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ABSTRACT

Kinetic equations occur in mesoscopic models for many physical phenomena. The direct
solution of the kinetic equation is prohibitively expensive due to the high dimensionality of the
space of independent variables. A viable alternative is to reformulate the problem in terms
of the moments of the distribution function. Recently, a suite of quadrature-based moment
methods has been developed for approximating solutions to kinetic equations. This suite of
quadrature-based moment methods has several desirable properties that makes it more efficient
and robust compared to the other moment methods. Despite these desirable properties, there is
often a bottleneck associated with these methods. Use of higher than first-order discretization
schemes for the convection terms and higher than second-order discretization schemes for the
diffusion terms often leads to non-realizable moment sets. A non-realizable moment set does
not correspond to a non-negative distribution function. The discretization schemes that can
guarantee the non-negativity of the distribution function are called realizable schemes. The
standard high-order discretization schemes are non-realizable. As a part of current research
study, a set of high-order realizable schemes has been developed for both convection and dif-
fusion terms that guarantee the non-negativity of the distribution function using constraints
on the time step size, known as realizability conditions. In addition, the current study also
shows the application of quadrature-based moment methods to two multi-physics phenomena
— bubble-column flow and radiation transport. The two problems have been formulated and

solved using the quadrature-based moment methods with particular attention to realizability.



CHAPTER 1. GENERAL INTRODUCTION

1.1 Background

Many physical phenomena can be described by studying the time evolution of a system
consisting of a large number of elementary objects, also referred to as particles. The identity
and properties of these particles vary from one phenomenon to another. Depending on the
physical phenomenon under consideration, the particles can be electrons [117], photons [13],
bubbles [116] or gas molecules [17]. The mathematical study of such systems leads to a class of
partial differential equations called kinetic equations. Solution of kinetic equations is essential
to understand the dynamics of these systems. However, any attempt at obtaining a direct solu-
tion [8, 77] of a kinetic equation is prohibitively expensive due to the high dimensionality of the
space of independent variables. Lagrangian solvers [10] and Monte Carlo methods [49], based
on the idea of particle tracking are often employed to obtain accurate solutions. However, a
large number of particles are needed by these methods which makes them computationally very
expensive. Moreover, these methods are subject to statistical noise. To avoid the computational
cost of a direct solver or a particle tracking method, continuum models which are valid only
when the system is close to equilibrium have been formulated. For example, in the context of
dispersed-phase flows, like bubble-column flows, these models are referred to as hydrodynamic
models [27]. For the dispersed-phase flows that are far away from equilibrium, the hydro-
dynamic models do not work properly. In particular, phenomena such as particle-trajectory
crossing cannot be captured. In the context of radiation transport modeling, equilibrium mod-
els are referred to as diffusion models [78]. The diffusion models work well only for the optically
thick systems that are nearly opaque and allow very little light to pass through. For optically

thin systems, in which very little material is present and most of the light passes through,



diffusion models fail to give an accurate solution.

Moment methods [43, 104] are a class of methods that use a continuum formulation but
do not make any assumption about equilibrium of the system. As a result, moment methods
are valid in both equilibrium and non-equilibrium regimes. Moment methods are based on the
idea of tracking a set of moments of the distribution function. The accuracy of the moment
methods can be systematically improved by increasing the number of tracked moments. How-
ever, the system of moment transport equations is not closed and this leads to the well-known
moment-closure problem [100]. The moment-closure problem is solved by specifying a form
of the distribution function and an algorithm (moment-inversion algorithm) using which the
distribution function is reconstructed from the tracked moments. The moment methods differ
in the form of the distribution function they assume and the moment-inversion algorithm that
they use. The quadrature-based moment methods (QBMM) are a class of moment methods that
use quadrature-based closures. Different versions of QBMM are available. Quadrature method
of moments (QMOM) [25, 33, 34, 35, 71] assumes that the distribution function is a weighted
sum of delta functions. The locations of the delta functions are called abscissas. QMOM has
been developed for uni-variate, bi-variate and tri-variate cases. For some problems, pointwise
values of the distribution function are required that QMOM fails to provide. To solve this
problem, a continuous form of QMOM, referred to as extended quadrature method of moments
(EQMOM) [127] has been developed. EQMOM assumes the distribution function is a weighted
sum of smooth kernel density functions, with each kernel density function centered around an
abscissa. Currently, EQMOM exists only for uni-variate cases. Robust moment-inversion al-
gorithms have been developed for both QMOM and EQMOM. As both QMOM and EQMOM
use non-negative basis functions, when the weights are non-negative, the non-negativity of the
distribution function is also guaranteed. Moreover, unlike many other moment methods, the
moment-inversion algorithms for QMOM and EQMOM do not involve solving a constrained,
convex optimization problem. The inversion algorithm for QMOM is non-iterative while the
inversion algorithm for EQMOM involves only a one-dimensional root finding method. These
two properties - non-negative distribution function and an efficient inversion algorithm - make

QBMM preferable over other moment methods.



QBMM has already been successfully applied to gas-particle flows [79]. In the current re-
search study, the purview of QBMM is extended to two more applications - gas-liquid flows
(bubble-columns flows) and radiation transport. A fully two-way coupled flow solver is devel-
oped that solves the incompressible Navier-Stokes equation for the liquid phase and moment
transport equations using QMOM for the dispersed bubble phase. For radiation transport
modeling, EQMOM is used.

As mentioned earlier, if the weights are non-negative, the distribution function assumed
by QBMM is also non-negative. The weights and abscissas are obtained from the tracked
moments using the moment-inversion algorithm. The weights are non-negative only if the set
of moments is realizable. Moreover, if the moment set is non-realizable, the abscissas may lie
outside the support interval of the distribution function. To avoid this, it is of paramount
importance that the moment set always remain realizable. It has been observed that the use of
standard high-order discretization schemes often leads to negative weights and abscissas that
are outside the support interval of the distribution function. As a part of the current research
study, it is shown that the use of standard high-order discretization schemes cannot guarantee
the realizability of the moment set. Moreover, new high-order realizable schemes are developed
for convection and diffusion terms, that guarantee the realizability of the moment set if the

time step size satisfies the constraints called realizability conditions.

1.2 Original contributions of this dissertation

The original and significant contributions of this research work are summarized in the

following.

1.2.1 Development of high-order realizable schemes

Realizability of standard high-order finite-volume schemes in both space and time is dis-
cussed. The issue of reconstruction of moments vs reconstruction of weights and abscissas
is debated. New realizable high-order finite-volume schemes based on the reconstruction of

weights and abscissas are proposed and suitable realizability criteria are derived.



1.2.2 Bubble-column flow modeling using QMOM

A novel approach to model bubble-column flows using QMOM is presented. A fully two-way
coupled flow solver is developed that solves the incompressible Navier-Stokes equation for the

liquid phase and moment transport equations using QMOM for the dispersed bubble phase.

1.2.3 Radiation transport modeling using EQMOM

The equations governing radiation transport are formulated using EQMOM with special
attention to realizability and a set of standard one-dimensional benchmark problems encom-

passing optically thin, thick and transition regimes is solved.

1.3 Outline of dissertation

The dissertation consists of a set of papers that has been published in, submitted to or
prepaped for submission to scholarly journals.

Chapter 2 is the paper titled Realizable high-order finite-volume schemes for quadrature-
based moment methods. This paper [115] is published in Journal of Computational Physics.

Chapter 3 is the paper titled Realizable high-order finite-volume schemes for quadrature-
based moment methods applied to diffusion population balance equations. This paper is submit-
ted to Journal of Computational Physics.

Chapter 4 is the paper titled Modeling of bubble-column flows with quadrature-based moment
methods. This paper [116] is published in Chemical Engineering Science.

Chapter 5 is the paper titled Radiation transport modeling using extended quadrature method
of moments. This paper is submitted to Journal of Computational Physics.

Chapter 6 summarizes the general conclusions from the current research study.



CHAPTER 2. REALIZABLE HIGH-ORDER FINITE-VOLUME
SCHEMES FOR QUADRATURE-BASED MOMENT METHODS

A paper published in Journal of Computational Physics

Varun Vikas', Z. J. Wang, Alberto Passalacqua, Rodney O. Fox

Abstract

Dilute gas-particle flows can be described by a kinetic equation containing terms for spa-
tial transport, gravity, fluid drag and particle-particle collisions. However, direct numerical
solution of kinetic equations is often infeasible because of the large number of independent
variables. An alternative is to reformulate the problem in terms of the moments of the veloc-
ity distribution. Recently, a quadrature-based moment method was derived for approximating
solutions to kinetic equations. The success of the new method is based on a moment-inversion
algorithm that is used to calculate non-negative weights and abscissas from the moments. The
moment-inversion algorithm does not work if the moments are non-realizable, which might
lead to negative weights. It has been recently shown [25] that realizability is guaranteed only
with the 15%-order finite-volume scheme that has an inherent problem of excessive numerical
diffusion. The use of high-order finite-volume schemes may lead to non-realizable moments.
In the present work, realizability of the finite-volume schemes in both space and time is dis-
cussed for the first time. A generalized idea for developing realizable high-order finite-volume
schemes for quadrature-based moment methods is presented. These finite-volume schemes give
remarkable improvement in the solutions for a certain class of problems. It is also shown that

the standard Runge-Kutta time-integration schemes do not guarantee realizability. However,
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realizability can be guaranteed if strong stability-preserving (SSP) Runge-Kutta schemes are

used. Numerical results are presented on both Cartesian and triangular meshes.

2.1 Introduction

Kinetic equations occur in mesoscopic models for many physical phenomena, such as rarefied
gases [11, 19, 20, 43, 76, 109], plasmas [15, 63, 123], multiphase flows [25, 96, 112, 122], optics [7,
30, 40, 94, 95], and quantum physics [41, 50, 51], to name just a few. In this work, we will use the
kinetic equation describing dilute gas-particle flows as an example application. However, the
proposed numerical schemes can easily be extended to treat a wide range of kinetic equations
describing other applications.

Gas-particle flows occur in many engineering and natural systems such as fluidized-bed
reactors, catalytic crackers, volcanic ash transport in the atmosphere, and helicopter brown-
out. Currently, there exist several different approaches for simulating the kinetic equation
describing the particle phase and its coupling to the gas phase. In general, all approaches use
the same type of flow solver for the gas phase, but they differ in the way in which the kinetic

equation is treated:

(i) direct solver that discretizes the velocity phase space of the particle number density func-

tion [8, 77],
(ii) Lagrangian solver that tracks all the particles individually [10],
(iii) hydrodynamic models with kinetic-theory moment closures [31],

(iv) quadrature method of moments (QMOM) that solves for moments of the particle number

density function with quadrature-based closures [25, 33, 65, 79].

In many applications, the direct solution of the kinetic equation is prohibitively expensive
due to the high dimensionality of the space of independent variables, while Lagrangian solvers
are computationally very expensive, since the number of particles to be tracked is very large.
On the other hand, hydrodynamic models are developed assuming that the Knudsen number

of the particle phase is very small, which is equivalent to assuming a Maxwellian (or nearly



Maxwellian) equilibrium particle velocity distribution. This, however, is not correct in relatively
dilute gas-particle flows, where the Knudsen number can be high, the collision frequency is
small and phenomena like particle trajectory crossing can occur. In particular, Desjardins et
al. [25] showed that the assumption that a gas-particle flow can be described accounting for
only the mean momentum of the particle phase leads to incorrect predictions of all the velocity
moments, including the particle number density, showing the need of using a multi-velocity
method, in order to correctly capture the physics of the flow. Similar observations were made
for moderately collisional gas-particle flows by Sakiz and Simonin [96].

QMOM for gas-particle flow [33, 34, 35] is based on the idea of tracking a set of velocity
moments of arbitrarily high order, providing closures to the source terms and the moment
spatial fluxes in the moment transport equations by means of a quadrature approximation of
the number density function. The key step of the approach is an inversion algorithm that allows
one to uniquely determine a set of weights and abscissas from the set of transported moments.
The condition for the inversion algorithm to be applied is that the set of moments is realizable,
meaning it actually corresponds to a velocity distribution. This condition is not generally
satisfied by the traditional finite-volume methods used in computational fluid dynamics.

Desjardins et al. [25] recently showed that realizability is guaranteed only with the 15t-order
finite-volume scheme. The use of any other high-order finite-volume scheme may lead to non-
realizable moments, thereby resulting in negative weights. Weights are representative of particle
density and hence cannot be negative. This limitation in turn leads to the use of a highly refined
mesh for computation as a first-order finite-volume scheme produces highly diffused solutions on
a coarse mesh. For this reason, improved finite-volume schemes are sought that could provide
less-diffused solutions and simultaneously guarantee the realizability of moments.

In the present work, a generalized idea for developing improved finite-volume schemes for
quadrature-based moment methods is presented. The realizability of the new improved finite-
volume schemes is guaranteed under suitable realizability criteria. These new schemes give
remarkable improvement in the solutions for the class of problems where the velocity abscissas
are constant over a range of cells. The present work also shows that the standard Runge-

Kutta time-integration schemes do not guarantee realizability. However, the realizability can



be guaranteed if strong stability-preserving (SSP) Runge-Kutta schemes [42] are used.

The remainder of this paper is organized as follows. In Sec. 2.2, QMOM is reviewed.
Section 2.2 also discusses finite-volume schemes and their realizability properties. Thereafter, in
Sec. 2.3, new realizable high-order finite-volume schemes are presented. In Sec. 2.4, multi-stage
time-integration is discussed and realizability properties of the standard RK2 and RK2SSP
schemes are presented. Section 2.5 presents some numerical results including accuracy studies.
Conclusions from the present study are summarized in Sec. 2.6. Finally, in the appendix to
this chapter, we present an extension of the realizable schemes to velocity-independent density

functions.

