) ( 4 + 8)\j+1> \/Tr)\J+1

3. Obtain the total mass, momentum and energy densities at the cell interface from the

collapsed left and right moving particles,

Pj+1/2
Pir1/2Uj11)2

Pj+1/2€541/2

= [ | agpduds+ [ [ vagirdudg
u>0 u<0
—erfc \/7U
1 le
= p; s Ujerfe( \/>U 2
1 < v; K+1> erfe( \/’ Y

terfe(y/Aj+1Uj41)
—Xi U2
le TH175+1
erfe(y /A -z
+p]+1 ‘]+1 ( ‘7+1 ‘]+1) 2 w/ﬂ')\j+1 Y

U. . —A<+1U2
1 (%1 K+l . ) = Yikre oA
2 ( 2 + 4)\j+1> erfC( )\j+1U]+1)

R

*j

from which (p;1/2, (_]jH/Q, ;\jﬂ/g) in gy can be obtained.

4. Compute the numerical fluxes {F j+1/2’FpU,]-i—l/Q’Fple]—‘rl/Q} from the equilibrium
states gg,
1
F pJ+1/2 0o
Foyjs1y2 = //_oo U godud§
1
Fpe,j+1/2
Uji1/2
_ 72
= Pj+1/2 Uj+1/2 + QAJH/Q

[y

1773 _K+3
5Uit1e T 4>\J+1/2 UJ+1/2
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5. The final fluxes across the cell interface is

Fojt1/2 Fy i1y LSTRY:
Fovjvie | = (1—=n) FplU,jJrl/Z +1 Fp?U,jJrl/Z )
Fps,j+1/2 Fple,j+1/2 F,?e,j+1/2

where 7 is a local constant 7 € [0, 1].

4.1.2 Physical and Numerical Analysis

Remark(4.1)

For the 1st-order BGK scheme, it can be proved that the evolution process from fy
to go is a process with increase of entropy. In other words, it satisfies the H-theorem
in the gas evolution stage. With the definition of entropy (s = —kH, k is Boltzmann

constant), we have

AH = / golngoduds — / foln fodudé
= [ (90 = folngoduds + [ foingo/ fo)duds
= [ foln(go/ fo)duds
< [ folo/fo = 1)duds

= /(go — fo)dudg

= 0.

The entropy increasing property in the gas evolution stage, along with the dissipative
property in the projection stage, prevents the formation of any unphysical rarefaction

shock in the gas-kinetic BGK scheme.

Remark(4.2)

The construction of the equilibrium state gy at a cell interface is based on the as-
sumption that left and right moving particles towards a cell interface collapse totally and
instantaneously. A Maxwellian distribution function is constructed there from the total
mass, momentum and energy densities of the collapsed particles. If n = 0 is assumed,

an exact Maxwellian f = gy will be the distribution at a cell interface, and this scheme
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is called Totally Thermalized Transport (TTT) method [128]. Similar analysis has been
obtained in [84]. Inside the numerical shock layer, the TTT scheme gives an inappropri-
ate representation of the flow physics, where a non-equilibrium state is interpreted as an
equilibrium one. So, the TTT scheme will definitely fail in numerical shock regions. The
scheme with both gy and fy (n # 0,1 ) is called Partially Thermalized Transport (PTT)
method in [128]. As we will show in the next section, due to the special dissipative
nature in the 1st-order BGK scheme, the above scheme surprisingly gives oscillation-free
solutions in the slowly moving shock case. At the same time, a crisp shock transition (2
or 3 points) is captured. It is worthy to study the specific dissipative nature in the 1st-
order BGK method. This dissipation due to non-Maxwellian distribution (discontinuous
at v = 0) is unique and cannot be obtained from the Navier-Stokes type dissipations,
such as the simple introduction of a vW,, term. The method based on the blending of
equilibrium and non-equilibrium states to evaluate fluxes has been successfully extended

to inhomogeneous flow calculations|63].
Remark(4.3)

The distribution function f in Eq.(4.6) corresponds to a physically realizable state
with positive density and pressure. This can easily be proved. Since gy > 0, fo > 0
and n € [0,1], f is a strictly positive function with f > 0 for all particle velocities.
Therefore, f has a positive density and temperature at the cell interface due to the

following relations

(f ufdud§)®

T Fdudg > 0.

/ Fdude >0 / ? fdude —

However, positive density and pressure at a cell interface does not mean that the final
scheme will keep the density and pressure positive inside each cell in the next time
step. In the case of n = 1, where f is equal to the nonequilibrium distribution function
fo, the positivity has been rigorously proved in the last chapter. However, the general
proof of positivity for the BGK method is very difficult. The difficulty is mainly due
to the variation of n in a real flow situation, and an inappropriate choice of the value
1 will not keep the scheme positive. For example, the choice of f = gy with n = 0 is
only correct in smooth flow regions. In the discontinuous region, one possible way is to
estimate the range of the value 7, where the scheme could have the positivity property
by keeping a certain amount of non-equilibrium state. It is probably very difficult to

estimate this parameter 7; physically, n should depend on the strength of a shock wave.
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Numerically, we find that if the Mach number of the shock wave is less than 15, even
with n = 0, the kinetic scheme could still keep the positivity. With n = 0.01, we can
extend the Mach number up to 30 and keep the scheme positive[118]. In real numerical
simulations, in the discontinuous region, with the value of  on the order of 0.5 or even
larger, it seems that the BGK method could satisfy the positivity for any Mach number.
It has been shown recently, at least up to M = 10%, that the BGK scheme could have
positive solution[127]. Positivity is one of the essential requirements for any numerical
scheme. However, even equipped with this property, the scheme cannot be guaranteed
to be robust. In other words, a positive scheme does not necessarily mean that the
underlying dynamical basis for the numerical fluid is reasonable, such as KFVS, Lax-
Friedrichs, and even the Godunov method (more detail analysis will be given in Chapter
6). Furthermore, a positive scheme does not guarantee that the scheme could avoid
numerical instabilities to blow up the program, such as the carbuncle phenomena and

odd-even decoupling in the Godunov method.

4.1.3 Numerical Examples

In the following, we are going to apply the lst-order BGK method to a few test cases.
Example 1 (Slowly Moving Shocks): We take the following initial data [100] that
gives a Mach-3 shock moving to the right with a shock speed s = 0.1096,

3.86 1.0
Wiy = | —3.1266 if 0 <0.5; Wy=| —3.44 it 05 <z <1,
27.0913 8.4168

(4.7)
where W represents the mass, momentum and energy densities. We have used 100, 200
and 400 mesh points in the calculations with the CFL number 0.65. The parameter 7
in Eq.(4.6) is equal to 0.5. The output time is at ¢ = 0.95. The density and momentum
distributions around the shock front are shown in Fig(4.2) and Fig(4.3). From these
figures, we observe that there is a momentum spike and its peak value is independent of
mesh size (the explanation for this will be given in Chapter 6). At the same time, there

are no oscillations generated even with two or three mesh points in the shock layer.
Remark(4.4)

For a slowly moving shock, the 1st-order BGK method could give both non-oscillatory

and crisp numerical shock transition, which can hardly be obtained using any other
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upwinding or central scheme, even the original Godunov method. However, if we reduce
the number 7 in Eq.(4.6) to a much smaller number, such as n = 0.01, post-shock
oscillations will be formed. This means that the dissipation provided in f is not enough
to cope with the dissipation needed to keep a steady shock structure. This is physically
reasonable because the gas in the shock regions should stay in a highly non-equilibrium
state, and an equilibrium representation is inappropriate. Arora and Roe [2] pointed out
the oscillatory behavior of the BGK scheme in the case with a small value of n, but they
failed to mention that with a reasonable 7, the smooth shock transition and oscillation
free profile can be maintained by the 1st-order BGK method. From this test case, we can
realize the importance of keeping the non-equilibrium property in the gas distribution
function in the discontinuous region. The use of the equilibrium distribution function gq
to represent non-equilibrium physics in the numerical shock layer, such as the Godunov
and the TTT methods, will automatically lead to oscillations. The dissipative mechanism
provided by the combination of two half Maxwellians with a whole Maxwellian in the
BGK scheme is very special. The BGK method is more close to other physical models,

such as the Mott-Smith model [88] in the construction of a numerical shock structure.
Remark(4.5)

To capture the nonequilibrium property in a fluid is a tough and challenging step.
The slowly moving shock case challenges the validity of the upwinding concept in the
construction of shock capturing schemes. In order to capture a smooth and sharp numer-
ical shock structure, nonequilibrium and dissipative flow property has to be considered;
the characteristic concept lacks its physical basis here because the equations are not hy-
perbolic anymore. The real reason for the capturing of shocks in the upwinding schemes
is due to the dissipations provided in the initial condition, rather than the capturing of
wave propagation in the gas evolution stage. More analysis will be given in chapter 6.

Example 2 (Stationary Shock): We take the following initial data [53] that gives a

stationary shock,

2/3 2
Wi=1| 1/V2 if  0<05; We=| 1/V2 if 05<z<Ll
8/14 23/14

(4.8)
We also use 100,200 and 400 mesh points in this calculation. The parameter 7 is again

taking the value of 0.5. The output time is at ¢ = 2. The density and momentum
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Figure 4.2: Density distribution for Example 1 using the BGK scheme,__o__Ax = 0.01,

_ x Az =0.005and __*x__ Az = 0.0025

-3

Momentum
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Figure 4.3: Momentum distribution for Example 1 using the BGK scheme, o Az =

0.01, _x Az =0.005and __x_ Az = 0.0025
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Figure 4.4: Density distribution for Example 2 using the BGK scheme, o Ax = 0.01,

_ x__ Az =0.005and __*__ Az =0.0025

distributions around the shock front are shown in Fig(4.4) and Fig(4.5). Note that the
shock location is slightly off the center of the correct location because a small amount of
mass has been carried away initially when the shock is settling down to its final numerical
structure. In this case, we do not observe any oscillations either.

Example 3 (Strong Rarefaction Wave): The initial condition for the vacuum appari-
tion case [30] is

(1,—5,0.4) 0 <z < 100,

7U7 =
(p.U:p) { (1,5,0.4) 100 < 2 < 200.

The CFL number is 0.65 and 200 grid points are used. It is observed numerically that
the BGK method with both 7 =1 and 1 = 0 can keep the density and pressure positive
in this case. As a result, the whole scheme is positive for any value of n € [0,1] in this
case [118]. With n = 0, the numerical results for density, velocity and pressure at t = 10
are shown in Fig.(4.6). Even with p ~ 107!, the internal energy is still positive in our
calculations. Note that conservative variables are used in the BGK method, the pressure
is a passive quantity derived from conservative variables. This test case is an extreme

case for a strong expansion wave.
Remark(4.6)

It is commonly true that we can use special test cases to validate or test different
schemes. However, before we set up a special test case, we should realize clearly the

applicability of the original equations we are trying to solve. It is rather pointless to
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Momentum
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o Ax =

Figure 4.5: Momentum distribution for Example 2 using the BGK scheme,
0.01, —x Az =0.005and __*x_ Az = 0.0025

set up more and more stronger expansion waves in order to prove the advantage of any
specific flow solver. As we know, as p — 0, the flow motion can only be described by
rarefied gas dynamics, such as the collisionless Boltzmann equation or the BGK model.
The Euler and Navier-Stokes equations give inappropriate description here. So, it is
not surprising that gas-kinetic schemes are much more robust for rarefaction wave than
any other shock capturing scheme based on the inviscid Euler or viscous Navier-Stokes

equations.

4.2 2nd-order BGK Method in 1-D Case

A numerical scheme basically solves an IVP locally. Therefore, we need to know both
the initial condition and the governing equations. The reconstruction stage is a process
to prepare the initial data, and the gas evolution stage is a process to get the solution

of the governing equations under this initial condition.

4.2.1 Initial Reconstruction

For a high resolution scheme, reconstruction techniques are used to interpolate the cell
averaged mass, momentum and energy densities. Simple polynomial expansion usually
generates spurious overshoot and undershoot, or even oscillations if large variations in
data are present initially. The most successful and reliable interpolation techniques

known so far is the TVD principle[39], and this concept can be dated back to Boris and
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Figure 4.6: Strong expansion wave case using lst-order BGK method

Book [7].
For the BGK method, the reconstruction techniques are applied to the conservative

variables directly. Let z; = jh (j = 0,1,2,...) be a uniform mesh and h the mesh size.
Let z;, 1= (j+ %)h be the interface between cells j and j + 1. The cell averaged mass,
momentum and energy densities are denoted by W}, and its interpolated value in cell
j is W;(x), where Wj(z;_1/2) and Wj(z;41/2) are two pointwise values in cell j at the
locations x;_1/5 and x;1/5. To second order accuracy, the interpolated value in the j-th

cell can be formally written as

Wj(x) = Wi+ L(sjy, s;-)(x — ;) for x40 <2 <xjpp,
where all standard nonlinear limiters can be used in the construction of L(s;4,s;_). For
example, with s;, = (W;11 — W;)/h and s;_ = (W; — W;_1)/h, the MUSCL limiter is

1
L(sj+,85-) = S(sj+, si-)min(Glsje + s5-[, 20554, 2|s;-]),

and the van Leer limiter stands for

2s;4|]s;-]

L(5j+73j—) = S(3j+a Sj—)m,
J J—
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where S(sj+,s;_) is the sign function. These two limiters are commonly used in flow
calculations for the BGK scheme. After data reconstruction, the flow variables at the

two end points z;_/ and ;12 in the cell 7 become

1 - 1
Wj(l‘j_l/g) = Wj — §hL(Sj+, Sj_) and Wj(Ij+1/2) = Wj + §hL<Sj+, Sj_).

At the same time, to the second order of accuracy, the value of the reconstructed W at

cell center x; is equal to the cell averaged initial value, such that W;(z;) = W;.

4.2.2 The Gas Evolution Stage

For 1-D gas flow, the BGK model is

forufo=9"7, (4.9)

T

where both f and ¢ are functions of space x, time t, particle velocity u and internal
variable £&. Due to the mass, momentum and energy conservations in the process of

particle collisions, f and g satisfy the compatibility condition,

// 9=Fya=—o, a=123, (4.10)
-

where d= = dud§ and

o = (1,u,%(u2+§2))T. (4.11)

Physically, the particle collision time 7 depends on the local macroscopic flow variables,
such as temperature and density. However, due to the finite cell size and time step,
the particle collision time used in the calculation will also include an artificial term to

account for the fact that the smallest numerical shock thickness is the cell size instead

of the physical shock thickness. In other words, in the discontinuous shock region, the
mean free path for the numerical fluid should be at least on the same scale as the cell

size.

For the BGK model, the equivalent integral solution of f at the cell interface x;41/2

and time ¢ is [62],
Lot (=t gy | —t)T
f(xj+1/27 ta u, 5) = ;/O g(ﬂ? 7t y Uy f)e dt’ +e fO(xj+1/2 - ut)a (412)
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a9,

Figure 4.7: Initial condition for the 2nd-order BGK method

where @' = ;1172 — u(t — t') is the trajectory of a particle motion, f; is the real gas
distribution function f at the beginning of each time step (¢t = 0), and g is the corre-
sponding equilibrium state in space and time around the point (z;11/2,¢t = 0). Both g
and fp must be specified in Eq.(4.12) in order to obtain the solution f.

For the second-order scheme, fo and g around the cell interface x;, /2 are constructed

as

fo = {91 (1 + az($ - $j+1/2)) , < Tj+1/2, (4'13)

9r (1 +a,(z — xj+1/2))7 T 2 Tji1/2,

and

9=00 (14 (1 = H(z — zj410))a(x — 2j010) + H(w — 2141 2)a, (¢ — 25410) + At ),
(4.14)
where ¢, g, and gy are local Maxwellian distribution functions located to the left, to the
right and in the middle of a cell interface, a;, a,, a; and a, the corresponding slopes, and

H(z) the Heaviside function. The schematic description of the initial data for both f

and g are shown in Fig.(4.7). The dependence of a;, a,, ..., A on the particle velocities is

obtained from the Taylor expansion of a Maxwellian and have the form

1
a; = ay + agu + agzi(zf + &) = ag¥a,

1
ar = A1y + G2,:U + a3r§(u2 + 52) - aarwom
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1
fy = Gyy + Aoyt + d3r§(u2 + &%) = Gartha,

_ _ _ 1 N
a = ay + ayu + agzi(uQ + &%) = G,

A=A+ A+ A%(vﬁ + &%) = Ata,

where all coefficients ay;, ay, ..., As are local constants. The idea of interpolating fo
separately in the regions x < 41/, and > w41/, originates from the following physical
consideration: for a non-equilibrium gas flow, since the cell size is usually much larger
than the thickness of a discontinuity, physical quantities can change dramatically in
space. For example, across a shock front, the upstream and downstream gas distribution
functions could be two different Maxwellians. Therefore, we need the splitting of f, to

capture this possible physical reality.

In the reconstruction stage described in Section(4.2.1), we have obtained p;(x), p;U ()

and Pi€; (x) in each cell z;_; /2 <@ < wj41/2. The left and right side pointwise values at

the cell interface x4/, are

(ﬁj(l’jﬂ/z) ; ﬁj+1(33j+1/2))a

(ﬁjUj(xj—O—l/Q) s ﬁj+1ﬁj+1(xj+1/2)>a

(ﬁjgj(xj-‘rl/Q) ; ﬁj+15j+1($j+1/2))-

By using the relation between the gas distribution function f; and the macroscopic

variables, we get

] pi(x41/2) =5 )
pj('rj-i-l/?) : J+1A/2x_ —

—_ _ —_ 5:U (. —p:U (z;
/¢agld: — ijj($j+1/2) : /¢aalgld: — Pj ]( J+1A/2)7 Pj ,7( )

X
P;€;(Tj41/2)—P;€;(x5)

pjej(xj+1/2) =
and
F (37 ) Pi+1(j+1)—Pj+1(Tj41/2)
j+1(Lj+1/2 - Azt
== | ...0 . d= — Pi+1U, 1 (@541) =P 11U 4 (T541/2)
VYagrd= = | pj+1 j+1(xj+1/2) ) Yatrgrd= = At )
= = , Pi+1€,4 1 (Zj41)—Pj+1€, 1 (T541/2)
PJ+1€J-+1(IJ+1/2) : o
(4.15)
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where Ax™ = x;41/2—x; and Azt = 211 —x;41/2. With the definition of the Maxwellian

distribution functions

K+1
2

9= Pl(ﬁ) e N HED
T )
K1
g = pr(20) T et
™

and from Eq.(4.15), all parameters in g; and g, can be uniquely determined, for example

I Pi(@js1/2)

U | = Uj(@j41/2)
(K4+1)pj(zj41/2)
4(pje; (xj+1/2)*%ﬁjU§($j+1/2))

and

Pr Pi+1(Tj1/2)

U | = Ujt1(Tjt1/2)
(K+1)pj41(2j41/2)
4(py1€, 4 (@j41/2) =3P 4102 (2141 )2))

On the right hand side of a cell interface, once g, is obtained from the above equations,

the slope a, can be computed from

| 5j+1($j+1);£i+1§jj+1/2) 1 (8_5)7" a,
L ettt | - Ll @by |y, | @)
Pr ﬁj+1€j+1(fﬂj+1)A—:i'+1€j+1($j+1/2) Pr (8(81;6))7« as,
where the matrix M/ ; = pir J ¥a39-d= has the form
1 U, 5 (U7 + 5
ro_ 2 1 1773 , (K4+3)Ur
&B — Ur UT’ + R i(Ur + 2 )
(

K+3)U, K+43)U? K2 +4K
207+ ) (U7 + ) (0 T+ B

r

From Eq.(4.16), (a1,, as,, as.)? can readily be obtained,

4N2 Oe ., ou .,
g = o (2(0) =20,
ou.. U,
Aoy = 2)\r((%) - RQST)a
1 ,0p U? K+1
_ = (YP\r Y e e 4.1
a1r pr(ax) Ura27“ ( 2 + 4>\r )a'3ra ( 7)



where

G = (5 ey,
(o) = (O - Jwz+ T ENEEN.

On the left hand side, since the matrix Méﬂ = % J ¥Yasqid= has the same structure as

M5, (ay, az, ag)” can be obtained similarly.

After determining fj, the corresponding values of pg, Uy and \g in go

K+1

90 = Po(&)T e~ 20((u=To)*+¢%)
T

can be determined as follows. Taking the limit ¢ — 0 in Eq.(4.12) and substituting its
solution into Eq.(4.10) yield

//gowadE:/ >O/wagzd5+/ <0/1/1agrdE, a=1,23 (4.18)

Since Ay in gg can be found from py, poUy and poey through the relation

Yo = (K + Do/ (4puco — 5000%),

we only need to know (po, poUs, po€o)”, which can be expressed as moments of g; and g,.

By introducing the notation

< zso= [ [
u>0

pr < ... ><o=/ /(.-')gv«dEa
u<0

Eq.(4.18) is equivalent to

Po pr < u’ >s0+p <u’ >
poly | = o< ul >o0+p, <ul > : (4.19)
Po€o 1/2(pl < U2 + 52 >0 _'_pr < U2 + 52 ><0)

A complete table of moments of the Maxwellian is included in Appendix B. After ob-
taining go, @; and a, of g in Eq.(4.14) can be found through the relation

pit1(Fj1)=po

1 _ Azt alr
pi+1U 1 (@iv1)—polo | 370 | -
e ’ Azt - Ma/@ Qr |
PO\ piiae, (@) —poco a
N 3r
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and

po—pj(x;) _

1 Az~ ay

polo—p;U;(zj) | 70 |

ol me | = Mag| Gz

0\ poco—pje;(z;) =
x

The matrix Mgﬁ = pio J Yapgod= has the same structure as M/ 5, which is

1 Uo (U5 + 1;;01)
_ K+3)U
MO, = U U3 + 55 LU + E)
K+3)U, K+3)U? K24+4K+3
LU +58) LU+ U L 4 UE90E  UCHI))

Therefore, (ay,,as,, as,) and (a@y, o, dz)7 can be obtained by following the procedure
in Eq.(4.17).

