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Abstract

The use of moment-closure methods to predict continuum and moderately rarefied flow
offers many modelling and numerical advantages over traditional methods. The maximum-
entropy family of moment closures offers models described by hyperbolic systems of balance
laws. In particular, the twenty-one moment model of the maximum-entropy hierarchy offers
a hyperbolic treatment of viscous flows exhibiting heat transfer. This twenty-one moment
model has the ability to provide accurate solutions where the Navier-Stokes equations lose
physical validity due to the solution being too far from local equilibrium. Furthermore, its
first-order hyperbolic nature offers the potential for improved numerical accuracy as well
as a decreased sensitivity to mesh quality. Unfortunately, higher-order maximum-entropy
closures cannot be expressed in closed form. The only known affordable option is to propose
approximations. Previous approximations to the fourteen-moment maximum-entropy model
have been proposed [M°Donald and Torrilhon, 2014]. Although this fourteen-moment model
also predicts viscous flow with heat transfer, the necessary moments to close the system
renders it more difficult to approximate accurately than the twenty-one moment model. The
proposed approximation for the fourteen-moment model also has realizable states for which

hyperbolicity is lost.

Unfortunately, the velocity distribution function associated with the twenty-one moment
model is an exponential of a fourth-order polynomial. Such a function cannot be integrated in
closed form, resulting in closing fluxes that can only be obtained through complex numerical
methods. The goal of this work is to present a new approximation to the closing fluxes
that respect the maximum-entropy philosophy as closely as possible. Preliminary results
show that a proposed approximation is able to provide shock predictions that are in good
agreement with the Boltzmann equation and surpassing the prediction of the Navier-Stokes
equations. Furthermore, Couette flow results as well as lid-driven cavity flows are computed

using a novel approach to Knudsen layer boundary conditions. A dispersion analysis as
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well as an investigation of the hyperbolicity of the model is also shown. The Couette flow
results are compared against Navier-Stokes and the free-molecular analytical solutions for
a varying Knudsen number, for which the twenty-one moment model show good agreement
over the domain. The shock-tube problem is also computed for different Knudsen numbers.
The results are compared with the one obtained by directly solving the BGK equation.
Finally, the lid-driven cavity flow computed with the twenty-one moment model shows good

agreement with the direct simulation Monte-Carlo (DSMC) solution.
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Chapter 1

Introduction

In engineering, during the design process, solutions to gas flows are necessary in order
to optimize performance and efficiency as well as evaluate design criteria. A theoretical or
analytical solution to a given flow of a certain complexity is often not possible without making
simple assumptions. That is because of the high complexity of the physics involved, as well
as geometry. Conversely, obtaining solutions through experiments, such as the use of wind
tunnels, is highly expensive and requires a lot of time and resources, especially if an iterative
design strategy is used. The use of computational methods to solve complex gas flows through
discretization of governing equations allows one to obtain solutions that can be used in the
design process. Doing so allows for a process that is less expensive and can be performed in
less time. It also allows for further optimization of performance through auxiliary numerical
methods. The efficiency and performance of computational methods depends on the mesh
used, the numerical discretization used as well as the choice of governing equations. A less
accurate numerical discretization will yield solutions faster but with less accuracy while a
more accurate discretization method will yield more accurate solutions but in a more time
expensive manner. It is important to choose the proper numerical discretization based on
the desired output and the governing equation in used. A proper choice of the governing
equations is also important. Depending on the characteristics of the flow and scale of the

problem, different physics are needed and the proper governing equation have to be used.

Gas flows can be categorized by the ratio between the length scale of the problem and

the distance between inter-particle collisions, known as the mean free path. The Knudsen



number is the non-dimensional number associated with this ratio. In gas flows where the
mean free path of particles is much smaller than the length scale of the problem, the Knudsen
number is small and the flow regime is described as continuum. Conversely, when the
mean free path is much larger than the length scale of the problem, the Knudsen number
is large and the flow is considered to be in the rarefied regime. The transition regime
contain flows where the mean free path and the length scale of the problem are of similar
scales. Gas flows in the transition or rarefied regime are relatively common in engineering or
scientific applications. For example, microscale flows, high altitude flight and space capsule
re-entry all occur in these regimes. The accurate prediction of gas flow is crucial for these
applications. Moderately rarefied gas flow with Knudsen number between 0.1 and 10 are very
challenging to predict. For this type of flow, non-equilibrium effect can strongly influence flow
behaviour [21]. Particle-based models, such as direct simulation Monte-Carlo (DSMC) [4],
and models based on directly solving the Boltzmann equation, such as discrete-velocity
methods [33], have had success predicting non-equilibrium flows in strongly rarefied regimes.
Unfortunately, these methods often carry a prohibitively expensive computational cost in
the transition regime. In particular, DSMC methods exhibit slow convergence and noise
in their solutions that is proportional to the speed of sound. This makes DSMC a less
suitable method for low speed flows, where the amplitude of the noise is much larger than
the scale of the solution. Fortunately, moment-closures offer potential advantages in both
the continuum and the rarefied-flow regimes, as compared to existing methods [15], 28], 36].
Moment closures are based on an assumed form of the distribution function describing the
phase-space probability distribution of gas particles. The set of partial differential equations
(PDEs) associated with moment-closure methods are significantly less expensive to solve then
particle-based and direct-discretization methods. Moment-closures offer a set of first-order
hyperbolic balance laws that can accurately predict viscous flow with heat-transfer in both
the continuum and rarefied regimes. Their first-order nature promise numerical advantages,
such as a decreased sensitivity to mesh quality during numerical solution [30]. This is
advantageous when dealing with complex geometries that are typical of practical problems.
The requirement for the evaluation of only first derivatives also offers the possibility for an

extra order of spacial accuracy for a given stencil.

The two most popular families of traditional moment-closure methods are the Grad hier-
archy [15] and the maximum-entropy hierarchy [11, 28] 36]. The Grad closures, unfortunately,
have a very restricted region of hyperbolicity and are not always robust or accurate enough
for flows that are far from equilibrium. The Grad closures are also not guaranteed to predict

a strictly positive distribution function describing particle velocities. The maximum-entropy



hierarchy of closures can more robustly give flow predictions that are far from equilibrium
and promises a globally hyperbolic system whenever the entropy-maximization problem can
be solved. They also guaranteed a strictly positive distribution function. However, the lat-
ter hierarchy suffers from two disadvantages. First, the associated distribution function for
closures that offer a treatment of viscous flow with heat transfer is an exponential of a fourth-
order polynomial. It is impossible to integrate such a function in closed form, leading to the
impossibility to obtain the closing fluxes in closed form. A very expensive iterative procedure
is needed to compute the closing fluxes at every flux calculation. Such a procedure is far too
expensive to yield a practical computational tool. The second issue is that there are phys-
ically realizable moment states for which the entropy-maximization problem does not have
a solution. In those regions, closing fluxes are singular [23 24]. Recently, an approximation
to the fourteen-moment model, the first model in the maximum-entropy hierarchy capable
of predicting heat-transfer, has been proposed by M®Donald and Torrilhon [31]. The closing
fluxes are approximated through an interpolation between realizability boundaries with the
objective of preserving the hyperbolicity of the model. The use of an approximation substi-
tutes the use of the previously mentioned expensive iterative procedure. Unfortunately, the
closing fluxes containing the heat flux tensor are challenging to approximate and the pro-
posed approximation is weak. Even more devastating is that approximations to higher-order

closing fluxes are dependent on the weak approximation of the heat flux tensor.

Recently, a number of new families of moment closures have been proposed. Many of these
new closures are inspired by either the Grad or maximum-entropy families. For example,
Struchtrup and Torrilhon have proposed regularized extensions for the thirteen-moment Grad
closure [39]. This technique was further extended to the regularization of Grad’s twenty-
moment model [34]. These closures aim to extend the physical validity of the Grad closures
through the addition of higher-order derivatives at the cost of the hyperbolic, first-order
structure. Alternatively, Cai et al. have proposed a hyperbolization technique that leads to
robustly hyperbolic Grad-style closures at the expense of balance-law form [8 [9]. A similar
technique has been explored and applied by Kéllermeier and Torrilhon [27]. New quadrature-
based moment methods (QBMM) techniques such as HyQMOM have been proposed by Fox,
in which quadrature point with associated weights are used to close the system of moments in
a manner that preserves hyperbolicity [12]. Finally, the p-divergence closures, proposed by
Abdelmalik and van Brummelen take inspiration from the maximum-entropy hierarchy [I].
The closed-form closures shown in the present work are an approximation to the maximum-

entropy closures based on an interpolation technique between realizability boundaries.



1.1 Thesis Goals

The main goal of this thesis is to propose a new three-dimensional approximation for the
closing fluxes of the twenty-one-moment closure and present its advantages in approximating
this closure over the fourteen-moment closure. The weakness of the fourteen-moment model
approximation stems from the lack of information known regarding the closing flux containing
the heat-flux tensor. The twenty-one moment model contains all entries of the heat-flux
tensor in its solution vector and therefore no approximation of this term is needed. The
trade-off is that more entries of higher-order tensors need to be approximated. However,
more information is also known about them. The evaluation of the success of the proposed
approximation is done through a study of the regions of hyperbolicity as well as a dispersion
analysis of the resulting equations. The development of a novel treatment of solid-wall
boundary condition is another objective of this work. The performance and accuracy of
the model is tested through the simulation of multi-dimensional cases for the first time and

compared against classical methods.

1.2 Thesis Structure

This work presents a review of kinetic theory and moment closures for gases, focusing
on the maximum-entropy hierarchy of moment-closures. Following this is an overview of the
previously proposed fourteen-moment closure by M°Donald and Torrilhon [31], discussing
its limited ability in approximating the closing fluxes, in particular issues are identified with
the heat-flux tensor. Then a presentation of the newly proposed approximation for the
twenty-one moment model with a study of its realizability space, its hyperbolicity, as well
as a dispersion analysis. A new approach to solid wall boundary condition for moment
methods in general is proposed as well. Finally, numerical results are presented to support

the evaluation of the performance of the proposed model.



Chapter 2

Kinetic Theory and Moment Closure

2.1 The Knudsen Number

In traditional fluid mechanics models, the fluid is generally assumed to be continuum.
This assumption is valid granted that the scale of the problem being solved is much greater
than the scale of the inter-particles interactions. In this case, the inter-particles interaction
occur on such a small scale that they “average out” over the scale of the problem. The fluid
can then be treated as a continuum, since there is no need to track particles individually.
In the event where the length scale of the problem is of similar or smaller scale than the
inter-particles interaction, then, the assumption of continuum cannot be used. In such case,

the microscopic structure of the fluid needs to be considered to properly model the flow.

The Knudsen number is used to characterize the regime of the problem. It is defined to
be the ratio of mean free path of a particle, A, and the characteristic length of the problem,

Kn = (2.1)

A

7
The correlation between the Knudsen number and the flow regimes is shown in Figure 2.1]
In the continuum regime, the length scale of the particle interaction is small compared to the
scale of the problem and classical fluid-mechanic models, such as the Navier-Stokes equations,

are valid. In the free-molecular regime, the scale of the particle interaction is much larger
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Figure 2.1: Flow regimes with respect to the Knudsen number

than the scale of the problem. In the absence of acceleration fields, particles travel in straight
lines without interacting with each other. While classical methods cannot predict flows in
this regime it is often affordable to do so through particle-based methods [4]. In the transition
regime, the scale of the particle interaction becomes comparable to the length scale of the
problem. In this case, the inter-particle interaction are important in the prediction of the
flow, yet classical method cannot reliably predict the solution. While particle-based methods
can accurately predict flows in this regime, they can become prohibitively expensive when a
large number of particles are present. This is especially true for low-speed flows. Moment-

closure methods offer a good alternative in accurately predicting flows in this regime.

2.2 The Distribution Function

In the kinetic theory of gases, a statistical representation of the gas is used. Instead of
tracking every single particle in space, a velocity distribution function, F(z;,v;,t), is used.
This function describes the phase-space density of particles in the neighborhood of a position,
x;, with a velocity, v;, at a time, t. The most commonly known distribution function is the

Maxwell-Boltzmann distribution,

Mol (L)
m \ 27p

where p is the mass density of the gas, p is the pressure, m is the particle mass, u; is the flow

[

exp (—2%(% — ) (v — ui)) , (2.2)

bulk velocity and v; is the particle velocity. The random velocity, ¢; = v; — u;, is defined as
the difference between the particle velocity and the local flow bulk velocity. The Maxwell-
Boltzmann distribution statistically represent gases that are in local equilibrium. It can
be shown that any distribution of particles will be driven toward the Maxwell-Boltzmann
distribution by inter-particle collision. Once the Maxwell-Boltzmann distribution is reached,

the inter-particle collisions no longer have an effect on the form of the distribution function.