2.2 Quadrature method of moments

2.2.1 Kinetic equation

Dilute gas-particle flows can be modeled by a kinetic equation [16, 19, 104] of the form:

Of+v-0xf+ 0y (fF)=C, (2.1)

where f(v,x,t) is the velocity-based number density function, v is the particle velocity, F is
the force acting on an individual particle, and C is the collision term representing the rate of
change in the number density function due to particle-particle collisions. The collision term

can be described using the Bhatnagar-Gross-Krook (BGK) collision operator [9]:

€= (fea—f), (2.2)

where 7 is the characteristic collision time, and feq is the Maxwellian equilibrium number

density function given by

fea(v) = MO)?,exp (P, 23)

(27TO'eq 2Ueq
in which U, is the mean particle velocity, oeq is the equilibrium variance and M 0 — [ fdv is
the particle number density. In gas-particle flows, the force term is given by the sum of the

gravitational contribution (Fy) and the drag term (Fq) exerted from the fluid on the particles:

F=F,+Fq. (2.4)



For dilute gas-particle flows, the drag force on a particle can be approximated by

3mppg
d = C(d U, Ur7 2.5
U (25)

where U, = U, — U, is the relative velocity between two phases, U, is the gas velocity, U,
is the particle phase local mean velocity, p; and p, are gas and particle densities, respectively,
and d,, is the particle diameter. The drag coefficient Cq is given by the Schiller-Naumann
correlation [98]:

24
Cq = Rep (1+0.15Re} %) (2.6)

in which Rep, = pgdp|Ug — Up|/ g, p1g being the dynamic viscosity of gas phase.

2.2.2 Moment transport equations

In the quadrature-based moment method of Fox [33, 34, 35], a set of moments of the number
density function f is transported and its evolution in space and time is tracked. Each element
of the moment set is defined through integrals of the number density function. For the first

few moments the defining integrals are:

Moz/fdv, Milz/vifdv, Mz%:/vivjfdv, M%k:/ijkadv. (2.7)

In these equations, the superscript of M represents the order of corresponding moment. Mo-
ment transport equations are obtained by applying the definition of moments to (2.1). The

transport equations for moments in (2.7) can be written as:

oM N oM}
8t 81‘1 N
oM} | oM
Bt 8:63‘ o
oMY OMP,
_|_

\ ot A oxy,
aMijk _|_8Mz‘jkl
ot 81‘1

= giM} + g;M} + C}; + D},

= Qz'Mij + g; M7, + ngin + C?jk + Df}k
In (2.8), gi, 9j, g are the components of gravity, Dil, ij, ijk are due to the drag force and

C’?j, C’f’jk are due to collisions.
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2.2.3 Quadrature-based closures

Using the BGK model, the collision terms in (2.8) can be closed. However, the set of
transport equations in (2.8) is still unclosed because of the spatial flux and drag terms. Each
equation contains the spatial fluxes of the moments of order immediately higher. In quadrature-
based moment methods, quadrature formulas are used to provide closures to these terms in
the moment transport equations, by introducing a set of weights and abscissas. The number
density function f is written in terms of the quadrature weights (n,) and abscissas (U, ) using

a Dirac delta representation:
B

)= nad(v—TU,). (2.9)

a=1

The method based on (2.9) is called S-node quadrature method. The moments can be computed
as a function of quadrature weights and abscissas by using the above definition of f in (2.7):

B B B B
M= "na, M=) nalia, M7= nalialUjo, M= naliaUjaUsa. (2.10)
a=1 a=1

a=1 a=1

The source terms due to drag and gravity are computed as:

n
D} =Y —Fi,
a=1 1%
A n
Dizj = Z mia (FmUja + FjaUz'a) ) (2.11)
a=1 p
B n
D?jk = Z mfc; (FiaUjaUka + FiaUkaUia + FraUiaUja) -
a=1

The details of the computation of the force terms Fj,, Fjo and Fj,, can be found in [33].

In order to ensure that the moments remain realizable and that the discretized fluxes are
hyperbolic, the spatial flux terms are closed according to their kinetic description [87, 23, 82, 25].
Each moment involved in the spatial derivative is decomposed into two contributions, as shown

in (2.12) for the zero-order moments:

M= /_ io vi ( / fdvjdvk) dv; + /0 o v; ( / fdvjdvk> dv;. (2.12)

In a 1-D case, the left integral will account for particles going from left to right and the right

integral will account for particles going from right to left at the face. Using (2.9), (2.12) can
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be written as:
B B

M} = "namin (0,Uia) + Y namax (0, Uia) . (2.13)

a=1 a=1

For a 1-D case, the left integral/summation in (2.12)/(2.13) is evaluated using the values on
left side of the face and right integral/summation is evaluated using the values on right side of
the face.

In order to solve the abovementioned moment transport equations, boundary conditions
are needed. These boundary conditions can be specified either in terms of moments or in terms
of the weights and abscissas. The latter approach is more convenient and is followed in the
present work. In this work, three types of boundary conditions are used: Dirichlet, periodic
and wall-reflective. At a Dirichlet boundary, the weights and abscissas are specified. Periodic
boundary conditions copy the weights and abscissas from the outgoing periodic boundary cell
to the corresponding incoming periodic boundary cell. The boundary conditions at the walls
are set so that a particle that collides with the wall is specularly reflected. This condition
corresponds to changing the sign of the velocity component of the particle along the direction
perpendicular to the wall. The implementation of this boundary condition in the quadrature-
based algorithm is done by changing the sign of the abscissas in the appropriate direction [79].
If 7 = 0 indicates the position of the wall, perpendicular to the second direction of reference

frame, and ¢ = 1 indicates the neighboring computational cell, the boundary condition can be

written as:
N Na/ew
U, U,
“ = “ , (2.14)
Va _ewVa
W, W,
i=0 i=1

where ey, is the particle-wall restitution coefficient. All the boundary conditions are applied
using a ghost-cell approach.
2.2.4 Finite-volume method

The moment transport equations in (2.8) contain convection, drag and collision terms.

The three terms are treated separately using an operator-splitting technique. The solution
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algorithm involving all the terms is given later. The collision and the force terms do not create
non-realizability problems. Hence for all the analysis, these terms are dropped. For simplicity,
a one-dimensional case with two qudrature nodes is discussed here. A general 3-D case is
presented in a later section. For the 1-D case, the set of moment transport equations after

dropping collision and drag terms can be written as:

oW OH(W)
_ 2.1
o T or Y (2.15)
where
W= [M° M' M2 M?]T and H(W) = [M' M2 M? M4)" (2.16)

For a 2-node quadrature there are two weights (n1,n2) and two abscissas (Uy,Usz). Let the set

]T. The first four moments can be

of weights and abscissas be denoted as N = [ny ny Uy Us

written in terms of these weights and abscissas as:
(2.17)

In the first two equations for M° and M!, powers of U; and U, are redundant.
The conserved moments and moment fluxes in (2.16) can be written in terms of the number

density function:
W= / K()f(v)dv, H(W)= / oK (0)f(v) dv, (2.18)
where

K(v)=[1v v? v?’]T. (2.19)

The moments in (2.15) can be advanced in time using a finite-volume scheme. If a single-stage

explicit time-integration scheme is used, the updated set of moments can be written as:

W?H =W, - g [G (W?+1/2,Z7W?+1/2,r> -G (W?—I/M’W?—I/Q,T)} ’ (2:20)

where superscripts n and n 4+ 1 denote time levels, G is the numerical flux function evaluated

at cell interfaces, and [ and r denote the left and right states at the interfaces respectively.
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Henceforth, the variables with subscript ¢ will denote the cell-averaged values and the ones
with (¢ +1/2) or (i — 1/2) as subscript will denote the reconstructed values at the interfaces.

G is defined as:

G (W, W,) = /v*Kfl dv+/var dv, (2.21)
where
L1 1
v :i(v—i—]v\) and v = E(U—|U‘). (2.22)

This corresponds to a splitting between particles going from left to right (first term) and

particles going from right to left (second term). Inserting the expression for f in (2.21) yields:

G (W, W,)=H" (W, +H (W,), (2.23)
with
1 1
N Ull UQZ
H (Wl) = Ny max (Ull,O) + n9o; max (Ugl,O) ,
U? U2
11 21
U3 U3
11 2 (2.24)
1 1
Ulr UZT
H™ (W,) = ny, min (Uy,, 0) + ng, min (Usy, 0)
Ut, Us,
Ui, U3,

Before discussing the first-, second- and third-order finite-volume schemes, it is worth notic-
ing that, in order to calculate the fluxes at the interface, variables need to be reconstructed
at the faces of each cell. However, there is an ambiguity in the choice of variables to be cho-
sen for reconstruction. Two choices are possible: (i) reconstructing the moments (H(W) =
(MY M? M3 M*T) and (ii) reconstructing the weights and abscissas (N = [n; na U Us]T).
For the first-order finite-volume scheme both choices are equivalent. However, for second or
any high-order finite-volume schemes, these two choices are in general different. The former
approach often leads to non-realizable moments, especially in the problems involving discon-

tinuous velocity fields. For this reason, the second approach is adopted in this work. In the
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sections below, any reconstruction essentially refers to reconstruction of the weights and ab-
scissas. For example, W /o refers to moments at the left side of interface i +1/2 calculated

using the reconstructed values of the weights and abscissas.

2.2.4.1 First-order finite-volume scheme

The 1%*-order finite-volume scheme for solving moment transport equations uses a piecewise
constant approximation and is described in [25]. The weights and abscissas are assumed to be
constant over a cell:

N?71/2,r =N}, ?+1/2,l = N;". (2-25)

2.2.4.2 Second-order finite-volume scheme

In the 2"-order finite-volume scheme, a piecewise linear reconstruction for the weights
and abscissas is used. The piecewise linear reconstruction is obtained using a minmod slope
limiter [56]. For the i*" cell, this can be written as:

Ax

n _ n _ .
i—1/2r — N; 5 ON;, (2.26)
Ax )
N?+1/2,l =N+ - ONj,

where

(2.27)

Ny =N, N, — DN
Azx ’ Az '

ON; = minmod ( L L L
The minmod function is defined as:

1 + sign(xy)

5 ) min (|z|, |y]) . (2.28)

minmod(z, y) = sign(x) <

2.2.4.3 Third-order finite-volume scheme

In the 3"%-order finite-volume scheme, a piecewise parabolic reconstruction for the weights
and abscissas is used. For the i*® cell, the reconstructed weights and abscissas can be written

as:
1 1
N7 10, = Ni' — g(N? - N+ 6<N?+1 -NJ)|,

1 1
ir120 = Ni' + E(N? - N )+ g( i1 — Ni)

(2.29)
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The third-order MUSCL reconstruction without a limiter is the same as (2.29). However, in the
case of a discontinuous solution a limiter is essential. A limited version of third-order MUSCL

can be found in [56].

2.2.5 Solution algorithm

The finite-volume schemes presented in the above section are used to solve for the spatial
transport part of the moment tranport equations. However, the complete moment transport
equations have collision and force terms as well. As mentioned earlier, these two terms are
treated using an operator-splitting technique. A detailed solution algorithm involving all the
terms can be found in [25, 35, 79]. Here a brief overview of the steps involved in the solution

procedure is presented, assuming a single-stage explicit time-integration:

1. Initialize weights and abscissas in the domain.
2. Apply boundary conditions to weights and abscissas.
3. Compute moments using weights and abscissas.
4. Compute time-step size At.
5. Reconstruct weights and abscissas at cell faces.
6. Compute spatial flux terms at cell faces.
7. Advance moments by At due to spatial flux terms using a finite-volume approach.
8. Compute weights and abscissas from moments using the moment-inversion algorithm.
9. Advance weights by At due to force terms (drag and gravity).

10. Compute moments using weights and abscissas.

11. Advance moments by At due to collision terms.

12. Compute weights and abscissas from moments using the moment-inversion algorithm.

13. Apply boundary conditions to weights and abscissas.



16
14. Repeat steps (4) through (13) at each time step.

2.2.6 Non-realizability problem

At each time step, the weights and abscissas need to be recovered from the moments. The
moment-inversion algorithm computes the set of weights and abscissas from the corresponding
set of moments by solving a set of nonlinear equations. In the moment-inversion algorithm M?©,
M?*, M?, M3 are known and ny, ng, Uy, Us are computed, by solving (2.17) in reverse direction
using the product-difference (PD) algorithm [71, 121, 86]. However, the set of moments cannot
be constituted by arbitrary values of each moment, but they have to conform to the definition
of the non-negative number density function. The application of the PD algorithm to a set
of realizable moments leads to a set of weights and abscissas that satisfy the properties of
Gaussian quadrature. In particular the weights are always positive. During the development of
the numerical schemes, which is the object of this work, a set of weights and abscissas will be
said to represent realizable moments if weights are positive and abscissas lie in the interior of
the support of f. Because of the non-linearity of the inversion problem, it is extremely difficult
to determine in advance whether a given set of moments is realizable. However, Desjardins
et al. [25] described how any finite-volume scheme that could guarantee non-negativity of the
effective number density function will always keep the moments in realizable space.

The updated set of moments can be written as:
Wit = / Kh dv, (2.30)

where

h=f"=A U+fin+1 o1+ V7 zr_”+ 120 =V fit1/an
( /2 /2 /2 o) (2.31)

= [T =N ey = AT g AT e AT
in which A = At/Az. In (2.31), h is the effective number density function and has different

forms for different finite-volume schemes as the interface values are reconstructed in different
ways. Desjardins et al. [25] stated that any finite-volume scheme that guarantees the non-
negativity of h for all v, is realizable. Using this proposition, they derived the realizability
criterion for the 15*-order finite-volume scheme. In the sections below, the realizability of the

1-D version of 15%-, 2_ and high-order finite-volume schemes is discussed.
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2.2.6.1 First-order finite-volume scheme

For the 15%-order finite-volume scheme (2.25) implies

filajo, =11 i1y =11 (2.32)

Using this in (2.31), the effective number density function for the 15%-order finite-volume scheme
can be written as:

h= (1= Ao+t — ™ flL. (2.33)

As the moments at time level n are assumed to be realizable, the non-negativity of the number
density function at time level n is guaranteed, i.e., f* > 0, f*{ > 0 and f/%; > 0 for all v.
Also, v* > 0 and v~ < 0. Hence, the non-negativity of i will be guaranteed if (1 — AJv|) > 0.