Up to this point, we have obtained the initial gas distribution function f, and the
corresponding equilibrium state gy at the cell interface x;1,/5. At the same time, all
spatial slopes in the expression of fy and g, i.e. a;, a, and a,, a,, are determined from the
slopes of the reconstructed macroscopic variables (see Fig.(4.7)). For the Navier-Stokes
solutions, the slopes of @; and a, are related to the the viscosity and heat conduction
effects [137], and the validation of the Navier-Stokes solutions from the BGK scheme
will be presented in the numerical part. After substituting Eq.(4.13) and Eq.(4.14) into

Eq.(4.12), the final gas distribution function at a cell interface can be expressed as
f(@jpr0,t,u,§) = (1— 6_t/T)go
+ (T(=1 477 + te™7) (@H(u) + ar(1 — H(u))) ugy
+7(t)T — 14+ e ) Ag,

+e 7 ((1 — uta))H(u) g, + (1 — uta,)(1 — H(u))g,).  (4.20)

The only unknown term in the above equation is A. Since both f (Eq.(4.20)) and g
(Eq.(4.14)) contain the common A, applying the compatibility constraint at z;1,, and

integrating it over the whole time step At yield

/()At (g = Fadtdz =0,

which gives

WosAs = = [ Do+ (@Hlu] + (1~ HluD) g0

70



+ 3 (Hulg: + (1 — H[u])g,)

+  yau (qH[u]g + a.(1 — Hlu))g,)] o d=, (4.21)
where
Yo = At—71(1—e BT,
1= (=),
Yo = (—At +27(1 — e A7) — Ate‘At/T) /7o,
v = (L=e 7)),
o= (At — (1= e A7) /50, (4.22)

All moments of the Maxwellian on the right hand side of Eq.(4.21) can be obtained from

the table in Appendix B and (A}, Ay, A3)T can subsequently be evaluated.

Finally, the time-dependent numerical fluxes across the cell interface can be computed

as
F, 1
Four = /u u f(@jq1/2,t,u,§)d=, (4.23)
Foe ) 172 s(u? +¢2)

where f(xj41/2,t,u,§) is given in Eq.(4.20). By integrating the above equation for a
whole time step, we get the total mass, momentum and energy transport. These fluxes
satisfy the consistency condition of F(U,U) = F(U) for a homogeneous uniform flow,

where F(U) are the corresponding Euler fluxes.

4.3 2-D BGK Method

In the 2-Dimensional case, the BGK scheme is designed to solve the following the 2-D

compressible Navier-Stokes equations in smooth regions:

p pU pV 0 0

U U? + v S1x s
S IR B T T (4.24)
pV pUV pVe+0p S9g S2y

pe )y Npe+p)U/, Nlpe+p)V/, \ss/, \s3/,

where
ou 20U oV

S1p = TP[QE - g(% + a—y)L
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ou oV

8—y+%)’

S1y = Tp(

ov  oU
Sz = Tp(% + a—y)7

ov. 20U oV
52 = P25 — =

ay 5(8—x + 8—y)]’

saa = TPV + V(G + 50 = UG+ 50+ 12 ()
S3y = rp[U(g—Z + g—‘;) + QV%—Z — %V(g—g + %—Z) + Za%(%)].
The BGK model in the 2-D case is
foruftofy =27,
and the compatibility condition is
// g%dz —0, a=1,2,3,4, (4.25)
where d= = dudvd and
Yo = (1,u,v, %(uQ + 0?4+ £%)". (4.26)

In order to use the BGK model to obtain the time dependent gas distribution function
f, we need to reconstruct the initial conditions for both f and g at the beginning of each
time step, and the construction depends on the initial distribution of the macroscopic
variables. From the cell averaged mass, momentum and energy densities, we can recon-
struct the initial data in each cell (4, j) using nonlinear limiters. For example, in the 2-D
case, for the cell (4, j), the cell center is at (z;;,v; ;) and cell averaged flow variables are

W, ;. After reconstruction, the flow distribution in this cell can be written as

Wi (@, y) = Wij + Lo (W, W)(x — 23 5) + Ly(W, W) (y — i),

where W, ; is the cell averaged initial data, and L,(W, W), L, (W, W) the nonlinear lim-

iters, such that

L(W,W) =1L <I/I/’L'+1,j —Wi; Wi, — VVil,j)

)
Titlyj = Tig  Tijg = Li-ly
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and

Wiiih — Wi Wii— Wi,

,J+1 7, i, 3,7—1

L,W,W)=L, J 2 J :
LTij+1 = Lij  Tig = Lij—1

From the above initial condition, in the gas evolution stage, the BGK scheme could
generate “waves” moving in any direction, not necessarily parallel to the cell interface.
In other words, the time evolution of f takes into account both gradients of flow variables
in the = and y directions. Basically, the BGK method provides a multidimensional gas
evolution scheme, it is different from directional splitting schemes, where Eq.(4.24) is

solved in two parts, i.e.

Wi+ FW), =5,

in z-direction and
W, +GW), =8,
in the y-direction.
Let’s define the center of the cell boundary between cells (i,7) and (i 4+ 1,7) as
(Tiv1/2,5, Yir1/2,5)- For simplicity, (@iy1/2; = 0,¥it1/2; = 0) is assumed. In order to
evaluate the fluxes across the cell interface between (7, 5) and (i + 1, 7), the initial gas

distribution function fy can be constructed as

al+aqx+by), x<0
f(](xay70> {

g-(1+ax+by), >0

= g1+ qx+by)(1 —H(z)) + g-(1 + a,z + by)H(z), (4.27)

where ¢g; and g, are local Maxwellians at the left and right sides of the cell interface, and

have the general forms

()22 MU0 0=V e)

g = pi
T
and
)\T’ — u— 2 v— 24¢2
gy = pr(?)(KH)/Qe Ar((u=Ur)"+(v=V7)"+€7)

The terms a;, by, a, and b, in Eq.(4.27) are from the Taylor expansion of a Maxwellian

and have the form
1
a; = ay + axu + azv + a4l§(u2 +0* + &%),
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1
by = by + byu + byv + b4l§(u2 +0* + &),

1
ay = 1, + QU + as,v + a4r§(u2 + 0% 4 €2),

1
b, = by, + bo,yu + b3, v + 19475(u2 + 0% 4 £2).

With the relation between macroscopic variables and microscopic gas distribution func-

tion,
W= / Yo fodZ,

both g; and g, as well as their slopes in Eq.(4.27) can be obtained from the reconstructed
initial data in cells (7, j) and (41, j). For example, in cell (¢, 7), with the reconstructed
data Wi (z,y) = Wi; + Lo(x — x;;) + L,(y — vi;), we can obtain g, first from the
macroscopic variable I/T/” (a:iH/Q’j, yiH/QJ). At the same time, a; and b; can be obtained

using the relations

(9p/ 0’

11| eeuyen | 1 I

o= | oy | = ] HemadE =0 (4.28)
(8(pe) /0)

and

(Op/0y)’ by

11| eeuyey| 1 b

o= o [ @ovyyony | = ] Voo =] (4:29)
(0(pe)/0y)! ba

The matrix M; = %fzﬁa@/)/ggldE is a function of the parameters (U, V;, \;) in g;, which

has the form

1 U, Vi B,

U UZ+1/2\ UV, Bs

Vi UV V2+1/2N Bs |’
By B, B; B,

M, = (4.30)

where
1
B, = §(Uf + V2 + (K +2)/2\),

1
By = 5(Ul3 + VAU + (K + 4)U /2N,
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1
By = 5 (VP + UMV + (K +4)Vi/2\)

and

Bi= ((UF+ V) + (K + (U2 + V) /M + (K + 6K +8)/4)7) .

A~ =

The above symmetric matrix can be easily inverted, and the solutions for a; and a, in

Eq.(4.28) can be expressed as

4)? 0 oU oV
n = oty (250~ 20 - G ).

K +2 Ox 0 Ox
as; = 2\ <(aa—‘;)l - zl)ilazu) ;
ag = 2\ <(‘Z_Z)l %%) :
u = %(%)l — Uiagy — Viag, — 5 <U12 + V72 + %ll) Qar,

where

Pi
G =2 (S - w2y ).

(o= ( Nedy v+ B 2)(%) |

If 9/0x is changed to 0/0y in the above equations, the parameters in by, i.e. (b1, by, b3y, bay)
in Eq.(4.29) can be obtained. Based on the similar equations, ¢,, a, and b, in the initial
gas distribution function fy (Eq.(4.27)) at the right hand side of the cell interface can
be obtained. Therefore, all terms for the initial gas distribution function f; have been
obtained explicitly from the reconstructed macroscopic initial data.

The equilibrium state g around the cell interface (x = 0,y = 0) is assumed to be

g(z,y,t) = go(1 + az(1 — H(x)) + a,aH(z) + by + At). (4.31)
where
g0 = po(20) 58 e Nallu-Un+ =107
T
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1
Gy = g+ g+ v + g (u® +0° 4 67),
1
Gy = 1y + Aoyl + G300 + Ez4r§(u2 +v® + &2),
|
b:bl+b2u+bgv+b4§(u2+v2+§2),

and
- - - - -1
A = Al —+ AQU + AgU + A4§(u2 + U2 + €2>

Similar to the 1-D case, at time ¢t = 0, go can be obtained from g; and g, of fy using the

compatibility condition,
[tagod= = [ [vogaz+ [ [ vaguz.
u>0 u<0

More specifically, with the definitions

[ oz n
u>0

and
/<o /(...)gd: =p < ... >uc0,
u
we have
Po < u®’ >0
W — polo | ’ <ul® >
0= =
po‘/o < U0U1 >0
Po€o 1/2(< u?0? > + < u®0? >50 + < uPv%€2 >.)
< UOUO ><0
1,0
< uv >
+ oo <0 (4.32)
0,1
< U ><0

1/2(< w0 > + < uv? > + < w0 >_)

Once Wy = (po, poUu, poVo, po€o) is obtained, gg is totally determined. For example, \g

can be expressed as

A __»l(—F2 £o
’ 4 poeo — 5p0(U3 + V@)
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Now, connecting Wy at the cell interface to values W; j(z; ;,y: ;) and Wiy ;(Tis1 i, Yir1;)
in the x-direction, we can get the slopes of the macroscopic variables on both sides of
the cell interface, from which @; and a, terms in Eq.(4.31) can be obtained by using the
similar techniques of obtaining a; and a, terms in fy. In the y-direction at x = 0 and

t = 0, the term b in Eq.(4.31) can be obtained from the following compatibility condition,

a [—
oy | nlo = )iz =0

As a result, it gives

by
1 o0 - 7)2
- Wbgodz = M|
P _001/1 9o 8 b
by

1
= ([ [vabgdz+ [ [vubegeiz),
Po u>0 u<0

(4.33)

where the matrix

1 _
M = — [ atugod=
Po

has the same structure as M; in Eq.(4.30). So, (by, by, b3, bs) can be obtained similarly.
Substituting both fy in Eq.(4.27) and ¢ in Eq.(4.31) into the integral solution of the
BGK model, we have

1

¢ ’
f(xiJrl/Q,ja Yi+1/2,5, t,u,v, 5) = ; /0 g(x’, y/’ tl, u, £>ef(t7t )/Tdt/

e T fo(@ipryay — ut, Yirrjoy — vt),  (4.34)
where @' = 21170 —u(t —t') and y = y;41/2; — v(t — ') are the trajectory of a particle
motion. With the definition (z;41/2; = 0,¥i41/2; = 0), f goes to

£0,0,t) = (1—e"T)go
+(r(=14 &™) + 177 (@H(u) + a,(1 — H(u)))u + bv) go
+r(t)T —1+e M) Agy
+e7 7 (1 — uta; — vth))H(u)g, + (1 — uta, — vtb,)(1 — H(u))g,) -
(4.35)
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The only unknown in the above equation is A, which can be obtained by using the

compatibility condition at (x = 0,y = 0) in whole time step At¢, namely
1

//(]At Z (g(O, O>t) - f(0> 0>t))dtd: = U. (436)
Lu?+ 02+ €?)

The above equation gives

Mggflg = i/ [fylgo + 7 (u (@H[u] + a,(1 — H[u])) + l_)v) 9o

+ 73 (H[ulg: + (1 — H[u])g,)

+ v ((qu + bo)H[ug, + (a,u + bv)(1 — Hlu))g,)] ad=, (4.37)

and flg = (fll, Ay, As, /_14)T can be obtained from the above equation. The parameters
(70, 71572, 3, 7a) have the same values as those presented in Eq.(4.22). From the above
analysis, we can observe the close relation between the 1-D and the 2-D BGK schemes.
Basically, there is not much difference from the 1-D to the 3-D cases in the current BGK
formulation.

Once the explicit gas distribution function f(0,0,¢) in Eq.(4.35) at the center of a
cell interface is obtained, the mass, momentum and energy transports in a time step At

across the boundary can be evaluated. The time dependent numerical flux functions are

F, 1
F
U - /u " £(0,0,1)d=.
FpV v
Fpe /i1y a(u? + 0% +£%)

Note that f(0,0,¢) gives the time-dependent particle distribution function at a cell in-
terface, the corresponding macroscopic variables are not necessarily propagating in the
z-direction. The 9/9y effects are explicitly included in f through the b;, b, and b terms.
For the fluxes across the cell interface between cells (7, j) and (7, j+ 1), similar techniques

can be developed.

4.4 Numerical Analysis

One of the obvious improvement of the BGK scheme over the KFVS scheme is the

inclusion of particle collisions in the gas evolution stage. Due to this fact, the BGK
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scheme has much less numerical dissipation than the KFVS method.
Remark(4.7)

Eq.(4.35) gives explicitly the time-dependent gas distribution function f at the cell
boundary. In order to understand this formulation, several limiting cases will be dis-

cussed below.

In the hydrodynamic limit of 7 << At and in a smooth region, such as
G=9=go, @w=0a,=0a=>a=a, and b =>b =Db,
to first order in 7, Eq.(4.35) goes to
f=go(1 —7(ua + vb) + (t — 7)A). (4.38)

In this case, Eq.(4.37) for the determination of A is reduced to[128],

/@Z)a/_lgodudvdf = —/wa(u& + vb) godudvde. (4.39)

Substituting Eq.(4.38) into the definition of the stress tensor,

Oij = — /(Uz — U;)(u; — Uj) fdudvdg,
we can get the shear stress. For example, o,, from f in Eq.(4.38) becomes

ou oV
Opy = Tp(@—y + %)’

where 7p corresponds to the dynamic viscosity coefficient and p is the local pressure.
Therefore, in the smooth region, the current scheme can give the Navier-Stokes solution
once the initial condition of OU /dy and 0V /Ox are properly reconstructed. The current
scheme in the 2-D case is different from directional splitting methods, where all terms,
such as OU /0y and 0V /Ox, are included in the final flux formulation through the terms
a and b.
Remark(4.8)

In the limit of 7 — oo, the solution of the gas distribution function f in Eq.(4.35)

reduces to

fo=Jolw—ut,y—wvt)

= (1 —uaqt —vbt)H(u)g + (1 — ua,t — vb,t)(1 — H(u))g,.
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This is precisely the 2-D KFVS scheme in the last chapter. As analyzed before, the
two “half” Maxwellians are important for the robustness of the scheme in discontinuous

regions.
Remark(4.9)

Similar to any hybrid scheme, the full BGK scheme presented in Eq.(4.35) can be sim-
plified. For example, as presented in [134], for the Navier-Stokes solution the distribution

function at a cell interface can be constructed as

fo= g (1+At—7) - r(uaH(u) + ua,(1 - H(w)) + vb))

+L(.)(fo — 90),

where A is obtained from
/ b Agodudvde = — / Yo (u(@H(u) + a,(1 — H(u))) + vb) godudvde,

and L(.) is an adaptive limiter to control the numerical dissipation. Similar method has

been successfully extended and applied to inhomogeneous flow calculations [63].
Remark(4.10).

From gas-kinetic theory, the collision time should depend on macroscopic flow vari-
ables, such as density and temperature. For Euler calculations, as a common practice

the collision time 7 is composed of two parts,
T = C1At + AtMin(1, C) (4.40)

where

|/0l//\l - pr/)‘T|
’pl/)‘l + pr/)‘r’ ’

C:CQ

and At is the CFL time step®. For the Navier-Stokes solution, the collision time will be

chosen according to the real physical viscosity coefficient v, such that

vp
T=—

p

3For the KFVS scheme, there is only one particle collision in each time step. For the BGK method, if
C7 = 0.01, there will be 100 collisions in the smooth flow regions, which means that the artificial viscosity
coefficient in the BGK method is reduced to 1/100 of the value in the KFVS scheme. Mathematically, we

can also change C1 At to C} (At)? in order to show that the scheme has a consistent second order accuracy.
Numerically, it does not make any differences because C; and C; can be two different constants.
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where p and p are local density and pressure. In Eq.(4.40), the first term on the right
hand side gives a limiting threshold for the collision time to avoid the blowing up the

—AY7 it also provides a background

program, such as the evaluations of At/7 and e
dissipation for the numerical fluid. The second term is related to the pressure jump in
the reconstructed initial data, which introduces additional artificial dissipation if high
pressure gradients are present in the fluid. For the Euler calculations, since the mesh
size is not small enough to resolve the physical discontinuity, artificial dissipation has
to be added to expand the thickness of the discontinuity to a few cell sizes. For shock
tube test cases, numerical results are not sensitive to the choices of the values of C; and
Cy. For example, ' can take the values from 0.01 to 0.1, the numerical results will be
equally good. In the test cases in the next section, C; = 0.05 and Cy = 5 are usually
used. Numerically, the additional term in the collision time can be considered as a limiter
imposed in the temporal domain for higher order time evolution model, which is similar
to the conventional limiter imposed in the spatial domain in the reconstruction stage.
For the Godunov method, since the flux function in the Riemann solver is independent
of time, the temporal limiter is not needed for the 1st-order gas evolution model. The
concept of limiters needs to be extended to both space and time if a numerical scheme
couples them and has a uniformly high order of accuracy. The obvious advantage of
the BGK-type scheme is the explicit dissipative mechanism, which avoids the ambiguity
of implicit viscosities in other upwinding flux constructions, such as AUSM, HLLE and
CUSP([75, 18, 49]. Also, it is very unlikely that an excellent scheme can be developed
which is robust, accurate and free of any tunable parameters. Fluid in the smooth and
discontinuous regions have totally different dynamical behaviors, even have different gov-
erning equations. Starting from a fixed governing equations, such as the Euler equations,
it is impossible to describe the flow motion correctly in all situations. For example, the
Godunov method has no tunable free parameter, but it treats the shock region with
equilibrium states and this mal-representation triggers instabilities, such as carbuncle
phenomena and odd-even decoupling. The detail analysis is given in chapter 6. The

BGK scheme can describe the numerical fluid in both the smooth and discontinuous

regions by the variation of the collision time. The change of collision time is numerically

necessary and physically reasonable.

Remark(4.11).
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For a two dimensional flow, the linearized form of the Navier-Stokes equations is
Wy, + AW, + BW, = S.

It is well known that the difficulties in the development of multidimensional upwind
schemes for the Navier-Stokes equations is due to the fact that the matrices A and B do
not commute: [A, B] = AB — BA # 0. Physically, it means that an infinite number of
waves will be present in the flow. Therefore, the necessity of wave modeling follows [21].

However, for the BGK model

fetufe +ofy=1(9— 1)/,

the particle velocities are independent variables and the non-commuting difficulty is
eliminated. Thus, in the BGK scheme, particles can move in all directions. Theoretically,
it is exactly a multidimensional gas evolution model.

The BGK scheme can be simplified to become a directional splitting scheme. Every-
thing we need to do here is to delete all terms related b, b,,b in both f, and g in the
construction of the 2-D BGK fluxes.

Remark(4.12).

The full Boltzmann scheme gives time-dependent fluxes, which may handicap the
convergence of the scheme to a steady state. Thus, for steady state calculations, the
relaxation process must be simplified in order to yield time independent numerical fluxes.
The easiest way to achieve this is to keep only the pointwise values and ignore all high-
order spatial and temporal slopes in the expansion of f and g. Similar to the JST scheme

[50], we can write the BGK solution as

f =90+ 6(2)(f0 — 90), (4.41)

where €? is the adaptive coefficient to control the dissipation in the scheme.
Remark(4.13).

The BGK model only recovers the Navier-Stokes equations with a fixed Prandtl
number, which is Pr = 1. In order to simulate flows with arbitrary Prandtl number, we
have to modify either the viscosity or heat conductivity coefficients. Since the explicit
form of the gas distribution function f at the cell interface has been obtained, according

to Eq.(2.17) the heat conducting flux can be evaluated. As a simple way, we can fix the

Prandtl number by changing this term when we evaluate the energy flux in Eq.(5.40)*.

4For thermal boundary layers, perfect numerical solutions from the BGK method have been obtained
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Figure 4.8: Burgers’ equation with sine wave
4.5 Numerical Experiments

The BGK scheme has been applied to many test cases ranging from a simple advection-
diffusion equation to unsteady hypersonic flow computations. In all test cases, entropy-
violating solutions have never been obtained from the BGK method. Unless otherwise
stated, in all of the numerical examples reported here, v = 1.4 and the van Leer limiter

is used for the construction of conservative variables inside each numerical cell.

4.5.1 Inviscid Flows

Case(1) Burgers’ Equation

In the case of Burgers’ equation, two different initial profiles, e.g. a sine wave and a
stair wave, are tested. The formation and propagation of discontinuities are compared
with the analytical solutions at two different times for each test case (Fig.(4.8)-(4.11)).

Judging from the comparison ([42, 138]), one may confirm the higher resolution property

of the BGK scheme.
Case(2) Shallow Water Equations

The initial condition in the 1-D case for the shallow water equation is
(Pl = 10, Ul = O-O)|x<0.5 and (,07« = 0125, U,« = 0-0)|m20.5-

The simulation results with 200 grid points at time 7' = 0.3 are shown in Fig.(4.12),

for different Prandtl numbers by C. Kim.
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Figure 4.9: Burgers’ equation with sine wave
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Figure 4.10: Burgers’ equation in stair case
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Figure 4.11: Burgers’ equation in stair case

where the solid line is the exact solution. From this test case, we observe that the BGK
scheme gives accurate results in both discontinuous and smooth regions. In the 2-D case,
we simulate the break-down of the dam of a reservoir, where the initial water surface
height inside the reservoir is 1.0 and outside is 0.2. The simulation result is shown in

Fig.(4.13) for the water height distribution after the dam-break.