For non-equilibrium gases, the associated distribution function can vastly differ from the

Maxwell-Boltzmann distribution.

It is possible to relate traditional macroscopic properties to the distribution function
describing a gas by taking velocity moments of the distribution. This is done by multiplying

the distribution function by a velocity weight and integrating over all velocity space. For

example,
p—// mFdv; = (mF) ,
= (muy;F
= (meic ) , (2.3)
Qljk <m cjckf>
R = (mcicjeralF)
z]klm <mCzCJCkClCm.F> .
Here, P;; = pd;; — 7;; represent the anisotropic pressure tensor, defined as the difference

between the thermodynamic pressure, p, and the deviatoric stresses, 7;;. For monatomic
gases, the thermodynamic pressure is obtained by averaging the diagonal entries of the
anisotropic pressure tensor, p = F;;/3. The third-order tensor, @z, is the generalized
heat-flux tensor. The classical heat-flux in a given direction is equivalent to half of the
corresponding trace of the heat-flux tensor, ¢; = %Qijj. For convenience, the notation ( ) is
used to represent the integral over all velocity space. Higher-order moments, such as R;;; and
Sijkim, do not have any familiar physical meaning, but represent local high-order statistics of

particles velocities. In this way, moments of any arbitrary order can be defined.

The moments obtained using the full particle velocity, v;, as velocity weights are referred
to as full moments. Similarly, moments obtained using the random velocity, ¢;, as velocity
weights are referred to as random moments. The two can be correlated by using the expres-
sion for the random velocity. For example, the full uncontracted second order moment can

be correlated to the random second order moment,

(mujv; F) = (m (u; + ) (uj +¢;) F)

(muu; F +M+M+ (meic; F

= PU;U; + Pij .



2.3 The Boltzmann Equation

The time evolution of the distribution function is governed by the Boltzmann equation,

OF | OF 0(aF) _6F
ot Uom T 0w ot

(2.4)

The three terms on the left-hand side, represent the time evolution of the distribution func-
tion, the effect of particles convection and the effect of acceleration forces on the dristribu-
tion function, respectively, in their order of appearance. The term on the right-hand side of
Eq. is the collision operator, which models the effect of inter-particles interaction on the
distribution function. By assuming that the collisions are only binary collisions of identical
particles, that these collisions are occurring on a scale that is much smaller than the mean
free path of the particles and by assuming that a single collision does not noticeably affect
the distribution function and that, finally, particles velocities are statistically independent,

it is possible to express the collision term as,

SF 2m ™ . .
5= (F'F) — FFi) gosin xdxde ) . (2.5)
o Jo

/
Vs

In this integral, 7 and JF; are the distribution functions of the two particles undergoing a
collision at particle velocities v; and vy;, while 7" and F] are the distribution functions of the
two particles post collision with particle velocities v} and v};. The particles relative speed
pre-collision is expressed as g = |v; — vy;|, o is the differential collision cross-section, x is
the deflection angle and finally € is a solid angle integrated around a particle undergoing
collisions [38), [14].

The expression shown in Eq. contains a high-dimensional integral and usually can-
not be evaluated in closed form. However, it is known to conserve mass, momentum and
energy, and to increase the entropy monotonically until the distribution function becomes a
Maxwellian. For many applications, it is possible to use a simplifying approximation to the
collision operator, such as the relaxation-time BGK model, as first proposed by Bhatnagar

et al. [3], S M
i

where 7 is a characteristic relaxation time and M is the Maxwell-Boltzmann distribution with

(2.6)

the same mass, momentum and energy densities. The BGK model moves the distribution



function, F, towards equilibrium at a time scale, 7. The time scale, 7, is correct in the case

where Kn — 0 and Kn — oo, but is only approximate for everything in between.

The collision term can be shown to satisfy the second law of thermodynamics by taking

a moment of the Boltzmann equation using the velocity weight,

M=—knZ, (2.7)
)
leading to,
0 F %) F 5 F F6F

By neglecting the acceleration and further defining the variable S = <—kln %]-" >, U, =
<—k51n %vi]—" > and by defining the production term on the right hand side to be ®, the

expression can be written as,

o5 , 0w, _

By further assuming an isolated system where the flux of S'is therefore zero and the equation

. (2.9)

transforms to,

08

5
By observation of the production term, ®, after substituting Eq. into the right-hand
side of Eq. , it can be seen that it is always greater than zero,

2w s ! !
o= k <</ In T (F'Fy — FFy) gosin dede> > >0, (2.11)
0 0 Ui/

. (2.10)

1 FFi

since g and o are always greater than zero, x is non zero for the integration interval 0 < y <7
]:/]:/
e
the entropy and if the production term, ® is always greater than zero in Eq. (2.10)), then

entropy is always generated and the second law of thermodynamics is satisfied [5].

and the terms

and (F'F| — FFy) are only negative at the same time. In fact, S represent



2.4 Maxwell’s Equation of Change

Even with the simplified collision operator, the Boltzmann equation remains very high
dimensional, with three dimensions in physical space, three dimensions in velocity and one
time dimension. Directly solving this equation requires numerical discretization in physical
space and in velocity space, resulting in a prohibitively expensive method. Fortunately, for
most practical problems, the wealth of information given by solving the Boltzmann equation
is not necessary. In most case, it is sufficient to only solve for a desired set of macroscopic
properties that are of interest. A vector, W, is defined to contain the velocity weights
associated with the macroscopic properties of interest. The solution vector, U, contain the

macroscopic properties of interest such that,
U=mWF).

A set of equations for the macroscopic properties, or moments, of interest can be derived by

taking velocity moments of the Boltzmann equation.

o0 (3 2 4922 w7

In this work the particle acceleration, a;, is taken to be zero due to the absence of external

fields acting on the particles, however, it can be easily incorperated. The collision term is
also substituted by the BGK model shown in Eq. (2.6)),

(o (3 442 (o 520)

Since the particle velocity, v;, is independent of the location in space, x;, and since the
velocity weight vector is strictly a function of the particle velocity, both can be put into the

derivative. Doing so result in Maxwell’s equation of change,

2 (mW (v;).F) +

g 0 (mo,W (v;)F) = 1 [(mW (v;)F) — (mW (v;) M)] . (2.12)

ox; T

The number of equation in the system is the same as the size of the velocity weight vector,
or as the number of macroscopic properties of interest. For simplicity, Eq. (2.12) is often

written as,

oU | OF: _

S, (2.13)

10



where U is the solution vector, Fj is the flux, and S is the collision source term.

By using the chain rule, Eq. (2.13]) can be rewritten as,

U | OF;0U _

S, (2.14)

OF;
ou

wavespeeds of the system of PDEs. If the eigenvalues of the Jacobian are strictly real, then

where is the flux Jacobian. The eigenvalues of the flux Jacobian correspond to the

the system is said to be hyperbolic and information propagates at finite speeds.

2.5 Moment Closure

Unfortunately, taking velocity-moment of the Boltzmann equation cannot naturally lead
to a closed system of equations. This is because the time evolution of a given moment always
depends on the spacial divergence of a moment that is one order higher in velocity. Also,
the collision operator is not always closed. An infinite number of moment equation would

therefore be needed to produce a closed system.

One method used to obtain a closed system of equation is to assume the form of the
distribution function. This allows one to relate the higher-order moments to the lower-order
moments of interest. This assumed distribution function must have the same number of
free parameters, a;, as there are moments in the solution vector (macroscopic properties of
interest). The free parameters are chosen so that they are in agreement with the known
moments of interest, as given by Eq. . It then becomes possible to integrate the closing
fluxes, since the distribution function is now known. The obtained closing fluxes naturally

become a function of the known moments.

2.5.1 The Euler Equations

The well-known compressible Euler equations describe inviscid, adiabatic gas flows. As
an illustrative example, they are described here in the moment-closure framework. A set

of five moment equations can be obtained by using the generating velocity weight vector,
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W(UZ) = []-a Vi, Uﬂ)i],

0 9] 1

0 0 1

5 (mv; F) + or, (muv; F) = = [(mv,F) — (mv;M)] , (2.16)
0 0 1

5 (mv;uF) + oz, (mvjv, F) = - [(mv;u; F)y — (muuM)] . (2.17)

Note that the number of velocity weights is equal to the number of unknown in the Maxwellian
which are p, u; and p. By using the relations between the macroscopic properties and the
velocity moments of the distribution function, the previous set of equations can be rewritten

in terms of the properties of interest,

0 0

5 I+ 5 low] =0, (2.18)

0 0

g [oui] + 7. [puiu; + Py =0, (2.19)
j

0 0 P; —3p

ot [pusu; + Pyl + 8—% [puiuiug + 2u; Py + uj Py + Qjii] = - (2.20)

At this point, a form of the distribution has not been chosen. Equations (2.18)) to (2.20)
are true in general. As explained previously, the spacial divergence term in Eqgs. (2.16|) and
(2.17) or Eqgs. (2.19) and (2.20) contains moments, P;; and @;;;, that are not part of the

known properties of interest and therefore render the system unclosed. The system can be

closed by choosing a form for the distribution function, relating the closing moment to the
lower-order moments, that are known. If one chooses the distribution function to be the

exponential of a second-order polynomial,
F = etotaivitBuiv; ’ (2.21)

then the number of free-coefficient is equal to the number of unknown in the Euler equation.
The reason for this choice of form of the distribution function will become apparent in further
sections. The free-coefficients can be obtained by solving the following equations relating

the macroscopic properties of interest to the weighted integrals of the distribution function,

p=(mF),
pu; = (muF) |
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puu; + 3p = (mo;uF) |

yielding,

pu;

;= )
p
__r

p= o

By substituting the obtained values for ag, a; and § into Eq. (2.21)) the Maxwell-Boltzmann
distribution is obtained. By using this distribution to calculate the closing fluxes, the well-

known Euler equations for a monatomic gas are recovered,

0

1ol + 5 [pui] = 0 (2.22)

0 0

a [puz] + % [puﬂL]’ +p6ij] =0 (2.23)
J

0 0

a [puiui + 3p] + 87 [,OUZ'UZ'U]‘ + 5PUj] =0. (2.24)

J

Here, Eq. is double the traditional energy equation. It is written this way for con-
sistency with other closures shown in this work. As known, the Euler equations are only
valid for inviscid flows with no heat-transfer. This demonstrate the need of a more complex
distribution function with a larger associated velocity weight vector in order to model more

macroscopic properties, such as viscosity and heat transfer.

2.5.2 Choice of The Distribution Function

There exist a large variety of techniques related to the choice of the distribution function.
The next sections discusses some of the most common techniques proposed. The choice of
technique used directly impacts the system of moment equations that will be obtained. Some
traditional techniques, like the Grad closure, are based on distribution functions that are
a perturbation around a Maxwellian. Alternatively, the maximum-entropy technique relies
on using the distribution function that maximizes the entropy, a measure of likelihood, of

the distribution. Some more recent techniques, such as the ¢-divergences technique, are

13



inspired by the maximum-entropy closure and are based around an approximation method.
Finally, some more contrasting methods are based on weighted quadratures method to yield

a distribution function.