When written in terms of the abscissas, this condition becomes:

max(|Ui1|, |Ui2 )

(2.34)

This is the realizability criterion for the first-order finite-volume scheme [25].

2.2.6.2 Second- & high-order finite-volume schemes

For the second-order and, in general, any high-order finite-volume scheme, the reconstructed
values at the cell interfaces are different from the cell-averaged values. The equality of recon-
structed values and cell-averaged values is a special property that holds only for the first-order
finite-volume scheme. For second and high-order finite-volume schemes, the effective number
density function h can be obtained from (2.31) by putting in the reconstructed values. An in-
teresting thing to notice in (2.31) is that on the right-hand side, out of the five terms, only three
are non-negative. The second and fifth terms are always non-positive. As was stated in [25],
realizability can only be guaranteed if the effective number density function is non-negative for
all velocities. Clearly this does not hold, in general, for second and high-order finite-volume
schemes. Hence, realizability cannot be guaranteed for any finite-volume scheme other than

first-order.
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2.3 Improved realizable finite-volume schemes

2.3.1 Basic idea

As was stated earlier, the two non-positive terms on the right-hand side of (2.31) might lead
to non-realizability problems. The non-negative terms present a physical view of the number
density function. An important thing to notice is that, despite the presence of the two non-
positive terms, the first-order finite-volume scheme is still realizable under the restriction of
a realizability criterion. This is possible because in the first-order finite-volume scheme, the
interface values are the same as the cell-averaged values (f]' = i1 20 = Iy /277”), thereby
allowing a grouping of the first term with the two non-positive terms on right-hand side of
(2.31). This idea of grouping the terms is essential to the realizability of the first-order finite-
volume scheme and it also forms the basis of the development of new improved realizable

finite-volume schemes.

For high-order finite-volume schemes, in general:

Ni # Ny o # N0 (2.35)

i.e.
n n n n n n
Nio 7 Nit1/2,0, # 1720, and U, # Ui+1/2,a,l # Ui71/2,a,r' (2.36)
Consider a special reconstruction where

n

n n n n — n J—
Njo # it1/2,0.0 # 172,000 and U, = i+1/2,a,0 = Uz—l/?,a,r' (2.37)

For this special reconstruction, realizability can always be guaranteed with a suitable constraint

on the time-step size. This is the subject of the following theorem.

Theorem 1. Let B,p € N and o € {1,2,...}. Also let the cell-averaged and reconstructed
values of the weights satisfy nj', > 0 and n?+1/2,a,l’n?71/2,a,r > 0 Va. If a finite-volume
scheme using a single-stage Euler explicit time-integration scheme is devised that uses a p'-
order reconstruction for weights and 1%t-order reconstruction for abscissas, the non-negativity
of the effective number density function (2.31) in the i cell can always be guaranteed under

an explicit constraint on time-step size (At € R ).
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Proof. Using (2.31), the effective number density function, regardless of the finite-volume

scheme used, can be written as:
h= 1 =M [l o+ AT g, €7 (2.38)

In the above expression, the first non-negative term and the two mon-positive terms have been
represented explicitly. The other two terms are always non-negative and have been grouped

under £T. For a B-node quadrature, using (2.9), the expression for h becomes:

B
h = Z[nﬁa(s(v -U) — )\v+n?+1/27a7l(5(v — Uz‘j—l/z,a,l)
a=1

. " (2.39)
+ Av ni71/2,a,ré(v - Ui71/2,a,r)}

+£*.
If a first-order reconstruction is used for the abscissas, then the interface values of the abscissas

will be the same as the cell-averaged values:

Uz?,loe = Z}kl/2,a,l = Uinfl/2,a,r' (240)

Putting this in (2.59), the effective number density function becomes:

B
h= Z{nfa — /\v+n?+1/27a7l + Av*nﬁlﬁ,a’r}é(v - Ul + £t (2.41)

a=1

For At € RT satisfying the condition:

nt
A = mi w 2.42
mlnae{l,Q,..‘ﬁ} (nn maX(U»n O) — mln(U” 0)) ) ( )

n
i+1/2,a,l 1,0 ni—1/2,a,r i,a0

h is non-negative for all v. This concludes the proof. [

Clearly, Theorem 1 guarantees the realizability of the special reconstruction in (2.37), for all
cases except for the one where ngfa = 0. However this case turns out to be trivial if a minmod
limiter is used to limit the reconstructed values. A minmod limiter guarantees that whenever

n;', =0, thenn = 0, thereby automatically dropping the two non-positive

n =t
, i+1/2,a,0 T "i—1/2,a,r

terms in (2.39). For p = 1, (2.42) reduces to the same realizability criterion as in (2.34):

. 1
)\ = mlna6{1727__.ﬂ} <|[]”> . (243)
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This new reconstruction uses a high-order reconstruction for the weights, but a first-order
reconstruction for the abscissas. To remove the ambiguity, it is worth clarifying that all the
finite-volume schemes discussed earlier, in which the same order of reconstruction was used
for the weights and abscissas will be termed standard finite-volume schemes. For example, a
standard second-order finite-volume scheme is the one discussed in Sec. 2.2.4.2, where a second-
order reconstruction is used for both the weights and abscissas. More generally, a standard p*"-
order finite-volume scheme uses a p™-order reconstruction for both the weights and abscissas.
It is worth reiterating that the realizability of the standard p'"-order finite-volume scheme is
not guaranteed. Corresponding to the standard p'"-order finite-volume scheme another scheme
can be developed based on the special reconstruction discussed above. This new scheme will
use p'P-order reconstruction for the weights and 1%*-order reconstruction for the abscissas.
Realizability of this new scheme is guaranteed by the constraint, also known as realizability
criterion, in (2.42). Because a 15-order reconstruction is used for the abscissas, the new scheme
is less accurate than the standard p™-order finite-volume scheme and henceforth will be termed
a quasi-p™-order finite-volume scheme. The standard 1%*-order finite-volume scheme and the
quasi-1%*-order finite-volume scheme are the same and will be simply referred to as the 15%-order
finite-volume scheme.

Two important facts about the new schemes are: (i) they are better than first-order finite-
volume schemes as far as accuracy is concerned and (ii) realizability is guaranteed under the
realizability criterion that has an explicit form. This marks a significant improvement in solu-
tion methods for quadrature-based moment methods. Over the years, many high-order finite-
volume schemes have been developed [113, 21, 60, 118, 119, 4, 5, 120] for convection-dominated
problems in the field of fluid dynamics. However, quadrature-based moment methods have
not benefited from these high-order schemes because of the non-realizability limitation. How-
ever, with the new approach, all the already existing knowledge about high-order finite-volume
schemes can now be utilized for solutions using quadrature-based moment methods.

In general, the new quasi-p*P-order realizable finite-volume scheme will be less accurate
compared to the standard p*™-order finite-volume scheme but for the problems where the ve-

locities are constant over a range of cells, the difference in accuracy will be negligible. This
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fact is further demonstrated in Sec. 2.5. Next the realizability criterion for different dimensions
is presented, and we explain the way in which it is applied. In the appendix to this chapter,
we show how quasi-p'"-order finite-volume schemes can also be written for the advection of

velocity-independent density functions.

2.3.2 Realizability criterion for 1-D cases

The relation given in (2.42) is the realizability criterion for 1-D problems. It can also be

written as:
{ni's — )\max(Um,O)n?H/Q,aJ + Amin(Uiq, 0)n?_1/27a7r} >0V ae{l,?2..0}. (2.44)

This simple realizability criterion can be used for the calculation of A and hence At for 1-D

cases with S-node quadrature.

2.3.3 Realizability criterion for 2-D/3-D cases

In (2.44), |max(Uiq, O)TL?H/2 oy — min(Uia, O)n’iil/2 o | is the total outgoing flux from the

ith cell for the o™ weight. Hence, (2.44) can also be written as:
{n?, — A Outgoing Flux}',} >0V a € {1,2,..., 8}, (2.45)

where the summation is over the faces of the i*" cell. This form of the realizability criterion can
be used for 2-D and 3-D cases. Although (2.45) was obtained using an analogy from (2.44), it
can be derived directly from the expression for finite-volume scheme in 2-D or 3-D.

Consider a 3-D case. Let €; and 9Q; denote the i*" cell and its boundary respectively. Also
let e € 09 be a face of the i cell, A, be its area and fie = [Nez Mey Nez] be the outward
unit normal at this face. The finite-volume expression for the single-stage Fuler explicit time-

integration, analogous to (2.20) can be written as:

At A
WIt =W - jar 3 {6 (WE W) Ac), (240
ecof;

where |©;| denotes the volume of the i*" cell and W{, and W[ represent the reconstructed

value of W on the left and right sides of face e. The outward normal vector e defined above,
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points from the left side to the right side of face e. The form of W analogous to the one in
(2.18) is
W = /K(u, v,w) f(u,v,w) dudvdw. (2.47)

The numerical flux function can be written as:

G ( e, Wi, fg) = /v;foeJ du dv dw + /U;Kfe,r du dv dw, (2.48)
where
v = max(Ne zU + Ne yv + Ne 20, 0),
(2.49)
U, = Min(ne U + Neyv + Ne 20, 0).
Substituting (2.47) and (2.48) in (2.46), the effective number density can be written as:
h=f =X (v forAe+ vy ferde) . (2.50)

ecof;

In (2.50), A = At/|Q;|. For f-node quadrature, f has the same form as in (2.9). Using (2.9)

and the special reconstruction UL, =Ul,, =0} h can be further written as:

e,o,T 1,000

Y Z (v;fnZWAe + vgnZ,MAe) (v -U},)

0Q;
“ (2.51)

B
B
Z _)\ Z n ealA 5(V_U?,a)+£+7

a=1 ecof);

where again all the non-negative terms except for the first one have been grouped under £T.
Non-negativity of h can be guaranteed if:

{ a— A (vinl, A }20Va€{1,2,...,,8}. (2.52)

ecdl

This is exactly the same as (2.45). It is worth reiterating that the summation in (2.45) and
(2.52) is for the outgoing fluxes only. Hence, for calculating these fluxes only the reconstructed
weights on the interior sides (side towards the i'" cell) of faces should be used, the ones on
the opposite side should be set to zero, i.e., the flux coming in from neighboring cells should
not be accounted for. Consider a simple 2-D Cartesian case shown in Figure 2.1. For the sake
of simplicity, subscript « and superscript n will be dropped and only 1-node quadrature will

be demonstrated. The cell in the center, (g, has four neighbors — €y, 9, Q3, 24 — and the
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Figure 2.1 Cells with faces aligned along Cartesian axes.

reconstructed values of the weights on inner sides of the corresponding faces are ngi, nge, ngs,
no4, respectively. The cell-averaged weight for celly is ng and the corresponding X-direction
and Y-direction abscissas are Uy and Vj, respectively. The realizability condition for €2y can

be written as:

{no — A\[no1 A1 max(Uy, 0) + no2A; max(V, 0) — noz A1 min(Up, 0) — nps A4 min(Vp,0)]} > 0,
(2.53)
where Ay, Ay, A, A4 are the areas of the four faces. In (2.53), A = At/|Qy].

All the analysis to this point has been done for a number density function that depends
on the velocity. However, many population balance models involve density functions that do
not depend on velocity. For such cases, each moment can be advected independently using a
first-order finite-volume scheme without violating realizability of the moment set. On the other
hand, the use of any high-order finite-volume scheme may lead to unphysical or non-realizable
moment sets [85, 72, 73, 124]. As demonstrated in the appendix to this chapter, this problem
can be avoided if QMOM is used with the guasi-p*-order finite-volume schemes described
above.

Before moving onto the next section, here is a brief discussion on the Courant-Friedrichs-

Lewy (CFL) criterion vs. the realizability criterion. The realizability criterion is analogous



24

to a CFL criterion. However, their purposes are different. A CFL criterion guarantees the
stability of the solution while the realizability criterion guarantees the physical nature of the
solution. An explicit form of the CFL criterion exists only for 1-D cases, which is equivalent
to the realizability criterion. For 2-D and 3-D problems, there is no explicit form for the
CFL criterion. However, there exists an explicit form for the realizability criterion even for
2-D and 3-D cases as shown above. It also turns out from numerical experiments that the
realizability criterion is a more strict constraint on At as compared to the CFL criterion. Also
the realizability criterion corresponding to a p'"'-order (p > 1) finite-volume scheme is in general

stricter than the one for the 1%t-order finite-volume scheme.

2.4 Multi-stage time-integration

For simplicity, all the previous sections employed single-stage Euler explicit time-integration.
However, single-stage Euler explicit time-integration is only first-order accurate in time. To
improve time-accuracy, multi-stage explicit time-integration schemes are used in practice. Nev-
ertheless, not all multi-stage time-integration schemes guarantee realizability. Here, two dif-
ferent time-integration schemes are presented: RK2 and RK2SSP [42]. The former is the

2nd

standard 2"9-order two-stage Runge-Kutta scheme, while the latter is the 2"d-order two-stage

strong-stability-preserving (SSP) Runge-Kutta scheme.