Case(3) 1-D Shock Tube Problems

Sjogreen Test Case

The Sjogreen test case is given in the paper by Einfeldt et. al. [26]. In that paper, the
authors analyzed the weakness of non-positive conservative schemes for the simulation of
flows with large kinetic energy. They showed that no scheme whose interface flux derived
from a linearized Riemann solution could be positively conservative. For example, some
well-known schemes may fail to reproduce correctly the strong expansion profiles. The
results from the BGK scheme are shown in Fig.(4.14). The ability to handle strong
rarefaction wave is one of the advantages of gas-kinetic schemes.
Sod, Lax-Harten, Blast Wave and Shu-Osher Test Cases

The results for the Sod, Lax-Harten, Blast wave and Shu-Osher test cases are shown
in Fig.(4.15)-(4.18). The simulation results of Shu-Osher case can be improved if 4th-
order ENO techniques are used for the initial reconstruction at the beginning of each
time step [135], but the robustness of the scheme is not as good as the current BGK

scheme with van Leer or MUSCL limiters.
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Figure 4.12: Shock tube test case with 200 grid points for shallow water equations

Figure 4.13: 2-D dam-break problem with 50 x 100 mesh points
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Figure 4.16: Lax-Harten case with MUSCL limiter (100 cells)
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Figure 4.17: Blast-Wave case with MUSCL limiter (400 cells). The solid line is obtained
from 800 mesh points and BGK method
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Figure 4.18: Shu-Osher case with MUSCL limiter (400 cells)

Case(4) 2-D Flow Problems
Forward Facing Step with Mach 3

The forward-facing step test is carried out on a uniform mesh with 240 x 80 cells. The
computed density and pressure distributions are presented in Fig.(4.19). Notice that the
BGK scheme does not require any special treatment at the corner, and does not produce

“dog-leg” around the corner.

Double Mach Reflection

The double Mach reflection problem is calculated on a computational domain with
360 x 120 cells. The problem is set up by driving a strong shock down a tube which
contains a wedge. The computed density and pressure distributions after the collision
between the shock and the wedge are shown in Fig.(4.20). The kinked Mach phenomenon
found in [106, 35, 76] was never observed in the BGK scheme.

An Impulsively Started Cylinder

Strong shocks, and expansions as well as subsonic flow regions are presented in both
the steady and unsteady hypersonic flows induced by the impulsive start of a cylinder. A
monotonic numerical scheme is needed to crisply capture the shock without generating
spurious oscillations. Moreover, a numerical scheme should be capable of maintaining
positivity of the flow variables, to avoid the occurrence of unphysical negative values for
quantities such as density and/or pressure in regions of low density and low pressure
created by extreme expansions. In the present case, an initial Mach number of M = 3.5

is chosen for the hypersonic flow, and all flow features discussed above will be present.
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Figure 4.19: Density and pressure distributions from the 2-D BGK method with van
Leer limiter
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Figure 4.20: Density and pressure distributions from the 2-D BGK method with van
Leer limiter
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Because the very high expansion in the rear part of cylinder produces a vacuum-like low
pressure and low density region, this problem imposes a particular difficulty not only for
unsteady but also for steady flow computations.

If the kinetic energy is so large that the difference between the total energy and
the kinetic energy is in the range of round off error, one should limit the lower bound
of the difference with the order of round-off to avoid meaningless computations. This
problem is solely caused by the finite precision of the hardware and not by the numerical
scheme. The round-off error is usually of the order O(107'%) ~ O(107'6). The present
computations were performed using a Silicon Graphics INDIGO 2 workstation with an
observed round-off error of order O(107'®). Thus a lower bound of 107¢ was selected.

Most first-order schemes have severe difficulties in maintaining positive pressure
and/or density, and generally need ad hoc fixes. Most of the second order schemes
simply fail. The BGK-type scheme, however, does not seem to have any particular diffi-
culty in preserving positivity during the whole time integration. This finding is verified

for both first and second order schemes.

180 x 50 cells were used in the current calculation. The grid distribution is uniform
in the angular direction (180 cells) while the cells in the radial direction grid (50 cells)
are slightly clustered to the surface. The ratio of outer radius to inner radius is 10,
and all the calculations were carried out using a CFL number of 0.5. Fig.(4.21) shows
the computed density, pressure and Mach number distributions along the symmetry line
and the upper surface of the cylinder at times of T" = 6.0,7.0,8.0 corresponding to a

free stream Mach number of M = 3.5. It can be seen that the results at three different

times practically collapse to a single curve. This indicates that the computed results at
T = 6.0 have reached a steady state. Fig.(4.22) shows the density, pressure and Mach

number contours at T = 6.0.

Notice that the bow shock wave is captured with two interior points. Also, the
expansion in the rear part of the cylinder creates an even higher Mach number. Our
results show a much higher Mach number than the result in [80]. This again indicates that
the BGK scheme may yield a less diffusive solution with consequently higher accuracy,
although it is intrinsically solving the viscous flow equations.

Shock Diffraction around a Corner

This is about a strong shock of Mach number 5.09 diffracting around a corner [100].
Fig.(4.23) and Fig.(4.24) show the density and entropy contours by the BGK method.

There are no detections or entropy-fix in our calculation. It is well known that the
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Figure 4.24: Entropy distribution on a mesh 70 x 70

original Godunov scheme, the Roe scheme without an entropy-fix and the Osher scheme
could yield a “shock” at the rarefaction corner.
Regular Shock Reflection

The computational domain is rectangular of length 4 and height 1 divided into 60 x 20
rectangular grids with Az = 1/15 and Ay = 1/20. Dirichlet conditions are imposed on

the left and upper boundaries as

(P, D) 0wy = (1.0,2.9,0,1/4)

(0, P)|wany = (1.69997,2.61934, —0.50633, 1.52819)

The bottom boundary is a reflecting wall and supersonic outflow condition is applied
along the right boundary [15]. We iterate 1000 time steps, at which the solution reaches a
steady state. In Fig.(4.25), we show the pressure contours as well as pressure distribution
along the middle line in the y-direction.
Steady Airfoil Calculations with Multigrid Techniques

Steady state transonic flow calculations for NACA0012, RAE2822 and Korn airfoils

using the simplified relaxation scheme (4.41) are presented. In these calculations, the

selective parameter € is determined by a switching function calculated from local pres-

94



Pressure Contours

5 XXXXXX XX XXX XXX
25F X q

X

X

XXX XXX XXX XXX XXX XXX XXX XXX XX
15 x 7

1 N X 1 1 1 1
0 0.5 1 15 2 25 3 35 4
Pressure Distribution at Centerline

Figure 4.25: Regular shock reflection

sure gradients. Using subscripts ¢ and j to label the mesh cells, the switching function

for fluxes in the 7 direction is
2 — 1 _ gmeMaX(Pit1,5,P; ;) (4.42)

where « is a constant,

_ |Apz'+1/2,j - Api—l/?,jl
|Apiy1/2,5] + |Apiz1/2,]

1]

and

Apiyi/2 = Dit1,j — Diyj-

In the following calculations, the parameter a in (4.42) is set to be a = 0.5. Also the
van Leer limiter is again used in the current formulation for the interpolation of the
left and right states. The computational domain is an O-mesh with 160 cells in the
circumferential direction and 32 cells in the radial direction. This is a fine enough mesh
to produce accurate answers with standard high resolution difference schemes [49, 42, 48].
For the NACAO0012 airfoil, three initial conditions of different Mach numbers of 0.8,0.8
and 0.85, and different angles of attack 0.0,1.25 and 1.0 degrees are used. Similarly, a
Mach number of 0.75 and angle of attack of 3.0 degrees have been used for the airfoil
RAE2822 calculation. The simulation results after 100 multigrid cycles are presented in

Fig.(4.26).
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Figure 4.26: Steady state flow calculations around airfoils
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Figure 4.27: Unstructure adaptive mesh for double Mach reflection problem

Adaptive Unstructure Mesh

Recently, the BGK scheme has also been implemented on an unstructured mesh
[58, 60, 59]. For the same Double Mach Reflection problem, with the adaptive unstruc-
tured mesh, the resolved density distributions are shown in Fig.(4.27)-(4.28). We clearly
observe a shear instability around the slip line, and its interaction with the boundary.

In all cases we observe diffusion at contact discontinuities. Physically, the thickness
of any contact discontinuity should increase on the order of v/¢ (t is the time), and it
should be wider than the shock front. It is pointed out in chapter 6 that the smearing of
contact discontinuities is mainly caused by the projection and reconstruction dynamics

in the scheme.

4.5.2 Laminar Boundary Layer Calculation

As analyzed in the last section, the BGK scheme directly solves the Navier-Stokes equa-
tions in smooth flow regions. In the following, we are going to apply the BGK method
to a standard laminar boundary layer. In this case, the viscosity coefficient is given
initially. So, we have to change the collision time according to the real physical viscosity
coefficient. The numerical results are compared with the exact Blasius solutions [109].

In the BGK model, the corresponding kinematic viscosity coefficient is,
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Figure 4.28: Density distribution around triple point region
With the relation p = p/2\, we get

T =2M\L.

This is the collision time used in the following calculations, where v is known according
to the Reynolds number Re and A is the same quantity appearing in the equilibrium
state gg at a cell interface.

Many gas-kinetic schemes claim to give accurate Navier-Stokes solutions, such as
those presented in [86, 13], although most of them are dynamically similar to the KFVS
scheme. It is probably favorable to get a standard and reasonable test case in order
to compare different schemes. As analyzed in last chapter, the artificial dissipation is
proportional to cell size in the KFVS scheme. It is hard to compare different schemes if
different mesh sizes are used, especially in these cases with a fine mesh. In the following,
we design a standard test case for this purpose.

The numerical mesh for the Navier-Stokes test case is rectangular and with 320 x 120
grid points in the zy plane, with the cell size Ax = 1.0 and Ay = 1.0. The flat plate is
placed at the lower boundary ranging from x = 80 to x = 320 with total length L = 240.

The inflow boundary condition at the left boundary is

9

(07 U, Mp)’xzo,y,t = (1, 3,0, W)>

where M is the Mach number and v = 1.4. In this test case, the Reynolds number is
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Figure 4.29: U-velocity contour for laminar boundary layer case (Re = 9580)
defined as
UL
Re = —,
v

and v can be changed according to Re. No-slip boundary condition is imposed on the
flat plate. Appropriate nonreflecting boundary condition, based on the one-dimensional
Riemann invariants normal to the grid, is used at the upper boundary. Simple extrapo-
lation of the conservation variables are used on the right boundary. The output U and
V' velocities in the boundary layer are taken at x = 150, 200, 250 and 300.

The first test case is for v = 0.0750 and the upstream Mach number M = 0.15. In
this case, the corresponding Reynolds number is 9580. Fig.(4.29) shows the U-velocity
contours in the whole computational domain obtained from the BGK method. At differ-
ent locations of x = 150, 200, 250 and 300, along the y-direction, U and V velocities after
the transformations are plotted in Fig.(4.30) and Fig.(4.31), where the solid lines are the
exact Blasius solutions. As we can see, the BGK method gives accurate Navier-Stokes
solutions, even with just a few points in the boundary layer®.

If the viscosity coefficient is reduced to v = 0.05, the Reynolds number becomes
Re = 14370. In this case, the relative boundary layer thickness is reduced. At the same

output locations, the transformed U-velocity is shown in Fig.(4.32). Even with 5 points

5The V-velocity in the first cell next to the flat plate is overshooting. It is probably due to the large
cell size and artificial heating in the reconstruction stage, where the van Leer limiter is used for the
construction of flow variables. The viscous heating at the boundary generates hot gases with higher
pressure to push the gas away from the flat plate. Perfect results without over-shooting can be obtained

if adaptive mesh is used in the boundary layer (C. Kim, private communication).
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Figure 4.30: U-velocity in the boundary layer (Re = 9580), where the solid line is the
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Figure 4.31: V-velocity in the boundary layer (Re = 9580), where the solid line is the
exact solution, and the numerical solutions x: x = 150; *: x = 200; o: = = 250
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Figure 4.32: U-velocity in the boundary layer (Re = 14370), where the solid line is the
exact solution, and the numerical solutions x: x = 150; *: = = 200; o: = = 250; +:

x =300
in the boundary layer at = 150, the U velocity is still captured correctly.

With even smaller v = 0.025, the Reynolds number goes to Re = 28740 and the
boundary layer is even thinner. In this case, the U-velocity plot is shown in Fig.(4.33).
Even with 4 points in the boundary layer at x = 150, the U-velocity is well captured.
From this test case, we clearly observe that the BGK scheme solves the Navier-Stokes
equations accurately. Therefore, in the smooth region, the BGK method gives Navier-
Stokes solutions automatically. This is one of the main reasons for the BGK scheme
to avoid instabilities suffered by many upwinding schemes in the shock regions in the
2-D case. In discontinuous regions, it is very hard to obtain the explicit viscosity term
from the BGK scheme, since the Chapman-Enskog expansion is only correct for smooth

solutions.

4.6 Summary

In this chapter, we have presented the BGK scheme for solving compressible flow equa-
tions, and presented extensive numerical results. It is the first time that the compatibility
condition and the BGK model are solved consistently in the BGK scheme.

The exact preservation of isolated contact and shear waves for the convective-flux
model has been pursued with great efforts in the CFD community. This property pre-
vents the contamination of a boundary layer due to excessive artificial dissipation. How-

ever, the clear capturing of a slip line is accompanied by instabilities (discussed in chapter
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Figure 4.33: U-velocity in the boundary layer (Re = 28740), where the solid line is the
exact solution, and the numerical solutions x: x = 150; *: = = 200; o: = = 250; +:

x =300

6). Different from the above approach, the BGK scheme is solving the viscous equations
directly, and the inviscid solution is only a limiting case where the viscosity coefficient is
small. As a result, the BGK scheme is vrey robust and always gives entropy-satisfying
solutions. Numerically, due to the finite cell size and time step, artificial dissipation
has to be included in any scheme. If the inviscid Euler equations are solved in the gas
evolution stage, it is very difficult to model and control the necessary dissipations. Even
though we are solving the viscous equations in the BGK method, the numerical results
look less dissipative than those schemes solving the inviscid Euler equations if the same
initial reconstruction is used for the conservative variables at the beginning of each time
step. In the next chapter, the extension of the BGK method to multicomponent flows

and hyperbolic conservation laws with source terms will be discussed.
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Chapter 5

Extensions of the BGK Method

This chapter concerns the extension of the BGK method to multicomponent flow compu-
tations and to the Euler equations with heat transfer. The essential point in developing
such an extended BGK method is to construct and obtain the corresponding BGK model
first.

5.1 Multicomponent BGK Scheme

5.1.1 Introduction

The focus of this section is to solve the Euler equations for a two-component gas flow,

o por;
2| | e

pU pU? + P
pe ), \U(pe+P)

—0, (5.1)

x

where p = pM + p® is the total density, pe the total energy, and U the average flow
velocity. Each component has its specific heat ratio ;. The equation of state is ¢; = C;T
and P = P, + P, is the total pressure. A detailed introduction to multicomponent flow
equations can be found in [56]. A straightforward extension of finite volume schemes
based on the Riemann solver to multicomponent flow calculations usually encounters
two difficulties: the mass fraction Y = p;/p and 1 =Y = ps/p may become negative and
the pressure distribution may have oscillations through contact discontinuities. In order
to reduce these difficulties, many methods have been developed, such as modifying the
flux function [65], introducing nonconservative variables [56], or designing a specific nu-

merical discretization to update Y for certain flow solvers [3]. Currently, hybrid schemes
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have become popular for multicomponent flow calculations [57]. As we will see in Chap-
ter 6, the oscillatory behavior at a material interface in shock capturing schemes is a
natural consequence of the projection dynamics. In order words, the exchange of mass,
momentum and energy between different components at a material interface naturally
generates pressure wiggles. One possible way of reducing the pressure fluctuation is to
efficiently dissipate it after its formation. We do not believe that any specific fixes for
certain flow solvers can totally cure this problem, or any fixes can be generally applicable
to other flows, e.g. three components flows. Recently, based on gas-kinetic theory, many
lattice gas methods have been developed to study multicomponent gas flow [110, 36],
such as for incompressible immiscible flow and phase transition problems [11]. Since
there is no thermal energy involved here, the lattice gas method cannot be applied to
compressible multicomponent flow calculations.

In this section, we are interested in extending the gas-kinetic BGK scheme developed
in the last chapter to solve the multicomponent compressible Euler equations. Each
component has its individual gas-kinetic BGK equation and the equilibrium states for
each component are coupled by the physical requirements of total momentum and en-
ergy conservation in particle collisions. During each time step, the time dependent gas
evolution of all components are obtained simultaneously. There are no specific numer-
ical requirements imposed at the material interface in the current approach. Basically,
each component is regarded as filling up the whole space and the multicomponent gas
interactions are formulated everywhere, although the mass density for some components
could be zero in certain flow regions. Gas kinetic theory can correctly describe particle
transport in gas mixtures and the current approach is an initial attempt to capture these

phenomena.

5.1.2 One-Dimensional Multicomponent BGK Method

The fundamental task in the construction of a finite-volume gas-kinetic scheme for mul-
ticomponent flow simulations is to evaluate the time-dependent gas distribution function
f for each component at a cell interface, from which the numerical fluxes are evaluated.
For a two-component gas flow, there are two macroscopic quantities in space x and time
t, which are mass (p!)(z,t), p® (,t)), momentum (pMUM (x,t), pPUP (z,¢)), and en-
ergy densities (pMe(z,t), pPe®(z,t)), where the superscripts (1) and (2) refer to the

component 1 and component 2 gases respectively. Generally, these two components have
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different specific heat ratios (y"),7?)). The governing equation for the time evolution

of each component is the BGK model [10],

Fufd = (g0 = fM)/r

12 +uf? = (g = SO/, (5.2)

where f() and f® are gas distribution functions for components 1 and 2, and g™ and

g are the corresponding equilibrium states which f() and f® approach. Since we are
solving the multicomponent Euler equations, the same collision time 7 is assumed in
the above two-component BGK model. For each component, the equilibrium state is a

Maxwellian distribution with the general formulation,

g=p\/m) 7 e N@-UHE),
where \ is a function of temperature. K1) and K® are the degrees of the internal
variables € in the distribution functions, and are related to the specific heat ratios )

and 7? (see chapter 2),
KO =5-3y1)/W-1)+2 and K® =(5-3y®)/1® -1)+2

Due to the momentum and energy exchange in particle collisions between the two com-
ponents, gV and ¢ in Eq.(5.2) are not independent functions. As a physical model, it
is postulated that g™ and ¢(® have the same temperature and velocity. This assumption
of no velocity slip is reasonable only if the density variation between the components is
moderate as is generally the case with two gases. In some situations, the nonequilibrium
particle transport in gas mixtures are important, especially when the molecular weights
for each component are very different. In these cases, a modified BGK model is necessary
[37] and the current scheme can also be extended there.

Instead of individual mass, momentum and energy conservation in a single component

flow, for two component gas mixtures the compatibility condition is

g™ = 5060 + (42 = )62 dudg =0, a=1,2,31 (53)

where

B0 = (1,0,u, 5 (0 + €))7
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and

o = (0L, S (? +€))"

are the moments for individual mass, total momentum, and total energy densities.
Based on Eq.(5.2) and Eq.(5.3), from the Chapman-Enskog expansion the diffusion

equations between two components can be derived, for example

ap(l) a(p(l)(]) o p(2) o p(l) p(l) o p(2)
R P = (p(l) @ artan) T 0 +p<2>%(§)>
and
op®  9(pPU o oM o ,p? p? o ,ph
#2020 D@02 on) T 50 1 @ astan) ) (5:4)
ot ox Ox \ p) + p2) dx * 2\ P+ p) Ox 2\

Here U and X represent the common velocity and temperature in the equilibrium states
g" and ¢@. If the collision time for f®) and f® in Eq.(5.2) are different, a similar
diffusion equation can be derived [10]. Here the BGK model for multicomponent flow
takes into account the effects of particle diffusion between different species, and the
numerical scheme presented in this section is actually a flow solver for the above mass
diffusion equations in the smooth flow regions. In other words, particle diffusion is

unavoidable.