2.5.3 The Grad Closure

The most well-known hierarchy of moment closures is the Grad closures [15]. For these
closures, the proposed distribution function consist of a Hermite polynomial expansion

around the Maxwellian,
F = (OéoHo‘i‘OéiHi‘f'Oéinij—f—"')M. (225)

That is, the distribution function is assumed to be a polynomial expansion around an equi-
librium Maxwellian. This Maxwellian may be a “global”, constant distribution or may be the
Maxwellian with the local density, bulk velocity, and pressure. In Eq. (2.25)), [a, a4, o, - - - |

are the coefficients and are dependent on space and time, while [Hy, H;, H;;, - - - | are Hermite

/RN
polynomials. These polynomials are defined as,

1 oN
BTN M Dy, Ocy, -+ - Oci

H; M, (2.26)
where N is the order of the polynomial. If a global Maxwellian is used, these polynomials
will be constant. If the Maxwellian adapts to the local gas condition, so will the Hermite
polynomials. These polynomials form an orthogonal basis with respect to the Maxwellian

distribution function, that is
/// Hi17i27"'71'N (Ci>Hi1,i2,---,iM (Ci)M<Ci)dC$dCydCZ = O, (227)

when the Hermite polynomials are different. The Hermite polynomial Hj is equal to 1.
The coefficients multiplying the Hermite polynomials, a, are chosen so that the distribution
function is consistent with the moments of interest. The number of polynomial/coefficient
must be equal to the number of moments of interest. The first four Hermite polynomials

have the form

Hy=1, (2.28)
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H = -"e (2.29)
p
P’ p
Hy = PG 5%‘ ; (2.30)
3 2
P P
Hijj = —ECZ‘CJ’CJ‘ + 5?@ . (231)

If the moments of interest are V' = [p, u;, p|, which are the moments corresponding to the
Euler equation, then the following Grad distribution function with the Hermite polynomial
Hy, H; and H;; is obtained,

2
F = (O&O — OéiBCi + (p—zcl-ci — 38)) M . (232)
p p p

The coefficients g, «; and «;; need to be found so that the moments of interest of the

distribution function are satisfied. This leads to

ap =1, (2.33)
a; =0, (2.34)
Q= 0. (235)

The resulting distribution function is simply the Maxwellian shown earlier. When using this
distribution, the Euler equations are again recovered. This shows that the Euler equations
are the lowest-order member of the Grad hierarchy of closures. To model a wider set of
macroscopic properties, more Hermite polynomials and closure coefficients are required. The
Grad 13-moment closure has the ability to model viscous stresses and heat-transfer. This

distribution has the general form,
Faiz = (o + o Hy + oy Hy + Oéi]sz‘]j) M, (2.36)

where the system of equations is generated using the velocity weight vector W = [1, v;, v;v;,
v;v;05]. The corresponding moments of interest are V' = [p, u;, P, Q;;]. In this case, the

obtained coefficients are,

Qp = 1 s (237)

a; =0, (2.38)
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Py — pdy

Qg = Q—p’ (239)
Qg = —?Oij; 7 (2.40)

when this distribution function is inserted into Maxwell’s equation of change, a set of thirteen
PDE:s is obtained,

0 0
pr R o [pui] =0 (2.41)
0 0
ot [ous] + o, [ouiu; + Py] = 0 (242)
0
0
+ %[ﬁuiujuk + u; Pjp + uj Py + up Py
k
1 3P, — Pyoy,
+ 5 (Quudje + Qiudir + Quudyy)] = —JB—TMCJ
0
a [puiujuj + Ulf)ﬂ + QUJ'PZ‘]' + Qijj} (244)
+ 87 pUinUjuk + QUIU]f)jk + uzukP]] + UjUjPik + 2ujukPij
k

1 2
+uiQry + upQij + 2%5 (Qudj + Qudir, + Qrudiy) + (7§Pz’k - 2%%)]

_ _3Qijj + 2 (3P¢kuk — Pkkuz)
3T

The first equation is simply the conservation of mass, the following three are the conservation
of momentum. The next six describe the conservation of energy decomposed in modes
associated with different directions. Finally the last three describe the evolution of the

energy flux, including the heat transfer tensor.

Although Grad’s technique yield a closed set of locally hyperbolic equations, the assumed
distribution function is not guaranteed to be positive. Because the polynomial multiplying
the Maxwellian could be negative, the distribution could show a negative probability for
some particle velocities, which is not physical. Furthermore, there are realizable moments
arbitrarily close to equilibrium for which the closed system of equation is not hyperbolic [10].
This happens when the eigenvalues of the corresponding flux Jacobian are complex. Con-

sequently, the system is ill-posed and a solution is not guaranteed. Finally, the addition
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of more polynomials and closure coefficient does not necessarily translate to a system of

equation yielding more accurate solution [43].

2.5.4 The p-Divergences Closure

A more recent closure inspired from the maximum-entropy hierarchy has been proposed
by Abdelmalik and van Brummelen [I]. The ¢-divergences closure is based on an approx-

imation of the exponential function. The standard limit definition for the exponential is

n N
exp(f) = 711;1210 (1 + %) ~ (1 + %) , (2.45)

expressed as,

where f is an arbitrary function. Unfortunately, in the limit where v — 400, the trun-
cated exponential and its derivatives do not decay to zero. This is essential in order to
obtain finite macroscopic properties. Furthermore, for values of N that are odd, the trun-
cated exponential can possibly be negative. To preserve the properties mentioned above,
a modified approximation of the exponential is required. One such approximation is the

g-exponential [44],

expy(f) = [1+ (1 =) /1Y, (246)
where ¢ # 1 and [f], = % f+ %| f] is the non-negative part of a function. The g-exponential
and the truncated limit definition of the exponential are related when 1 — ¢ = %,

f N
exp,(f) = [1 + —1 : (2.47)
N,
The proposed distribution function for the (p-divergences closure is
__ Tw\ Y
Fn =M exp, (@ W) = M (1 + aN ) ; (2.48)
+

where a and W are the free coefficient and the velocity weights respectively and M is
a Maxwellian distribution that pre-factors the g-exponential approximation. Pre-factoring
by a Maxwellian ensure a decay to zero of the distribution function as v — +oo. While
this pre-factored Maxwellian is independent of the moments it can be dependent on space
and time. The independence of the Maxwellian on the moments preserve the symmetry of
the flux Jacobian and the hyperbolicity of the system. The values for the free-coefficients,

a, are found by performing a Newton search using the moments. This closure leads to a
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hyperbolic set of equations with a strictly positive distribution function. This is nice because
it is a “bridge” between Grad and Maximum-Entropy. When a value of N = 1 is chosen, a
Grad distribution is recovered. Conversely, when a value of N — oo is chosen, the resulting

distribution function correspond to the one that maximizes entropy.

2.5.5 Quadrature-Based Moment Methods

Another technique to close a system of moment equations, is quadrature-based moment
closure. Quadrature-based methods were first introduced by McGraw [32] in the context
of aerosol dynamics description. Since then, Fox has developed more advanced quadrature
method of moments (QMOM) for both one-dimensional and multi-dimensional distribu-
tions [29]. This method is based on the approximation of the velocity distribution function

by a set of weighted quadrature points,

F Zwv — &), (2.49)

where &, ; is the location of the ™ quadrature point in velocity space and ws is its associated
weight. This allows one to express moments of the distribution function as a weighted sum

of all quadrature points,

(mw(v;)F me &y i)Wy - (2.50)

A choice for the number and location of quadrature points must be done, the technique
involved to do so for one-dimensional distributions differs vastly from the one used for multi-

dimensional distributions.

One-Dimensional Quadrature-Based Distribution Functions

For one-dimensional distribution functions, the number of quadrature points needed is
directly related to the number of known macroscopic moments. In order to use N quadrature

points, one needs 2N moments, since there is 2/N unknowns, N quadrature locations and N
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associated weights. It is possible to write a set of 2N equations for this relation,
N
Uy = (mv'F) = meyffy. (2.51)
v=1

However, solving these relations directly has proven challenging due to the high degree of
some of the polynomials. One approach to solving for the locations of the quadratures and

their weights is to first define the following matrices,

Uy Uy -+ Uy ut, Uy -+ Uy
H = o v and J=| ° ML 252)
UN—l UN T U2N—2 UN UN+1 ttt UQN—I

which are composed of the 2N known moments and are both symmetric. It is possible to

rewrite these matrices as,
H=RWR" and J=RAWR", (2.53)

where the matrix R is defined as

[ 1 1 1 1
o & o &na

R=| & & & 25
@ g A

and where the diagonal matrices W and A are defined as

w, 0 - 0 & 0 - 0
0 wo --- 0 0 .0

w=|_ _ and A= | f_l _ ol (259)
0 0 - wy_y 0 0 - Eng

The expressions shown in Eq. (2.53) are just the matrix form of the equation shown in
Eq. (2.51). By multiplying the matrix J by the inverse of matrix H it is possible to obtain

an expression where the weights, w,, are not present. This makes it possible to solve directly
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for the location of the quadrature points without knowing the associated weights.

JH ' = RAWR” (RWR")™
= RAWR'R"R'W™!
= RAR™!, (2.56)

where R and R~! would be the right and left eigenvectors of the JH ~! matrix respectively
while A would be the eigenvalues. It is then possible to find the quadrature points since

their locations correspond to the eigenvalues of the obtained matrix,
det(JH™' —€I)=0. (2.57)

Once the locations of the quadrature points as a function of the known moments is obtained,
it is possible to find their associated weights by simply solving N of the 2N equations shown
in Eq. , which are now all linear. With the quadrature points locations and weights
calculated, any higher-order moments can also be expressed as shown in Eq. .

Multi-Dimensional Quadrature-Based Distribution Function

In the case of multi-dimensional distribution functions, the quadrature points cannot be
obtained through a direct method, as is possible for one-dimensional distribution functions.
When the distribution function spans multiple dimensions, a choice of quadrature points
with strictly positive weights appears to be challenging. Furthermore, the obtained model is
not guaranteed to be hyperbolic. A method must be used to solve for the quadrature points
while insuring positive weights, realizability, and hyperbolicity. Such methods have been
proposed by Fox [29], the most successful ones being the conditional quadrature method of
moments (CQMOM) [46] and the extended quadrature method of moments (EQMOM) [47].
These methods preserve all previously mentioned desired properties in a way that is not

extensively expensive to compute.

Though quadrature-based moment closures, and the other techniques shown in this chap-
ter, continue to be developed, the choice in this work is to follow the maximum-entropy
hierarchy of closures due to their history of modelling accuracy and mathematical elegance.

Details of these methods are shown in the next chapter.
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Chapter 3

The Maximum-Entropy Hierarchy

One promising technique for the selection of the assumed distribution function is based on
entropy-maximization [11} 28, 36]. In this technique, F is chosen so that the entropy is max-
imized while the known moments are respected. For monatomic perfect gases, the entropy
density is known to be the moment associated with the velocity weight, M = — (InF — 1).

Mathematically this maximization problem is expressed as,
max (—(FInF —F)) such that U=(WF). (3.1)

This optimization problem is usually solved using the method of Lagrange multipliers. A
vector of Lagrange multipliers, «, is defined and the constrained maximization is recast as

an expanded unconstrained problems, where one searches for a critical point of,

L=(—(FIhF-F)—a" (U-(WF)). (3.2)
The critical point of the Lagrangian function is defined as the point where %. =0,
oL

oF = (—InF) +a’ (W) =0
=(InF-a"W)=0 (3.3)

By observation of Eq. (3.3)), it is trivial that it is satisfied if the distribution function is of

the form,
T

Fug. =W (3.4)
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where a is the vector of closure coefficients, which are also the Lagrange multipliers, and W

is the vector of velocity weights of the closure.

The distribution function associated with this technique ensures a positive number den-
sity for all velocity space. Closures of this type also have an elegant proof of hyperbolicity
for the resulting PDEs when a distribution function of the form given in Eq. can be
found that is consistent with the moments of interests [28]. This can be shown by defining

a density potential, h(ax), and a flux potential, f;(c),

h(a) = <e°‘TW> ji(a) = <vie°‘TW> . (3.5)

Taking the first derivative of these potentials with respect to the coefficient vector, «, leads
to,

hoola) = <We°‘TW> —U Jiala) = <ineaTW> —F (3.6)

where the index , a denotes the first derivative with respect to a. Equation (2.13) can be

rewritten as

5

By taking the second derivative of the potentials with respect to a,

aha a'ia
4 Ji,

- 5. (3.7)

haala) = <WWT€aTW> = g_g Jioalr) = <U¢WWT60‘TW> =

OF;

oo’
(3.8)

and by using the chain rule, Eq. (3.7) can be written as a transport equation for the closure

coefficients, «,

oo oo
bt + jia s = 8. 3.9
caTgy ey (39)

The hessian matrix, h o o, is positive definite since,

NTh’a’aN — NT <WWTeaTW> N — <NTWWTN60‘TW> _ <<NTW)2 eaTW> >0,

(3.10)

for any non-zero vector IN. By the positive definiteness of h o o and the symmetry of j; o5
Eq. has the Godunov form of a symmetric hyperbolic system for « [13].

In addition to its mathematical elegance, one strong physical argument for the choice of
this technique is that the distribution with the maximum entropy is statistically the most
likely distribution for a given set of known moments [35]. If one must select a distribution

based on incomplete information, the most likely one is a good choice.
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When working with maximum-entropy closures, the velocity weights must be chosen
such that they meet three conditions [28]. They must contain the weight associated with
the Euler equations as a subset, since they represent the equilibrium state. They must also
be translationally and rotationally invariant to ensure that the associated set of equations
maintain these invariants. Finally, they must be chosen such that the distribution function is
finite for all velocity space, even when the particle velocity goes to infinity, so that moments
of the distribution function remain finite. The satisfaction of these conditions leads to a
positive distribution function that generates a set of equations that are hyperbolic in nature.