2.4.1 RK2 scheme

The standard 2"-order two-stage Runge-Kutta scheme can be written as:

Wi = Wi 20 (G (W0 Wi, ) = G (W Wi, )] (2.54)
Wit = Wi — % [G< 120 ;'k+1/2,r> - G( 120 11/2,7«)} - (2.55)

2.4.1.1 First stage

The first stage is the same as the single-stage Euler explicit time-integration scheme, the
only difference being the factor of (1/2) in ﬁ—tx. IfA= 2%—’;, realizability can be guaranteed for

15t-order and quasi-p*-order finite-volume schemes subject to condition (2.42).
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2.4.1.2 Second stage

The set of moments for the i*" cell after the second stage can be written as:
Wit = / Kh"do, (2.56)
where
Wit == A <U+fi*—i-1/2,l U f e, 0 g — U_fi*—l/Z,r>
= [ =N ey = N f e, F AT e AT, (2.57)

= [ = X [ AT S, +ET

in which A = At/Az. For the 1%-order and quasi-p*-order finite-volume schemes:

172,00 = Uil1/2,00 (2.58)
but in general
Uiy # Uz‘il/za,z and U, # Ui*—1/2,a,7"' (2.59)

Hence, grouping of terms is not possible and realizability cannot be guaranteed for the second
stage.

The RK2 scheme does not guarantee realizability of the moment set.

2.4.2 RK2SSP scheme

The 2"-order two-stage strong stability-preserving Runge-Kutta scheme can be written as:

Wi =W - % [G (W?+1/2,ZaW?+1/2,r> -G (W?—I/M’W?—l/%)} ’ (2.60)

Wit = % [Wzn + Wi - % {G ( f+1/2,szf+1/2,r) -G (W?_1/2,17Wf_1/2,r> }} . (2.61)

2.4.2.1 First stage

The first stage is exactly the same as the single-stage Euler explicit time-integration scheme
and realizability can be guaranteed for 15°-order and quasi-p'"-order finite-volume schemes

subject to condition (2.42).
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2.4.2.2 Second stage

The set of moments for the i*" cell after the second stage can be written as:
Wit = / Kh M dv, (2.62)

where

1 I * * — p* —
hi™ _fz‘n +fi —A <U+f¢+1/2,z + v fif100 — vt 12—V ;—1/2,rﬂ

_fin A= N g = N f g AT M_fi*_l/lr} (2.63)

EiE A VR s At o

N N DN - DN -

_fi* AN AR IES Av_fi*fl/Z,r] +y7,
in which A = At/Ax and ¥t = ¢ + % fI'. For the 1%t-order and quasi-p**-order finite-volume

schemes, grouping of the first three terms is possible because

Uia = i*+1/2,a,z: i*—1/2,a,r' (2.64)

After grouping:
B
htl = Z{n;a =Ny g AT g Y0 (0 = US) 0T (2.65)

a=1

This is exactly the same form as in (2.42) with the superscript ™ replaced by *. Hence, the
realizability condition can be guaranteed using (2.42), by replacing superscript ™ with *.
The RK2SSP scheme, combined with guasi-p™"-order finite-volume schemes, guarantees

realizability of the moment set.

2.4.2.3 Alternate form

Another way to write RK2SPP is:

W =wr,
wi — w0 %« {G (Wﬁ)l/z,l’ Wz@lm) -G (Wﬂm, Wgof)l/l’“)} ’ (2.66)
WEQ) = Wz(l) B g [G <WZ§<1F)1/2,Z’WZ(<1F)1/2,T) -G <Wﬁ)1/2,l’wgi)1/2ﬂ“>} ’ |

1

+1 (0) (2)

Wit =3 Wit - wi]

This form is more amenable to using an operator-splitting technique for the collision and drag

terms.
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2.4.3 Calculation of time-step size

The global time-step size (At) should satisfy both the CFL and realizability criteria to
guarantee stability and physical nature preservation. Usually, the largest value of CFL ~ O(1)
that gives a stable solution is used as a CFL criterion for all 1-D/2-D/3-D cases. The definition

of the CFL varies, but a general form is:

(2.67)

OFL — A (cell velocity magmtude)

cell length scale

Let Atcrr,; and Atyealizable,i be the time-step sizes in the ith cell satisfying the CFL and real-

izability criteria, respectively. An obvious way to calculate global time-step size is:
At = min, (AtCFL,ia Atrealizable,i) . (268)

However, in the present paper a slightly different approach is used for the calculation of At.
As stated earlier, in general At calizable,i < Atcrr,i. This implies that most of the time
At = min; (Atrealizable,i)- To have a better time accuracy, a multi-stage time-integration is
used. For a multi-stage time-integration, At calculated for the 15'-stage is used in all the
later stages. But min; (Atiealizable,i) may be different for different stages of time integration
and in that case At calculated for the 1%'-stage will not satisfy the realizability criterion for
a later stage. In order to get rid of this problem, the following approach is used. Suppose,
the problem under consideration uses a quasi-ptP'-order finite-volume scheme. A value of the
CFL ~ O(1) is pre-specified and At is calculated as At = min; (Atcrr,;). During each stage
of time integration, this At is used as the global time-step size, and the realizability condition
corresponding to quasi-p*P-order finite-volume scheme is checked in each cell. For the cells in
which the check succeeds, a quasi-p*™-order reconstruction is used for the weights. And for the
cells in which the check fails, a 15t-order reconstruction is used for the weights. Thereafter,
in the failed cells, the realizability criterion corresponding to 15%-order finite-volume scheme
is checked. This check succeeds on almost all occasions if the CFL is not very large, thereby
satisfying the realizability criterion in each cell. However, if the last check fails, the whole

process is re-initiated using a smaller CFL.
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2.5 Numerical results

In this section several results are presented for 1-D and 2-D cases. For all the cases a 2"d-
order RK2SSP scheme is used for time-integration and At is calculated using CFL = 0.5 unless
otherwise stated. Periodic boundary conditions are used for all 1-D cases while for the 2-D
cases a combination of wall, Dirichlet and periodic boundary conditions is used. The domain
for the 1-D cases is defined by = € [—1,1]. The simulations consider either the spatial flux
terms alone or in combination with fluid drag terms. Collisions are not included. The drag
force is calculated using (2.5) and the abscissas are updated using simple kinematic relations.
More details can be found in [33, 34, 35]. The drag terms are dependent on the Stokes number

defined by

1 ppd?
St = — 2%
18 pg

(2.69)
For the two cases presented here that include the drag terms, St = 1 is used.

For the 1-D cases, the numerical results using the quasi-2"d-order and quasi-3"4-order
schemes are presented. For the quasi-2"d-order scheme, a linear reconstruction with the minmod
limiter as described in Sec. 2.2.4.2 is used while for the quasi-3"9-order scheme a MUSCL tech-
nique [113, 56] is used. For the 2-D cases, results using the quasi-2"%-order scheme are presented.
A second-order least-squares reconstruction [118, 4] is used for the weights using neighboring
cell-averaged values. Moreover, a limiter [118, 4, 39] is applied to the least-squares reconstruc-

27d_order scheme are presented

tion to avoid spurious oscillations. The results for the standard
only for the simplest 1-D cases with constant abscissas because of the non-realizability problem.

In all the cases, the mean density is computed using »_n, and the mean velocity is computed

with > (nata)/ D na-

2.5.1 Spatial accuracy study

It was stated earlier that although in general the new quasi schemes have lower spatial
accuracy compared to standard schemes, for problems where the velocities are constant over a
range of cells, both schemes have almost the same order of spatial accuracy. Here, the order

of spatial accuracy of the standard and the new quasi schemes is discussed for cases where the
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abscissas are constant over a range of cells. Results in this section are based on simple 1-D
cases for which analytical solutions exist. L; errors are calculated by comparing the numerical

solution with the analytical solution for mean density. L; errors and order of convergence

2nd 2nd

are presented for four schemes: 15*-order, standard -order, quasi-2"d-order, quasi-3"4-order.
Tables 2.1 and 2.2 show the results for 1-node and 2-node quadrature, respectively. For both
cases At = 0.001 is used. For 1-node quadrature, the initial weight (n) and abscissa (U) are
given as:

n=1.0+sin(rz), U =1. (2.70)
For 2-node quadrature, initial weights (n1, n2) and abscissas (U, Uz) are given as:

ny = |sin(wz)|, ne =0, Uy =1, Uy=0 for z€|-1,0),
| sin ()] [~1,0) (2.71)

ny =0, n2:|SiIl(7TSU)|, Uy=0, Uy;=-1 for ase[O,l].

For 1-node quadrature, errors are calculated at ¢ = 4, while for 2-node quadrature errors are
calculated at t = 1. It is observed that the formal order of accuracy can be obtained for 1-
node quadrature, but as the number of quadrature nodes is increased, the order of accuracy
for all schemes decreases. Although the reason for this loss of order of accuracy has not been
studied extensively, it can be attributed to the combined effects of an increase in the number of
equations and use of the moment-inversion algorithm for ill-conditioned points. At many points
the values of the weights are very small and the non-linear equations solved using the moment-
inversion algorithm are often ill-conditioned for these points in the case of multiple quadrature
nodes. It can also be observed that the quasi-2"9-order scheme always has approximately the
same order of convergence as the standard 2"%-order scheme, and the quasi-3"9-order scheme

is better compared to both.

2.5.2 Grid convergence study

Grid convergence studies for the quasi-2"d-order and quasi-3"%-order schemes in 1-D are
presented in Figure 2.2. For both the schemes, the mean density obtained using different grid
resolutions is compared with the analytical solution. Four different uniform grids have been

considered with the number of cells equal to 25, 50, 100, 200. The comparisons have been
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Table 2.1 Ly error and order of accuracy of schemes using 1-node quadrature.

Grid Size Ly Error Order
15%-order scheme
25 0.504533 -
50 0.347427 0.54
100 0.207609 0.74
200 0.114032 0.86
standard 2"3-order scheme
25 0.133869 -
50 0.055688 1.27
100 0.016926 1.72
200 0.004903 1.79
quasi-2"-order scheme
25 0.133869 -
50 0.055688 1.27
100 0.016926 1.72
200 0.004903 1.79
quasi-3'4-order scheme (without limiter)
25 0.010411 -
50 0.001318 2.98
100 0.000165 2.99
200 0.000024 2.77
quasi-3"9-order scheme

25 0.019774 -
50 0.004261 2.21
100 0.000885 2.27
200 0.000180 2.30
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Table 2.2 Lq error and order of accuracy of schemes using 2-node quadrature.

Grid Size Ly Error Order
15t-order scheme
25 0.210375 -
50 0.148604 0.50
100 0.091184 0.70
200 0.051804 0.82
standard 2"3-order scheme
25 0.071737 -
50 0.028923 1.31
100 0.011792 1.29
200 0.004584 1.36
quasi-2"9-order scheme
25 0.071198 -
50 0.028921 1.30
100 0.011793 1.29
200 0.004584 1.36
quasi-3"%-order scheme
25 0.022921 -
50 0.009345 1.29
100 0.002946 1.67
200 0.000990 1.57
— . i
08 \"\ s A 0.8 b
! / i
A H
\ ! 3 >
0.6 W 1 2 ‘806
; i I Ly o
; _ o
B iy ;'I -
0.4 —/ ‘ ; » g 04 analytical
’ ! ) ——— - 26-cells
= ! analytical i\ — — — - 50-cells
S N - 25cells o 100-cells
a.o K — — — - BOcells 0.2 N o 200-cells
~ & 100 cells
E o = 200 cells
1 L L 1 L L L 1 L L 1 L
0.5 ) 0.5 0.5 0 0.5
X X

(a) quasi-2"9-order

(b) quasi-3"*-order

Figure 2.2 Grid convergence study for different schemes.
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Figure 2.3 Comparison of schemes for 1-D case with only convection terms.

done for a 2-node quadrature case with the same initializations as in (2.71). Figures 2.2(a) and
2.2(b) show grid convergence for the quasi-2"9-order and quasi-3"9-order schemes, respectively.
As the number of grid cells is increased, the solutions using both schemes converge towards the

analytical solution.

2.5.3 Comparison of schemes for 1-D case with only convection terms

For this case, 2-node quadrature is used with the weights being sinusoidal functions and the
abscissas being square functions. 50 grid points are used and the results are shown in Figure

2.3. The initial (¢t = 0) conditions are same as in (2.71) and are shown in Figure 2.3(a). Figures
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Figure 2.4 Fluid velocity for 1-D case.

2.3(b) and 2.3(c) show the final conditions for the mean density and mean velocity, respectively
(t =1). The weight distribution is symmetric about = = 0, with the left wave moving towards
the right (negative abscissa) and the right wave moving towards the left (positive abscissa).

The final time has been chosen such that the waves coalesce at x = 0 and then separate again.

2nd 2nd

Four different schemes have been compared: 15-order, standard -order, quasi-2"“-order,

quasi-3"4-order. The standard 2"d-order and quasi-2"d-order results are on top of each other.

2nd

The quasi-3'4-order scheme shows an improvement over the quasi-2"d-order scheme.

2.5.4 Comparison of schemes for 1-D case with both convection and drag terms

For this case, 4-node quadrature is used. Initial conditions (¢ = 0) for = € [—0.8,—0.7] are

given as:
n1 =ng = ng = ng = sin(10w(x + 0.8)),
(107(z + 0.8)) o)
Uy =Uy=Us=Uy =0.
Everywhere else both the weights and abscissas are zero. The particle flow is driven by fluid

drag. The fluid velocity is given by
Ug=¢e", (2.73)

and is shown in Figure 2.4. The QMOM results using three schemes — 15t-order, quasi-2"4-
order, quasi-3"9-order — are compared with the Lagrangian results. The results for the mean

density are presented at four different times in Figure 2.5. The quasi-3"4-order and quasi-2"4-
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order results are closer to the Lagrangian results as compared to the 15%-order ones. Figure 2.6
shows comparisons for the mean velocity at the same times as in Figure 2.5. It is evident that
the mean velocity is not constant but varies over a range of cells at each time. Clearly in such
scenarios as well, the new realizable schemes give better solutions compared to the 1%%-order

scheme.