Due to the momentum and energy exchange in particle collisions, the maximum

entropy criteria in the particle system requires that the equilibrium states ¢ and ¢®
have a common velocity and temperature at any point in space and time. So for any

given initial macroscopic variables in space and time,
WO = (0, ) Oy M and WO = (p@ pAUT@ DT (55)

we can construct the corresponding equilibrium states,

kM4

gV = p (Ng/m) 2 e 0w+

and

K241

g® = p® (Ng/m) T e Mol Uo)*+e%), (5.6)

where the common values of Ay and Uy can be obtained from the conservation require-

ments,

pOTW L @) — (50 4 @)
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and

(1) (1) (2) 5.7
pe) + pPe 5 0 In (5.7)

From the above two equations, Uy and Ay can be obtained explicitly,

Oy £ ,@y®
Uy = * M ﬂm (58)
P +p
and

- (KW +1)p® + (K@ 4+ 1)p3) .
O 4 pMe® 4 p@e@ — L(pM) 4 p@)UE (5.9)

If both WM and W® in Eq.(5.5) are physically realizable states which satisfy
(pD > 0, 0D > L 0pm?)

and

(P >0, ) 0@ > 1?2

- bl i 2 Y
it can be proved that the value of Ay in Eq.(5.9) is a positive number. As a consequence,
the equilibrium states are physical states with positive density and temperature. From
thermodynamics, we know that the total entropy in the particle system with the equi-

librium states ¢ and ¢g® has the largest value among all possible particle distribution

functions corresponding to the initial macroscopic states W1 and W® in Eq.(5.5) under
the momentum and energy exchangeable condition between different components.
Because of particle collisions, each component relaxes to a local equilibrium state
in a time scale of the collision time 7. Since the CFL time step used in the current
scheme is much larger than the collision time, the exchange of momentum and energy in
particle collisions can be regarded as taking place instantaneously and the temperature
and velocity of both components attain a common value. Therefore, from the numerical
point of view at any point in space and time, it is fair enough to modify the individual

macroscopic distribution in Eq.(5.5) to the equilibrium values

(1) @ W 1 O\ W W L @y KO +1\7
w :(P P U , P € ) =\{p,p U(),§p (UO—{-i)

2o
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Figure 5.1: Linearly distributed macroscopic variables 8%(:’2) inr=xort

and

@) @ @772 2.\ @ @1 L @ K® +1\7

The equilibrium states ¢ and ¢ are coupled with the common temperature and

velocity at any point in space and time r = (z,t), as well as their slopes. As shown in

Fig.(5.1), once we know W1, 1) and their linear slopes for the macroscopic variables,

T
wo 612/(1)T WL (8/)(1) (pMOUM) @(pu)eu))) )
T

or ’ or ’ or

and

T
o, WO (06 pPUR) a(pMe)\
or or '’ or ’ or ’

we can construct the equivalent gas distribution functions ¢ and ¢®, and the corre-
sponding slopes (m™®,n™ pM) and (m®,n® p?) in the expansion of the Maxwellian
distribution functions,
{1 + (m(l) +nWu + pW(u? + 52)) r} gV,
[1 + (m(2) + nPu + p?@ (u? + {2)) r} g?. (5.11)
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Due to the requirement of ¢ and ¢® having the same temperature and velocity at
any point in space and time, as shown in Eq.(5.6), the variables (m(1?) n(t2) p(1:2)) in
equation (5.11) are not totally independent. Since n("), p) n® p® depend only on the

r-derivative of Uy and Ao, a common velocity and temperature in space and time require

So, the connections between the macroscopic and the microscopic distributions can be

reduced to
apH)
e “
op
Wy @y S

a(pVU U =

(p aﬂ:p ) ws

B(p() e 4 p(2) () e

or

= [1(m® 4+ pu® + €3) gV

+ (m® +nu+p(u? +€2)) 9P| duds.  (5.12)

The above four equations uniquely determine the four unknowns (m®, m® n, p) and

the solutions can be obtained in the following: Define
H1 = W3 — Uo(w1 + CUQ),

KW 41
20

K® +1

H2:2W4—(U02+ 2/\
0

Ywr — (UZ + Yws.

The solutions of Eq.(5.12) are

. 203 (11, — 20,11
(KD + 1)p0 + (K@ + 1)p®”

22 W+ p@,
0(2)<H1_(P P )Op,

p(l) +p Ao
() () W2, KV +1
m =~y |wr = p Uon = p (U5 + pl,
20
and
1 K® 41
2 — _— _ 52 —_ 27172
m @ <w2 pZUpn — p7 (U + 2 )p



The above solutions will be used a few times in the current two-component BGK solver
to obtain both the spatial and temporal variations of the particle distribution functions.

For each cell j, the cell center is located at x; and the cell interfaces are at x;_1/o

and x;j11/2. The cell averaged macroscopic variables are denoted as I/Vj(l) and WJ-(Z) for

the mass, momentum and energy densities. In order to update the cell-averaged values

Wj(l’Q), we need to get the numerical fluxes across the cell interface. These fluxes are

determined from the time-dependent gas distribution functions. The gas distribution

function for each component at a cell interface can be obtained from the integral solution

of the BGK model,

1t /
[Pt = = [ 06t e ar
T JO

+e 7 f§D (@412 — ut) (5.13)
for component 1, and
FO @i/ tiu,6) = %/Otg(z) (' ' u, e O at!
e T P (@400 — ut) (5.14)

for component 2, where 1/, is the cell interface and &' = x;,1/2 —u(t — ') the particle
trajectory. There are four unknowns in Eq.(5.13) and Eq.(5.14). Two of them are initial
gas distribution functions fél) and fém at the beginning of each time step ¢ = 0, and the
others are g and ¢ in both space and time locally around (z;41/2,¢ = 0). In order
to obtain all these unknowns, the BGK scheme is summarized as follows.

(1) Modify the initial cell average conservative variables Wj(l’2) in each cell j to the
equilibrium values according to Eq.(5.10) where the equilibrium velocity and temperature
in each cell are obtained using Eq.(5.8) and Eq.(5.9). Then, apply the standard van Leer
or MUSCL limiters to interpolate the equilibrium conservative variables VVJ-(I’Q) in each

cell 7 to get the reconstructed initial data

T-(1,2 =-(1,2
WD (254102) — W (251)0) :

(1,2 1,2
W (z) = w4 P —
j+1/2 — Tj—1/2

:c—:Cj) for .TE[xj_l/Qa l'j+1/2]7

(5.15)
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where (WJ.(I’Q) (2-1/2), I/T/j(l’Q)(:cj 11 /2)>, are the reconstructed point-wise values at the cell

interfaces x;_1/o and x;,1/s.

(2) Based on the states (Wj(l’2) (ch+1/2),‘/T/]'(Jlr’f)(xjuﬂ)), use Eq.(5.8) and Eq.(5.9) on

both sides of the cell interface x;11/2 to evaluate the equilibrium velocities U}, Uj and

“temperatures” A}, A\, and modify these reconstructed data to the new values according

to Eq.(5.10), which are denoted as

Wi (@j00)  and WS (w5012). (5.16)

J

Then, connect the above values in Eq.(5.16) to the cell centered values in Eq.(5.15),

V(@) and WP (a50), (5.17)

J
to get the linear slopes of mass, momentum and energy densities for each component on

both sides of the cell interface,

7-(1,2) 77(1,2) 7,(1,2) 77(1,2)
Wi (wjqay2) — W7 () and i (1) — Wi ($j+1/2)_ (5.18)

Tit1/2 — T Tjt1 — Tjt1/2

In order to translate the above macroscopic flow distributions into the equivalent micro-
scopic gas distribution functions, we construct the initial distribution functions fél) and

£ in Bq.(5.13) and Eq.(5.14) as

PO (1t a @ —zap) g’ © < e, (5.19)
1) = .
(1 + agl) (Qf — l‘j+1/2)) 7(}), x> Tjt41/2,
for component 1, and
2 2
@ (1 + Cll( )(Z' — SL’j+1/2)) gl( ), T < Tj41/2, (5 20)
2) = .
(1 + a,(?) (Q? — .’l?j+1/2)) 7(?), T > Tj41/2,

for component 2. gl(l), 91(2) can be obtained from the macroscopic densities I/T/j(m) (Zj11/2)

in Eq.(5.16),
KM
gz(l) _ pl(l) ()\6/71’) T oM ((u=Up)?+€2)
and
2 2 K(2>+1 l 1\2 2
o = 7 ()5 i 520
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Similarly, g" and g can be found from Wﬁ’f) (241/2) in Eq.(5.16),

g = pM (X‘/ﬂ) — e (u=Ug)*+¢?)
and
g( ) — pr ()\6/7) e e o (u=Ug)?+€2) (5.22)

The terms a\>” in Eq.(5.19) and Eq.(5.20) are composed of

Lr

az(lrg) —mz(r )+nzru+plr(u + &%),

which can be determined on both sides of a cell interface in terms of the slopes of
macroscopic variables in Eq.(5.18) by using the techniques for solving Eq.(5.12) with
r = x. At this point, all parameters in Eq.(5.19) and Eq.(5.20) for the initial gas
distribution functions at the beginning of each time step are determined from the initial

reconstructed macroscopic distributions.

(3) Assume the equilibrium states in Eq.(5.13) and Eq.(5.14) around (x;41/2,t = 0) are

g = (1401 = H@ = 2j510))(x — 2j41/2)a8"
+ H(z — 2j11/2) (2 — $j+1/2)d£1) + fﬂ”t) g(()l), (5.23)
and
g? = (1401 = H@ = 2j510))(x — zj41/2)a8)"
+ H(x = 10 (@ = 2j3072)a + AP) g7, (5.24)

where H is the Heaviside function. go ) and g ) are the initial equilibrium states located

at the cell interface,

G = oD (Ao /) T ol +e?)

and

K@) 4y

g[()) (2) ONo/m) 2 e~ Mo((u=U0)*+¢€?) (5.25)

The parameters &1(71;2) and A2 have the forms

o = 4t o+ €) and  ACD = A0 4 Ayt A, (u? + €).
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Here go ) and g0 in Eq.(5.23) and (5.24) can be obtained self-consistently by taking the
limits of (¢ — 0) in Eq.(5.13) and Eq.(5.14) and applying the compatibility condition at

(= xj41/2,t = 0), giving

(1)

Po
p(()2) (1) (2)
A + o), = /(go o0 + g0 ¢((12)) dud§
0
p() ()+p82)€()

= [ [(H@gl” + (1 = H@w)g®) o
+ (97H(w) + ¢ (1 — H(u)) ¢] dud.  (5.26)

Using gl(;’Q) in Eq.(5.21) and Eq.(5.22), the right hand side of Eq.(5.26) can be evaluated

explicitly. Therefore, pél), ,0[() , Ao, and Up in Eq.(5.25) can be obtained from Eq.(5.26).

As a result, go and g are totally determined. Then, connecting the macroscopic

variables
Wet = (o, 06 U, p"et)  and W = (o, 067 Uo, pPe”)

at the cell interface to the cell centered values in Eq.(5.17) on both sides, we can obtain
the slopes for the macroscopic variables,
W(l 2 W(l,?) (,Tj>

] and
Ljt+1/2 = L Tj+1 = Tj+1/2

(1,2 1,2
M/}(+1)(xj+1) - Wo( )

Y

from which a" and @” on the left side and a® and a® on the right side in Eq.(5.23)
and Eq.(5.24) can be obtained by using the same techniques for solving Eq.(5.12) with

r = x. At this point, there are still two unknowns A2 for the time variation parts of

the gas distribution functions in Eq.(5.23) and Eq.(5.24).
(4) Substituting Eq.(5.23), Eq.(5.24), Eq.(5.19), and Eq.(5.20) into the integral solutions
Eq.(5.13) and Eq.(5.14), we get
f(l) (‘rj-‘rl/% ta u, 5) = (1 - eit/T>g(()1)
+ (7’(—1 +e )+ te_t/T) (dl(l)H(u) +atM (1 - H(u))) ugV
+7(t/T— 1+ e T AW (Y
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+e77 (1 = utaf")H(u)g"” + (1 — uta®)(1 — H(u))g)

and

T

(5.27)

f(2) ($j+1/27 ta u, 5) = (1 - e_t/T>gé2)

+ (7’(—1 +e ) + te_t/T) (dl(2)H(u) +al?(1 - H(u))) ug?

+7(t/T— 1+ e_t/T)/_l(Q)géz)

+e (1= utaf)H(u)g? + (1 — uta®)(1 - H(u))g?).

(5.28)

In order to evaluate the unknowns A2 in the above two equations, we can use the

compatibility condition at the cell interface x;1/» on the whole CFL time step At,

/0 - / (g — fD)eM 4 (g@ — F@)¢Pdudedt = 0,

from which we can get

s AD60 + g A2 62 dude

[0+ s A )l

+ (f_l((f) + Ayu 4+ Ao(u® + 52)> g(()2)<b&2)} dud§
8p)
ot
9p(2)

ot
a(p(l)U<1>+p(2)U(2))

ot
B(p™M )4 p(2) ()
ot

1
%/hﬁwww#mw+WM—mwﬁw

75 (H(w)gi” + (1 = H(u))g'")

yau (ap " Hw)gr + afP (1= H(u))g")] 6 dude

10 + 2 (@ H(w) + o (1 - H(w)) o

75 (H(u)g? + (1 - H(u))g™)

v (o Hw)g® + a®(1 = H(u))g) | ¢ dude,
(5.29)
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where 7y to 4 have the same values as those in Eq.(4.22).

Since all terms on the right hand side of Eq.(5.29) are known and the integral can
be evaluated explicitly, the coefficients (A4 Ay, A,) can be determined from Eq.(5.29)
using the techniques for solving Eq.(5.12) with r = ¢.

(5) Finally the time-dependent numerical fluxes for component 1 and component 2
gases across a cell interface can be obtained by taking the moments of the individual gas

distribution functions f) and f® in Eq.(5.27) and Eq.(5.28) separately, which are

Fom
0
- = /ugbg)f(l)(%‘ﬂ/% t, u, §)dud,
P M)

F o) j+1/2

and
0
F o2
- = [ud@ D (@121, ) dude,
Fo@ue

fp@)e(?) j+1/2

Integrating the above equations for the whole time step At, we can get the total mass,
momentum and energy transports for each component, from which the flow variables in
each cell can be updated. For the next time step, we go back to step(1) and repeat all
above steps. From the above numerical procedures, we can observe the similarity of the

BGK schemes for both the multicomponent flows and the single component flows.

5.1.3 Numerical Examples

Three shock tube test cases are presented in this section to validate the current approach
for multicomponent flow calculations. In all calculations, the length of the numerical do-
main is equal to 100 and each cell size is Ax = 1. Different from any other approaches
[56, 3], the van Leer’s limiter is used in our scheme for the reconstruction of conservative
variables for each component directly without imposing any specific numerical require-
ment for a smooth interface transition. The time step is determined by the common
CFL condition where the CFL number is equal to 0.65. The collision time 7 is the same
as that for the single component BGK solver. Due to a non-zero collision time, which is
a necessary condition from the numerical point of view, the particle diffusion and flow

dissipation can be naturally captured.
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CASE(1) The first test case is taken from [56, 65], and the initial condition is

WL = (pL, pLUL, EL, ’}/L) = (107 00, 25, 14),

and
Wr = (pr, prUR, Er,vr) = (0.125,0.0,0.5,1.2).

In this calculation, the initial discontinuity is located at x = 50. The simulation results
are shown in Fig.(5.2)-Fig.(5.4) for the total density (p() 4+ p)), pressure, and velocity.
In all these figures, the solid lines are the curves obtained from 400 grid points with
the same BGK scheme. The pressure and velocity are very smooth across the material
interface, although all conservative variables are used in the initial reconstruction. The
pressure distribution in Fig.(5.3) is obtained as a passive variable from the conservative
variables at the output time. Fig.(5.5) presents the average v in each cell which is defined
as v = (K +3)/(K + 1) and the average K is K = (pMW KM + p@ K@) /(p) 4 p2)),
Fig.(5.6) and Fig.(5.7) are the individual mass densities p™) and p(?) for each component.
Since we follow the time evolution of each component explicitly, the total mass for each
component is precisely conserved. If there were no momentum and energy exchange
between the two components through particle collisions, the physical problem would
become the one in which each component expands into a vacuum, and the final results

will be totally different from these results shown above. Also, as shown in Fig.(5.6) and
Fig.(5.7), both p(V) and p® around the material interface reduce from certain values to

zero. If we define p = p™® — p® | then according to the sign of ¢, we know in each cell
which component the gas is mostly composed of. If we define ¢ = 0 as the material
interface, the function ¢ will be similar to the level set function [92]. However, ¢ is
updated in our scheme according to a different physical model and the distribution of ¢
can be used as a measure of particle diffusion. At the same time, the material interface

can be easily captured in multidimensional and multicomponent flow evolutions.

CASE(2) The second test case is taken from Abgrall’s recent paper [3] with initial data

Wi = (pr, prUz, Er, ) = (14.54903,0.0,2.9 x 107, 1.67),

and

Wgr = (pr, prUR, Er,vr) = (1.16355,0.0,2.5 x 10°,1.40).

This example is interesting and very difficult for multicomponent flow solvers due to

its large pressure variation. 100 mesh points are used for our BGK solver. Fig.(5.8)-

116



DENSITY

000 010 020 030 040 050 060 070 080 090 100 110 120

0 -0.10

Figure 5.2

PRESSURE

000 010 020 030 040 050 060 070 08 09 100 110 120

0 -0.10

[ T T T T T T T T T
100 11.00 2100 3100 4100 5100 6100 7100 8100 91.00

: Total density distribution (p™ + p))

r T T T T T T T T T
100 11.00 2100 3100 4100 5100 6100 7100 8100 91.00

Figure 5.3: Pressure distribution
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Figure 5.4: Velocity distribution
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Figure 5.7: Density p® distribution
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Fig.(5.13) show the total mass density (p(!) 4 p?), pressure, velocity, v, p™", and p®
separately, where the solid lines are obtained from the same scheme with 400 grid points.
The velocity and pressure are very smooth at the material interface, but a small wiggle
appears at the end of the rarefaction wave. It seems that this wiggle is not caused by
the current technique designed specifically for the two-component flow solver. Even for
the single component BGK solver, if the initial data have extremely large density and
pressure jump, a similar wiggle usually appears. It seems that this mechanism of the
appearance of wiggle is inherent to the finite volume method.

For the test case of a shock-bubble interaction presented in [3], the current scheme
has some difficulties. Because the gas-kinetic scheme is a scheme designed to describe
the advection-diffusion equation, it can never keep a contact discontinuity sharp and
stationary. Physical diffusion and heat conduction due to the particle transport in gases
will naturally smear the contact discontinuity. So, before the shock interacts with the
bubble, the bubble surface has already been smeared over a few cells and the thickness
depends on the collision time. It seems that for the shock-interface interaction cases, a
carefully designed scheme based on the approximate Riemann solver should be useful,
at least in the 1-D case, since these schemes could keep the contact material interface
sharp before the contact becomes involved in the interactions with shocks. However, for
the general cases where the initial bubble surface is located in the middle of a numerical
cell, the ability of any shock capturing scheme to keep a stationary material interface
sharp and free of wiggles is doubtful. For these applications where advection-diffusion
phenomena are important (not purely artificial diffusion), such as pollutant propagation
and turbulent mixing layer, the gas-kinetic scheme will be suitable and the BGK model
could naturally describe this kind of physical phenomena [111]. Another good application
for the current scheme is that it can be applied to the gas-vacuum expansion problem
which occurs in interstellar medium and confined plasma. As it is well-known, the
Riemann solver has great difficulty in handling the gas-vacuum expansion case, where
the density and temperature easily become negative. This is true especially for the

approximate Riemann solver [26].

CASE(3) As a third case, we test the gas-vacuum expansion phenomena with initial

data,
WL = (pL, pLUL, EL, ’}/L) = (10, 00, 25, 14),

WR = (pR; pRUR, ER, "}/R) = (OO, OO, OO, OO),
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Figure 5.12: Density p(!) distribution
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where all flow variables on the right hand side are zero. 100 grid points are used here.
The simulation results are shown in Fig(5.14) and Fig.(5.15) for the density and pressure
distributions for the component 1 gas. The solid lines are obtained from the same scheme
with 400 grid points. Comparing Fig.(5.14) with Fig.(5.6), we can observe clearly the
effects of particle collisions between different components and the effects of dynamical

coupling in the two component gas evolution.

5.1.4 Summary

In this section, we have developed a BGK scheme for multicomponent flow calculations.
Since we have followed the time-evolution of the distribution function for each component
explicitly, the total mass for each component is precisely conserved. Theoretically, it is
possible to prove, at least in simple cases, that the current method keeps Y and 1 — Y
positive throughout the flow calculation. Due to particle collisions between different
components, individual momentum and energy for each components are exchangeable,
but the total momentum and energy are precisely conserved. The current scheme can be
extended to the three dimensional case without major modifications. The capturing of
particle diffusion process in multicomponent gas flows by numerical methods is a tough
problem, nevertheless the current approach is a starting point in this direction. By
using a simplified BGK approach, Kotelnikov and Montgomery [63, 64] have recently
successfully extended the BGK scheme to inhomogeneous flows and shock turbulent

interaction calculations.
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5.2 The Euler Equations with Heat Transfer

5.2.1 Introduction

Many numerical schemes have been developed to study and analyze hyperbolic equations
with source terms [139, 70, 52, 53, 8, 16, 1, 93, 94]. As analyzed in Chapter 3 of this
lecture notes, the BGK method gives an excellent example of an unsplitting scheme
for the Boltzmann equation, where the KFVS scheme is basically a splitting technique.
From the KFVS scheme, we find that the splitting error, resulting from particle free
transport in the gas evolution stage.

Generally, a hyperbolic equation with source term in 1-D can be written as
Wi+ F(W), =S(W), (5.30)

where W is the vector of the flow variables, such as mass, momentum and energy den-
sities, F'(W) the corresponding fluxes, and S(W) the source term. If we integrate the

above equation with respect to dz in a numerical cell j from x;_1/5 to x;41/2, and dt in

a time interval from t" to t"*!,

gl L e
/ / | J)dwdt = / / P S(Wdwdt,
tn Tj_1/2 t Tj—1/2

we get

tntl nt1

1 1 [zjt1/2
n+1 n __
Wi wr = [ (Faalt) = Brap®) dis - [ [ [ S()dedt, (531
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where Az = x;,1/5 — zj_1/2 is the cell size and W} the average value of W in cell j, i.e.

W= L /xHI/QWd:c
I A.T zj—1/2 .

Eq.(6.9) can be written in a semi-discrete form,

aw; 1
v

1 Tjt1/2
Fyaplt) = Frap®) + 5= [ S(W)dz, (5.32)
Tj_1/2

where I/Vj”Jrl can be obtained using the standard Runge-Kutta method.
The focus of this section is about how to evaluate the numerical fluxes across a cell
interface once there is a source term on the right hand side of the hyperbolic equation.

A standard splitting scheme solves
Wi+ F(W), =0 (5.33)

to evaluate the numerical fluxes, where the source term effects are neglected in the
calculation of the flux function, even though its effects could be implicitly included into
the preparation of the initial data. The importance of including source terms into the gas
evolution process can be observed from the following example. Suppose we are interested

in the steady state solution of Eq.(5.32), which requires that

(Fiapa®) = Eyeaatt)) + [ SOz =0 (5.34)
z;
Theoretically, the scheme could not keep the steady state solution without including
the source term S into the flux functions Fj_;/; and Fjii/. In other words, the flux
functions have to include source term effects to compensate the effect from the last term
on the left hand side of Eq.(5.34).