The first four members of the maximum-entropy hierarchy in three-dimensions are,

N=5 W = [1, v;, v;v;] V = [p,u;,p|, (3.11)
N =10 W = [1,v;, vv] V = [p,w, Py, (3.12)
N =14 W = [1,v;, v;v;, v;0,V5, V;0;0;V;] V' = [p,wi, Py, Qujj, Rigj] (3.13)
N =21 W = [1,v;, 0,05, v;0;Vk, V;0;0,0)] V = p,u;, Py, Qis, Riij] (3.14)

where N is the number of equations, W is the velocity weight vector and V' is the vector of

moments of interest.

The first two members of the maximum-entropy hierarchy are the 5-moment and 10-
moment closures. In both cases the distribution function is an exponential of a second-order
polynomial. The 5-moment closure leads to the well known compressible Euler equations.

The 10-moment closure, with the distribution function

p 1. Py
F = exp (——@i- cic-) , where O, =—, 3.15
m (27)>? (det ©)"/ 2 v Toop (3.15)

leads to a system of ten hyperbolic equations capable of predicting compressible viscous gas
flow without heat-transfer. This closure has been proven to be very accurate and successful
for flow prediction in both the continuum and transition regimes [2} [0, [7, [16], 41]. However,
its inability to model heat transfer limits its application to situations where this effect is
negligible. The next two members of this family are the 14-moment and 21-moment closures.
The distribution functions associated with these two closures are an exponential of a fourth-
order polynomial, allowing for some skewness or asymmetry in the distribution function and
therefore granting the closure the ability to predict non-zero heat-transfer. Unfortunately,

due to the fourth-order nature of the polynomial, W, it is impossible to integrate the
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closing fluxes in closed form. To obtain the closing fluxes at each flux calculation, one needs to
use an iterative procedure that require repeated numerical integration over all velocity space.
This iterative procedure consists of solving the entropy-maximization problem numerically
in order to solve for the coefficient, «, contained in the distribution function and then
numerically integrate the closing fluxes. Commonly, a Newton search is used to solve this
problem, for which convergence appears to be challenging in some instances. This procedure
is prohibitively expensive and cannot practically be used as it requires many 3D numerical

integrations on infinite domains whenever a flux is needed.

In the case of the 14-moment closure, an approximation for the closing fluxes has been
previously proposed by M¢Donald and Torrilhon [31]. The approximation is robust and
hyperbolic for a one-dimensional gas, however, its extension to three-dimensions is not as
robust and loses hyperbolicity for some physically realizable states. Further investigation
and experience with this fourteen-moment closure has revealed that proposed fits for the
heat-flux tensor are quite poor. Even more bothersome is the fact that the expressions for
the other higher-order fluxes rely directly on the approximation for the heat-flux tensor.
Thus, errors in the fit for Q);; seriously pollute all closing fluxes. By moving to a twenty-
one-moment closure, the entire uncontracted heat-flux tensor is added to the solution vector.
Also, when the interpolation technique is applied to this expanded closure, closing fluxes do
not couple together—they only depend on entries in the solution vector. Therefore, errors
in one flux cannot pollute the approximations for other terms. It is therefore expected that
a more accurate and robust closure with twenty-one moments could be easier to construct.

This is the main goal of this thesis.

3.1 Numerically Solving the Entropy-Maximization

Problem

It was mentioned that, in the event where the distribution function cannot be integrated
in closed-form, it is necessary to use an iterative procedure to numerically solve for the
values of the free-coefficients, a associated with a target state, Uiarget. For this purpose, the

Newton iterative method is used to optimize the associated cost function,

min J (o), (3.16)

(a4
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with the iterative step,

a?J(a)} o)

dadax oo (3.17)

&pi1 = &y — |:

If the cost function, J(a), is convex, then there exists a unique solution to the optimization

problem. In the context of the entropy-maximization problem, the cost function is,
‘](a> - <mf<a)> - aTUtarge‘m (318)

where F is the chosen distribution function and e are the free-coeflicients consistent with
the solution vector Upapget- The first and second derivatives of the cost function, J(a), with

respect to ac are,

ag(;) — (MW F(Q)) = Usnge (3.19)
aQJ(a) o T
ada (mMWW'F(a)) . (3.20)

As shown in Eq. , the Hessian of the cost function is positive definite and in this case
proves the convexity of the cost function J(a). Since Newton’s method converges to the
critical point, where the first derivative is zero, it can be seen by inspection of Eq.
that, at convergence,

(MW F(ax)) = Ubarget » (3.21)

and the correct free-coefficients are therefore obtained. Once the numerical iterative method
completed, it is then possible to numerically the distribution function to obtain the closing
fluxes. In order to initiate the iterative process described in Eq. , an initial guess for
the values of a must be provided. The initial values for ax are often chosen to be the one
associated with the Gaussian distribution function described in Eq. (3.15)).

Even though the convexity of the cost function guarantees a unique solution, this tech-
nique cannot be used to calculate the closing fluxes at each time step. To start, many
iterations are necessary, each requiring integration over the entire velocity domain, render-
ing the method computationally expensive. Furthermore, in some instances convergence to
a solution can be impossible due to ill-conditioning caused by very large first and second

derivatives.
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Chapter 4

A Closed-Form Approximation for the

Closing Fluxes of the

Fourteen-Moment Closure

The following section summarizes the work of M°Donald and Torrilhon [31] on the devel-

opment of a closed-form approximation for the fourteen-moment closure of the maximum-

entropy hierarchy. The approximation for the twenty-one moment model is, in part, based

on this work. It is also important to present this closure in order to better show its issues

and the motivation behind the current move to the twenty-one moment closure. This closure

is the first in the maximum-entropy hierarchy to contain a treatment for heat-transfer. For

this closure, the vector of generating weights is W = [1, v;, v;v;, v;v;v;, v;v;0;v;], which leads

to the following system of equations,

0 0
En [p] + o [pui] =0

0 0
8t [pul] + axj [pulu] + l]] 0

D

0ack

0
o7 [pusugu; + uilPy + 2u; Py 4 Qi

5
~~

0

(4.1)

(4.2)

(4.3)

(4.4)
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0
+ a—x[puiujujul + QUinle + ululPJ] + ujujpil + 2ujulPij
l

+ w; Qi + wQuy + 2u; Qi + Riyl = Ciy
0

a [puiuiujuj —+ QUZUzPJJ + 4uinPij + 4uiQ¢jj -+ Riijj] (45)

k

+ duup Qi + 4w Qi + 4w Ry + uk R + Siie] = Cligj

The necessary closing fluxes for the fourteen-moment model (those present in the flux, but
not the solution vector) are shown in red in Eq. (4.1))—(4.5). A closed-form approximation is

necessary for those moments in order to close the system.

4.1 Region of Physical Realizability of the
14-Moment Closure

To begin investigating expressions for the closing fluxes, it is first useful to evaluate what
region in moment space corresponds to physically realizable states. Physical realizability
requires the existence of a positive distribution function consistent with a given set of mo-
ments. This allows one to restrict the size of the region for which an approximation to the
closing fluxes is needed. Solving a Hamburger problem gives a necessary, but unfortunately
not sufficient condition, for the physical realizability region [I7]. This analysis is done by

defining a matrix

p 0 0 0 Py
0 Pun Py Pn Qu
Y=(mMM"F)y=| 0 P, P, P. Qu |
0 P. P. P. Qu
L Py Quis Qyiz’ Qi Riijj i

where M = [1,v,, vy, vs, ’UQ]T. For this treatment, it is assumed that the gas is viewed from
a frame of reference in which the bulk velocity is zero, u; = 0. A necessary condition for

physical realizability is that this matrix be positive definite. This is because, for a positive
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distribution function, JF, it is necessary that the matrix, Y, be positive definite, as
N'YN = N" (mMM"F) N = (nN"MM"NF) = (m (N"M)" F) >0, (46)

for any vector IN. The positive definiteness of the matrix is ensured when the density, p, is

bigger than zero, the pressure tensor, Pj;, is positive definite and when

Pii By

Riy; > Qs (P-l)leljj + ’

(4.7)
Although this analysis typically provides only a necessary condition on realizability, extensive
experience suggests that this indeed describes all of physically realizable states in the case
of the fourteen-moment closure. Moment states that do not respect the condition given by
Eq. (4.7) are states that are not physically realizable. That is, they do not correspond to

any positive distribution.

4.2 The Junk Subspace

Along with the physical realizability region, it is also important to investigate which
physically realizable state can be realized by the assumed form of the distribution function.
Junk has shown that there exists a subspace of physically realizable states that cannot be
realized by an assumed distribution function of a form that maximizes entropy [23]. Since
the equilibrium state resides on the boundary of the Junk subspace, it is important to
consider it in the development of an approximation. For the fourteen-moment closure in

three-dimensional space, it is known that the Junk subspace is given by

2P; Py + P Py

Quy =0 Ry >
) ) p

(4.8)

When all entries of the heat-flux vector are zero, there is a maximum value for the fourth-
order moment. The distribution function at this maximum value corresponds to the assumed
form from the ten-moment Gaussian closure of maximum-entropy. Moment states with a
larger value for the fourth-order moment present a singularity in their closing flux and cannot
be calculated. That is, the value of the fifth-order closing fluxes go from positive infinity on

one side of the Junk subspace to negative infinity on the other side.
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Figure 4.1: Low-dimensional representation of physically realizable moment space of the
fourteen-moment model

4.3 Parabolic Mapping of Moment Space

A parabolic mapping between the Junk subspace and the physical realizability boundary
was found to be useful in the development of expressions for the approximate closing fluxes.
A new variable, o, is defined such that it is equal to zero at the Junk subspace and one at
the physical realizability limit. A low-dimensional representation of realizable moment space
is illustrated in Figure [4.1 when ¢ = 1 the parabola overlaps the realizability boundary,
and as o is reduced the corresponding parabola moves up on the R axis and shrinks in the
direction of the () axis until it lays over the Junk subspace as ¢ = 0. The mapping variable,
o, is defined through the expression

2(1 —0)P; Py + Py

1 :
Ry = ;an‘ (P 1)kl Quj + P ) (4.9)
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leading to

_ A+ /A2 + 8pP;; P;iQurii (P1),, Qu

7 APy By 7

(4.10)

where,
A =2P;P; + PPy — pRiy; .

4.4 Closing Fluxes on the Physical Realizability
Boundary

Numerical investigation has shown that, on the physical realizability boundary, the distri-
bution function is non-zero only on a sphere in velocity space [31]. An example distribution

on this boundary is shown in Figure 4.2]

It is possible to center the sphere at the origin by performing a simple Galilean transfor-
mation on the velocity frame of reference. This involves simply shifting the sphere in velocity
space so that it is centered at the origin. The new shifted frame of reference is denoted by
the hat notation in the following. If the sphere was originally centered at a velocity, v, the
new velocity in the shifted frame of reference is © = v — v.. Such a transformation does not
impact the moments of the distribution function generated with random velocity weights.
The only macroscopic property that is impacted is the bulk velocity. Since the distribution
is only non-zero on a sphere it is now possible to relate higher-order contracted moments to
lower-order moments. This is because any ©? terms in higher-order contracted moments can

be taken out of the integral, since they are constant on the sphere. For example,

Ui = (m®°F) = 9> (mF) = 9°p,

where 92 is the square of the radius of the spherical distribution function in velocity space.

The new shifted bulk velocity can also be found easily since,
Uy = (m®;0°F) = 0° (m,F) = 9°pil; ,

which can be solve to find that,
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Figure 4.2: Examples of distribution functions on the physical realizability boundary.

31



Through the same technique it is also possible to obtain expressions for R, and Sij on

the boundary of physical realizability as

P, P
Ry = Qin (P),, Quuts + Jp <, (4.11)

1 Py Qi
Sijith = Pon Pin Qrpp Qg Qi + Q”T : (4.12)

Unfortunately, since the closing flux @ is not a contracted moment, it is impossible to use
this technique to find an expression for this tensor on the physical realizability boundary.

This has been the major disadvantage of using only fourteen moments.

4.5 Closing Fluxes at the Gaussian Level

At the Gaussian level, the lower boundary of the Junk subspace, it is possible to integrate
Rijy analytically as
1

Since, for the Gaussian distribution function, all odd random velocity moments are zero, the
closed-form expression for Q4 and Sy, at this point is zero. It is however possible to find

derivatives. This is shown in detail in the work of M®Donald and Torrilhon [31] and yields,

0Qy; .
iji - {QPil (Pz)jk + 2Py (P2>ij + 2Py (PQ)ik}Bl;
= Kijkm ;
OSiji 1

o=, {2Pﬂ (Paa)® +12P; (P?), +14(P?), (P?),+20P. (P?),

+20 (P4)Z,l —2 (PQ)W PPy — 6 (Pay)? (P2)Z.l ] B;}
- Wzm 9

where,

Bim = 2Py, (P?) 4+ 4(P?)