2.5.5 Comparison of schemes for 2-D case with only convection terms

Here a dilute impinging-jet problem in 2-D is presented. The domain consists of a square
(7x7) box with two openings on the bottom wall through which particle jets enter. As time
progresses, the jets cross each other, strike the wall and then rebound. These simulations are
done using 4-node quadrature (ni, Uy, V1), (ne, Uz, Vo), (ns, Us, V3), (ng, Uy, Vy). Initial

(t = 0) conditions are given as:

n1 = ng = ng = ng = 0.0001,
U; =0.001, U, =—0.001, Us=0.001, Us=—0.001, (2.74)
Vi =0.001, V5=0.001, V3=-0.001, V4= —0.001.

The values of the weights and abscissas at the left inlet jet (Dirichlet) are:

n1 = ng = ng = ng = 0.01,
Uy =1.001, Uy =0.999, Us;=1.001, U= 0.999, (2.75)
Vi =1.001, V,=1.001, V5=0.999, V;=0.999.

And the values at the right inlet jet (Dirichlet) are:

n1 =no = ng = ng = 0.01,
U =-1.001, Us;=-0.999, Us=-1.001, Uy= —0.999, (2.76)
Vi =1.001, V,=1.001, V3=0.999, V;=0.999.

For elastic collisions with the walls, ey, = 1. Results are presented for the 15t-order and quasi-
28d_order schemes in Figure 2.7. The computational grid contains 2562 triangular elements.

Figure 2.7(a) and 2.7(c) show the mean density using the 1%%-order and quasi-2"9

scheme,
respectively, at t = 4 after the jets cross. Figures 2.7(b) and 2.7(d) show the mean density

at t = 7 after the jets bounce off the walls. The solution obtained using the 15*-order scheme
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Figure 2.7 Mean particle density for crossing particle jets for different schemes at two times.
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Figure 2.8 Fluid velocity for 2-D Taylor-Green flow.

2nd

is more diffused. The improvement in the solution using the quasi-2"“-order scheme is clearly

evident.

2.5.6 Comparison of schemes for 2-D case with both convection and drag terms

In this case, the evolution of particles in a Taylor-Green flow is presented. The domain
consists of a square (1x1) box. All the boundaries are periodic. The fluid velocity in the

Taylor-Green flow is given by

U, = sin(27x) cos(2my),
f (2mz) cos(2my) 2.77)
Ugy = —sin(2my) cos(2mx),

and is shown in Figure 2.8. Figures 2.9 and 2.10 present results for different schemes on
a structured mesh, and Figure 2.11 presents results for unstructured meshes. Results are
presented for the 1%*-order and quasi-2"d-order schemes at ¢ = 4. For the structured mesh,
four different grid resolutions are used: 100x100, 200x200, 400x400, 800x800. Lostec et
al. [64] presented results for the same problem using both a Lagrangian simulation and 1%°-
order QMOM. Here, the Lagrangian result obtained in [64] is presented in Figure 2.12. Note

that the particle number density shown in Figure 2.12 is proportional to the mean particle
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(c) 400x400 (d) 800x800

Figure 2.9 Grid resolution study of mean particle density in 2-D Taylor-Green flow at ¢t = 4
with 15%-order scheme.
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(c) 400x400 (d) 800%800

Figure 2.10  Grid resolution study of mean particle density in 2-D Taylor-Green flow at ¢t = 4
with quasi-2"d-order scheme.
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(a) 1**-order, 5452

(e) 1°*-order, 89558 (f) quasi-2"4-order, 89558

Figure 2.11 Mean particle density in 2-D Taylor-Green flow at ¢ = 4 on triangular mesh with
different schemes and cell numbers.
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Figure 2.12 Particle number density in 2-D Taylor-Green flow obtained by Lostec et al. [64]
using a Lagrangian simulation. Density is proportional to darkness.

density in our results. The results presented here clearly show that the quasi-2"9-order scheme
fares much better compared to the 15*-order scheme in resolving the various features obtained
in the Lagrangian simulation in [64]. The unstructured mesh consists of triangular cells. Three
different grid resolutions are used with 5452, 21830 and 89558 triangular cells. The unstructured
mesh results also confirm the improvement in the solutions when the quasi-2"9-order scheme

is used.

2.6 Conclusions

Hitherto, the use of finite-volume schemes for quadrature-based moment methods was lim-
ited to the 1%'-order scheme in order to guarantee realizability. Over the years, an extensive
research effort has been spent on developing high-order finite-volume schemes in the field of com-
putational fluid dynamics. However, the issue of non-realizability has often acted as a barrier,
making these high-order finite-volume schemes inaccessible to models based on quadrature-
based moment methods. Because of the non-realizability problem with standard high-order

finite-volume schemes and the high numerical dissipation inherent in the first-order finite-
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volume scheme, there is a need to develop schemes that can provide less-diffused results and
guarantee realizability simultaneously.

In the present work, realizability of finite-volume schemes in both space and time has
been discussed for the first time. A generalized idea has been proposed to develop high-
order realizable finite-volume schemes. According to the new idea, a quasi-p'"-order realizable
finite-volume scheme can be constructed using a p*-order reconstruction for the weights and
a 15%-order reconstruction for the abscissas along with a realizability criterion. These new
schemes give remarkably improved solutions for a class of problems where the velocity field is
constant or slowly varying over a range of cells. This marks a significant step as it makes all
the high-order finite-volume schemes, developed over the years for fluid flows, automatically
accessible to quadrature-based moment methods. It has also been shown that the standard
Runge-Kutta time-integration schemes do not guarantee realizability. Instead, strong-stability-
preserving Runge-Kutta schemes must be used. Numerical simulations have been carried out
using both Cartesian and triangular meshes, and clearly demonstrate the increased accuracy

and robustness of the proposed realizable high-order schemes.

Appendix. Realizable advection of velocity-independent density functions

For simplicity, only the one-dimensional case is discussed here. Discussion on two- and three-
dimensional cases can be based by analogy on Sec. 2.3.3. If the density function does not include
the velocity, v is not an independent variable. Denote the density function by f = f(b,x,1t),
where b is some scalar measure. For example, if b denotes the particle radius, then f is the
density function for the particle size distribution. The population balance equation? with only

the advection term can be written as:

of  ovf

o T o =0 (2.78)

where v = v(x,t). The p*P-order moment of f can be defined as:

MP = /b”f db. (2.79)

2The transport equation for a velocity-independent density function is usually referred to as a population
balance equation. In the aerosol literature, it is referred to as the general dynamic equation.
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Applying the definition of moments to (2.78), the moment transport equations can be written

as:
oMP  OvMP

=0Vpe{0,1,2,...}. 2.80

L —ovped } (250)

Define the set of conserved moments as W = [M? M' M? ...]7 and the set of moment

fluxes as H(v, W) = oW = v[M® M M? ...]T. Then the set of moment transport equations

can be written as:
oW n OH(v, W)
ot ox

= 0. (2.81)

The conserved moments and moment fluxes can be written in terms of the density function:

W:/deb, H:v/deb, (2.82)

where

K=[1b0°...]". (2.83)

The moments can be advanced in time using a finite-volume scheme. If a single-stage Euler

explicit time-integration scheme is used, the updated set of moments can be written as:

n+1 __ n n n n n .
W =W — A G(Ui+1/2,lvwi+l/2,l7Ui+1/2,r7wi+1/2,r)

(2.84)
G(Uzn—l/zl’W?—l/Q,l’,Uzn—l/Q,r?Wzn—l/Q,r)] )
where A = At/Az. G is the numerical flux function defined as:
G(v]', W] vl W) :vl*/Kfl db+v;/Kfr db, (2.85)
where
+_ 1 -1
v = Q(W +|v]) and v, = i(UT — |vp]). (2.86)
The updated set of moments can be written as:
wrtl — / Kh db, (2.87)
where
h= [ - )‘(”?ﬁ/z,zfﬁl/zl + v?—ijl/Q,rfinﬁ-l/Z,r - ”?:/2,lff—1/27z - ”?i/szin—l/g,r) (2.88)

_ n+ n . n— n n+ n n— n
=1 = AL o Fia 0 = AV g i T AU o Fil o T AT g il
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Assuming that the moments at time level n correspond to a non-negative density function,
three terms on the right-hand side of (2.88) — first, third, fourth — are non-negative and two
terms — second, fifth — are non-positive. For the moments at time level n+ 1 to correspond to a
non-negative density function, h should be non-negative for all b. The non-negativity of h can

only be guaranteed for the first-order finite-volume scheme under a constraint on A given by
(1= A}]) > 0. (2.89)

For second-order and, in general, any high-order finite-volume schemes, non-negativity of h
cannot be guaranteed. However, if QMOM is used along with the special reconstruction dis-
cussed in Sec. 2.3, non-negativity of h can be guaranteed as shown below. For f-node QMOM,

the density function can be written as:

B
f=> nad(b - Ba), (2.90)
a=1
where n,, are weights and B, are abscissas.

Theorem 2. Let 5,p € N and « € {1,2,...0}. Also let the cell-averaged and reconstructed
values of the weights satisfy nj', > 0 and nzn+l/2,a,l’nznfl/2,a,r > 0 Ya. If a finite-volume
scheme using a single-stage Euler explicit time-integration scheme is devised that uses a p'-
order reconstruction for the weights and 1%t-order reconstruction for the abscissas, the non-

negativity of the effective density function (2.88) in the i cell can always be guaranteed under

an explicit constraint on time-step size (At € RT).

Proof. Using (2.88), the effective density function, regardless of the finite-volume scheme used,

can be written as:

h=f - )‘U?ﬂ/z,zﬁﬂ/zl + )‘UZL:l/Z,rfin—l/Q,r +Er (2.91)

In the above expression, the third and fourth non-negative terms have been grouped under 7.

For a B-node quadrature, using (2.90), the expression for h becomes:

B
h = Z[nzaé(b - B,) — )‘”?ﬂ/z,zn?ﬂ/z,a,zd(b - B?+1/2,oz,l)
a=1

+ )‘”z‘—l/z,rnz‘—1/2,a,r5(b =B 1 0.0)]

+ £t
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If a first-order reconstruction is used for the abscissas, then the interface values of the abscissas

will be the same as the cell-averaged values:

Bio = ?+1/2,o<,l = B?—I/Q,a,r‘ (2.93)
Putting this in (2.92), the effective density function becomes:
B
h=> {n},— M 2T 1 2,00 T AV g 1,0, 1O — Bl) + et (2.94)
a=1

For At € RT satisfying the condition:

n
ni,a

n

A =minge(12,..8) <

h is non-negative for all b. This concludes the proof. [

n—+ N ) n—
Mit1/2,0,Vi+1/20 — "im1/2,a,0 Vi-1/2,r

) , (2.95)

The extension to realizable high-order time integration is analogous to the methods pre-

sented in Sec. 2.4.
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CHAPTER 3. REALIZABLE HIGH-ORDER FINITE-VOLUME
SCHEMES FOR QUADRATURE-BASED MOMENT METHODS
APPLIED TO DIFFUSION POPULATION BALANCE EQUATIONS

A paper submitted to Journal of Computational Physics

Varun Vikas!, Z. J. Wang, Rodney O. Fox

Abstract

Population balance equation (PBE) with convection and diffusion terms occurs in meso-
scopic models for many physical phenomena. Direct numerical solution of these PBEs is often
infeasible because of the large number of independent variables. An alternative is to reformu-
late the problem in terms of the moments of the distribution function. The moment transport
equations are not closed and a quadrature-based moment method (QBMM) can be used for
closure. The success of QBMM is based on a moment-inversion algorithm that is used to cal-
culate non-negative weights and abscissas from the moments. The moment-inversion algorithm
does not work if the moments are non-realizable, which might lead to negative weights. More-
over, realizability of the moments is needed for the abscissas to lie in the interior of support of
the distribution function. Several researchers have discussed the realizability problems in the
context of convection terms. Recently, new high-order realizable finite-volume schemes with
appropriate realizability criteria have been derived for the convection terms. However, to the
authors’ knowledge, hitherto no work has been done with respect to the realizability prob-
lems for the diffusion terms. The current paper is focused on developing high-order realizable

finite-volume schemes for the diffusion terms. The paper discusses the pitfalls of the already

!Primary researcher and author.
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existing finite-volume schemes for the diffusion terms, that are based on the reconstruction of
moments. It is shown that when using the moment-based reconstruction, the realizability can
be guaranteed only with 2"d-order scheme. It is also shown that the realizability criterion for
the 2"d-order scheme is same as the stability criterion. The paper shows that the realizability of
moments cannot be guaranteed when the high-order moment-based reconstruction schemes are
used. New realizable high-order finite-volume schemes based on the reconstruction of weights
and abscissas, instead of moments, are proposed and suitable realizability criteria are derived.
The new schemes can achieve higher than 2"-order accuracy for the problems with smoothly
varying abscissas. In the worst case scenario of highly nonlinear abscissas, the new schemes are
28d_order accurate. It is also shown that the results obtained using the new realizable high-order

2nd

schemes are consistent with those obtained using the 2"“-order moment-based reconstruction

scheme.

3.1 Introduction

Population balance equations occur in mesoscopic models for a wide range of physical
phenomena [19, 76, 15, 122]. These PBEs include convection and diffusion terms among others.
One of the approaches to solve the PBEs is to use a direct solver that discretizes the phase space
of the distribution function. However, very often due to the high-dimensionality of the phase
space, such a direct solver is infeasible. An alternative is to formulate the problem in terms of
the moments of the distribution function. However, the moment transport equations are often
unclosed and a closure model is needed. Quadrature-based moment method [25, 33, 34, 35, 65]
can be used as a closure model. QBMM assumes a quadrature approximation of the distribution
function. The key step of the approach is an inversion algorithm that allows one to uniquely
determine a set of weights and abscissas from the set of transported moments. The condition
for the inversion algorithm to be applied is that the set of moments is realizable, meaning it
actually corresponds to a distribution function. This condition is not generally satisfied by the
traditional high-order finite-volume schemes used in computational fluid dynamics (CFD) [5,
56, 60, 113, 118, 120].