The focus of this work is to develop a generalized BGK scheme for the Euler equations
with heat transfer. The current method implements the source term directly in the time
evolution of the gas distribution function. In other words, Eq.(5.30) is solved directly for
the flux evaluations across each cell interface. This scheme can also be applied to other
hyperbolic conservation laws with source terms if the corresponding gas-kinetic BGK
model can be obtained, such as the shallow water equations. However, it is rather naive
to believe that a universal technique can be obtained for all hyperbolic conservation

laws with source terms. Different source terms could have totally different dynamical
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influence on the hyperbolic equations. The dynamical effects from different sources
have to be analyzed case by case. For example, gravitational force and heat conduction
could have completely different impacts on the gas evolution, especially in the long time
behavior of the system.

Similar to most other schemes for hyperbolic conservation laws with source terms,
the current approach does not alleviate the problem of the spurious solutions arising
in the numerical approximation of the equation of the reactive flow [16] or any of the
model system for reacting flow [70]. The main reason for the spurious solutions in
this type of equations, as clearly analyzed by Leveque and Yee, is due to the lack of
spatial resolution which triggers the spurious solutions. We believe that the only way to
overcome this difficulty is to effectively resolve the subcell structure and the stiff source
term effect via methodologies such as adaptive mesh refinement, front tracking, or subcell

resolution|28, §].

5.2.2 A Gas-kinetic Method for the Euler Equations with Heat

Transfer

We consider the Euler equations for a fluid in contact with a constant temperature bath:

p pU 0
pU | +| pU*+p | = 0 : (5.35)
pe ), \pUe+Up p(I.—T)/e

T

where T, is the temperature of the constant temperature bath. We assume that the gas
is a y—law gas, i.e. p = (7 — 1)pe, and choose a unit of temperature so that 7' = e.
The generalized BGK model for the above equations can be constructed as
forufo=9"1 1% (5.36)
T €
where s is an additional source term which we define below. In the above equation, there
are two relaxation times 7 and ¢, both being much smaller than the CFL time step At
in smooth regions.
All f, g and s are functions of space z, time ¢, particle velocity u, and internal variable
&. For the Euler equations, the equilibrium state g is a Maxwellian,

(=D)AL A ()46,

g=¢e :P(;
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where IT = p(A\/ W)% and K is the dimension of the internal variable £ and is equal to

K=@B-7)/(r-1),

in the 1-D case. In the equilibrium state, A is a function of the gas temperature T,
ie. A = (K + 1)/4T with the definition of 7" = e. Due to mass, momentum and

energy conservations in the course of particle collisions, f and g satisfy the compatibility

condition
/(f —QYad==0,  Va,t (5.37)
where d= = dud¢ and

Yo = (Lu, %(ﬁ + )T

For the heat conducting Euler equations, the corresponding source term s can be con-

structed as, although this is not the only choice,

Aey I ) _

A 2 2
s=s1—5=p(— p(2) "5 e e (5.38)

™

where A\, = (K + 1)/47T.. For a local equilibrium flow, with the condition 7 < ¢, the
Euler equations with heat transfer (5.35) can be recovered from the generalized BGK

model(5.36) through
—_ S —_
[+ ug)vudZ = [ Zvadz

The numerical discretization for Eq.(5.36) is based on its integral solution

1 ,t )
f(@jprpo,tiu§) = —/ <g($'7t'7u»§) + zs(:z:',zf',w 5)) e =/ gy

T JO c

e folj41/2 — ut), (5.39)

where .1/, is the cell interface and o' = x4,/ — u(t — t') the particle trajectory. The
following part of this section is about the numerical evaluation of the time-dependent
distribution f(x;41/2,t,u,§) at the cell interface. Once this is obtained, the numerical

fluxes for mass, momentum and energy across the cell interface can be obtained by taking

moments of f,

F,(t)
Frap) = | Fo®) | = [ [wbaf(@set u)d=. (5.40)

Foe(t) ) j11y2
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Then, a method of lines approach is used to solve Eq.(5.32) as an ODE.

There are three unknowns in the equation (5.39). The first one is the initial gas
distribution function f; at the beginning of each time step ¢ = 0. The other two are
g and s, which are functions of (x,t) locally around the point (x;41/2,t = 0). The
numerical scheme for solving Eq.(5.39), along with the compatibility condition(5.37), is
described as follows:

Step(1):

Use a nonlinear limiter to interpolate the initial conservative variables at t = 0,
Wj = (pj, piUj, pi€;),

we can get the reconstructed initial data in each cell

Wi(z) = W, + Wi(@ji12) = Wil@j-1/2)
J J

(x — )

Tjy1/2 — Tj—1/2

for x € [xj 172, 254172
Step(2):
Based on the reconstructed data in Step(1), around each cell interface z;11/2, con-

struct the initial gas distribution function fy,

folz) = { AR iy (5.41)

IRV (1 +a"(z — :rj+1/2)), T2 Tjy1/2,

where the states ¢’ and ¢" are the Maxwellian distribution functions which have a one-

to-one correspondence with the conservative variables at the cell interface,

r

¢ =g (Wj(zjs12) and ¢ =g Witi(zjt1/2)). (5.42)

For example, with the definition

l
L Tl =N (u=U")2+€2) A )ia e N (U ) (5.43)

g = pl(_ )
m

K41

where IT! = pl(’\?l) *  all coefficients in ¢' can be obtained as

I Pi(Tj+1/2)
Ul | = Uj(@j41/2) . (5.44)
Al (K+1)pj(zj41/2)

4(ﬁj€j($,7+1/2)—%ﬁj0f($j+1/2))
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Similar equations can be found for the unknowns in g". The terms a*" in Eq.(5.41) are

obtained from the Taylor expansion of a Maxwellian and have the forms
a" = mb + mhu + mb (u? + €2).

These coefficients (m}", m5", m5") can be totally determined from the slopes of the re-

constructed mass, momentum and energy densities in Step(1),

Y
Tjt1/2 — T Tjt1 — Tj41/2

(Wj($j+1/2) — Wj(x;) Wiga(241) — Wj+1(%+1/2)>

and the derived variables, such as temperature and velocity slopes. The results are

e (OmIT\" SO oU\""
me= ( ox v ox 2|\ ox
Lr Lr
my" =2 (U@> +2 (Aa—U>

ox
w0 br
=\ or)

So, all coefficients in Eq.(5.41) are obtained from the reconstructed data. For simplifi-

cation, we use x4/ = 0 in the rest of this section.
Step(3):

As a physical model, the equilibrium state g is assumed to be continuous across a

cell interface

g=g0 (14 (1 - H(z))d'z + Hx)a'z + At), (5.45)

where H(z) is Heaviside function and gy is the equilibrium state located at (x = 0,¢ = 0),

_ oMnllo—Ao((u—Up)>+€2 Ao )i e Pol(u=Uo)? +€%), (5.46)

90 ) = Po(—
Vs

with Iy = po( Ao /77)%, and pg, Ao and Uy in the above equation are obtained below
by Eq.(5.48). In Eq.(5.45), a@',a" , and A are related to the Taylor expansions of a

Maxwellian on the left and right sides of the cell interface,

a" = my" + s+ my (u? + €2),
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/_1 = /_11 —|— Agu + /_13<u2 —|— 52) (547)

Taking both limits of (z — 0,¢t — 0) in Eq.(5.39) and (5.45), and applying the compat-

ibility condition at (z = 0,t = 0), go can be uniquely determined in terms of fo,

Po
ool | = [ gotvaduds = [[g'H(w) +g"(1 = H(w)|adZ, (5.48)
Po€o

where

Wo = (po, poUo, po€o)”
is the “average ” of the flow variables at the cell interface, from which gq is completely
determined as shown in Eq.(5.44). Using W, and the cell centered values W;(x;) and
Wji1(xj41), we get three slopes for the mass, momentum and energy separately in z > 0

and x < 0, from which (@',a") of (5.47) can be determined,

al — C_I/l (WO — W7(x]>> and a’r‘ — ar <W7+1(.T]+1) B WO> . (549)

Tjt1/2 — T Tj+1 — Tj41/2

Now, the remaining unknown term in Eq.(5.45) is A, which is related to the time-

derivative of a Maxwellian and its coefficients can be expressed as

- Olnll 5 OA ou
A = 5 —U0E—2/\0ana
- o\ oU
Ay = 20,22 4 200
2 = 2Up o Ao o
and
- O\
A= N .
=2 (5.50)
Step(4):

The source term (s = s; — $2) is constructed as
$1 = S1¢ (1 + (1 = H(z))a,z + H(z)al,z + zzlslt)

so = 830 (14 (1 = H(2))ahy + H(z)alw + Ant) (5.51)

where

>\>;< K41 _ 2 2
510 = Po(?) oMY

Y
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A
S20 = PO(?O)%QAO(UQ%% (5-52)

are determined by the values of pg and Ay in gg. From the Taylor expansion of the source

terms (Eq.(5.38)), @.j and a’; have the forms

and
a =01 + oy (u? + 7).
The coefficients in the above equations are related to the coefficients of @ in Eq.(5.47)

due to the relations between ¢ and s. For s;, we have

L e pgge LHK
wyt =my" +ms Uy +m3" (U + )
29
and for so,
_1, _ 1, _ 1, _lrrr2
0_17’ — mlr + mQTUO _|_ mgrUO
and
_lr _Ir
0-3 =m .

So, all parameters in Eq.(5.51) at t = 0 are obtained. The remaining unknowns are

and

Asg = il + 23(u2 + 52)
Again, due to the relations between g and s, the parameters (€, 3, 3) in the above

equations depend on the parameters of A in Eq.(5.47),

1+K)
2o

Q1 = Ay + AUy + As(UE +

1 = Ay + AUy + AU
and
Y3 = As.
Therefore, we have to obtain the values of (A, Ay, A3) for the determination of both g

(Eq.(5.45)) and s (Eq.(5.51)).
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Step(5):

Substituting Eq.(5.45),(5.51) and (5.41) into the integral solution (5.39), we obtain

the distribution function f at x =0,

f0,0) = 7 (go + E(Sm - 820))

+y1 [ (@'H(w) + @ (1 — H(u))) ug

(
+72 (1‘_190 + E(Aslslo — 1‘_152820)>
+9s (1 — uta)H(u)g' + (1 — uta”)(1 = H(u))g") (5.53)

with

Yo = 11— e_t/T7

m=71(-1+ e*t/T) + te’t/T,
Yo =7(t/T—1+ e_t/T),
V3 = et

As pointed out in the last step, there are three unknowns (A;, Ay, A3) inside (A4, Ay, Ay)
in (5.53). Three conditions are needed to determine them. Since the compatibility

condition has to be satisfied everywhere in space and time, it can be integrated in a

whole CFL time step At at z =0

At
/0 /(f(o,t,u,g) — (0, ,u, €)) adtd= = 0, (5.54)

where both f and g are known from Eq.(5.53) and (5.45). The above equation provides
three conditions to determine the three unknowns (f_ll, A,, /_13). This numerical procedure
is an important step in the BGK-type schemes to determine the time evolution of the
flow variables. Due to the implicit property in the above integral, the BGK scheme
uses the CFL time step At as the time step regardless of the stiffness of the relaxation

time; otherwise, the numerical stability for the BGK model (5.36) requires At < 7 and

At < e. No iterations are necessary to solve Eq.(5.54) for (A1, Ay, A3) and the solutions
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are obtained as follows. Define

1
pol's

+ Ty (H(u)g' + (1 - H(u))g")

(Cy, Co, Cy)T = [ [~Tsgo + Dyu (a'H(w) + @ (1 = Hw))) go
+ Tyu(a'H(u)g' + a"(1 — H(u))g") | ¢adZ, (5.55)

with

Ty = At—7(1—e 27,

r =r (—At +27(1 — e BT — Ate’At/T) ,

1

r, = §At2 — At +7%(1 — e‘At/T)7

s = 71— e‘At/T),

ry = r (—Ate‘At/T +7(1 - e‘At/TD ,

s = 7 (At —7(1— e‘At/T)> :

Since all terms on the right hand side of Eq.(5.55) are known, C}, Cy and Cj are obtained

explicitly. Then, from the definitions

~ 1T K+1/1 1
amae iR ()5 (- e

2T \e/ 2 \A X
B, = Cy — Uy(Ch,
~ K+1
By =205 — (U3 + =)
) = 2Cs (U0+ ) O
and
T FQ
r,=1(-)=,
<€>F5
we have

By — 2Uy B,
(K+1)(1+T,)

Az =2X2

Ag = 2(/\0B1 — U()Ag)

K+1 -

Al - Cl - Ugf_lg - (Ug + T)Ag
0
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Now, all terms in the time dependent gas distribution function f in Eq.(5.53) are ob-

tained, from which the numerical fluxes can be obtained.

5.2.3 Numerical Examples

Two numerical examples for the Euler equations with heat transfer are presented. In
both cases, v = 1.4 is used and the temperature bath has T, = 1.0. The computational
domain is from x = —1 to x = 1 with 200 equally divided cells and cell size Az = 0.01.
The van Leer limiter is used for all interpolations of the initial conservative variables,
and the time step is given by taking CFL Number = 0.65 in all cases. In numerical

calculations, the collision time 7 can be defined in the same way as that used in Chapter
4.

Since we are concentrating on the construction of numerical flux functions by includ-
ing the source term effects in this section, the second term in Eq.(5.32) is just treated

implicitly. The update of flow variables is based on

1 At
Wit — Wi = Az /o (Fj-172 = Fyyrjp)dt + ALS(W]), (5.56)

where the time-dependent flux function Fj,/, is given by Eq.(5.40).

Case(1): Traveling Shock Waves

The first case is taken from Pember’s paper[94]. We consider a traveling wave problem
of the heat conducting Euler equations for which the states at +oco satisfy the isothermal

shock relations,
(pp=25,p,=10,U=1.1) and (pr =1.0,p, =0.4,U, =0.5).
The corresponding shock speed is

U, — pU,
po= DL Prr 15

PL— Pr
We numerically solve a series of traveling wave problems of this type in which ¢ alone is
varied. The initial shock is located at z = —0.8, and it takes ¢t = 1.066 to propagate from
r = —0.8 to r = 0.8. We use three heat relaxation times Az/e = 0.125,1.0, and 10%,
which range from less than, to considerably larger than the magnitude of the sound speed
and the fluid velocities. The density distributions are shown in Fig.(5.16)-Fig(5.18) for

these three cases and the solid lines are obtained from the same scheme with a refined
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Figure 5.16: Density profile for a traveling shock wave with % =0.125

mesh Az = 0.0025. As Az/e > 1, the relaxation process will become too fine to be
fully resolved by the spatial resolution, i.e. the grid size. There are almost no differences
between the results using Ax/e = 10? and Ax/e = 10, because in both cases the small
subcell structure generated by ¢ is lost due to the finite cell size and numerical dissipation
inside each cell. From the above numerical results, we conclude that the current BGK

solver provides a smooth transition from mild to stiff relaxation.
Case(2): Shock Tube Problem

The second test case is taken from the paper [52], where the initial condition is
(pr = 1.0, pre; = 1.0, U; = 0.0) and (pr = 0.2, pre, = 1.0,U, = 0.0).

The initial discontinuity is located at x = 0. Fig.(5.19)-Fig.(5.22) show the density
distributions at time ¢ = 0.5 with different relaxation time Az/e = (10731072, 1071, 1),
where the solid lines are obtained from the same scheme using a refined mesh Az =
0.0025. From these figures, we can clearly observe the transition from three waves
(rarefaction, contact, shock) to two waves (rarefaction, shock). With the increase of the
coefficient 1/e, the contact discontinuity wave gets smeared due to heat conduction, and
finally disappears.

When ¢ is on the order of the particle collision time, € ~ 7, both relaxations are very
stiff. The state with an even smaller ¢ is actually a physically unreasonable situation,
since in this case the small structure inside Ax due to ¢ is covered by the large dissipative

scale (~ Az) determined by the collision time 7. The largest Az/e we have tried is 102
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Figure 5.17: Density profile for a traveling shock wave with % = 1.0
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Figure 5.19: Density distribution with 42 = 10~3
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Figure 5.20: Density distribution with 2% = 102
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Figure 5.23: Density distribution with % = 102

and the simulation results for the density, velocity, and pressure are shown in Fig.(5.23)-
Fig.(5.25). Comparing Fig.(5.22) with Fig.(5.23), we can see the sharpening of the shock
wave and rarefaction corners because of the transition from heat conducting Euler flow
to isothermal flow. Even for a smaller €, the rarefaction corner and shock wave will not

be changed.
Remark(5.1)

Due to the finite cell size and time step, there are intrinsic dissipations for any
numerical scheme. For the BGK method, theoretically we could choose the collision time
7 according to the physical Reynolds number, and this is true once the corresponding
flow structure can be resolved by the cell size and time step, or in regions with smooth
flows. However, if the size of the flow structure given by this Reynolds number is smaller
than the cell size, artificial viscosity has to be added. Therefore, the collision time in
our scheme cannot be extremely small in any case, even for the Euler solutions. Any
physical phenomena corresponding to finer temporal resolution, such as the structures
obtained with ¢ < 7, is definitely lost due to artificial dissipation. In other words, for any
relaxation time ¢, there is a lower bound limitation €,, below that artificial relaxation
takes place. So, it is rather pointless to take a very small relaxation time, such as
e = 1078, in the hope to prove the correctness and accuracy of a scheme. Although the
numerical solutions are stable, they definitely correspond to the solutions with a much

larger €.
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Figure 5.24: Pressure distribution with 2 = 10
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Figure 5.25: Velocity distribution with 2% = 102
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5.2.4 Summary

In this section, we have presented a BGK-type scheme for the Euler equations with heat
transfer. The source term is included explicitly in the time-evolution of the gas distri-
bution at a cell interface, from which the numerical fluxes are obtained. The numerical
results validate the current approach in the capturing of the source term effects in the
flow. The current method can also be extended to other hyperbolic conservation laws

with source terms if the corresponding BGK model can be established.

5.3 Summary

In this Chapter, extensions of the BGK method to multicomponent flow and the Eu-
ler equations with heat transfer have been presented. Different from most upwinding
schemes, the particle trajectory can be easily modified by including external source term

effects in addition to the collision term. The extensions of the BGK method to chemi-

cal reactive flows and to the study of multicomponent particle diffusion phenomena are
probably important applications of the gas-kinetic schemes in the future. Also, imple-
menting turbulence modeling into the BGK scheme to study flow mixing and instability

will become an interesting research project.
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Chapter 6

Numerics and Physics

There are three stages in a high-resolution shock capturing scheme for compressible flow
calculations: Reconstruction, Evolution and Projection. For a 1lst-order scheme, there
are two stages: evolution and projection (see Fig.(6.1)). In this chapter, we are going
to analyze the dynamical effects in these stages, and explain the physical reasons be-
hind these spurious solutions in shock capturing schemes, such as post-shock oscillations,
carbuncle phenomena and odd-even decoupling. This chapter presents a general under-
standing of the numerical scheme, the advantages and weaknesses for different schemes

can be analyzed in terms of their specific dynamical influence in different stages.

6.1 Reconstruction Dynamics

Theoretically, the flow is distributed continuously in space at any instant of time. In the
numerical approach, we are looking at these data with limited resolution due to the finite
cell size. What we can record is the cell-averaged flow distributions. As a principle, the
smallest resolvable scales are the cell size and time step. With discretized initial data,
in order to capture the flow evolution locally, we have to reconstruct a continuous initial
condition and put it into the appropriate governing equations. In the respect of initial
reconstruction, one of the simplest ways is to connect all cell averaged initial data!, as
shown in Fig.(6.2). Unfortunately, with this initial condition, the solution to the nonlin-
ear governing equations, e.g. the Euler or Navier-Stokes equations, is too complicated to
be implemented efficiently for numerical purpose. So, this initial reconstruction has to
be simplified in order to get a simple solution around a cell interface. In order to apply

the Taylor expansion technique, a continuous and smooth function has to be assumed

IThe only use of the reconstructed initial condition here is to calculate numerical fluxes across a cell
interface. Still, the cell averaged flow variables will be updated in order to have a conservative scheme.
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Numerical Schemes

Initial Reconstruction Gas Evolution Projection

1st-Order Scheme

Figure 6.1: Schematic Description of Numerical Schemes

across a cell interface. In this case, the flow variables W are approximated locally in the

following form,

ow ow
W(l’,t) = W(l‘o,to) + %(Z’ — l’o) -+ W@ — to),

where the relation between OW /0x and OW /0t depends on the governing equations for
the temporal and spatial variations of W. For example, a linearly distributed flow vari-
ables can be constructed initially, as shown in Fig.(6.3). This is the fundamental idea
underlying the central schemes. For the Euler equations, from this initial data, we can
construct numerical fluxes across the cell interface explicitly, i.e. Lax-Wendroff scheme.
There are two intrinsic weaknesses in the above initial condition: (1). If there are high
gradients in the flow distribution, the interpolated flow variables at these locations away
from the central point (i + 1/2) can easily become unphysical, such as negative density
or pressure. These wrong information could propagate to the cell interface (i + 1/2)
to effect the numerical fluxes. (2). The initial reconstructed data inside each cell are
not self-consistent. For example, the initial data inside cell 7 will be different when the
numerical solutions are evaluated at the left boundary z;_;/» and the right boundary
Zjt172. Thus, before using any governing equation, the traditional central scheme has
errors in the initial condition already. Although the above initial condition is perfectly
correct in regions with smooth flow and the central schemes behave very well, the inap-

propriate initial condition causes the failure of the central scheme in discontinuous flow
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Figure 6.2: The simplest initial condition without using any limiter

calculations. With this inappropriate initial condition, even with the exact solution of
the governing equations in the gas evolution stage, i.e. the exact generalized Riemann
solver for the Euler equations, oscillations will still be generated in discontinuous regions.