Im
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It is then possible to approximate the value of Q) and Sy, near a Gaussian as,

4.6 Closing-Flux Approximations

By using the expressions for the closing fluxes at the realizability boundary and at the
Gaussian level, as well as the parabolic mapping, it is possible to develop expressions for
them in all moment space. The approximations for the closing fluxes chosen by M°Donald

and Torrilhon are

R = szl (P 1, @k + ( )PP e

(4.17)

1 Qz
Sijjkk - PImIDZanpPQmj] szl + 202 9 kk

(1 - a%) WinQun - (4.18)
These expressions were developed to match as closely as possible the exact closing fluxes
for an axisymmetric distribution function in velocity space and one-dimension in physical
space. Unfortunately, since no expression is obtained for ), at the realizability boundary,

the approximation for that closing flux is simply a linear extrapolation from the expression
at the Gaussian level, as shown in Eq. (4.16).

4.7 Limitation of the Fourteen-Moment

Approximations

The approximations proposed by M°Donald and Torrilhon unfortunately suffer from one
main weakness. Only a small amount of information is known about the closing flux, Q,
leading to a poorer approximation. This is illustrated in Figure [£.3] This figure shows
the ratio of .z, over (Q.; in moment space for a value of ¢ = 0.55. The previously

proposed approximation does not well represent the third-order closing flux. As seen in
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(a) Exact maximum-entropy closing flux Q. (b) Approximated closing flux Q.

Figure 4.3: Comparison between the true maximum-entropy closing flux, %, and the
proposed approximation.

Eqgs. and , the approximation for the closing fluxes Ry, and Sj depend
strongly on the approximation for Q4. Therefore a poor approximation for the third-order
closing flux renders the approximations for all higher-order closing fluxes poor as well. In
Figure [£.4] it is shown that, when using the exact value for Q... in the calculation of R,
and S5, the result is in close agreement with the exact solution for the respective closing
flux. The closing fluxes obtained by solving the entropy-maximization problem are shown in
Figures [4.4a] and [4.4D] while the closing-fluxes calculated using the proposed approximation
are shown in Figures 4.4c¢| and 4.4d] In Figures and the closing-fluxes calculated

using the proposed approximation but with the exact value for )., is shown. The inaccurate

prediction of the closing fluxes yields a model that is not representative of the associated
distribution function and often leads to complex eigenvalues of the flux Jacobian. The loss
of hyperbolicity and accuracy is detrimental to the efficiency of the model in predicting non-
equilibrium flows. The lack of an accurate expression for () at the realizability boundary,
as well as the limited amount of information known about this closing flux and its form,
makes the development of an accurate approximation challenging. In the twenty-one-moment
closure, all entries of the heat-flux tensor are part of the solution vector and the need of an
approximation is removed. In this closure, the approximations for the closing fluxes are
all independent of each other. This means that a weakness in one approximation does not
spread to approximations for other closing fluxes. This gives motivation that the 21-moment

closure may be easier to approximate accurately.
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Figure 4.4: Comparison of the approximated higher-order closing flux calculated using the
approximated ()., vs the exact ()., for a value of o = 0.55.
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Chapter 5

A New Closed-Form Approximation
for the Closing Fluxes of the

Twenty-One-Moment Closure

The presently investigated closure is the second in the maximum-entropy hierarchy to
contain a treatment for heat-transfer. For this closure, the vector of generating weights is

W = [1,v;, 005, 0,00k, v;0;0;0;], which leads to the following system of twenty-one equations,

0 0

5 P+ 5wl =0 (5.1)

0 0

En [pui] + 7. [puiuj + Py] =0 (5.2)
J

0 0

a¢ (Uit + Pyl + 5 lpuigun + P+ i P+ u Py + Qup] = Cy (5.3)

0

ot [puiwjur + uiPy, + u; Py + Py 4 Qi) (5-4)

+ ~—[puivjupuy + wiug Py + wiug Py + wiug Py, + ujug Py + uju Py, + ugw Py

891;1
+ i Qi + ujQim + wQit + W Qi + R = Cijp

0
a [puiuiujuj + QUZUZPJJ —+ 4uinPij + 4uiQ¢jj -+ Riijj} (55)
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k

+ duup Qi + 4w Qi + 4w Ry + uk Ry + Siijie] = Clijj

As was shown, in the case of the fourteen-moment closure, an expression is needed for all
entries of the heat-flux tensor, since they are present in the flux, but are not included in
the solution vector. The development of a closed form expression for the heat-flux tensor
has proven to be difficult especially in three-dimensional space. Furthermore, the expres-
sions developed for higher-order closing fluxes are functions of the heat-flux tensor. For the
fourteen-moment closure, if an accurate expression for the heat-flux tensor cannot be found,
then none of the closing fluxes can be approximated accurately. In the case of the twenty-
one-moment closure, all entries of the uncontracted heat-flux tensor are part of the solution
vector. It is therefore not necessary to propose an expression for them. Unfortunately, it is
now necessary to have an expression for the full uncontracted R;j, tensor. However, more
information is known about this tensor since expressions for its once-contracted entries are
easily obtained. Furthermore, the developed approximations for the closing fluxes are fully

independent of each other. The necessary closing fluxes for the twenty-one moment model

are shown in bold in Eq. (5.1)—(5.5).

5.1 Region of Physical Realizability

Like the fourteen-moment model, a necessary condition for the physically realizable space
is obtained from performing a Hamburger moment problem, yielding the same condition as
obtained for the fourteen-moment model in Eq. (4.7)),

P Py
Riy; > Qrii (P_l)kl Quy + -

Unfortunately, for the twenty-one-moment model, experience shows that there are states
that satisfy this inequality that are not, in fact, realizable. By doing the Hamburger problem
with different vectors, M, it is found that there are also limits on the non-contracted fourth-
order moments that are not relevant in the fourteen-moment case. For example, even if
the value of R is above the realizability limit in Eq. , depending on other entries
in the solution vector, it is possible that there are limits on other fourth-order moments,

such as R,;.,. This limit can be obtained by doing the Hamburger problem with the vector
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M = [1,v,,vy,v,, vxvx]T leading to the Hamburger matrix,

0 0 0 P
Puw Py  Pr Qum
Poy Py Py Quu
Py, Pp P, Qum
| Poo Qazz Quoo Qae Raooao

Y = (mMM"F) =

o O O

To ensure positive definiteness of the matrix, it is found that the fourth-order moment, R,

must satisfy
2

P
RI%EI Z kac (P_l)kl Ql:m + ;m .

This additional constraint, and others like it, must all be simultaneously satisfied for a state

to be realizable.

5.2 The Junk Subspace for the Twenty-One-Moment

Case

In the currently investigated twenty-one-moment closure, extra degrees of freedom rep-
resenting all entries of the heat-flux tensor are present, as compared to the fourteen-moment
model. It is possible to have a heat-flux tensor where the traces are equal to zero without
forcing every entry to be zero. If the Junk subspace of the twenty-one-moment closure were
to be the same as the fourteen-moment closure this would be detrimental as the subspace
would cover a large region and occupy a volume of moment space. Fortunately, experience
shows that, for this investigated closure, the Junk subspace only covers region where all

entries of the heat-flux tensor are simultaneously zero. The subspace is given by

2P;i Py + Py b
; .

Qur =0 Ry > (5.6)

2P} Pij+Pi; Py
P
without being in the Junk subspace. This reduces the span of the Junk subspace for the

It is therefore possible to have the trace of the heat-flux tensor be zero and R;;;; >
twenty-one-moment closure quite significantly. As the number of moments is increased from

fourteen to twenty-one, the Junk subspace remains infinitely thin, as was obtained for the

fourteen-moment closure. All moment-state elements of the Junk subspace for the twenty-
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one-moment closure are also elements of the Junk subspace for the fourteen-moment closure.
When all entries of the heat-flux tensor are zero, there is a maximum value for the fourth-
order moment. The distribution function at that maximum value also corresponds to the

ten-moment, Gaussian closure of maximum-entropy.

5.3 Parabolic Mapping of Moment Space

A similar parabolic mapping between the Junk subspace and the physical realizability
boundary on R;;; is used in the development of approximate expressions for the closing
fluxes. A variable, o, is defined such that it is equal to zero at the Junk subspace and one
at the approximate physical realizability limit. The mapping variable, o, is defined through
the following expression,

2(1 —0)P; Py + Py

1
Rigj = Qi (P'l)kl Quj + ?UQW (P'l)kl Quj + P ) (5.7)

leading to,

Al \/[A]2 + 4pPy PjiQris (P)y Quy
°T AP; Py ’

where,
-1 1 -1
A = ,OQk” (P )kl Qljj — ékaij (P )kl Qlij + 2Pijpji + P”.P]] — pRiijj

The expression for o is very similar to the one for the fourteen-moment closure [31]. It is

slightly altered so that o is zero only when all entries of the heat-flux tensor are zero.

5.4 Closing Fluxes on the Physical Realizability
Boundary

As with the fourteen-moment case, numerical investigation has shown that, on the physi-
cal realizability boundary for R;;;;, the distribution function exist only on a sphere in velocity

space. Once again, since the distribution is only non-zero on a sphere, it is possible to relate
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higher-order contracted moments to lower-order moments. It is again possible to obtain
expressions for R, and Syjw, on the boundary of realizability as

PP
ljkk Q'le ( ) kak + 0 kk (59)

-1 p- Py Qir
Sk = Pk}zplnllanmeijikl 4 QBT

(5.10)
As opposed to the fourteen-moment model, the closing fluxes, R and Sy, are only
functions of known moments. Unfortunately, the closing flux R;; is not a contracted moment
and therefore it is not possible to use this technique to obtain a closed form expression on the
physical realizability boundary. However, since the form of the once-contracted fourth-order
moment is known, extra information is available to base the approximation of the closing

flux Ry. It is found that R, can be well approximated on the boundary as,

zgkl |:Q1jm ( )mn anl + Qilm (P_l)mn ank + szm (P_l)mn anl

- ? (Qiom (P_l)mn Qnoj5kl + Qiom (P_l) Qnokéjl + Qiom (P_l) mn Qnolfsjk
+ Qjom (P_l)mn Qnokéil + CQjom ( ) Qn015 ik + Qkom P 1 Qnolazj

1
- ngom (P_l)mn Qnop((sijékl + 51/@ 41 + 5zl :|

1
+ ﬁ |:Qijm (P_l)mn anpékl + Qikm ( )mn anp 4l + Qzlm (P 1)mn anp ik
+ ijm (P-l)mn Q'nppdil + lem (P-l)mn anpéik + lem (P-l)mn anpdij

1
- ngmn (P_l)np Qpaq (030 + dixdyy + 5i15jk):|

+ l% {Pijpkl + Py Py + Py Py, — %(( ) o+ (P ) 0 + (Pz)z*z Ok + (Pz)jk Oy

+ (P2) Sik + (PQ) dij — % (P2)mm (040 + 0irdj + 5il5jk>>}

+ %1_10 |:Piijm6k:l + Pit Prum Ot + Pit P O + P Lm0t + Pt P O, + Pra Prum 05
_ % P Pon (033001 + 001 + 51-15]%)} - (5.11)

This is obtained by writing down all expressions that contracts to the correct contracted

moments and maintain a linear and rotational invariance.
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To better illustrate the process used to build this expression, the building procedure of
the first component of Eq. (5.11)) is demonstrated as an example. An initial expression is

chosen such that it is rotationally and translationally invariant, in this case

Qum (P), Quit + Qim (P) Qujt + Qikm (P) - Quji - (5.12)

When contracted on the £ and [ indices, this expression yields,

Qim (P, Qui + 2Qutm (PY), Qg (5.13)

which differs from the contracted form shown in Eq. (5.9)). In order for the contraction to
be in agreement with the contracted closing flux the second term in bold in Eq. (5.13)) must

be removed, correction terms are added to the approximation, the first one being,

2
- ? (Qiom (P_l)mn Qnojékl + Qiom (P_l)mn Qnokéjl + Qz’om (P_l)mn Qnoléjk
+ Qjom (P_l)mn Qnok(SiI + Qjom (P_l)mn Qnoléik + Qkom (P_l)mn Qnoléij . (514)

Once contracted Eq. (5.14) has the form,

2
- ? (7Qiom (P_l)mn Qnoj + Qkom (P_l)mn Qnokéij) . (515>
The first term of Eq. (5.15)) subtract perfectly the term in bold in Eq. (5.13]), however the
first correction term also has a term that needs to be removed as shown in bold in Eq (5.15]).