Several researchers have discussed the treatment of convection terms in detail [72, 73, 85,
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124]. Desjardins et al. [25] showed that the realizability of the moment transport equations

15t-order finite-volume scheme. The use of any

with convection terms is guaranteed only for the
other high-order finite-volume scheme may lead to non-realizable moments, thereby resulting
in negative weights and abscissas that are outside the support of the distribution function.
This limitation required the use of a highly refined mesh for computation as a first-order
finite-volume scheme produces highly diffused solutions on a coarse mesh. Vikas et al. [115]
developed high-order realizable finite-volume schemes for the convection terms. These schemes
work better than the 15*-order scheme and guarantee realizability of the moments using an
explicit constraint on the time-step size. This constraint is called the realizability criterion.

To the authors’ knowledge, the issue of realizability for the diffusion terms has not yet
been studied. The current paper studies the realizability issues when QBMM is applied to the
PBEs with diffusion terms. Diffusion processes often appear in PBEs as a result of successive
approximations, due to some phenomena that are not described in detail. These phenomena
are typically modeled with a sort of sub-scale model and represented in an Eulerian framework
as diffusion processes. They are generated by advection (in physical- or phase-space) processes
characterized by a random chaotic nature and by time- and length-scales usually smaller then
those of the dominant phenomena. Brownian forces, turbulent fluctuations, random lattice-
defects in crystals are the most common sources of phase-, physical- and mixed phase- and
physical-space diffusion processes.

The moment transport equations for the PBEs with diffusion terms can be closed using
QBMM and a finite-volume approach can be applied to advance the moments in time. When
a finite-volume scheme is used, the computation of diffusive flux at the faces requires the avail-
ability of moment derivatives at the faces. Hitherto, the moment derivatives were computed
using a moment-based reconstruction without any proof of realizability. The moment-based
reconstruction uses finite-volume reconstruction schemes to compute the derivatives by directly
using the cell-averaged values of the moments. The current paper discusses the pitfalls of recon-
struction schemes based on moments. It shows that when using moment-based reconstruction,
the realizability cannot be guaranteed for higher than 2"d-order schemes. For the 2"d-order

scheme, the realizability criterion and the stability criterion, also known as CFL condition, are
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same. Hence, in the past when using 2"d-order scheme, no realizability problems have been en-
countered as stability criterion is always accounted for. The paper proposes new schemes based
on the reconstruction of weights and abscissas, instead of moments, and derives realizability

ond_order accuracy for

conditions for these schemes. The new schemes can achieve higher than
the problems with smoothly varying abscissas. Formal high-order of accuracy can be achieved
for the problems with constant or linearly varying abscissas. In the worst case scenario of
highly nonlinear abscissas, the new schemes are at least 2"d-order accurate. It is also shown
that the results obtained using the new realizable high-order schemes are consistent with those
obtained using the 2"d-order moment-based reconstruction scheme.

The remainder of this paper is organized as follows. In Sec. 3.2, QBMM is reviewed. Section
3.2 also discusses the finite-volume schemes and their realizability properties. Thereafter, in
Sec. 3.3, new realizable high-order finite-volume schemes are presented for the one-dimensional
cases. Section 3.4 deals with the new realizable schemes for the multidimensional cases. Section

3.5 presents some numerical results. Conclusions from the present study are summarized in

Sec. 3.6.

3.2 Quadrature-based moment method

3.2.1 Diffusion PBE

The diffusion PBE can be written as

of _
ot

V- (uVf), (3.1)
where f(b, x,t) is the distribution function, u(b, x, t) is the diffusivity coefficient and the internal
coordinate, b, is a scalar measure. For example, if b denotes the particle radius, then f is the
particle size distribution function. Here, the case of only one internal coordinate is discussed.
However, the same idea can be applied to the cases with multiple internal coordinates. For the

sake of clarity, the first half of the paper will focus on the one-dimensional version of the above

equation with f = f(b,z,t) and u = u(b):

0 0?
a—{ = ua—x]; (3.2)



51

Towards the later half, the multidimensional version will also be discussed. For simplicity, the
spatial dependence of p has been removed but it is not a constraint. Spatial variations in the
diffusivity coefficient can be included under the same framework.

3.2.2 Moment transport equations

The moment transport equations corresponding to (3.2) can be written as

oOMP  9%Sp
ot~ oaz P (33)
where
Mp:/bpfdb and Sp:/,u(b)bpfdb (3.4)

are the moments of the distribution function. Note that MP = MP(z,t) and SP = SP(z,t). In
(3.4), the integrals are performed over the interval of support of the distribution function. In
the moment method, a finite number of moments are tracked. The above system is not closed
at any finite p. In order to close the system, a closure model is needed. In this paper, QBMM

is used for closure.

3.2.3 Quadrature-based closures

In quadrature-based moment methods, quadrature formulas are used to provide closures to
the unclosed terms in the moment transport equations, by introducing a set of weights and
abscissas. The distribution function f is written in terms of the quadrature weights (w,) and

abscissas (B, ) using a Dirac delta representation:

B
f=> wad(b—Ba), (3.5)
a=1

where w, = wo(z,t) and B, = By (z,t). The method based on (3.5) is called S-node quadrature
method. The moments can be computed as a function of quadrature weights and abscissas by

using the above definition of f in (3.4):

B 8
MP =Y "weBE, S”=) wanu(Bs)BY. (3.6)
a=1 a=1
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Note that when using a -node quadrature, at each time-step 23 unknowns (8 weights and
abscissas) are to be determined from the tracked moments. Hence, it is necessary to track 23
moments (p € {0,1,...,25 — 1}).

Often pointwise values of the distribution function are required but the quadrature-based
closure mentioned above fails to provide these. To curb this problem, recently a new generation
of QBMM has been introduced that provides an explicit form for the distribution function.
This new method is referred to as extended quadrature method of moments (EQMOM) [127].
EQMOM approximates the distribution function by a sum of smooth non-negative functions.
However, when evaluating fluxes using EQMOM, the smooth distribution function can be
recast in the Dirac delta form. Hence, unless otherwise stated, all the discussion refers to the

quadrature based closure that uses the Dirac delta representation.

3.2.4 Finite-volume method

For the p*"-order moment, the finite-volume expression using the single-stage Euler explicit

time-integration can be written as

n 8Sp n

ox

A
Ax

os?

M = 4 =
ox

(2

: (3.7)

i+1/2 i—1/2
where superscripts n and n + 1 denote time levels and % is the diffusive flux evaluated at
cell interfaces. Henceforth, the variables with overbars denote the cell-averaged values. The
variables with (i + 1/2) or (i — 1/2) as subscript denote the reconstructed values at the faces.
The cell-averaged values, Mf ™ are known but the diffusive fluxes at the faces are not known.

oSP

In order to compute the diffusive flux, - at the face i + 1/2, a profile for SP at time

‘?4-1/2’
level n has to be reconstructed around this face and then this profile can be differentiated to
get the required flux. The cell-averaged values of S? are known in each cell using the expression
in (3.6). These values can be used to reconstruct a profile for SP around each face. A profile
reconstruction with degree-(k — 1) polynomial will lead to the k*-order accurate finite-volume
scheme. The following sections discuss second and fourth-order schemes respectively. For the

sake of simplicity, only the 15-order Euler explicit time-integration is discussed. However, for

numerical tests in Sec. 3.5, a two-stage 2"4-order RK2SSP time-integration scheme [42] is used.
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3.2.4.1 Second-order finite-volume scheme

For the 2"-order finite-volume scheme, a linear profile (degree-1 polynomial) is recon-
structed at the face i + 1/2:

SZpﬁ/Q( x) =ag+ a1z, (3.8)

where the unknowns ag and a; are computed using the following two conditions:

1 [mne —_ L
A:z:/ Sii_l/Q(x)dx =S, where j € {i,i+1}. (3.9)
Tj—1/2

The reconstructed profile can then be differentiated to get the flux at the face ¢ + 1/2:

osp|" 1 n n
e = Az (St =577 (3.10)

i+1/2

Using this, the updated moment for the second-order finite-volume scheme can be written as

—7p,n+1 7P At ’ Qb
MY = MY + Az2 (St — 287" +574] (3.11)

This is the standard second-order finite-volume scheme used in CFD for the diffusion problems.
Later on it will be shown that this is a realizable scheme with the realizability criterion same

as the stability criterion.

3.2.4.2 Fourth-order finite-volume scheme

For the 4*"-order scheme, a cubic profile (degree-3 polynomial) is reconstructed at the face
i+1/2:
ST (%) = ag + a1x + agx® + azx, (3.12)

i+1/2

where the unknowns ag, a1, as and ag are computed using the following four conditions:

1 [T+ o n . )

Aa:/ / Sl.jrl/Z( z)dr = S’- where j € {i — 1,4, + 1,7+ 2}. (3.13)
j—1/2

The reconstructed profile can then be differentiated to get the flux at the face i +1/2:

as»
ox

" 1 1W7 5W7
" M[ P — 15 SZ+1 SZH} (3.14)

Using this, the updated moment for the second-order finite-volume scheme can be written as

Mp7n+1 — Mp’n At 4§p7 5§p7 4§p,’ﬂ
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Later on it will be shown that this is a non-realizable scheme.

The third-order finite-volume scheme is not discussed just for the sake of simplicity. The
third-order finite-volume scheme needs a quadratic profile (degree-2 polynomial). To compute
the unknown coefficients in the quadratic profile, three cells are needed. Three cells form an
asymmetric stencil around the face i + 1/2. In order to avoid this asymmetry, two stencils are
used for the face i +1/2 ({t —1,4,i+ 1} and {i,7+ 1,7+ 2}) and the computed derivatives are
averaged. So, the effective stencil for the third-order finite-volume scheme is same as that for

the fourth-order finite-volume scheme, although the coefficients will be different.

3.2.5 Non-realizability problem

At each time-step, the weights and abscissas are recovered from the moments. For uni-
variate cases (single internal coordinate), the moment-inversion algorithm computes the set of
weights and abscissas from the corresponding set of moments using the product-difference (PD)
algorithm [71, 86, 121]. The discussion on moment-inversion algorithms for multivariate cases
can be found in [33, 34, 126, 127]. The set of moments cannot be constituted by arbitrary values
of each moment, but they have to conform to the definition of the non-negative distribution
function. The application of the moment-inversion algorithm to a set of realizable moments
leads to a set of non-negative weights. Moreover, the abscissas lie in the interior of support of
f. Because of the non-linearity of the inversion problem, it is extremely difficult to determine in
advance whether a given set of moments is realizable. However, Desjardins et al. [25] described
that any finite-volume scheme that could guarantee non-negativity of the updated distribution
function will always keep the moments in the realizable space. Vikas et al. [115] developed
realizable high-order finite-volume schemes for the convection terms. This paper is concerned
with the development of realizable high-order finite-volume schemes for the diffusion terms. But
before presenting the new realizable high-order finite-volume schemes, the pitfalls of already

existing finite-volume schemes based on the reconstruction of moments is discussed.
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3.2.5.1 Unique update of distribution function

The finite-volume scheme in (3.7) can also be written as

[l -7 S| i 510

This implies that, although the different moments are evolved in time independent of each

v of
ox

i+1/2

other, there is a unique update of the distribution function at each time step:

v of
Ox

—-n+l  —n At af
fi =1 +Eﬂ(b) !83:

' ] . (3.17)

i+1/2 i—1/2

Any finite-volume scheme that can guarantee the non-negativity of 7?“ V b is called a realizable
scheme.

It is worth reiterating that the unique update of f in (3.17) is possible only if all moments
use the same stencil for computing the diffusive fluxes 9SP/dx|;" , /o and 0SP/ oz} /2 For the
diffusion problems, the profiles are always smooth and no limiter is required. Hence, for the
diffusion problems all moments use the same stencil, thereby guaranteeing the unique update for
f. However, for the convection problems some moments may have discontinuities while others
may not. The convection problems are hyperbolic and allow the propagation of discontinuities.
Hence, for the convection problems, while reconstructing the profiles for the moments, limiters
may be required for some moments but not for others. This means that stencils may vary
from one moment to another. In that case a moment-based reconstruction will not guarantee
a unique update of f. This is one of the reasons as to why the realizability problem is more

prevalent for the convection problems.

3.2.5.2 Second-order finite-volume scheme

For the second-order finite-volume scheme, (3.10) implies

of
ox

B (3.18)

i+1/2

Putting this into (3.17) and simplifying, the unique update of f can be written as

. At om At on -
fith = [1 - 2N(b)A5:2} fi + N(b)fxtg [fiJrl + fi71:| : (3.19)
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The non-negativity of f?ﬂ will be guaranteed if

At
1-— Q;L(EZJ)m >0V ac{l2..3} (3.20)
Note that this is same as the stability condition used for the diffusion problems. When per-
forming numerical simulations, as At is always chosen on the basis of stability condition, real-

izability condition is automatically satisfied and hence realizability problems have never been

encountered in the past for the 2"d-order scheme.

3.2.5.3 Fourth-order finite-volume scheme

For the fourth-order finite-volume scheme, (3.14) implies

1
Al‘

%n
ox

[ fii— 5f + fz—i—l 17?+2] (3.21)
i+1/2 12

Putting this into (3.17) and simplifying, the unique update of f can be written as

—n 5 At |-—n 4 A —n —n 1 A n —n
P = U S |70 G0 o [T+ P = g0 0 [Tha+ 7] 322

Note that regardless of what At is chosen, the non-negativity of the two terms on the right
side, involving ??,2 and erQ, can never be guaranteed. Hence, this scheme cannot guarantee

the realizability of the updated moment set.