As another choice, we can totally ignore the slopes of flow variables inside each cell
in the reconstructed initial date, such as shown in Fig.(6.4). The numerical gas with
this initial condition stays in a more stable state than those with any other initial recon-
struction. Comparing Fig.(6.3) with Fig.(6.4), the constant initial data maximizes the
entropy inside each cell. In other words, it reduces the kinetic energy inside each cell to

the minimum level with the conditions of total mass, momentum and energy conservation

inside each cell, i.e. fCGHj %pU2|Fig.(6.3)dQ > fcellj %pU2|Fig.(6.4)dQ' Therefore, dy-

namically the time evolution of the numerical fluid from the initial condition in Fig.(6.4)
will be different from that in Fig.(6.3), and the former one does not have enough kinetic
energy to generate oscillations. The capturing of numerical shocks in upwinding schemes
is mainly due to the dissipation included in the initial condition, otherwise no shocks
could be captured since there is not enough dissipation in the gas evolution stage. In
order to get a physically reasonable and mathematically tractable initial condition in
both smooth and discontinuous flow regions, nonlinear limiters have to be introduced in
the initial data reconstruction. This is one of the fundamental ideas for the development
of modern shock capturing schemes, and it started from the work by Boris and Book

[7]. With nonlinear limiters, the general initial data can be constructed as that shown

145



Figure 6.3: Linearly distributed initial data around a cell interface

Figure 6.4: Constant initial data around a cell interface

146



L

i+1/2

Figure 6.5: A general data reconstruction between two extremes

in Fig.(6.5), which goes to the continuous distribution in the smooth region and the
step distribution in the discontinuous region. The BGK method uses this kind of initial
data for the conservative variables. Some schemes based on the generalized Riemann
solvers use the same initial condition[4], and the differences between the BGK method
and the generalized Riemann solver will become clear when we discuss the gas evolution
stage in the next section. In conclusion, the simplest initial reconstruction is shown in
Fig.(6.2). However, we cannot find any simple solution under this initial condition for
most nonlinear differential equations. So, a nonlinear limiter is introduced to simplify

this kind of initial data.

Once we get the initial condition, we have to use reasonable governing equations
to describe the time evolution of the numerical fluid. Physically, there is no granted
reason to believe that the Euler equations are the appropriate equations to describe the
time evolution of numerical fluid, even though they are perfectly correct for the inviscid
physical fluid. The correctness of the equations depends on the fluid situations in the
discretized space, it could be the Euler, the Navier-Stokes equations or the Boltzmann
equation. Since the BGK model can be shown to be correct in both the Navier-Stokes and
the free-molecular limit with quite general physical description of a fluid, it stands on a
firm physical basis. Currently, new schemes are continuously being developed. Without
using appropriate governing equations for the numerical fluid, any progress through ad

hoc fixes of the flux function will not make qualitative changes.
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6.2 Gas Evolution Dynamics

The dynamical effects from the reconstruction stage were discussed in the last section.
In this section, the dynamical influence from the gas evolution stage will be discussed.
Basically, different flow solvers correspond to different underlying governing equations,
and these equations may be different from the ones we are supposed to solve. The current
approach to get a better flux function for the Euler equations is actually a process to
solve new governing equations which are more appropriate for the numerical fluid, even
though it is not explicitly realized yet.

The gas evolution stage determines the time evolution of the numerical fluid around
a cell interface. Theoretically, the time evolution process can be described by the Euler
equations, the Navier-Stokes equations, or the Boltzmann equation. In order to make
the numerical fluid as close as possible to the real physical fluid, the choice of governing
equations should depend closely on the real flow situation. Because of the finite cell size
and time step, the numerical fluid is intrinsically dissipative, especially in discontinuous
regions. So, the corresponding dissipated governing equations have to be solved.

There are mainly two kind of numerical discretizations for the Euler equations, e.g.
the FVS and FDS methods. The FVS methods and the equivalent KFVS scheme have
been analyzed clearly in Chapter 3, where the FVS scheme can be regarded as solving
the collisionless Boltzmann equation in the gas evolution stage. The splitting errors
between the collision (projection stage) and free transport (evolution stage) create large
dissipation in the FVS scheme. Due to the free particle or wave transport in most FVS
schemes, their solutions deviate from the Euler solutions, and this deviation can never
be eliminated by simply increasing the mathematical order of the initial interpolation
without modifying particle or wave propagation model in the gas evolution stage.

The main purpose of this section is to re-examine dynamics in the exact Riemann
solver and the FDS scheme. It is realized that the exact Riemann solver is not adequate
to capture the whole spectrum of physical fluid. The reason for spurious solutions from
the Riemann solver, such as the odd-even decoupling and carbuncle phenomena in the
2-D case, will be explained. In order to develop more robust and accurate schemes for
compressible flow calculations, both equilibrium and nonequilibrium fluid behaviors have

to be captured in the gas evolution stage.
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Figure 6.6: Solution of the Riemann problem in the (z,t)-plane

6.2.1 Exact Riemann solver and Anomalous Phenomena

The Riemann problem is defined as an Initial Value Problem (IVP) for the Euler equa-
tions in the 1-D case. With the following initial condition at ¢t = 0,

(PL7 UL7PL)7 T < 07

6.1
(prsUgr, Pg), = >0, (6.1)

(0, U, P)(z,0) = {
the entropy-satisfying solutions are the following: the left state (pr, Ur, Pr) is connected
to the right state (pg,Ur, Pr) by a l-shock or l-rarefaction wave, a 2-contact discon-
tinuity, and a 3-shock or a 3-rarefaction wave. The 2-contact discontinuity separates
two constant states (p;, U*, P*) and (pr7, U*, P*) so that (U, P) are continuous across
the contact discontinuity. For example, in Fig.(6.6), the 1-wave is a rarefaction and the
3-wave a shock. There is standard technique to obtain the solution around a contact
discontinuity [121].

Once the solution from the Riemann solver is obtained, the values, for example
(pr,U*, P*) in Fig.(6.6) at x = 0, can be used to construct the fluxes. The Godunov
method uses these fluxes across each cell interface to update the flow variables inside each
cell. In order to understand the Godunov method, we have to understand the underlying
assumption in the process of obtaining the fluxes. All advantages and weaknesses in

the Godunov method can be attributed to this underlying assumption. For the Euler
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equilibrium states at cell interfaces

dissipative numerical shock region

Figure 6.7: Godunov gas evolution model

equations, it is obvious that once we know (p, U, P), the corresponding fluxes are

F, pU
pr = pU2 +P . (62)
Ty LpUP + 2 PU

For example, in Fig.(6.6), the time-dependent fluxes at z = 0 are (p;U*, p;U** +
P, %pIU*3 + #P*U*)T. From the flow variables (p, U, P) to the fluxes (F),, F,u, Fpe),
the equilibrium state is assumed. In other words, for the Godunov method whatever
the real physical flow situations is, the state (p;, U*, P*) at the cell interface is always
corresponding to the local equilibrium state with a Maxwellian gas distribution function,
even for the flow inside a numerical shock layer, see Fig.(6.7). It is well known that the
intermediate points in the numerical shock region have to be regarded as points inside
the shock structure, which corresponds to the highly nonequilibrium and dissipative re-
gion, and the inclusion of nonequilibrium properties is crucial in the capturing of a stable
shock transition. However, the applying of the Riemann solver here in the gas evolution
stage mis-interprets this region as an inviscid flow region with equilibrium states. From
Fig.(6.7), it will not be difficult to realize that there will not be enough numerical dissi-
pation to capture the discontinuous shock structure in the Godunov method. Without
the dissipation provided in the projection stage (discussed later), it is impossible for
the Godunov method to have a shock capturing ability. Unfortunately, in the multidi-

mensional case, the projection dissipation is not equally added in all directions in the
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non-uniquesness states at a cell interface
(1-Wave)

Figure 6.8: Shock front is located exactly at a cell interface

Godunov method, and this fact triggers the instability. It is true that, if the shock is
located exactly at a cell interface, the Godunov method could capture the stationary
shock exactly, such as that shown in Fig.(6.8). However, it is only a special case. If
we look at the Riemann solution in this situation, we cannot even find a unique state
(p, U, P) at a cell interface. Therefore, in this case the Godunov method uses the contin-
uous fluxes directly, which avoids constructing any equilibrium state at the cell interface
and avoids making mistakes. For an unsteady flow, once the shock is away from the cell
interface, the weakness of the Godunov method emerges. Inside the numerical shock
region, instead of smearing and dissipating different waves, the Riemann solver always
generates characteristic waves to propagate away from the shock region to form oscilla-
tions. Ignoring the nonequilibrium or dissipative property of a numerical fluid is one of
the direct reasons for the 2-D carbuncle phenomena and odd-even decoupling [76].

In the 1-D case, there is always projection dissipation to support the numerical shock
structure, as will be analyzed in section(6.3). However, in the 2-D case, if the shock front
is aligned with the numerical mesh, the projection dissipation could only be provided in
one direction. Due to the lack of dissipation in the other direction, the Godunov method
automatically generates instability. The following is the detail explanation:

In order to have the carbuncle phenomena or odd-even decoupling to happen, the nu-
merical fluid has to satisfy the following conditions [100, 76].
1. Shock propagates and is aligned with the mesh.

2. The mass flux due to a pressure difference is not zero, such as D® = 0 in the

151



~_U-au

prap i j+3/2
C J
p,u
Upstream Downstream

trr 12
ptap |-~
U

j-12

—_—e —= | —=

Numerical Shock Region

U2 a2 i+32
: Gas Velocity Field

T l : Pressure Field

Figure 6.9: Schematic explanations of a carbuncle phenomena

dissipative term D(W;, Wj;1) = D Ap+ DWW AU +DP Ap of the full mass flux function

i = 3100); + (pU)] = §D(W;, W),
3. The variations of density and pressure are out of phase.
From point 1, if the shock is aligned with the mesh, the projection dissipation can only
be provided in one direction due to the velocity differences in this direction. For example,
if the shock is propagating in the z-direction, there will be no projection dissipation in
the y-direction because even inside the shock layer, the velocities in different cells in the
y-direction are almost equal to each other. As we know, the projection dissipation is
proportional to the square of velocity differences (U; — Usy)?, which is shown in Eq.(6.7).

Suppose there is a stationary numerical shock in the x-direction, which is shown in
Fig.(6.9). Due to the conservative relation for the shock wave, we have

U? v

— + ———— = constant,
2 vy—1p

in the z-direction, from which

v pAP—PAp_O

A
UU+7_1 2

Y
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can be obtained. If AP and Ap are out of phase (point 3 above), such that AP = —3Ap,

where (3 is a positive constant, we have

UAU 4 (Pt BP)AP

=0.
v—1 p

So, once there are some perturbations at the shock front, an increase in pressure corre-
sponds to a decrease in velocity. As shown in Fig.(6.9), the fluid in central cells have
a slightly larger velocity and thus a slightly lower pressure. Physically, due to the ve-
locity differences, the shear viscosity will strongly take effect and reduce the velocity
differences, and a stable shock front can be formed from the dynamical balance between
advection and dissipation. However, numerically, solving the inviscid Euler solver in
the y-direction will give different answers here. The exact 1-D Riemann solver in the
y-direction does not recognize the x-component velocity differences at all due to its in-
viscid nature. In other words, the velocity differences between the fluid in cells (7, j) and
(1,7 —1),(i,j + 1) in Fig.(6.9) will not make any differences in the flux function. The
main dynamical effect involved in the Riemann solver in this situation is the pressure
difference. Since the surrounding cells have a higher pressure, they will push the fluid
towards the center. As a consequence, the fluid in the central cells passes through an
even narrower region. According to the Bernoulli equation, the fluid speed goes up due
to the convergence of streamlines, and the pressure in central cells becomes even lower.
Therefore, the Euler fluxes or the exact Riemann solver in the y-direction will amplify the
initial perturbations, and the fluid speed can easily go up and penetrate the shock layer

to form an instability. This explanation validates Liou’s conjecture [76], that D®) # 0

is accompanied by an instability. Otherwise, if D®) = 0, the pressure difference in the
y-direction will not push the fluid towards the central cells, and no instability will be
formed. Unfortunately, for any physical fluid, D® = 0 always holds. So, the carbuncle
phenomena or odd-even decoupling is intrinsically rooted in the Godunov method. Any
fixes to artificially make D® = 0 will eventually become a failure. For moving shocks,
it is easy to generate initial perturbations where the odd-even decoupling forms quickly.
One possible cure for the instability is to include a dissipative mechanism, such as an
artificial shear stress. However, an inappropriate artificial shear stress would probably
poison the Navier-Stokes solution and sacrifice one of the advantages of the FDS scheme.
Fortunately, the BGK method includes the physical viscous term directly.

In the cases where the shock front is not aligned with the numerical mesh, the pro-
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jection dissipation will take effect automatically in the shock regions in both directions
in the 2D case. Thus, the spurious phenomenon will not be present. In conclusion, the
odd-even decoupling and carbuncle phenomena are due to the intrinsic inviscid nature of
the Euler equations, which could happen for FDS schemes, such as the Godunov, Roe,
and Osher’s methods. For the FVS and KFVS schemes, the carbuncle and odd-even
decoupling can be avoided because they are not solving the inviscid Euler equations in

the gas evolution stage, which is analyzed in chapter 3.

6.2.2 Flux Vector Splitting, Flux Difference Splitting, and BGK

Schemes

A recent trend in the development of upwind schemes has centered around the construc-
tion of hybrid flux-splitting formulations which seek to combine the accuracy of FDS
approaches in the resolution of shear layers with the robustness of FVS in the capturing
of strong discontinuities. In the past few years, great efforts have been taken to combine
the FVS and FDS schemes, see [24] and references therein. However, untill now there
have been few great successes. The main reason for the unsuccessful attempts is that
there is a lack of physical principle (or governing equation) to combine FVS and FDS

fuxes.

The weakness of the Godunov method or FDS scheme results from inadequate dis-
sipation in the inviscid Euler solution in the shock region. As pointed out before, the
Riemann solution corresponds an equilibrium state at the cell interface, regardless of the
real physical situation. The successful part of the Godunov method in capturing numer-
ical shocks is largely due to the projection dissipation. However, in the multidimensional
case, the projection dissipation is not uniformly added in each direction. The ability to
capture a stable discontinuous solution for the FDS scheme in the multidimensional case
is rather fragile, especially in cases where high resolution calculation on a fine mesh is
required?. Even for the “multidimensional” scheme (if there is one for the Euler equa-
tions), similar spurious phenomena are doomed to happen. For the numerical solution
in smooth regions, such as a boundary layer, the absence of dissipation in the Riemann
solver becomes an advantage, where the boundary solutions can be captured accurately.

On the other hand, for the Flux Vector Splitting scheme, the governing equation
in the gas evolution stage is the collisionless Boltzmann equation. The free transport

in the gas evolution stage, naturally introduces large dissipation in the FVS scheme.

2Fine mesh corresponds to less dissipation added in the projection stage.
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Although the large dissipation, or more precisely the nonequilibrium property in the
FVS scheme, could help to capture a stable and robust numerical shock structure, the
contact discontinuities and slip lines are badly smeared. As a consequence, the Navier-
Stokes solution cannot be properly obtained from FVS schemes [124, 82].

In order to develop a robust and accurate scheme for unsteady compressible flows,
we have to in some ways combine the good properties from both FDS and FVS schemes.
In other words, we need to use FDS in continuous regions and FVS in discontinuous
regions to construct a hybrid scheme. For example, starting from the FVS scheme, in
order to reduce the free penetration of different waves or particles, the correlation or
collisions between left and right moving waves have to be introduced. The construction
of the common M, 5, Uy /5 terms in AUSM-type schemes is largely based on this physical
reason|[75]. Similarly, Moschetta and Pullin [86] tried to use Osher’s flux function to re-
place linearly degenerate wave in the KF'VS scheme. From the FDS scheme, additional
dissipations are usually introduced to stabilize discontinuous solutions [17]. The dynam-
ical effects of using two waves instead of three waves in the HLLE scheme is basically
to smear some waves and introduce dissipations [25]. A good hybrid scheme depends on
a smart weight function to identify where the flow is smooth, where the flow is discon-
tinuous, and make a smooth transition between them. No uniform criteria have been
obtained so far. One direct way to avoid using the hybrid philosophy in the designing of
robust and accurate scheme is to include “smart” viscous term in the governing equation
directly. In other words, even though the additional dissipation in the scheme can smear
the contact discontinuity or the slip line, the scheme is equally good if the dissipative
effect is physically correct and could generate the exact Navier-Stokes solution in the
smooth region. At the same time, the artificial dissipation is large enough to stabilize
the discontinuous solutions, such as the BGK method.

From the above analysis, we know that the Riemann solver cannot capture all flow
situations, such as the nonequilibrium shock region. Perfect Riemann solvers have not
and will never be found by solving the inviscid FEuler equations numerically. In order
to have a reliable scheme, we have to have the correct governing equations for the nu-
merical fluid, where both equilibrium and non-equilibrium flow properties have to be
considered. The BGK model naturally provides such an equation and the BGK method
gives a genuine nonlinear combination of FVS and FDS schemes. For example, in the
discontinuous region, the BGK method has a non-Maxwellian distribution to capture

the dissipative flow behavior, and in the continuous region, it gives a “Lax-Wendroft”
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type central scheme for the Navier-Stokes equations.

6.2.3 Central and Upwind Schemes

As analyzed before, any numerical scheme basically solves an IVP locally around each
cell interface. In order to get a good numerical method, we need both a reasonable
initial condition and a correct governing equation. In this section, we are going to
compare the central and upwind schemes in terms of initial condition and gas evolution.
It is recognized that the oscillatory behavior in central schemes is mainly due to an
inappropriate initial condition, rather than an absence of any upwinding mechanism.

For example, let’s look at the 1-D linear advection equation
u; + au, = 0,

where a > 0. The exact solution for the above equation is u = ug(x — at), which means
that the initial curve wugy propagates in the z-direction with constant speed. For the
initial condition with linear distributed data across a cell interface, such as that shown
in Fig.(6.10), the generalized Riemann solution moves the whole curve a distance aAt
in a time step At. After each time step, the projection stage averages u inside each cell.
From the exact upwinding solution, we find that the oscillations automatically form in
the averaged u after a single step. For a square wave, the oscillations will appear at
two corners (see Fig.(6.11)), which is identical to the numerical results from the Lax-
Wendroff scheme. In other words, the Lax-Wendroff scheme is basically a generalized

Riemann solver for an initial condition which is continuous across a cell interface.

For the nonlinear system. Suppose that we have the following initial conditions

around the cell boundary x4/, at t =0,

p= ozt ghlivp(t = 2j0172),
IVP1: pU = (pU)j+1/2 + _a(apg)'|j+1/2($ — Tjy1/2), Va € (2j-1/2, Tj43/2);

O(pe
pe = (p€)js12 + %’jﬂm(i’f — Tjt1/2),

where pji1/2, (pU);+1/2, (p€)j+1/2 are mass, momentum and energy densities located at
the cell boundary, and dp/0z, d(pU)/0x, d(pe)/Ox the corresponding slopes. With these
initial conditions, to the second order accuracy, the time-dependent numerical fluxes
from any Generalized Riemann solver [4] and from the Lax-Wendroff scheme should be
identical. So, the Riemann solver, even with the full set of characteristics, does not help

us at all to avoid the oscillatory behavior. In other words, the Riemann solver is not
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Figure 6.10: Numerical solution from an initial condition continuous across a cell inter-
face

Figure 6.11: Numerical solution from an exact upwinding scheme with the initial condi-
tion of continuous flow distribution across a cell interface
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critical for the capturing of monotonic shocks. To have a correct initial condition is more
important than the fully upwinding characteristics.
The success for the Godunov method is mainly due to the introduction of initial

discontinuities around each cell interface,

P =P P = Pr
IVP2: pU = (pU), T < Tjta2, pU = (pU), T > Tjp/2-
pe = (pe) pe = (pe)r

Physically, the kinetic energy in the above initial data is much less than the kinetic

energy contained in the initial data of the central scheme, e.g.

Titsz 1 Tits2 1,
/m ol ’va1dx>/m 2PV ypo e

j—1/2 j—1/2

Since the total energy is conserved, the reduction in the kinetic energy means an increase
in the thermal energy, and this dissipation is critically needed in the construction of
numerical shock structure. So, with the initial condition of two constant states, even if
we never know what the Riemann solution is, we can still use other methods to construct
approximate numerical fluxes in a short time period across the cell interface, and no
oscillations will be generated. This explains that we can have many many approximate
Riemann solvers and most of them work equally well. From this point of view, we
can recognize the importance of the FCT concept in the development of modern high
resolution shock capturing schemes. The slope-limiter approach was further developed
by van Leer in a series of papers [122].

For schemes with a staggered mesh, due to the shifting of the numerical mesh, the
projection dissipation is introduced more intensively than that with a non-staggered
mesh. For example, for the simple linear advection equation, u; + au, = 0, in the special
case of a = 0 and for an initial square wave, the upwinding scheme with a non-staggered
mesh would only smear the discontinuity over two numerical cells and the square profile
can be kept there forever. However, if we solve this problem with a staggered mesh,
the alternative shifting of the mesh continuously smears any nonsmooth structure. As
a result, even in the case of a = 0, the square wave will eventually disappear. So,
the dynamical influence from the staggered mesh itself is to put additional numerical
dissipations in the flow. Recently, Nessyahu and Tadmor [89] extended the Lax-Fridrichs

scheme to high order by introducing higher order reconstruction of flow variables inside
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each cell, where the dissipation effects from the staggered mesh are much reduced by

using higher order interpolations.

6.3 Projection Dynamics

After reconstruction and gas evolution stages, we are going to discuss the projection

dynamics in this section.

6.3.1 Introduction

It is well-known that the 1st-order Godunov-method always gives very dissipative nu-
merical solutions, and it is interpreted as artificial viscosity effects. If the numerical
fluxes are based on the exact Euler solutions, the dissipation must be added somehow
in the projection stage. Our focal point in this section is to figure out qualitatively the
dissipative mechanism in this stage®, from which a few anomalous phenomena are well
explained, including post-shock oscillations, density fluctuation in 2D shear waves, and
pressure wiggles at a material interface in multicomponent gas flow. Since the projec-
tion process is intrinsically included in all shock capturing schemes, these phenomena are
universal for both FVS and FDS schemes, even though the oscillations can be efficiently

reduced in the KFVS scheme.