Therefore, a second correction term is added,

1
- ngom (P_l)mn Qnop (5ij5kl + 6ik5jl + 5il5jk) ) (516)

which contracts to,
- onm (P_l)mn Qnop(sij . (517)

When added together, this yield an expression that contracts to the contracted expression
in Eq. (5.9). The same process is then repeated for various rotationally and translation-
ally invariant expressions as well as for the analogous pressure components. From those
expressions, a combination is carefully selected such that it yields the closest fit to the exact
solution for the closing flux. That selection and combination is done through thorough exper-
imentations, observations and fittings of these expression. The obtained expression is both

translationally and rotationally invariant and also contracts to the correct form, recovering
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expressions for the contracted fourth-order moments.

5.5 Closing Fluxes at the Gaussian Level

At the Gaussian level it is possible to integrate R, and Ry, analytically,

Ry = — (Py P, + 2Py, Py;) (5.18)

1
P
1
Ry = ; (Py; P + Py Py + Py Py,) . (5.19)

Again, since for the Gaussian distribution function all odd random velocity moments are
zero, the expression for Sy is simply zero, however it is possible to find its derivative.
Again, this is shown in more detail by MDonald and Torrilhon [31] and yields

ggiﬂkh -2 2Py (Paa)’ + 12P (P3)aa +14 (PQ)aa <P2)il + 20 aa <P3>il

+20(PY), —2(P?), PssPy—6 (Pao)® (P?) | B,

%

= Wim7

where,

Bim = 2Py, (P?) 44 (P?)

Im

It is then possible to approximate the value of Sy, near a Gaussian as,
5.6 Closing Fluxes Approximation

By using the expressions for the closing fluxes at the realizability boundary and at the
Gaussian level, as well as the modified parabolic mapping, it is possible to develop expressions

for all closing fluxes in all moment space. The approximations for the fourth-order closing
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fluxes are,

2(1 — U)Pikpkj + P Pkk
P

1—
Rije = Qi ( )lm Qi + QOUQM (P'l)lm Qmrj + (5.21)

1
zykl 5 [szm ( )mn anl + Qilm (P_l)mn ank + szm (P_l)mn anl
2
- ? (Qiom (P_l)mn Qnoj(skl + Qiom (P_l)mn Qnokéjl + Qiom (P_l) mn Qnolfsjk
+ Qjom (P_l)mn Qnokéil + Qjom (P_l)mn Qnol(gz’k + Qkom P 1 Qnolazj
1
- 5onm (P'l)mn Qnop (0408 + 0irdjt + 00105k ) ]
1
+ ﬂ |:Qijm (P_l)mn anpékl + Qikm (P_l)mn anpéjl + Qilm (P 1)mn anp ik
+ ijm (P-l)mn Q'nppdil + lem (P-l)mn anpéik + lem (P-l)mn anpdij
1
- ngmn (P_l)np Qpqq (0401 + dixdj + 5i15jk):|
1 3 32/, ,
+; [(14—(1—0—1)0) <PiijZ+Pikle+Pilek> _JE?< (P )ij S+ (P? ) o+ (P? ) Ok

1

+ (P?) 0 + (P%) ;1 0+ (P) 05 = £ (P?) ., (90 + O + 5z‘z5jk)>}

11
+ U;E |: Pmmdkl + szPmm(S]l + lePmm(Sjk + kPmm(Sil + lem(Szk + Pklem(St]

1
- gpmmpnn(dijékl + 5ik6jl + 6il§jk>:|

1—
+ ( 140_0) {Qmio (P-l)mn anodkl + Qmio (P-l)mn anoéﬂ + sz‘o (P_l)mn inodjk

+ CQmjo (P_l)mn ano(sil + Qmjo (P_l)mn ino(sik + kao (P_l)mn inoéij
1
ngpo (P_l)mn ano (5ij5kl + 6ik5jl + 5zl5jk>:| . (522)
The approximation both contract to the correct expression to match the contracted fourth-

order tensor and is rotationally invariant. The approximation for the fifth-order closing flux

is expressed as,

1

1 s PyQu
S = ;Pk}zplnlenprmijikl + 202 ”T

n (1 _ a%) Wi Qo - (5.23)
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These expressions are developed to match, as closely as possible, the exact closing fluxes for

an axisymmetric distribution function in velocity space and one-dimension in physical space.

5.7 Fidelity of the Approximation and Region of
Hyperbolicity

To demonstrate the accuracy of the approximation for the closing fluxes, some comparison

to the exact maximum-entropy closing fluxes are plotted. Figures[5.1al [5.1c, and |5.1e] show

the closing flux, R,..., obtained from the approximation on the left as compared to the
maximum-entropy value on the right. These are computed for the non-dimensional case
where p = 1 and P;; = 1. The results are plotted for a value of Q),; = 0.1 for the case
where o = 0.2 and a value of (Q,; = 0.2 for the remaining cases. The value of Q),,, is varied
such that the set value for (),;; is conserved. The moment P,, is varied from 0.1 to 0.9 in
a manner where P; = 1. The values of ¢ are respectively 0.2, 0.5 and 0.9 for the three
graphs. These plots were chosen because they represent a large part of moment space. The

approximation shows a good overall agreement with the exact solution for the closing flux.

To conserve the advantages related to the hyperbolic first-order nature of the model it is
important to have eigenvalues of the flux Jacobian that are strictly real. If the eigenvalues
have a non-zero imaginary part, then hyperbolicity is lost. Figures [5.1D] [.1d] and [5.11 show

the largest ratio of the imaginary part of the eigenvalues over its norm. The plots correspond

to the previous cases shown, respectively.

While the approximation does not offer a globally hyperbolic closure through all mo-
ment space, it does preserve hyperbolicity in most of moment space. Most regions of non-
hyperbolicity present only weak imaginary parts and only a limited portion of moment space

show strongly non-hyperbolic behaviour.
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Figure 5.1: Comparison of the approximated closing flux with the exact solution for various

sigma and associated hyperbolicity plot.
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Chapter 6

Dispersion Analysis of the

Twenty-One Moment Closure

Hyperbolic-relaxation system of equations are characterized by a dispersive wave be-
haviour. When subjected to a perturbation, the apparent speed of propagation and damping
rate depends on the frequency and wave number of the disturbance applied. A dispersion
analysis is used to asses the reaction of the system to a perturbation and also gives in-
sight into the overall stability of the system. The dispersion analysis yields the apparent
wavespeeds of different modes as a function of the Knudsen number, as well as their re-
spective damping rates. The state chosen to perform the analysis is the one where p = 1,
u =0, Py = Py = P, =1, P,y = 0, and for which the heat flux is zero, this is be-
cause that is the equilibrium state where the source term is zero. It is expected that at
low Knudsen numbers, corresponding to a collision dominated regime, the Euler wavespeeds
be recovered. The technique used to determine the dispersion wave and the amplification
factors are shown in details by Hittinger [20] and Brown [6]. In one-dimension, the system

of hyperbolic-relaxation equation is

oU  OF

St =S, (6.1)
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and since, at the analysis point, the source term, S, is zero, and since the analysis relies on

small perturbations, it can be linearized as

oU | OU
S +AS=QU. (6.2)

where A = g—g and Q = %. This is expected to well approximate the full non-linear system

for small perturbation in U. Note that, in this analysis, the solution vector used is,

Pl

Py
PUzly + Py
Pty + Pry
PUyty + Py

P,.

U — Pz Uty + Uy Pry + Quas . (6.3)
PUL Uy Uy + Uz Py + 20y Py 4+ Quyy
Up Py + Qe
PUULUg + Uy Py + 20, Py 4 Qyaa
Plytiyty + 3y Py 4 Qyyy
Uy P, + Qy.

P(UpUpUpUy + 20U Uy Uy Uy + Uy Uy Uy Uy )
+2(upty + uytty)(Pog + Pyy + Piz) + 4(upty Pry + 2uguy Py + uyuy, Pyy)
+4ux(Qx:c:r: + szy + szz) + 4uy(ny:c + nyy + Qyzz) + Riijj

It is possible to express Eq. (6.2) as an operator acting on U

0 0

In order to study the behaviours of different modes of waves, the initial condition can be
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chosen to be

U(z,0) = Upe "™, (6.5)

where k € R correspond to the wave number. The ansatz solution is then
U(z,t) = V(t)e ™. (6.6)

By substituting Eq. into Eq (6.4]), the problem becomes an ordinary differential equation

av
and the solution for V'(t) has the form
V(t) = et=A-Q, . (6.8)

The Jordan canonical form of KA — iQ is expressed as,
KA—iQ=R(A+N)R™", (6.9)

where R is the transition matrix, A is the diagonal matrix of eigenvalues of KA — iQ and

where N is the nilpotent matrix which is zero if kA — iQ is diagonizable. The solution for
V(t) in Eq. can be rewritten as,

V(t) — 6z‘tR(A-',-N)Rfll]0
_ Reit(A+N)R—1UO
= R (I +itN)R™'U, . (6.10)

By substituting Eq. (6.10) into Eq. (6.6)), the solution to the original system is obtained,
Ul(zx,t) = R D (I +itN) R™'U, . (6.11)

To obtain the apparent wavespeeds and the damping rate of the system, it is needed to find

the eigenvalues of kA — iQ by solving
det (kA —iQ — \I) =0. (6.12)

In this analysis,  is proportional to the Knudsen number and the Jacobians are evaluated

at equilibrium. The obtained eigenvalues are typically complex in nature, A = Ag+12A;. The
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apparent wavespeeds of the system in Eq. are described by

===

w

(6.13)
The attenuation rate of the waves is, on the other hand, described by
e M. (6.14)

As shown in Figure[6.1a] the apparent wavespeeds of the system are well behaved. They are
finite and show a smooth transition through the Knudsen number domain while maintaining
a damping rate between zero and one. Since k is the frequency of the applied perturbation
on the system, a low frequency indicates a slow process where the collision have time to
impact the state. Conversely, high frequencies indicates a fast process where collisions do
not have time to impact the state. On the right-hand side are the apparent wavespeeds
for large Knudsen number, corresponding to a free molecular regime. In this collisionless
limit, the eleven distinct non-dimensional apparent wavespeeds have values 0.0, £0.833523,
40.999995, +£1.30316, +1.73132 and £+2.43564. When redimensionalized, these x-direction
wavespeeds are scaled by \/m As the Knudsen number is decreased, the maximum
and minimum wavespeeds recovered on the left-hand side of the graph correspond the Euler

wavespeeds.

Figure shows the damping rate of the modes with respect to the Knudsen number.
In order to have a stable system it is important that the damping rate remains lower than
one. The dispersion analysis obtained with the approximated closure correspond perfectly
to the one obtained with the exact closure obtained by solving the entropy maximization

problem.

For the five- and ten-moment closure, a detailed analysis of the eigensystem of the flux
Jacobian allows one to study the information and physical phenomena carried by each wave.
Unfortunately, for both the fourteen- and twenty-one-moment closures, the system is far too

complex for a similar analysis.
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Figure 6.1: Dispersion analysis of the proposed twenty-one moment model.
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Chapter 7

Novel Approximation for the

Knudsen-Layer Boundary-Condition

In order to obtain a physically accurate solution, it is important to have a proper treat-
ment of solid-wall boundary conditions. It is important to recover the proper interaction
between the particles and the wall. Appropriate solid-wall boundary-condition for moment-
closure models are not trivial. Solutions to the treatment of solid-wall boundary conditions
have been proposed, notably the ones by Tensuda [42] and Khieu [26]. A common tech-
nique is to assume an infinitesimally thin Knudsen layer at the wall [I5]. In this layer, the
velocity distribution function of the fluid is described as a combination of the distribution
of the particles coming from the interior flow-field and that of the particles reflected from
the wall. All particles with a velocity directed towards the wall have statistics described
by the distribution function near the wall. For the particles with a velocity directed away
from the wall, an accommodation coefficient, «, is defined. A specular reflection is defined
to be when « is zero. In this case, the particles are reflected from the wall in a specular
manner. On the other hand, a diffusive reflection is obtained when « is one, in which case
the particles reflected from the wall are described by a Maxwell-Boltzmann distribution with
the wall temperature, Ty, and wall velocity, uy,. For a value of o between zero and one,
the reflected particles are expressed by a combination of the reflected incoming distribution
and the Maxwell-Boltzmann distribution function. The resulting distribution function in

the Knudsen layer for a right vertical solid-wall, as illustrated in Figure [7.1} is therefore
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expressed as,

Fien=FF +F, (7.1)

where FT and F~ are

o 0 v, <0 (72)
F(vg,vy,v,) vy >0 .