3.3 Improved realizable finite-volume schemes

3.3.1 Basic idea

Putting (3.5) into the terms on right side (3.22) gives

() 5z [@ait10 (b= Boin) +Wai10 (b= Boii)] (3.23)

—Eﬂ(b)m [Wa,iw(s (b— EZ,HQ) + Wy ;20 (b— Baz 2)] } :

The weights and abscissas with overbars in (3.23) are computed by inverting the cell-averaged

moments. The two non-positive terms on the right-hand side, involving EZ’Z-,Q and EZZ 49 may
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lead to the non-realizability problem. To understand the cause of the non-realizability problem,
it helps to think of the Dirac delta representation in terms of discrete particles. Thinking along
these lines, it can be said that at time level n, cell ¢ only contains particles with sizes EZ,
This means that only particles with sizes Ez,i can be moved of out of cell <. But the last two
terms mean that particles with sizes ﬁlaﬂ-_Q and Ezﬂ- 1o are being moved out of cell 7. Doing
so turns the distribution function corresponding to these sizes, in cell ¢, negative as it did not
contain particles with these sizes in the first place. The origin of this problem is inherent in
the use of stencil {i — 1,4,i + 1,7+ 2} at the face i +1/2 and {i — 2,7 — 1,7,7 + 1} at the face
i — 1/2. The problem can be solved by using smaller stencils: {i,i + 1} at the face i + 1/2
and {i — 1,i} at the face i — 1/2. But that would lead to the 2"d-order scheme. The purpose

2"d_order scheme, at least for

of this paper is to develop a scheme that does better than the
some problems, and simultaneously guarantees realizability. If instead of reconstructing the
moments, the weights and abscissas are reconstructed separately, this purpose can be served.
For the weights, any stencil, however large can be used. However, for the abscissas, if the
28order stencils ({i,7 + 1} at the face i +1/2 and {i — 1,4} at the face i — 1/2) are used, the
realizability problem can be solved as shown below. This approach means that reconstruction
polynomials of different degrees have to be used for the weights and abscissas. In order to use

the reconstruction polynomials of different degrees, the terms involving weights and abscissas

should be separated using the chain rule:

n 6 n
or =y 9 (wad(b— By))
O i+1/2 o= O i+1/2
5 (3.24)
5(b— By)|" dwg "
=3 |wlinp = (6 — Ba)l;
az_:l [ e Oz vz 0T fiy e

The high-order finite-volume schemes use degree-(k — 1) reconstruction (k > 2) for all the four
terms on the right side. However, this leads to the non-realizability problem. In order to avoid
this, consider a special scheme where degree-(k — 1) reconstruction (k > 2) is used for the terms

involving weights (w and Owa/0z[},;5) but only degree-1 reconstruction is used for the

i +1/2
terms involving abscissas (99(b — Ba)/0z[i ;o and (b — Ba)|{',1/2)- For this special scheme,

realizability can often be guaranteed with a suitable constraint on the time-step size. This is
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the subject of the following theorem.

Theorem 1. Let 5,k € N and a € {1,2,...,8}. Also let the cell-averaged values of the
weights and their reconstructed values and derivatives at the faces satisfy wy, ; > 0, wgyi_l /2~
Az/2 dwq [0z[i_ 5 > 0 and Wy 170 T AT/2 Owa /0|15 > 0V a. If a finite-volume scheme
using the single-stage Euler explicit time-integration scheme is devised that uses degree-(k —1)
reconstruction (k > 2) for the weights and degree-1 reconstruction for the abscissas at the faces

i—1/2 and i+ 1/2, the non-negativity of the updated distribution function (3.17) in the i cell

can always be guaranteed under an explicit constraint on the time-step size (At € RT).

Proof. Using degree-1 reconstruction, the terms in (3.24) involving abscissas can be written as

85(b— Ba)|" 1

= AL [5(b - Eg,i+1) —o(b— EZ@)] and
O i+1/2 Az (3‘25)
n 1 —=n —=n
5(b— Ba)|i+1/2 =5 [6(b— Byiv1) +0(b— Ba,i)] .
Putting (3.25) in (3.24) gives
n B n n n n
of 1 Ow, W it1/2 =n 1 Owq Weyit1/2 —=n
97 - - S VLY I YO - R —eit2 | sy B
0z |11/ az:l { [2 Oz ;119 Ax ( o) 2 0z |y Az ( it1)
(3.26)

Substituting this into (3.17) and simplifying, an equation for the update of f can be obtained:

B n n n n
—n+1 _ At Wair1z 1 0wy Wyi-1/2 1 Owgy —=n
;= o b - = - — - = 6(b— B, ;
/i az:l{ Wai + )Ax ( Az + 2 Ox i+1/2 Ax 2 Oz i—1/2 ( 0‘”)
At wgi71/2 1 Owy | —n
py b | Ceizl2 2 s(b—B",
—|—,LL( )Aib Az 2 Ox i_1/2] ( a,z—l)
At [Wairija 1 Owa|" ="
b)— : — ob— B, ., .

(3.27)
Ifwy ;o —Ax/2 Owa /0| /5 > 0 and Wy iv1/2 T Az/2 Owa /0| /9 > 0V o then the last
two terms on the right side are always non-negative. If wy, ; > 0V «, one can always choose a
small enough time-step size that will make the first term on the right side non-negative. The

value of this time-step size, At € R, for guaranteeing the realizability of f;H_l can be written
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as

—n 2
wWAx

At = minaE{l,Q,...B}

D Ax Owg ’

:U’(Ba,i) max (w2,¢+1/2 2 oz ‘i+1/2 + wz,i—1/2 + 5 g}z ‘i—1/2 70)]
3.2

(3.28)

This concludes the proof. [

Irrespective of the degree of reconstruction polynomial used for the weights, the new scheme
always uses degree-1 reconstruction for the abscissas. For example, the degree-(k — 1) recon-
struction (k > 2) for the weights can be combined with the degree-1 reconstruction for the
abscissas. Due to the use of a lower degree polynomial for the abscissas, this scheme will be
called the quasi-k*-order scheme. The realizability of this new scheme is guaranteed by the
constraints also known as the realizability conditions. These realizability conditions are dis-
cussed below in greater detail. The new schemes have two advantages over the schemes based
on the reconstruction of moments. As shown earlier, any scheme based on the reconstruction
of moments can be at most second-order accurate. Realizability cannot be guaranteed for a
higher than second-order accurate scheme based on the reconstruction of moments. Hence, if
one wants to use the moment-based reconstruction, second-order accuracy is the best that can
be achieved for any class of problems. However, the proposed quasi-k*-order scheme (k> 2)
will always perform better than the second-order scheme for any general problem and for a spe-
cial class of problems where the abscissas are constant or linearly varying, the formal order of
accuracy equal to k will be achieved. This is a considerable improvement over the second-order

moment-based reconstruction scheme.

3.3.2 Consistency

The 2"-order version of the new scheme should be consistent with the 2"d-order scheme
based on the moment reconstruction. The 2"d-order version corresponds to using the degree-1

reconstruction for weights:

Owe " I — L 7T
8; = Ar [wg,i—&-l - wgz] and wg,i+1/2 D) [wg,iﬂ + U’Zz] Va. (329)

i+1/2
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Putting these into (3.27) gives

+1 N At — At
Pt = S0 {1 200 5 | W00~ B+ 1(0) g 1000 B )
a=1
At .
+N(b)mwa,i+15(b - Ba,i+1)} (3.30)

n

— (1200 05 | 74 0 [Pl + 70
This is exactly same as the updated distribution function for the 2"d-order scheme based on
the reconstruction of moments. This means that the 2"d-order version of the new scheme is
exactly same as the 2"-order scheme based on the moment reconstruction. Hence, the new
scheme is consistent. For the one-dimensional cases, the quasi-2"9-order scheme will be simply

referred to as the 22d_order scheme.

3.3.3 Realizability conditions

The above theorem implies that if the special reconstruction is used, a set of four conditions

need to be satisfied simultaneously to guarantee realizability in the it! cell:

We ;> 0, (3.31)
Az Owgy |"
n S > .32
wa,lfl/Q 9 or i1/2 - 07 (3 3 )
Az Qw, |"
Waivipt = A >0, (3.33)
2T o i+1/2
Az Ow, |" n Az Ow, |"

. —n . AL
Wy ; +N(Ba,i)m —Wq iy1/0 > o

] >0V a. (3.34)

i+1/2 Wit o i—1/2
The last condition (3.34) is the same as (3.28). The first condition (3.31) is needed because if

Wy ; = 0 for some a, then it may not be possible to satisfy the last condition (3.34) for that a.

These four conditions are called the realizability conditions. They guarantee the realizability

of the moments in the " cell. Next the severity of these realizability conditions is discussed.

3.3.3.1 Second-order scheme

It is interesting to see that for the 2"d-order scheme

Az Ow, |" Az Ow, |"
—w", ;>0 and w". 2T Mo
wa,zfl el an wa,z+1/2 + 2 ox i+1/2

n

Wei—1/2 — =Wy ;41 =20V a.

2 0r |y -
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Hence the conditions (3.32) and (3.33) are automatically satisfied. It is also interesting to see

that condition (3.31) is not required. For the 2"d-order scheme, the last condition reduces to

—n | At

So, if w , = 0 for some «, then the last condition is automatically satisfied for that a.

3.3.3.2 Quasi-k*P-order scheme (k > 2)

When k > 2, for the quasi-k'-order scheme, all the four conditions need to be satisfied
simultaneously in order to guarantee realizability. Only the last condition (3.34) has an ad-
justable parameter At. If the first condition (3.31) is satisfied, one can choose an appropriate
value of the adjustable parameter At to satisfy the last condition (3.34). However, At does
not appear in the conditions (3.31), (3.32) and (3.33). Hence, whether or not the first three
conditions are satisfied depends upon the problem. If any of the first three conditions is not
satisfied for a particular «, a lower order scheme is used for that a. However, a detailed look
at these conditions can help in understanding that they are not too restrictive.

If Owa /0|, /2 < 0, (3.32) will always be guaranteed. Problem may occur only if dwa/ x|, /2>

0. It is easy to see that wy ; o — Ax/2 8wa/8x|?_1/2 is an approximation to wy ; ;.

Similarly,
if Qwe/0x}, /2 =0, (3.33) will always be guaranteed. This condition may not be satisfied only
if Owa/0z(} /2 <0. Againit is evident that wZiH/Q—i—Ax/Q Owa/0x|}, 1 5 1s an approximation
to wy, ;1. So the conditions (3.31), (3.32) and (3.33) will almost always be satisfied simultane-
ously if the cell-averaged values of weights are not too close to zero. If the cell-averaged values
of weights are almost null in some cells, these conditions may not be satisfied and a lower order
scheme should be used for those cells. But this is not a very restrictive condition because using

a lower order scheme for the cells with cell-averaged values of weights close to null does not

have a large effect on the overall accuracy.
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n

os?

The diffusive flux for the new scheme can then be computed as
— db
ox

" 0
~ [uow &
i+1/2 Tlit1/2

A 1 Ow,
:;/MWHQ =

lﬁwa"
2 Oz

n

5(b—B

a,i)

i+1/2

n
Wa i41/2
Az

5(b— BZ,@'+1)} db (3.37)
i+1/2

n

1 Owg
2 Ox

n
Wy it1/2

(Ba)"

i+1/2 Az

B8
- {uwz,»
a=1

—n 1 dw,
+(Bgit1) [2 O

n n
Wa i41/2

Az

e .

i+1/2
The diffusive flux for the quasi-k"-order scheme can be obtained by inserting the expressions
for the degree-(k — 1) reconstruction of weights and their derivatives into (3.37). When k = 2,
(3.29) can be used. For k = 4, one can use

Owg
ox

" 1 [1 5 ) 1

= A—x Ewg,i—l - Z@Z,i + ng,i-i-l — 1211}2’“_2] and

/2 (3.38)
1 7 7 1

=N

Wy ip1/2 = {_uwg,i—l + EWZ,i + 1o Vasi+1 — mwg,iw] Voa.
3.3.4 Calculation of time-step size

The global time-step size (At) should satisfy both the CFL and the realizability criteria to
guarantee stability and realizability simultaneously. Usually, the largest value of CFL < 1/2
that gives a stable solution is used to enforce the CFL criterion for the diffusion problems. The

definition of the CFL for the diffusion problem varies, but a general form is

At
CFL = diffusivity ( 2) . (3.39)
(cell length scale)

Let Atcrpr,; and Atiealizable,; be the time-step sizes in the it cell satisfying the CFL and re-
alizability criteria, respectively. Suppose, the problem under consideration uses the quasi-k*'-
order finite-volume scheme. A value of the CFL < 1/2 is pre-specified and At is calculated
as At = min; (Atcpr,;). During each time step, this At is used as the global time-step size,
and the realizability conditions corresponding to the quasi-k'"-order finite-volume scheme are

checked in each cell. For the cells in which the check succeeds, the degree-(k — 1) reconstruction
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is used for the weights. And for the cells in which the check fails, successively lower degree re-
constructions (k—2,k—3, ..., 1) for the weights are tried. The first reconstruction that satisfies

the corresponding realizability conditions is used.

3.4 Realizable schemes for multidimensional cases

The ideas explained above for the one-dimensional cases can also be applied to the multi-
dimensional cases. For simplicity, in this section the framework will be extended to the 2-D
cases, although similar framework can be developed for the 3-D cases as well. The framework
will first be laid down for general unstructured meshes and then the special case of uniform

Cartesian mesh will be discussed.

3.4.1 TUnstructured mesh

The two-dimensional version of (3.1) with f = f(b,z,y,t) and p = p(b) can be written as

0
v (v, (3.40)

where V = (8/0x)i + (8/dy)j. The moment transport equations corresponding to (3.40) can

be written as

D
agf — V. (VSP) Vp, (3.41)

where MP and SP are defined as in (3.4). Again QBMM is used to close the above system
of moment transport equations. The distribution function is defined as in (3.5) with w, =
we(z,y,t) and By = Bu(x,y,t).