6.3.2 Dynamical Effects in the Projection Stage

In order to fully understand the dynamical effects in the projection stage, let’s construct
a physical model. This model not only can be applied to shocks, but also in general flow
situations. Suppose there is a discontinuity in the flow distribution, and the location
of the discontinuity is inside a numerical cell 5. The left and right states in cell j are
(p1,Ur, prer) and (pa, Uy, pa€s) in regions [x;_1/2, 2j_1/2+aAx] and [x;_1 /2 + Az, 211 /2]
respectively, where Az is the cell size, see Fig.(6.12). In the following, we first assume

The projection averaging is based on the conservation of total mass, momentum and

3 Any truncation error analysis is only limited to regions with smooth flow. In order to analyze the
dissipative flow behavior in discontinuous regions, a dynamical model has to be constructed.
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energy,
501+ 52 = Py,
s0Us + 3p2Us = p;Us, (6.3)
3PIEL T 5p262 = PsEj,

where p;, p;U;, p;€; are averaged mass, momentum and energy densities in cell j. From

the above equations, we can get the average velocity

- U U.
U; = Pty t+ Y (6.4)
p1+ P2
After averaging, the kinetic energy in cell j becomes
_ 1 _,
Ey, = Z('Ol + p2)U5. (6.5)
However, before the averaging the original kinetic energy is
Lo 1
Ek = ZplUl + ZPQUQ. (66)

From Eq.(6.5) and Eq.(6.6), it can be proved that Ej > Ej, and the lost kinetic energy
is
L pip2

AE,=E,— E, == Uy, — Uy)2. 6.7
k k k 4p1+p2(2 1) ( )

Since the total energy is conserved in the projection stage, a decrease in the kinetic energy
must be accompanied by an increase in the thermal energy. So, projection is actually
a dissipative process in which kinetic energy is transferred into thermal energy. It is

this dissipative mechanism that helps the Godunov method to capture “nonoscillatory”

shocks.

From thermodynamics, we can prove that the entropy is increased in the above
projection process. The transition from initial density distributions p; and ps to the
final uniform density %(pl + p2) is achieved through an equivalent mass diffusion process.

The flow variables inside each cell are updated through the fluxes in the gas evolution
stage and the averaging mechanism in the projection stage. If the exact Euler equations
are solved in the gas evolution stage, the real governing equations in the whole updating
process for a numerical scheme can be derived in the following. Fig(6.12) outlines an

evolution process in an isolated cell from the initial flow distribution to the final constant
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Figure 6.12: Subcell mixing in the averaging stage

state. This process is finished in a whole time step At. In the following, we are going to
derive the approximate governing equations in this process. At the end, the convective
fluxes from the exact Riemann solver in the gas evolution stage will be added.

1. Continuity Equation: In the subcell :pe[mj_l/g, Tj_1/2 + aArx], the density is changed
from the initial p; to the final p = ap; + (1 — «)p2 through the mass fluxes at = =

xj_1/2 + aAz. If we assume that the diffusive mass flux is equal to 7;p,, we have

pP— P _ MNPz

At alAx
_ mlp2—p1)
aA:c%A:c ’

from which the mass diffusion coefficient 7; can be obtained

(Az)?
At

1
n = 504(1 — )

2. Momentum Equation: In the subcell xe[:pj_l/g,xj_l/g + aAx] again, the initial mo-

mentum p;U; is changed to pU in a time step At. Denoting the viscous flux as n,U,, we

have
ﬁU—plUl _ ap1U1+(1—a)p2U2—p1U1
At At
_ 772Ux
alzx
_ U —U)
QAJ}%AJ} ’
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With the assumption
p2Us — p1Uy ~ p(Usy — Uy),

we have
(Az)?
At P

1
e = 504(1 - 04)

3. Energy Equation: The dissipative effect in the energy equation is to translate kinetic
energy into thermal energy. Heat conducting process can also be modeled by considering
the smearing of two different temperature regions. In the whole numerical cell, we can

write the energy dissipation process as

OE},

From the above equation and Eq.(6.7), we have

1 api(1—a)ps

- U, — Up)?
AL, 404,01“‘(1_0‘)02( : =)
At At
_ (Uy — Uy)U,
= g2 —UTE
%Ax
(Uy — Uh)?

MBI A A"

So, with the assumption

apr+(1—a)ps
we can obtain
1 (Ax)?
= —af(l — )
M= 10— )1

While the projection stage provides the dissipative mechanism to smear the subcell
structure, the gas evolution stage influences the flow motion via the numerical fluxes
across the cell interface. If the Euler equations are solved exactly in the gas evolution
stage, the mass, momentum and energy transports through a cell interface are the fluxes
(pU, pU? + P, EU + PU). Combining the Euler fluxes with the diffusion and dissipative

terms in the projection stage, we can get the following “Navier-Stokes” Equations, which
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model the real governing equations in the Godunov method,

pr+ (PU)z = €pua,
(pU): + (pU? + P)y = €(pUs)a,
Ei+ (EU + PU), = Le(pUU,).,

where

1 (Ax)?
€= 504(1 —a) Y

(6.8)

depends on the location of the discontinuity. The dependence of € on Az and At is due
to the fact that the actual averaging process is taking place dynamically over a whole
time step inside each cell although it is often interpreted as an instantaneous process
occuring at the end of each time step.

The diffusive and dissipative properties in the above model are not directly related
to the specific Euler fluxes across each cell interface. Using Gilbarg and Paolucci’s
techniques([33], the stationary shock structure for Eq.(6.8) can be obtained[132], where

the main conclusions are

(1) p increases monotonically while U decreases, as x varies from —oo to +00;

(2) the momentum pU is not a monotonic function of x.

(3) the maximum value of the momentum pU is independent of e.

Points (1) and (2) have been analyzed based on the isentropic model in [53]. As pointed
out by Jin and Liu, the momentum spike is solely related to the mass diffusion term
in the continuity equation. Later, Karni and Canic found out that the the momentum
spike has no direct contributions to the post-shock oscillations[57]. Numerically, a mo-
mentum spike has been observed using a 1st-order BGK scheme in chapter 4, where the
momentum peak value is independence of the cell size Az. The numerical results for
other schemes have a similar property [53]. All these observations validate the govern-
ing equations (6.8). Also, based on Eq.(6.8), we can easily explain the fact that the

momentum peak value (pU)max is a constant. From the continuity equation, we have

(pU)max ~ €(pz)max-

Note that the leading order term of the density variation across the shock layer is pro-

portional to [140]

(p2)max ~ P2—P1 (Pz —01)2 - Cr(p2 — P1)2
P S Ip1 epi

9
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where 0z is the shock thickness, [ the mean free path, (pi, p2) the upstream and down-

stream densities, and C the upstream sound speed. So, (pU)max can be approximated

as

C _ 2
(PU)maX ~ E(px)max ~ w>
1

which is independent of €. So, even with a time-dependent ¢ in the moving shock case
(Eq.(6.8)), (pU)max keeps a constant value. Theoretically, the maximum momentum
peak value (pU)max should be a universal constant for all shock capturing schemes if
only projection dissipation is involved.

Even though the Godunov-type schemes have become more and more popular in the
CFD community, we have to agree that we understand much less than what we are
supposed to understand from scalar equations to nonlinear systems. Basically, the great
contribution of the Godunov method is the modeling of two constant states around a
cell interface in the projection stage, which dramatically reduces the kinetic energy in
the gas system. Also, this is the exact place where the implicit viscosity is coming from.
The Euler equations never tell us that the numerical flow should be discontinuous at a
cell boundary; the construction of constant states inside each cell is a numerical model of
the real physics rather than any specific discretization of the governing equations. Also,
this dissipative mechanism from the projection stage is more natural and complicated
than the terms attributed to artificial viscosity [90, 91]. Even with the great success
in the construction of the initial condition, the validity of the Godunov method for the
numerical fluid is still questionable. Physically, the numerical fluid in the discontinuous
regions will not follow the inviscid Euler equations.

It should be emphasized again that the FCT idea is a natural extension of the Go-
dunov modeling to construct higher order accurate initial conditions [7]. The impact of
nonlinear limiter is extraordinary in the development of modern shock capturing schemes.
It seems that over the past twenty years, the importance of the limiters has been over-
taken by the Riemann solvers. Frankly speaking, without constructing a good initial
condition through nonlinear limiters, the numerical results will be disastrous regardless
of whether exact or approximate Riemann solvers or any other generalized Riemann

solvers are used in the gas evolution stage.
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6.3.3 Post-Shock Oscillations

For the post-shock oscillations, Arora and Roe interpreted that the intermediate states
inside the shock layer do not lie on the Hugoniot curve [2]. Hence, the Riemann solver
generates a whole fan of waves and induces the post-shock oscillations. Jin and Liu ex-
plained this in the context of a traveling wave solution and suggested that the unsteadi-
ness in the momentum spike is the cause of the oscillations [53]. Karni and Canic noticed
that the upwind scheme and the Lax Friedrichs scheme behave differently here. They
concluded that the vanishing viscosity in Roe’s scheme at the shock region contributes
to the oscillations, and derived a modified parabolic equation in the shock layer[57].

In [132], it is shown that there is a stationary “Navier-Stokes” shock structure for
each constant e. If ¢ were really a constant, such as in the stationary shock case, there
would be no post-shock oscillations. However, for moving shocks, the discontinuity can
be located at any place inside each cell (x;_1/5 + aAx) and its location is changing with
time. As a consequence, € in the “Navier-Stokes” Equations (6.8) is a function of time
t. For a moving shock, a(t) is a periodic function, with the period equal to the time

interval for the shock to cross a numerical cell,

where U, is the shock speed. So, the pulsating shock structure, obtained from the
“Navier-Stokes” equations(6.8) with a unsteady viscosity coefficient, generates post-

shock oscillations.

The continuing variation of kinetic energy due to averaging in the shock layer exerts a
periodic force on the downstream flow motion, which is similar to exert a forcing term on
one end of a string. The oscillations form and propagate along the string. This behavior
is only related to the momentum spike superficially. Physically, even without the mass
diffusion term in the continuity equation (6.8) and with a monotonic momentum distri-
bution, post-shock oscillations will still be generated due to the unsteady nature in the
momentum and energy equations. This is probably the reason why the momentum spike
can be eliminated through a simple transformation pu — pu — €0, p, but the post-shock
oscillations will remain the same[53]. We can validate the above observation in another
way. When applying the projection model to a moving contact discontinuity wave, we
can get the same mass diffusion term in the continuity equation and consequently obtain

the momentum spike. However, we will not find any numerical oscillation there, because
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Figure 6.13: Stationary shock located at x =0

there is no time-dependent nonlinear dissipative mechanism in the energy equation. Due
to the equal velocities U; = U; on both sides of the contact discontinuity, AE, = 0 in
Eq.(6.7) holds. So, it seems that the unsteady numerical dissipation from the projection
stage is the real cause of the post-shock oscillations.

Based on the projection dynamics, the relation between the post-shock oscillation
amplitude and the shock speed can be approximately obtained. As observed in [2, 73],
very slow and fast moving shocks generate a smaller oscillating amplitude. In order
to qualitatively evaluate the relation, let’s consider the following model. Initially a
stationary shock is located at cell interface x = 0 with distributions (ps, Us, pa€a) and
(p1, U, pre1) on the left and right sides, as shown in Fig(6.13). The upstream and

downstream flow conditions are

P1 = 17
U =-1, 2>0, (6.9)
P= i
and
v+ M2
-1 2
U2 = (7 )U17 T S Oa (610)

+
v+1 ' (y+1)M?
2 —1
Py=(—Lm? - 1P,
y+1 v+1
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Figure 6.14: Moving shock with speed Uy at time At

0.05

0.045 - b

0.04

0.035

0.03

0.025

Relative energy variation

0.02

0.015-

0.01

0.005

0 05 1 15
Sign(uu,

Figure 6.15: Relative energy variation pfa% vs. relative shock speed Sign(Us)U, for

different Mach number M; dash-dotted line M = 3.0, solid line M = 20.0
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Figure 6.16: Relative density variation % vs. relative shock speed Sign(Uy)U, for dif-
ferent Mach number M; dash-dotted line M = 3.0, solid line M = 20.0.

where M is the upstream Mach number. From the above flow conditions, we can get the

sound speeds C; and C5 on both sides,

P [~ P
C = X and Cy = u
P1 P2

For a moving shock, the flow velocities will be changed, i.e. U; — Uy + Uy and Uy —
Us + U, where Uy is the shock speed. After each time step At, the shock front will be
located at U;At, see Fig(6.14). In the numerical cell with shock, the lost kinetic energy

due to the averaging is

1 piAtUspa(Ax — AtUs) )
AR=4 —U for U, > 0. 11
YT A p AU, + po(Ax — ALU,) (U1 2)%, or Us>0 (6.11)

Based on the CFL condition (CFL number=1), the time step is

Ax

At = :
MaX(|U1 + Us| -+ 01, |U2 + U5| —|- Cg)

and Eq.(6.11) goes to

1 pipU(1 = Us) 2
AE, = - Uy — U2)2A for U, >0, 6.12
AP AN A L (6.12)

where

U — |US‘
T Max(|Uy + U] + Cy, [Uy + Uy | + Cy)
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Similarly, for Uy < 0, we have

L pipa(1 - UL)U. 9
AE, = - U, — Uy)2A for U, < 0. 6.13
CS A (=T + ol 1 T SR for U < (6.13)

All noises generated in the shock region propagate downstream because of the following
two reasons: (1). the kinetic energy variation in the shock layer perturb the flow motion,
(2). there is no dissipative mechanism in the gas evolution stage for the inviscid Euler
equations. The ratio of the energy variation AFE}, to the total downstream energy density

P26 Ax in each cell is

1L pipU.(1 = Us)

< (U, — Uy)?
AB: _ 4piU* +r(1=U) - for U, >0 (6.14)
pngAfL' 1 ) P ; s )
2p2(U2+US) +7—1 p
similarly,
1 pipa(1 = UL)UL 2
Vi (U = Us)
A _ 4/)1(1 —U.) + p2U. for U, <0, (6.15)
AT ~pa(Uy + Uy)? + Py
2 v—1

The energy fluctuation ratios in (6.14) and (6.15) depend mainly on the relative shock
speed and velocities. Because of the independence of AEj/piéaAx on the numerical
cell size Ax, the post-shock oscillations can never be eliminated by refining the mesh.

AFEy
pQgQAQI

Fig.(6.15) is the plot of relative energy variation vs. the relative shock speed

Sign(Us)U, for different Mach numbers. The relative energy fluctuation is smaller at
both lower and higher shock speed. From the definition of total energy density pe =

1772 1 : ot
U= + ﬁP , we can derive the energy variation

1 1
A(pe) = pUAU + §U2Ap + —1AP.
’y —

VAA—;D and the Riemann invariant AU ~ %, we have

Therefore, using C? ~
\ujic 1 C?

A@QNAM—7~+#ﬂ+R7jﬁ%

from which the density fluctuation in the downstream can be obtained

Ap 1 AFEy/Ax

2 p2 |0+ U)Cy | 1 2 3
2T | U2y 2
v o2 H U+

169



Fig.(6.16) is the plot of density fluctuation for different Mach numbers. The numerical
observations presented in [73, 2] confirm qualitatively the above theoretical analysis,
where there is about 2 — 5% density variation, and the amplitudes are different from
Us; > 0and U, < 0. In real flow computations, a fast moving shock creates high frequency
modes which are decaying much faster than low frequency modes due to the dissipation in
both the gas evolution and the projection stage. As a result, the amplitude profile in the
density variation has to be modified and shifted by considering the numerical dissipation
in the whole downstream region. Also, the shock layer is smeared over several mesh
points and the intermediate states in the shock layer are different from the upstream
and downstream flow conditions. The final observation should be a statistical averaging

over all possible states in the shock layer. For example, the kinetic energy fluctuation

should be modified to

o / ’ AE(3)d5,

B —
which is an averaging over all possible density jumps,

P2
ﬁ/ =
P1

where (3 is the limit of highest density jump,

(v + 1) M?
24+ (y—1)M?

3=

Remark(6.1)

The above explanation for the post-shock oscillations can be regarded as supplement
to the explanations proposed in the literature [104, 53, 57, 2]. The projection dynamics is
explicitly explored here. In order to understand this problem further, we need to consider
the real physical properties in the shock region. Most shock capturing schemes usually
smear the shock layer over a few grid points. The transition region in the shock layer has
to be considered as points inside a numerical shock structure*. So, the non-equilibrium
Navier-Stokes or Boltzmann equation have to be considered there in the gas evolution
stage. Therefore, the use of the Euler equations in this region is physically inappropriate.
The 1st-order BGK scheme basically solves the non-equilibrium Boltzmann equation in
this region, which gives sharp and oscillation-free shock transitions. See Fig.(4.2)-(4.5) in

chapter 4. This can be understood by noticing that the BGK fluxes are obtained from the
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gas distribution function which is different from an exact Maxwellian in the shock region.
This non-equilibrium property of using non-Maxwellian mimics the physical mechanism
in the construction of a numerical shock front. The importance of a non-Maxwellian
distribution has been well-recognized in the study of strong shock structure[88]. For
high-order BGK method, the oscillation will still be generated because the dissipation
from the reconstruction stage is a complicated function of flow distribution, limiter and
the coupling between flow distribution and limiter. The artificial dissipation from the
reconstruction stage can hardly be controlled in a reasonable way in the gas evolution
stage to get oscillation free solution even though the oscillation can be efficiently dissi-
pated afterwards. It is doubtful that there will exist any high-resolution schemes which
are oscillation free for the moving shock case.

To have a consistent dissipative mechanism at the shock region in the gas evolution
stage is crucial for any high resolution scheme; otherwise gigantic amount of dissipation
is needed to smear a shock layer in order to get a smooth transition. Without solving the
Navier-Stokes equations directly in the gas evolution stage, we have to carefully tune the
artificial viscosity to mimic the physical viscous effects. Even solving the Navier-Stokes
equations, the physical viscosity has to be amplified artificially to capture the shock
with numerical thickness. It is reasonable for Karni and Canic to put additional viscous
term in Roe’s Riemann solver to reduce the amplitude in the post-shock oscillations [57].
However, without a reasonable governing equation, it is hard to determine the amount of
dissipation needed. Arora and Roe concluded that the oscillation is due to the fact that
the intermediate states in the shock regions are not located on the Hugoniot curve. This
conclusion is based mainly on the Euler equations we are supposed to solve. Numerically,
we are actually solving the “Navier-Stokes” solutions, the states inside the shock layer
indeed would not stay on the Hugoniot curve, but they will not generate oscillations
if the dissipative terms in the flux function are intrinsically consistent, such as in the

1st-order BGK method.

In summary, the dynamical effect in the projection stage for a nonlinear system
provides an unsteady dissipative mechanism, which transfers kinetic energy into thermal

energy. This feature is only observed in nonlinear systems, and this fact could probably

4Sometimes the transition from upstream to downstream in a numerical shock layer is considered to
be connected by several small shocks. From a physical point of view, it is impossible to reach the same
final state by compressing the gas through several shock waves as that reached by compressing with a
single shock wave. For example, a strong shock wave propagating through a monatomic gas will yield a
density ratio of 4, while two successive strong shock waves could result in a density ratio of 16. So, the
transition cells in a numerical shock layer have to be regarded as points inside the shock structure. In
other words, the intermediate states cannot stay on the Hugoniot curve connecting the upstream and

downstream flow conditions in a nonlinear system.
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Figure 6.17: 2D Riemann problem

change our belief that any good numerical technique for solving the linear wave equation
(Uy+aU, = 0) could be extended by a simple mechanism into an equally good numerical

technique for solving a system of nonlinear conservation laws [106].

6.3.4 Density Fluctuation in the 2-D Shear Wave

The idea of projection dynamics presented in the last section can also be used to explain
the density fluctuations in a 2D shear wave. First, let’s consider a 2-D test case, where
the initial flow conditions are shown in Fig.(6.17)[45]. From these initial conditions,
three waves will be formed, such as a shock, a slip line and an expansion fan.

Using a 2nd-order TVD scheme[117], the density distribution across these waves in
the y-direction is shown in Fig.(6.18), where M = 7 is used for the initial Mach number
of the flow in the upper part. The circles are numerical solutions and the solid lines are
exact solutions. Similar spurious solution in the 2-D shear layer case has been reported
in [120].

The density fluctuation around a slip line in the above figure is a common numerical
phenomenon for all shock capturing schemes, except the Lagrangian one [44]. In order
to understand this, we have to consider the projection dynamics again in the 2-D case.
As a simple model, we consider a numerical cell which includes a slip line, as shown in
Fig.(6.19). Here the velocities in the direction parallel to the cell interface are not equal

Vi # V4 due to the slip condition and U; = U; holds in the normal direction. Due to the
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Figure 6.18: Density distribution for the case with Mach Number M = 7, where the
solid line is the exact solution

dynamical averaging, kinetic energy is not conserved. Based on the same analysis as in

the 1-D case, we can get the kinetic energy loss in the averaging stage

1
AE, = -2y, vy, (6.16)

where the location of the slip line is assumed to be at the center of the numerical cell. Due
to the total energy conservation, the lost kinetic energy has to be transferred into thermal
energy and heats the gas around the slip region. The magnitude of heating depends on
the relative slip velocities. Due to this heating effect, the temperature and pressure
around the slip line will increase, and the increased pressure pushes the gas away from
each other. So, a density sink is formed, as shown in Fig.(6.18). The artificial heating
effects can also be regarded as a result of the friction between different fluids around
the slip line. In the 1-D case, we can not observe this phenomenon, because the equal
velocity U; = U, at a contact discontinuity wave prevents the kinetic energy from being
transferred into thermal energy. In conclusion, the projection stage provides not only
a dissipative mechanism for numerical shocks, but also an artificial heating mechanism
in multidimensional slip line regions. The only cure to reduce or eliminate the artificial
heating effects around slip line is to solve it and avoid the projection dissipation. The
generalized Langrangian method works very well in the slip region due to the fact that

the slip line is always along the cell boundary [44, 78, 46].
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Figure 6.19: Slip Line inside a Numerical Cell.