M 2 Vy; Uz) + 1- F(— xy Yy Yz z < 0
_ aM(vg, vy, v,) + (1 — @) F(—vg, vy,v,) v (7.3)
0 v, >0

and where F is the distribution function of the interior flow and M is the Maxwell-Boltzmann
distribution with velocity and temperature of the wall. The fluxes at the boundary are

obtained by computing the following integral,

Fpo = / / / mu, W (F* + F~) dv,dv,dv, . (7.4)

By assuming that the normal bulk velocity to the wall is zero, which means that the net
particle flux through the wall is also zero, it is possible to determine the corresponding

density of the reflected particles,

/ / / mu, (.7-”r + ]:7) dvydvydv, = 0. (7.5)

For a Maxwell-Boltzmann distribution with a temperature, T,,, and an accommodation co-

efficient, «, of one the previous equation gives,

PM = ”RsTw /_OO /_Oo /_OO mu, F T dvgdv,du,, . (7.6)

Once this density is obtained, all information related to the wall distribution function is

known and the boundary fluxes can be computed.
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Figure 7.1: Knudsen wall boundary and associated distribution function.

7.1 Approximation for the Half Integral of the

Interior Flow Distribution Function

In order to derive the Knudsen layer, the following integral of the interior flow distribution

function needs to be performed,

F+:/ / / mu, W Fdv,dv,dv, . (7.7)
—o00 J—o0 JO

For the 5- and 10-moment model of maximum entropy, the distribution function can be
integrated analytically in closed form and, further, be used to determine the boundary fluxes
associated with a Knudsen layer. However, since for higher-order distribution functions, it is
impossible to evaluate the integrals in closed form, a different approach must be developed

to approximate the half-flux of these distribution function.

While higher-order distribution functions cannot be integrated in closed form, they can
be evaluated at equilibrium. That is, any order moment can be evaluated at equilibrium. To
approximate the half flux out of equilibrium, an extrapolation from its value at equilibrium
is proposed. The half-flux and the half-flux Jacobian is first evaluated at equilibrium for
the same density, bulk velocity, and thermodynamic pressure as the flow and are denoted
Fy, and % ‘M respectively. The half-flux for the higher-order distribution is then linearly

extrapolated from the equilibrium half-flux using the flux-Jacobian evaluated at equilibrium
as shown in Eq. (7.8).
dF~*

Fr =Fut
M

(Ur —Unp) - (7.8)
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This insures that the correct boundary flux is recovered when the flow at the wall is at

equilibrium. From Eq. [7.4] the fluxes at the boundary can be rewritten as,

00 o) 0
Fpc = Ff —i—/ / / mv, W Mdv,dv,dv, (7.9)

where the density of the Maxwellian, M, is found using Eq. [7.6]

7.1.1 Validation of the New Boundary Condition

To assess the performance of the proposed solid-wall boundary condition, a Couette flow
is solved for various Knudsen numbers, from the continuum to the rarefied regime. The goal
is to compare the normalized shear stress and slip velocity in the continuum and rarefied

regimes as well as its transition between the two.

At low Knudsen number, the shear stress is expected to vary linearly with the Knudsen
number as predicted by the Navier-Stokes equations. As the Knudsen number is increased
past the transition regime, the shear stress is expected to deviate from the Navier-Stokes
prediction until it reaches the free-molecular shear stress. That is because the flow is expected
to slip at the wall. This should be observable when looking at the slip velocity. For high

Knudsen number, the velocity slip is expected to be infinite and the flow to be stagnant.

The normalized shear-stress and slip-velocity for a Couette flow between two plates going
at the same constant speed but in opposite directions, is shown in Figure for varying
Knudsen numbers. While there is a discrepancy in the free-molecular regime, the results
follow closely the Lees approximate solution[45] in the continuum and transition regime

given by,
_ 2 Kn 1

Pz:— _si:—-
Y~ 1+ 2Kn Uslie = 375 K

The deviation in the free-molecular regime is due to some weakness in the extrapolation of

(7.10)

the half-flux from the Maxwellian half-flux but also due to some deficiency in the Knudsen
layer treatment of solid-wall boundary conditions. This newly proposed solid-wall boundary
condition will be used to solve multi-dimensional cases in the continuum and transition

regime.
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Figure 7.2: Description of the Couette flow problem with the top plate moving at velocity
Uy, and the bottom plate moving at velocity —U,,.
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Figure 7.3: Normalized shear stress and normalized slip velocity at different Knudsen number
for the Navier-Stokes, 21-Moment, free-molecular and Lees’ solution for a Couette flow.
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Figure 7.4: Distribution function for the Couette flow in the free-molecular regime.

7.2 Deficiency of the Knudsen Layer Solid-Wall
Boundary Condition Method

The treatment of solid-wall boundary conditions through the assumption of a Knudsen
layer presents a deficiency for higher Knudsen numbers, where they are inaccurate. To better
illustrate the problem, it is easier to go back to the Couette flow problem and use it as an
example. In the free-molecular regime, the Couette flow problem shown in Figure has a
uniform state everywhere between the two plates. The distribution function in this regime
is shown in Figure 7.4 and can be described by two half-Maxwellian, where all particles with
a positive velocity in the y direction have the distribution function of particles emitted from
the bottom plate and all particles with a negative y-direction velocity have the distribution
of particles emitted from the top plate. The two half-Maxwellian are centered at +U,,,; and

have the same temperature.

The discrepancy between the free-molecular solution and the solution obtained with the
21-moment model in Figure was previously mentioned to be, in part, due to some weak-
ness in the approximation for the solid-wall boundary condition. To further investigate this
discrepancy, it can be useful to compute the solution for the 10-moment model, since an ap-

proximation is not necessary for this associated distribution function. Since the distribution
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Figure 7.5: Normalized shear stress for the 10-moment model

function associated with this model is an exponential of a second order polynomial, it is pos-
sible to integrate it analytically in closed form. The Couette flow solution for the 10-moment
model is shown in Figure [7.5] Although no approximation is done to calculate the fluxes at
the solid-wall boundaries, there is still a discrepancy in the free-molecular regime between
the exact solution and the one obtained with the 10-moment model. When using the Gaus-
sian distribution to approximate the two half-Maxwellian distribution shown in Figure|7.4} it
is possible to find a distribution that satisfies not only the macroscopic moments of interest
but also the fluxes associated with the two half-Maxwellian. The form of this distribution
function is shown in Figure

The issue arises when looking at the boundary fluxes. Note that, in the steady-state
regime, the value of flux inside the flow must be equal to the boundary fluxes. While
the fluxes of the full Gaussian distribution match the ones of the two half-Maxwellian, the
boundary fluxes composed of one half-Maxwellian and one half-Gaussian distribution, shown
in Figure[7.7], does not match the boundary fluxes for the two half-Maxwellian or the intercells
fluxes. In other words, the fluxes associated with the half-Gaussian are not the same as the
fluxes of the half-Maxwellian. This translates into an incorrect flux at the boundary and

affects the steady-state solution obtained resulting in the obtained discrepancy.
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Figure 7.6: Gaussian distribution in agreement with the two half-Maxwellian moments.

Figure 7.7: Half-Gaussian and half-Maxwellian distribution at the top wall.
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Although some deficiency is shown for this treatment of the boundary condition, its
effect on the overall solution is minimum. For the purpose of this work, the Knudsen layer

approximation is used to treat the boundary condition.
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Chapter 8

Numerical Results

To assess the performance and accuracy of the proposed model, some numerical cases
are run. The first case shown is a one-dimensional Mach 8 shock where the results are
compared with solutions from the Navier-Stokes equations, the 14-moment equations as well
as the direct solution of the BGK equation using a discrete-velocity method. This case
demonstrates a certain robustness of the model. Furthermore, a Sod shock tube case is run
in the continuum and rarefied regimes. The results are compared against the one obtained
from directly solving the BGK equation using a discrete-velocity method. Finally, a case of
a lid-driven cavity flow is computed for two different Knudsen numbers. At higher Knudsen
number, non-equilibrium effect are hoped to be recovered. The results are compared against

the solutions obtained for the 14-moment equations and DSMC calculations.

8.1 Stationary Shock

As a preliminary study, to test the robustness and accuracy of the newly developed
approximate model, a one-dimensional shock calculation is performed. A stationary shock
wave with an incoming Mach number of 8 is simulated using a standard Godunov-type first-
order finite-volume solver. The upstream density and pressure are 1.225 kg/m? and 101325

Pa respectively and the flow is in local equilibrium. In one-dimension the semi-discrete form
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of the finite-volume scheme is expressed as

8UZ n ‘FH-% - ‘Fz’—

5 ——= =5, (8.1)

where the index 7 indicates the number of the cell and L is the length of the cell. To compute

the fluxes at each edge, the Harten-Lax-van Leer (HLL) flux function [19] is used,

Fr, if A, >0
Fppy = { Aol e @e=l) - 3 <0< Mg (8.2)

where A\, is the wave with the most negative velocity out of both states and Ay is the wave
with the most positive velocity. The solution is advanced in time using explicit-Euler time

marching for the fluxes, while the stiff source term is treated implicitly,

F. F.

il — ;1 "
UMttt = Ul + At <%> + Sptt (8.3)

where n denotes the time step at which the term is evaluated. Treating the source term
implicitly allows for a larger time-step to be taken. The flux Jacobian is computed using al-
gorithmic differentiation, the eigenvalues of the flux Jacobian are then computed numerically
and are therefore not approximated. The derivatives of each entry of the solution vector with
respect to the solution vector are known. Since the closing fluxes are only functions of the
solution vector, their derivatives with respect to the solution vector can be tracked as they
are being computed. This process is known as algorithmic differentiation. The derivatives
of all elements of the solution and flux vector are known and can be used to determine the

eigenvalues of the flux Jacobian.

The results obtained are compared to those obtained from a simple first-order discrete-
velocity scheme solving the BGK equation [33]. This allows one to validate the degree to
which the proposed model is a good approximation to the BGK equation. The fluxes for the
BGK solver are chosen using the upwinding flux. The time evolution is done using explicit-
Euler while the source term is again treated implicitly. For the discrete-velocity scheme, 400
cells are used in physical space while 100 cells per dimension are used in velocity space. For

the 21-moment solver, 2000 cells in physical space are used for the simulation. In both cases,

the simulation is run until it reaches steady state. Figures|8.1a}|8.1b}[8.1c, and |8.1d|show the

density, the pressures, the heat transfer, and the temperatures across a shock with a Mach
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number of 8. Although some overshoots are present in the prediction of some of the flows
properties, it does show good agreement with the results obtained from solving the BGK
equation directly. More importantly, when observing the temperature and pressure profile
across the shock, the jump in the x component occurs before the one in the y component.
That is because the pressure and temperature in the direction of the shock are excited first,
the pressure and temperature in the other direction are excited later through collisions.
This effect is invisible to traditional fluid-mechanics models. In a similar manner, the x-
direction heat flux of x-direction energy is larger and occurs earlier than the y-direction
heat flux of z-direction energy. That behaviour is well recovered by the twenty-one moment
model. Figures [8.2a], [8.2D] [8.2c] and [8.2d] show the density, the pressures, the heat transfer

and the temperatures across a shock of mach number 8, comparing the BGK equation, the

fourteen-moment approximation, the Navier-Stokes equations and the twenty-one-moment
approximation. It is clear that the twenty-one-moment model matches more closely the
results obtained with the BGK equation. To evaluate the hyperbolicity of the model, the
largest imaginary part of the eigenvalues normalized by the real part is plotted in Figure[8.2a]
As it can be seen, the model only present non-hyperbolicity on a small portion of the domain

and, for which, the imaginary part is relatively small compared to the real part.

8.2 The Discontinuous-Galerkin Hancock Method

For the multi-dimensional cases a Discontinuous-Galerkin Hancock Method is used in-
stead of a typical finite-volume scheme. The Discontinuous-Galerkin Hancock scheme (DGH),
originally proposed by Suzuki and Van Leer [40], is a coupled space-time method ideal for
solving hyperbolic balance law with a stiff source term. It also proves to be advantageous
for parallel implementation as a consequence of the low amount of communication required
between neighbour cells. This scheme also offers third order accuracy in both space and
time. The following section describes the numerical scheme, a more detailed explanation as

well as an assessment of its performance and accuracy has been done by Kaufmann [25].

Hyperbolic-relaxation balance laws generally have the form,

oU | OF, _

S. (8.4)

A solution is sought such that the product of the PDE with the chosen set of test functions,
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Figure 8.1: Mach 8 shock with the BGK equation and the 21-moment approximation.

integrated over the space-time domain, is satisfied. By doing so, the hyperbolic-relaxation

set of PDEs can be written as,

// v(z;,t) dejdt = // v(z;,t) dx]dt + // v(z;,t)Sdx;dt, (8.5)

where Q(t) x T denotes the space-time domain with a time interval over [¢t",#""!] and where
v(xj,t) is the arbitrary test function. Since the test function is chosen to only be non-zero

in one cell, the space domain, €2(¢), can be reduced to the one of only that cell, Q4(t). By

63



using integration by part, some terms in Eq. (8.5) can be expressed as,

ou
/V(xj,t)gdt = [U"v(z;,t) — U v(zy,t) /U v(x;,t)dt, (8.6)
T
OF; . 0
/ V(.Z'j, t)a—xzd.fl?] = / V(.Tj, t)E . nldl—‘ - / Ea—xil/(l}j, t)dl'] s (87)
Qi (t) Ty (t) Qi(t)

where I'j, is the boundary of the cell and where n; is the outward pointing unit normal on the
boundary. By assuming that the spatial domain is fixed in time and that the test functions
are only a function of space further simplifications can be made. By substituting Eqs.
and into Eq. and using the Fubini theorem allowing a change in the order of

integration the following is obtained,

/l/(l‘j) U™ —U"| da; = // v(x;)F; - n, dth—i—//F v(xj)dx;dt

Qk FkXT QkXT

+ / / v(x;)Sda;dt . (8.8)

QkXT

For the DGH scheme, the chosen set of test functions is of linear nature,
V(xj): [1735—%79—?/&2—2};], (89)

where ., y., z. are the centroid of the cell. The solution in a cell can be written as a function

of the average solution, Uy, the average solution gradient, (A;U)y, and the test functions,

U, = Uk + ( xU)k(x - ka) + ( yU)k(y - ka) + (AZU)k(Z - ch) ) (8-10)

where Uy, (AU ), (A,U); and (A,U)y are called the degrees of freedom. By substituting
Eq. (8.10) into Eq. (8.8)), and by integrating with each test function, a formula for the update

of the degrees of freedom is obtained,

>N > TN 1

FkXT QkXT
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(AwU)ZH (AU); L — Ty,
(AyU)Z+1 - AyU)Z + K, ( — // Y—Ye, | Fi- n;dl'dt
(AZU)ZH AzU)k: DpxT | 2 — Z¢,
F,
QkXT FZ

T — T,

+ // Y — Ye, dejdt) , (8.12)

QuxT |2 — Z¢,

where V}, is the volume of the cell and K, is the inverse matrix of the cell’s area moment of

inertia,
Lo Ly L.]
Ki=|I, I, I.| - (8.13)
L. 1. L.

To perform an update of the degrees of freedom, some numerical approximations are needed
for the evaluation of the interface flux, the surface and volume integral of the flux, the volume

integral of the source term and the time integral of the both the flux and the source term.

8.2.1 Interface Flux and Surface Integral

At the interface between two cells, the solution is discontinuous and an approximation
is needed to evaluate the fluxes. Flux functions such as the Roe [37] and the HLLE [I8] are

used for that effect, they serve as an approximate Riemann solver.

To approximate the surface integral of the interface flux in Eq. (8.11)), a two-points

Gaussian quadrature is used,

/ F, - nydDdt ~ / > weFedt, (8.14)
T &

FkXT

where 13‘,5 is the flux at quadrature point £ approximated with the flux function and where

we are the associated weights. To integrate in time, the midpoint rule is used as an approx-
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imation leading to,
/ / F; - fydldt ~ At Z w5F"+’ . (8.15)
T xT

The same quadrature rule and midpoint approximation in time is used to numerically inte-

grate the surface integral in Eq. (8.12),

_ .

we (e — Tey) e

we(Ye — e, ) Fe 2| (8.16)

~ 1

we (2 — 2, ) Fy

Ck
// Y — Yo | Fi - nidldt = At

Fk xXT z —

]~ ]

oyl
The fluxes FgLJr2 are evaluated at time #"*2. In order to approximate the value at a half

time step, a Hancock predictor step is taken. This technique is explained in more details

one of the coming section.

8.2.2 The Hancock Predictor Step

To approximate the solution at fractional timesteps, the Hancock predictor step is used.

The equation is essentially the same as Eq. (8.11]) but without the consideration of interface

=N 7N 1 - 1
Ut =T, - o //F Audldt + = // Sdx;dt | (8.17)
k k

FkXT, QkXT’

quadratures,

where F} is the flux vector evaluated using only quadratures and solution within the element.
The time interval, T”, is over [t",t¥] where 1 is either % or %. To further simplify, the fluxes

are treated explicitly in time while the source is treated implicitly,

Ut =T, - w— /F" 2 dF~|—/S”+wd1’] : (8.18)

Q

The volume integral of the source term in Eq. (8.18) is approximated by a single quadrature
point at the cell centroid while the surface integral of the fluxes is approximated by using
a two-points Gaussian quadrature rule. Once the cell-average is updated at a fractional

timestep, the solution at any location in the volume can be obtained by extrapolating from
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the average using the slopes at time t”,

T — T,
n Tty n n n n
U =0, + o |(A0); (B,0); (AZU>k] Y=Y | > (8.19)
Z— 2z,

where ¢} is a slope limiter used to prevent the introduction of new extremas.

8.2.3 Volume Integral of Flux and Source Term

In the cell average and slope update, Egs. (8.11)) and (8.12)), there are three volume and
time integrals. Two of them for the source term and one for the fluxes. Due to the stiffness
of the source term, the Radau ITA method is used for time integration. This method is a

third order implicit time-marching scheme that has a general form,

1
n+ — n A . _J - <
A T (dt) 12 <dt ’

" . 3 (dy s B dy\" ™!
v =yt AL (%) +4 (%> : (8.20)

This adds the requirement for the state at timestep tnts

The volume integral of the flux, is approximated using an eight-point Gaussian quadrature
in space. For the integration in time, A Radau ITA two-point quadrature is used. The volume
integral of the source term is approximated by a single point quadrature in space and by,
again, a Radau ITA approximation in time. Finally, the volume integral of the moment of
the source term is treated the same way as the one for the source term. A single point
quadrature is used to approximate the integration in space while the Radau ITA method is

used to approximate the integration in time.
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8.2.4 Discrete Update Formula

By inserting all chosen space-time integration approximations into Egs. (8.11)) and (8.12)),

two discrete update formulas are obtained. For the cell average update,

1 frntg
U;H—% U’Z At |3 ;ng 6 %I —%I §ﬂ+%

where I is the identity matrix. For the slope update, the obtained discrete update formula

takes the form of,
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: (8.22)

where, once again, I is the identity matrix and Y is a block matrix defined as,

K., 0 0
Y=|0 K, 0]. (8.23)
0 0 K,

8.3 Sod Shock Tube

The Sod shock-tube problem consist essentially of a Riemann problem in one dimension.
A left and right state are set as initial conditions and are time marched to a desired time.
The set left state has a density of 4.696 kg/m?, a velocity 0 m/s and a pressure of 404400
Pa while the right state has a density of 1.408 kg/m?, a velocity of 0 m/s and a pressure
of 101100 Pa. The solution is time marched until a final time of 0.007 s is reached. The
domain is 12 m long and the left and right state are discontinuous at the center. The case is
run with collision and without collisions by turning off the source term. For the colissionless
case, the relaxation time is set to 7 = 1 x 10 where as for the transition regime and
continuum regime the relaxation time is set to 7 = 1.5 x 10* and 7 = 1 x 107! respectively.
A resolution of 500 cells is used to compute the solution for the 21-moment model using
the Discontinuous-Galerkin-Hancock method. For the discrete-velocity scheme, 400 cells are

used in physical space while 100 cells per dimension are used in velocity space.

In the collision dominated regime, shown in Figures[S.3a] [8.35] [8.3c/and [8.3d], the solutions

from the 21-moment model and the BGK equation both recover the Euler solution. That is

because the source term is dominating. Both the BGK and the 21-moment solution are in

agreement. In the collisionless regime, shown in Figures [8.4a}, [8.4b| [8.4c| and [8.4d], the BGK

solution is expected to be smooth over the domain with no apparent discontinuities. The

21-moment solution is approximating the BGK solution with the presence of discontinuity
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associated with its different wavespeeds. This is expected since the 21-moment model is a
continuum treatment of the flow. The 21-moment solution still follows the BGK solution
relatively closely. In the transition regime, shown in Figures [8.5al [8.5b] [8.5¢ and [8.5d],

the solution from the 21-moment model is able to predict the same solution as the BGK

solution. This supports the accuracy of the proposed model in predicting flow solutions in

the transition regime.

8.4 Lid-Driven Cavity Flow

The lid-driven cavity flow, as shown in Figure consist of a square domain where
all boundaries are solid-walls that are stationary except for the top wall which moves at
a velocity of 50 m/s along the x-direction. The initial conditions for the argon gas are
atmospheric pressure and ambient temperature of 273 K with a density of 1.78 kg/m3. The
wall temperature is also set to be 273 K. A Cartesian mesh of 150 cells by 150 cells is used for
the computational domain. The Knudsen-wall boundary condition from Section [7]is used to
model the solid walls. The simulation is run using the third-order Discontinuous-Galerkin-
Hancock method.

The results computed with the 21-moment model is compared against the 14-moment
model and a DSMC solution by John, Gu, and Emerson [21], 22] for a Knudsen number of 0.1
and 0.05. The BGK collision model is used for the 14 and 21-moment models. The solution
for a Knudsen number of 0.05 is shown in Figures and [8.9) while Figures 8.10]
and show the solution for a Knudsen number of 0.1. For a Knudsen number of 0.05, the
Mach number close to the lid is higher in the 14-moment and 21-moment solution than in the
DSMC solution. This could be attributed to the treatment of the solid-wall. For the rest of
the domain, all three solutions are in close agreement. The same can be said for a Knudsen
number of 0.1, where even at the lid the temperature is in better agreement with the DSMC
results. The DSMC plots for the temperature with the heat flux contour show a heat flux
that goes from the cold gas to the hot gas. This is a non-equilibrium effect that contradicts
Fourier’s law and therefore cannot be recover using the traditional Navier-Stokes equation.
This non-equilibrium effect is recovered by both the 14-moment and 21-moment model for
a Knudsen of 0.05 and 0.1. The temperature in the 14-moment and 21-moment solution is
higher than the DSMC solution especially near the lid in the case of the 14-moment model.

Once again, this is most likely due to the treatment of the solid-wall boundary condition.
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Finally, all three model are in fair agreement for the prediction of shear pressure for all

Knudsen number.
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Figure 8.2: Mach 8 shock with the BGK equation, the 14-moment approximation, the Navier-
Stokes equations and the 21-moment approximation.
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Uw

Figure 8.6: Description of the lid-driven cavity problem with the top wall moving at velocity
Uy.
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Figure 8.9: Temperature contour with heat-transfer streamline for the lid-driven cavity flow
at Kn = 0.05 for DSMC (top), 14-moment closure (middle) and 21-moment closure (bott0m7)9
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Chapter 9

Conclusion

9.1 Summary

In this work, an approximation for the closing fluxes of the 21-moment model from
maximum-entropy is proposed. The previous fourteen-moment approximation has a poor fit
for the heat-flux tensor. By moving to twenty-one moments, the full heat-flux tensor is added
to the solution vector. This leads to a far superior approximation to the maximum-entropy
closure. In computing a stationary shock profile, the proposed model has shown to predict
the solution more accurately than the Navier-Stokes equation. It also showed to be in very
good agreement with the prediction obtained from directly solving the BGK equation. When
computing the lid-driven cavity case, non-equilibrium effects were recovered in agreement

with the DSMC solution. A reverse heat-transfer, contradicting Fourier’s law, was observed.

Although the proposed approximation is shown to be robust and stable, it, unfortunately,
does not present global hyperbolicity through all moment space. Furthermore, the neces-
sity to numerically compute the associated eigenvalues at every timesteps renders the pro-
posed model expensive in computation time. Finally, as explained, issues with the solid-wall
boundary condition take away from the accuracy of the solution computed with higher-order

maximum-entropy closures.
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9.2 Future Work

Some future advancements could be undertaken to provide significant improvement to
the proposed model. An approximation for the eigenvalue of the model would provide much
lower computation time. This is even more important if three-dimensional cases are to be
computed. Also, the development of a more accurate method for the description of solid-
wall boundary condition would provide more physical accuracy to the solution. Finally, the
development of a Roe average [37] for the 21-moment model would allow the use of superior

more accurate flux functions.
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