6.3.5 Pressure Wiggles Around Material Interface in 2-Component
Gas Flow

It is observed that for conservative Godunov-type schemes, pressure wiggles at a ma-
terial interface are generated[3]. In order to explain these oscillatory behaviors across
a material interface, let us study the projection dynamics again. Suppose a material
interface is located inside a numerical cell and separates the whole cell into two parts
with volumes V; and V3, as shown in Fig.(6.20). The mass, momentum, energy densities,

and specific heat ratio in both parts are

(1) (1)U(1),p(1)6(1), (1))

(', p 7y

and

(0@, pOT@) D2 @),

The material interface is a contact discontinuity with equal velocities U = U®) and
equal pressures P = P®) aross the interface. In order to simplify the derivation, we
assume UM = U®) = 0 here. This assumption will not change the applicability of the
following analysis to the general case around a moving material interface.

The projection stage mixes different components and the mixing is based on the
total mass, momentum and energy conservations. Since the momentum equation can

be ignored here due to the equal velocities in the two components, the mass and energy
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Figure 6.20: Multicomponent Subcell Mixing at Material Interface

conservations will be used. They are

POV + pPVy = p(Vi + V), (6.17)

and

pWeDV; 4 pP eV, = pe(Vy + V3). (6.18)

For a perfect gas, energy conservation reduces to

kT pMy, kT®  p2V,
YO =1 my @1 m,

E oWV, E p@V,
7(2)—1 ma

(6.19)

where k is the Boltzmann constant, m; and ms the molecular weights for gas 1 and
gas 2, T T and T are the temperatures in the initial two components and in the
final equilibrium state. From Eq.(6.19), the common temperature after mixing (with the
assumption m; = my) can be obtained,

(v — DTO oMV, + (7D — TP pA)V,

'= (Y@ — DpWV, + (7D —1)p@1, (6.20)

The equilibrium pressure P in the whole cell (V; + V) becomes

P = p 4 pe
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i T Vo T
- 2t - pyy, "2 - p2
A ORI A v e

e i W

T U+ \/Q(T(l) T

), (6.21)

where P and P® are the partial pressure contributions from component 1 and 2 gases

2)

separately after mixing, and P = P = P® are the initial individual gas pressure

before mixing. Substituting Eq.(6.20) into Eq.(6.21), we obtain
~ ViT® + Vo7 (7(2) — 1)T(1)p(1)V1 4 (fy(l) — 1)T(2)p(2)v2

P=pP . 6.22
TOTOV, +Va) (7@ — 1)p0V; + (70 — 1)p@ 14 (6:22)

Obviously, P # P in general cases, which means that the final pressure after mixing is
different from the initial pressure at the material interface. Once the pressure variation is

formed near a material interface, it subsequently generates waves and contaminates the

flow field. For a single component gas, (7! = v?)), Eq.(6.22) gives P = P automatically,
and the equal pressure is kept. An alternative explanation for the above phenomena can
be the following. For an ideal gas, each degree of freedom in a molecule has an equal

amount of energy which is proportional to the temperature 7. The total internal energy

_ kT
= 0

for component 1 gas, and e?) = RT)

of each molecule is e =@
(%) -1

for component 2

gas. Suppose that by collisions, these two molecules exchange their energies and equalize

their temperature to a common temperature 7. From energy conservation, we have

EATV  EAT®)

— AeD (2) —
O + OB Ae'V 4+ Ae'® = 0. (6.23)

However, the pressure change due to the temperature variation is

AP ~ EATWY + kEAT®

1 2
_ 1 o
~ — 1
= (7 = 4@ Ae® = (4@ — ;O)AD), (6.24)

which can not be zero if v = 4(?) is not satisfied.

6.3.6 Summary

In this section, we have analyzed the dynamical effects of the projection stage in Godunov-

type schemes. The projection process is a purely numerical process due to the nonzero
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cell size and time step. However it provides dynamical influence on the flow motion.
Based on this, a few anomalous phenomena are well explained, which include post-shock
oscillations, density fluctuation around a slip line, and pressure wiggles at a material

interface.

6.4 Summary

Quite often, the requirements for robustness and accuracy in the design of a numerical
scheme are in conflict with each other: if a scheme is robust, it is unnecessarily diffusive;
if a scheme is accurate, it loses robustness. The balance between accuracy and robustness
is equivalent to taking a choice between the FDS and FVS schemes.

The difference between the central scheme and the upwinding scheme is mainly on

the differences of initial conditions around a cell interface. The use of a nonlinear limiter

in modern shock capturing schemes is critically important. The failure of the traditional
central scheme is due to the inappropriate initial condition, such as the artificial creation
of kinetic energy in the initial data, rather than lack of upwinding in the gas evolution
stage. With the same initial condition as the central schemes, even with the upwinding
techniques and the use of full characteristics of the Euler equations, the results will
still be disastrous. After having a correct initial flow reconstruction, we still need to
choose the correct governing equations to solve the IVP. There is no physical reason to
believe that the Euler equations give a correct physical representation of the numerical
fluid. In order to capture the nonequilibrium flow property, a consistent dissipative
mechanism must be included in the gas evolution stage. Due to the use of inviscid
fluxes in the Godunov method, spurious solutions are automatically generated in certain
flow situations. No perfect Riemann solver for the numerical fluid can be developed
from the Euler equations, and the recent intensive attempts to construct hybrid schemes
for unsteady compressible flow will not get any significant results if these attempts are
only focusing on the modification of the flux functions rather than solving some more
fundamental physical equations.

It is commonly agreed that in order to have an accurate Navier-Stokes solution, the
property of an exact preservation of isolated contact and shear waves is an important
attribute of a convective flux model. This property prevents the contamination of a
boundary layer via artificial diffusion. However, as analyzed in section(6.3), the precise

preservation of a slip line is also accompanied by an instability in the shock region.
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So, to totally avoid dissipation in the convective flux function is not a good choice. In
order to get a robust and accurate Navier-Stokes solver, we have to solve the governing
equations with correct viscous term directly in the gas evolution stage. In some sense,
the BGK method has a more fundamental physical basis than the Godunov method, it

could capture both equilibrium and nonequilibrium flows.
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Chapter 7

Conclusion

In recent years, the gas-kinetic schemes for unsteady compressible flow computations
have become mature. The gas-kinetic scheme (GKS) not only provides a new physical
picture about the time evolution of numerical fluid, it also provides an indispensable tool
to analyze other shock-capturing schemes, such as the FVS and FDS schemes.

The BGK scheme presented in this lecture is based on the gas-kinetic BGK model,
which is distinguished from other gas-kinetic schemes, such as the KFVS scheme, where
the collisionless Boltzmann equation is solved in the gas evolution stage. The machinery
for the BGK method consists of combining an explicit solution of the BGK model of the
Boltzmann equation with the compatibility condition relating moments of the “real” dis-
tribution function to those of the equilibrium distribution towards which it continuously
tends to relax. The result is a set of nonlinear integral equations for the parameters
of the local Maxwell-Boltzmann distribution, or, equivalently, for the moments of this
distribution, which are the mass, momentum and energy densities in the gas. The BGK
model contains a relaxation time (or mean time between collisions), which decouples the
connection between the viscous coefficient and the time step in the smooth flow regions.
At the same time, the collision time couples the artificial viscous coefficient with the
time step and cell size in the discontinuous flow region to describe the reality that the
numerical discontinuous thickness is on the order of cell size rather than the real physical
thickness. Theoretically, , the Navier-Stokes equations can be exactly recovered from the
BGK model due to the connection between the viscosity coefficient and the relaxation
time, where the FEuler solutions are the limits when the viscosity is small in the Navier-
Stokes solutions. From many numerical test cases, the robustness and accuracy of the
BGK method have been fully approved.

The BGK method is different from central and upwinding schemes in the consider-
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ations of both the initial condition and the governing equations. The initial condition
in the BGK method not only keeps the pointwise values, but also the whole slopes in
the left and right sides of a cell interface. Regarding the governing equations, the BGK
model is valid for both the Navier-Stokes limit and the free particle transport limit, and
could give a reasonable description for both near-equilibrium and nonequilibrium flow
situations. Basically, the BGK method combines both the FVS and FDS philosophy in
a nonlinear way. Due to the intrinsic dissipative nature in the BGK method, unphysical
solutions, such as carbuncle phenomena and odd-even decoupling, have never been ob-
served. Once concerning numerics, we have to always remember one fundamental limit
that, for any discontinuous solution, the highest spatial resolution is the cell size Ax
and the temporal resolution is the time step At. Any subcell resolution will be lost in
the discretized space. Therefore, the governing equations for the numerical fluid must
be intrinsically dissipative. For example, the numerical shock thickness is on the order
Az and physically it should be proportional to 1/Re ~ v. So, the viscosity coefficient in
the numerical shock region has to be v ~ Az, which is achieved through the projection
dissipation in the Godunov method, rather than the upwinding mechanism. In terms of
the Euler equations, v ~ Ax guarantees that in the discontinuity region any scheme has
to be lst-order for the nonlinear system.

This lecture presents a physical understanding and numerical analysis about the FVS
and FDS schemes. The dissipative mechanism in the FVS and FDS schemes has been
qualitatively evaluated. To understand the governing equations from discretized scheme
is one of the important issues we need to face. It is the starting point to fully understand
current schemes and to develop more robust and accurate ones. The artificial viscosity
concept in upwinding scheme has been clarified instead of using the words “implicit”.
From the analysis in chapter 6, it is realized that the carbuncle phenomena and odd-
even decoupling is intrinsically rooted in the Godunov method once the inviscid Euler
equations are solved in the gas evolution stage. So, a positive suggestion from this lecture
is that we have to find and solve viscous governing equations directly in the gas evolution
stage, rather than keep on fixing the existing flux function. The modification of the exact
Riemann solver and the formulation of hybrid scheme to get more robust and accurate
numerical methods are actually a process to solve some other equations rather than the
inviscid Euler equations, although it is not explicitly pointed out. The gas-kinetic BGK
model probably provides such an equation. The search for perfect Riemann solver will

not have any positive conclusion if the inviscid Euler equations are only used to describe
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the numerical fluid.

Currently, extensions of gas-kinetic schemes to multiphase, chemical reactive, rela-
tivistic, inhomogeneous, semiconductor, phase transition, ..., have attracted much atten-
tion. Hopefully, in the near future, the gas-kinetic schemes could provide a useful tool

for a wide variety of science and engineering applications.
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Appendix A

Connection between BGK, Navier

Stokes and Euler Equations

Derivation of the Navier-Stokes equations from the Boltzmann equation can be found
in Kogan[62], Chapman and Cowling[10] and from the Bhatnagar-Gross-Krook equation
in Cercignani[9] and Vincenti and Kruger[125] for the case of perfect monotonic gases.
Here we reconsider the derivation of the Navier-Stokes and Euler equations from the
BGK equation, right from the outset for polyatomic gases.

To derive the Navier-Stokes equations, let 7 = €7 where € is a small dimensionless
quantity, and suppose that g has a Taylor series expansion about some point x;,t. Since
7 depends on the local thermodynamic variables, and since these depend on the moments
of g, we may assume that 7 and consequently 7 can be expanded about the point x;, t.
Now consider the formal solution of the BGK equation for f, supposing that g is known,
and suppose that ¢ >> 7; i.e. that the initial condition were imposed many relaxation
times ago. We can then ignore the initial value of f, and, with negligible error, the
difference between t' = 0 and ¢’ = —oo in the integral solution of the BGK model. It can
be shown from the integral solution that the Taylor series expansion of 7 and ¢ about
x;,t may be written as power series in €, and therefore f has an expansion in powers
of e. We can find the terms in this expansion from the formal solution for f , or, more

easily, by putting
f=foteh+éefo.

and 7 = €7 into the BGK equation directly. Let

0 0
Dy = It +uiﬁ—xi’

and write the BGK equation as e7Dyf + f — g = 0. An expansion of this equation in
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powers of € yields
f=g—€eDyg + 7Dy (FDyg) + ...

and the compatibility condition, after dividing by €7, give

/ boDugd= = € / Yo Du(FDug)d= + O(e2). (A1)

We define £, to be the integral on the left side of this equation, and R, to be the integral
on the right, so that Eq.(A.1) can be written as

Lo = Ro + O(2). (A.2)

We show that these equations give the Euler equations if we drop the term of O(¢), and

the Navier-Stokes equations if we drop terms of O(€?). To simplify the notation, let

< Pul.) >= /%(...)gdz,

and consider

Lo = [taDugdz
= /¢a(9,t + wg,)dE
= <o >+ <o >,
since 1), is independent of z; and ¢. Now Eq.(A.2) shows that
<tha >4+ < Youp > = Ofe) (A.3)

for all «, and therefore, in reducing R, on the right side of Eq.(A.2), which is already
O(e), we can drop O(e) quantities and their derivatives. Put differently, we first reduce
the L, to find that £, = 0 (o = 1,2,...5) is identical to the Euler equations; then we
use the fact that £, is O(e) to simplify R, — the result is the Navier-Stokes equations.

The expression for R, contains time derivatives which must be eliminated. We have,

from the definition of R,

Ra = T[< o >4 +2< Yaup > gy + < Yaupty > g

FTu[< Yo >4+ < haty > ] + Tr[< Yate >4+ < Yaupuy >4 (A4)
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According to Eq.(A.3) the coefficient of 7, in this expression is O(e), and can therefore

be neglected. As for the first term, consider

0
ak Vo >4+ <o, >3] = <o >4+ < Yot > gy

= Lo = O(e)

Then the first term in Eq.(A.4) is

0

T—[< wauk >+ < 7wbozukul > l] + O(G),

8xk ’ ’
which can be combined with the third term to give
0
Ro = %{T[< Yoy >, + < Youpug > ]} 4 O(e),
k

which eliminates the second time derivatives from R,; the first time derivatives will be
removed by using £, ~ 0.

The Euler equations follow from putting £, = 0. To see this, consider
L1=<tY1 >, +<tup >4 =p;+ (pUk)Jgu

since 11 = 1; L1 = O(e) is the continuity equation if we neglect O(e). For a = 2,3, 4, it

is convenient to define £; and R; such that : = o — 1 and to let w; = u; — U;. Then
L;=<u >+ <uug >y = (pU;) s + [pUi U+ < wiwy >]7k,
since all moments of g odd in w; vanish. The pressure tensor is defined by
Pik = < Wwy, > = poj.

(The diagonal form of p;; is obvious from the fact that g can be written as a function of
w?.) Then
L; = (pU3) ¢ + (pUiUy + poik) . (A.5)

and £; = 0 is the Euler equation for the conservation of momentum. For the energy

equation we have

1 1
£5 = §< un2 + 62 >,t + §< ul(unz —|—€2> >,l
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or

K+3 K+5
4”’2( PUn +Tp> <PUkU +TPU’“>
k

Setting L5 = 0 gives the energy equation in the absence of dissipation.
We proceed to eliminate the time derivatives from R, using the fact that £, = O(e).
For a = 1, we have
Ry =A{7[< w >, + < wpy >:l]},k
The quantity in square brackets is Ly, which implies that Ry = O(e), and £, = €R; =
O(e?). Hence, to the order we have retained, R; = 0 and £; = 0, or

pe+ (pUk) ;= 0, (A.6)

which is the continuity equation. We can use the continuity equation to simplify the
momentum equations and the energy equation. Multiplying the continuity equation by

U; and the subtracting the result from £; gives, according to Eq.(A.5),
Li = pUsy + pUpUsy + pi + O(€%). (A7)
For L5, we group the terms as follows:
1
Ly = SUps+ (pUk) 4] + pUnUni + pUkUnUn g + Uk

K+3 K+5

+ 5 [+ + Ukpi] +

pUk,k

The first term is %Un2£1 which is O(€?), and the next three are U, L,, , and are therefore
O(e). Then

K+3 K+5
55:4[Pt+UkPk]+TPUkk+U L. (A.8)

We can drop the last term in the reduction of R, but the term U, L, must be retained
in the reduction of L5 when we finally write L5 = €R5 in detail.

For the right sides of the momentum equations, consider R; = (7F};) , where
Fj, = < wujuy > + < ujupy >
or
= Uj[(pUs) ; + (pUrUi + pow) ;]
+pUrU;+ + (pUrU; + pdr)Uj
+(pdje) , + (Updje + Unpdji) 4,
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using the fact that all moments odd in w;, vanish. The term in square brackets multiply-
ing U; is Ly, i.e. it is O(e), and can therefore be ignored. Then, after gathering terms

with coefficients Uy and p, we have

Fir = UlpUjs + pUlUj 1 + p ] + plUk; + Uj i + Uiidje) + dilpe + Uip,l.

The coefficient of Uy is L£;, according to Eq.(A.7), and can therefore be neglected. To

eliminate p, from the last term we use the Eq.(A.8) for Ls; this gives

K+5
t"’Ukpk*_K—BpUkk‘FO()

Finally, we decompose the tensor Uy ; into its dilation and shear parts in the usual way,
which gives

2, K

Jk - [UkJ+UJk Ul,léjk] 3(K—i—3

)pUll(SJk (A9)

The last term is due to bulk viscocity; it vanishes, as it should, for K = 0, since the
physical mechanism for bulk viscosity involves energy sharing between translational and

internal degrees of freedom of the molecules, and K = 0 corresponds to a monoatomic

(v =3) gas.
For a = 5, we write
Ry = (?Nk)yk (A.10)
where
N, =< ukw >+ < ukulw >

which can be written as N, = Nk(l) + Nk(g), where

Nk(l) — [Uk@],t + U < UZL;@ >],z
and
N, =< wk# >+ < wkulw >
For Nk(l) we have
N - Uk[< un2—;—§2 >, N < ul(un22+ £?) >7l]
ot + B0 4 v 4 By,
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The coefficient of Uy in the equation above is L5, and can therefore be neglected, and

the remaining terms can be rewritten as

1 K+3
[§pUn2 + Tp] Ukt + UUy,| + pU Uk,

or, using the fact that £, = O(e),

1 K+3
N, = ~[5U + T],_Z]p”“ + pU U1

For N,?, remembering that moments odd in wy vanish, we have
Nk(2) = < Uw,wy >+ < U, U, w,,wy, >

1 1
+=< Un2wkwl >,l -+ §< wkwl(wn2 + 52) >,l’

2
or
N = (pUs) , + (pUn0) , + %(Unzp),k + ?(%),k-
This result can rewritten as
Nk(2) = plUks + UlUsy + UpUpy + UU
+Uk(ps + Uipy) + %UZQP,k + ?(%Q)k,

and the time derivatives can be removed by using £ = O(e), and L5 = O(e), neglecting

O(€), since we are evaluating Rs. Finally, N, + N, can be combined to give (after

some algebra)

_K+5_p

N. = —  p(= _
k 5 p(p),k+p[

U.U, U,(U, Ui)l. A1l
K13 kUL + Uil(Ugy + Uyl ( )

All time derivatives have now been removed from R,, (for all a). The remaining steps
in the derivation of the Navier-Stokes equations may be summarized briefly as follows:
1). Drop O(€?) in Eq.(A.2).

2). Combine € and 7 to recover 7 = €7.

3). Define the stress tensor

2
o' ik =nUjx + Urj — gUl,l(Sjk] +<Upi0k,
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where

n=7Tp
and
2 K
*T3K+3'?

are the dynamic viscosity and second viscosity coefficients respectively.
4). From Eq.(A.7) for £; and Eq.(A.9) for Fj, it follows that £; = €R; may now be
written as

pUj+ + pUpUj e + D5 = 0 jkis

which is the Navier-Stokes equation.
5). The energy equation follows from L5 = €R5 by using Eq.(A.8), (A.7) and (A.6) to
write L5 in detail, and using Eq.(A.10) and (A.11) for R5. The result is

K+3 K+5
—— e+ Urpp) — —5—0(ps + Urpp) = (KTs) & + (U10" 1) 1,
2 2
where
K+5k
S S

is the thermal conductivity, k£ is the Boltzmann constant, m is the mass of a molecule
and T is the temperature. The equations can be written in terms of v instead of K by

using K = (5 —37v)/(y — 1) for 3-Dimensional gas flow.

199



Appendix B

Moments of the Maxwellian

Distribution Function

In the gas-kinetic scheme, we need to evaluate moments of the Maxwellian distribution
function with bounded and unbounded integration limits.
In the 1-D case, the Maxwellian distribution function is

~A(u=U)"+€2)

A K41
n e ’

9=p(

where ¢ has K degrees of freedom. With the introduction of the following notation,

+o0
P - // (...)gdude,
the general integration formula becomes
<u€l >=<u" >< & >,

where n is an integer, and [ is an even integer (owing to the symmetrical property of &).

The moments of < & > are:

K

<§>:§X

)

3K K(K—1)

<Ceslmt T )

The values of < u" > depend on the integration limits. If the limit is from —oo to 400,
we have

<u’ >=1,
<u>=U,
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1

2 2
<u®>= (U*+ 2)\)

<u®>= (U + 1.5%),

3U%  0.75
4 4 9OV U0
<u">=(U"+ 3 + 32 ),

U3 U
5 5

U4 U? 1.875
6 6

1
<u"?>=U <"t >—|—%<u > .

If the integration limit for w is from 0 to +oo, such as

o= [ [ gdude

or from —oo to 0,

> o= | / ) gdude,

the error function and the complementary error function have to be used. The moments

for u™ in the half space are,

<u’ >0 = —erfc( VAU)

<u>s9=U< >.0 += Le”
u ’LL
>0 — >0 9 \/—
<u"? >_=U <"
>0 o\

Similarly,
1
<u’ > = §erfc(\/XU)

1€—>\U2
_ 0
<u>,o=U<u >—=

EVED
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n+1
<u"? >_o=U <u"™ > +T <u>_g.

In the 2-D and 3-D cases, the equilibrium state can be decomposed into the form of
the 1-D case, and the above integration formula can be used too. For example, in the

3-D case we have

p< .. >= /(...)gdudvdwdg,

and
< uM"WPE >=< U™ >< " >< wP >< € >,

where the integration limits can be the whole or half velocity space.
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