Consider a 2-D unstructured mesh. Let €; and 99Q; denote the i*" cell and its boundary
respectively. Also let e € 0€; be a face of the ith cell, A. be its area and fie = [Ner Ney| be
the outward unit normal at this face. The finite-volume expression for the single-stage Euler
explicit time-integration, analogous to (3.7) can be written as

. At N
M =T 4 T > {vseraeal, (3.42)
i ecaQy
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ne ne2

nel nel

(a) Weight stencil (b) Abscissa stencil

Figure 3.1 Second-order reconstruction stencils for the terms involving weights and abscissas
at the face e of an unstructured mesh.

where |Q|; denotes the volume of the i* cell. As earlier, the variables with overbars denote the

cell-averaged values. The capped variables denote the face-averaged values. For example,
- 1
virn = L / vsPmdA (3.43)
Ae /.

represents the face-averaged value of the moment gradient (V.S?") on face e. Using an appropri-
ate number (IV,) of Gaussian-quadrature points for the integration on face e, the face-averaged
value can be written as N,
vsrn =3 {avsirt, (3.44)
=1

lth

where ¢; is the [*" Gaussian-quadrature weight and VSf ln is the value of the gradient evaluated

at "' Gaussian-quadrature point on face e. Using (3.44), (3.42) becomes

Nq
g A5 5 i
? eco); =1

The finite-volume expression in (3.45) can also be written as

N,
=N —-n A q A
/ gl 7 +u<b)|9f S5 {aVe A} | db, (3.46)

v e€dQ); =1
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which implies that the unique update of the distribution function is given by

—n —=n A
T t 3 Z{quel SRS (3.47)

Z ecof); I=1
The gradient of the distribution function at the face quadrature points are computed using the
chain rule: 5
Vit =30 [Vl 66— Ba)lly + wally V60— B2 (3.48)

a=1

As mentioned earlier, reconstruction polynomial of any degree > 1 can be used for the terms in-
volving the weights. However, for the terms involving the abscissas, the degree-1 reconstruction
should be used. Before moving any further, it is extremely important to stress upon the fact
that the degree-1 reconstruction of abscissas at face e using any arbitrary stencil will not work.
A special stencil involving only the two cells adjacent to face e should be used. Although this
special stencil may lose second-order accuracy on highly skewed meshes, this is the only viable
option to guarantee realizability. The degree-1 reconstruction for abscissas using least-squares
approach should be completely avoided as it cannot guarantee realizabiliity. Using the values

in the two cells adjacent to the face e, the terms involving abscissas in (3.48) can be written as

56— B >\ez—§[cs<b By.) + (b~ B,)] and
o —n (3.49)
o(b .)—0(b— B,
V(b — Ba)lz, _ L T;;)_rjg o] (Tie — 17).

In (3.49), ie denotes the neighbor of the i*" cell, adjacent to face e. Also, r; and r;. denote the
cell-center position vectors of the i*! cell and its neighbor respectively. Note that the expressions
in (3.49) will be second-order accurate only if the mesh-skewness is small in magnitude. If the
mesh is considerably skewed, the accuracy will degrade. But this is the best that can be done
to guarantee realizability. Putting (3.49) in (3.48) gives

B
vfgl = Z {Vwa|el 2 [ (b Ba ze) + 5(b_§z,z)] + wa|2z

a=1

[6(b—By,.) —6(b—B,,)]

(rie - ri)

(3.50)



66

Using this, the updated distribution function can be written as

B A
—n+l — 1 . Tje —T;) -1
A S ESIUT-A) il SR W LR PR NPRLIS. B | DY 7Y

2
a=1 Zeeaﬂ =1 [tie — 13|

At ie e B
2y z{ e [§ Vool el SR g 0 ).
e 7

’a lecoQ); =1

(3.51)
This corresponds to the following realizability conditions:
We ;> 0, (3.52)
1 rje — 1|
no = "R > 3.53
wa\el + 5 Vwa‘e,l e(rie — ri) ] ﬁe = U, ( )

Ny
At 1 R rje — ;) N
T eco); I=1

The condition (3.53) must be satisfied for each face e € 9Q; individually.

For the unstructured meshes, using higher than degree-1 reconstruction is not advisable as
it is memory intensive because of extra storage requirements for connectivity information and
reconstruction parameters. Hence, in Sec. 3.5, numerical results on the unstructured mesh are
presented only for the degree-1 reconstruction of weights. For the degree-1 reconstruction, N, =
1 and the only quadrature point is located at the face center. A linear profile is reconstructed
at the face for each weight. However, instead of reconstructing the linear profile at the face
directly, linear profiles are reconstructed in the cells and then the information from the adjacent
cells is used to compute the values of the weights and their derivatives at the faces. This is
computationally more efficient on unstructured meshes. The values of the weights at the only
quadrature point at the face e is given by a simple averaging of the values reconstructed from

the adjacent cells:

1 1
= 5 [@gﬂ + Vwa’? . (I'e — rz)] + 5 [ aze + Vwa\ . ( rie>] s (355)

We, ‘Z,l

where r. = [z, y.] denotes the position vector of the face center. The gradients for the weights

in (3.55) are computed at the cell centers using the least-squares reconstruction. For example,
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the gradient at the cell center of the it! cell is computed using

Vug|" = {de,dyHld:c,dng — llda, dy|ll|dy, dwg| }iJr{ |z, de||||dy, dwg || — IIdw,dy\llldfcvdlUZH}?
’ |dz, de|[||dy, dyl| — ||dz, dy||||dz, dy|| |z, dz||||dy, dy|| — ||dz, dyl|l|dz, dy|| |~

(3.56)
where
Iy, dyll = > (ie = yi) (Wie — v2),
eco;
|dx, dz|| = Z (Tie — i) (Tie — T1),
66891
ldz, dyll = > (i — 23) (yie — i), (3.57)
EEBQi
lda, dwill = Y (wie — zi)(wh e — why),
e€df;
|y, dwg || = Z (Yie — ¥i) (Way e — Wari)-
eco;

The gradients of the weights at the face center can be computed by simply averaging the
gradients from the adjacent cell centers. However, a better option is to split the gradients into
two contributions - tangential to the face (Qw,/07) and along the direction joining the two

adjacent cell centers (Ow,/9€). The two derivatives are computed differently and then added

to give
vwa|g _ 8’an A 8wa 4
or |, 9y |, (3.58)
1 [Ow,|" Owyg, n§ iy 1 Owg |™ Owyg, n{ N ’
= — | — - — i+—|— —| 7 —_—
Ao L 9e ™ Tor || T AT ee |, o |, e
where
owy |" W e — Wy ; Owg |™ 1 N
9¢ | " Tremrl 0 or |, (Ve Vel f (3.59)
e ie 7 e
and
” e — I . ITpes — I
Ae = (fe:c'rey - gey’i’ez) y Ee = [gez gey] = %7 Te = [Tea: 7—ey] = M- (3-60)
|rze r; | |rn62 Inel ‘

In (3.60), rpe1 and rpeo denote the position vectors of the two nodes connected to the face e. It is
worth reiterating that although both the weights and abscissas use the degree-1 reconstruction,
each of them uses a different stencil. Figure 3.1 shows the different stencils used for the degree-1

reconstruction of the weights and abscissas at face e. It is very important to remember that
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regardless of the stencil used for the weights, the stencil for the abscissas should only include
the two cells adjacent to the face under consideration.

Before moving further, it is worth discussing the second-order scheme using moment-based
reconstruction on unstructured meshes. For the second-order moment-based reconstruction,
values of the moment gradients (V.SP) have to be computed at the face centers. There are two
ways two compute these gradients. One approach is to follow the reconstruction of weights in
(3.58). This approach inherently uses the stencil shown in Figure 3.1(a) for both the weights
and abscissas. However, as mentioned earlier, any reconstruction at a face that uses cells other
than the adjacent ones will never guarantee realizability. Hence, following the approach in
(3.58) is not a viable option. Another approach is to follow the reconstruction of abscissas
in the second equation of (3.49). This approach inherently uses the stencil shown in Figure
3.1(b) for both the weights and abscissas. This leads to a realizable second-order scheme
based on moment reconstruction. As mentioned earlier any reconstruction using this stencil
will lose accuracy when mesh-skewness is not negligible. However, this is the only viable
option for the second-order moment-based reconstruction to be realizable. Note that the new
realizable scheme, presented above, based on the reconstruction of weights and abscissas will
always perform better than the second-order moment-based reconstruction as it decouples the
reconstruction of weights from the reconstruction of abscissas, thereby allowing the usage of a

better stencil for the terms involving weights.

3.4.2 TUniform Cartesian mesh

Unlike the unstructured mesh, using a higher than degree-1 reconstruction is feasible for
the Cartesian mesh as the connectivity information is readily available through the cell indices.
All the analysis done above for the unstructured mesh can also be applied for the Cartesian
mesh with some minor notational changes. Only the case of uniform Cartesian mesh with the
same cell size (As) along X- and Y-directions is discussed here. Each cell is identified by a
pair of indices (i,7). The right and left faces of the cell (7, ;) are denoted by (i + 1/2,7) and
(1—1/2, 5) respectively while its top and bottom faces are denoted by (i, j+1/2) and (i, —1/2)

respectively. For the uniform Cartesian mesh, one dimensional schemes can be applied direction
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by direction and only one quadrature point is needed at each face. The moments are updated

} (3.61)
ii—3

as
" oSP

1 oy

1=3,]

" os?

ox

S
y

At | OSP
NV n+l Mp, 2t ) dor
iJ * As | Oz

it+1.d ij+3

and the derivatives at the face centers are computed using the chain rule:

asr " / af|"
or = | u(d)p? db
Ox Z'J,_%’j 81‘
Gwa n " o6 (b _ Ba) n
=/ bpz [ L S Bl vl | ] v
1+ 25J Z+2,]
(3.62)
The terms involving abscissas use degree-1 reconstruction and are given by
6(b—Bl, 1) +0(b—DB.,
s(b—B )|+ ( i+1,4) ,,])7
2 ] 2
95 (b—Ba)|"  _ob— Byit1;) —6(b—By,j) (3.63)
ox ’L-l—%,‘j - As .

For the terms involving weights, reconstruction polynomial of degree > 1 can be used. For
example, for the degree-3 reconstruction of weights, formula analogous to (3.38) can be applied
direction by direction. Figure 3.2 shows the stencils used for the quasi-4'"-order scheme on

uniform Cartesian mesh. The realizability conditions can be written as

Z,m > 0, (3.64)
As Ow,, |" As Ow
noo4p——- > " ———— >
’Uja|l+%,] + 2 Oz |1 0, Wal Jt3 2 Oy | .1 0,
2 A (3.65)
As Owy |" n As Ow,, ’
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(i +[3.9) (i +[3.9)
(a) Weight stencil (b) Abscissa stencil

Figure 3.2 Quasi-fourth-order reconstruction stencils for the terms involving weights and ab-
scissas at the face (i + 1, ) of a uniform Cartesian mesh.

3.5 Numerical results

In this section, numerical results are presented for 1-D and 2-D cases. For the 1-D cases,
problems with both constant and non-linearly varying abscissas are considered. It is shown
that for the problems with constant abscissas, formal high-order of accuracy is achieved. For
the problems with non-linearly varying abscissas, formal high-order of accuracy cannot be
achieved but these schemes still perform much better than the second-order moment-based
reconstruction scheme. Note that the direct extension of the moment-based reconstruction
to higher than second-order is not possible due to the non-realizability problem. For the 2-D
cases, only the problems with constant abscissas are considered and results are presented for an
unstructured triangular mesh and a uniform Cartesian mesh. Two-stage second-order RK2SSP
time-integration scheme [42] is used for all the cases. For all the problems, the diffusivity
coefficient is given by u(b) = 0.1/(b+ 1.0). The first three problems are one-dimensional with
domain defined by = € [—3, 3] while the last two problems are two-dimensional with the domain

defined by (z,y) € [-3,3] x [-3,3].

3.5.1 Problem I

This is a two-node quadrature case with constant abscissas. The moment transport equa-

tions for the first four moments (M°, M*', M2 M3) are solved. The analytical solution is given
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—\T . 2

wi(z,t) = 0.1+ \/%Oexp (M), By (z,t) = 1.0,
—(x — 1.0)?

ws(, 1) =024/ "L exp (W), Ba(x, 1) = 1.5,

where tg = 1.0. The quasi-4*-order scheme is used to solve this problem. Table 3.1 shows

(3.67)

the orders of accuracy for the four moments based on the L; errors. Note that the numerical

orders converge towards the formal order.

Table 3.1 Orders of accuracy based on L; errors for Problem I.

Grid size MO M? M? M3
40 - - - -
80 3.89 3.89 3.89 3.89
160 3.97 3.97 3.97 3.97
320 3.98 3.99 3.99 3.99

3.5.2 Problem II

The problem mentioned in the previous section (Sec. 3.5.1) has two distinct abscissas and
hence can be solved exactly (minus the errors introduced by the numerical scheme) using two-
node quadrature. Here, one-node quadrature is used to solve the same problem and the results
for the second-order moment-based reconstruction scheme are compared to those obtained
from the quasi-4"P'-order scheme. The abscissa is not constant in this problem. It varies
non-linearly between By and Bz in (3.67). For one-node quadrature, two moment (M°, M?)
are tracked. The initial values of the two moments are computed using (3.67). FErrors are
computed against a reference solution that is obtained using the second-order moment-based
reconstruction on a fine mesh with 2400 cells. Figure 3.3 compares ths L; errors in M° and
M? for the two schemes while Table 3.2 shows the corresponding orders of accuracy obtained
by the two schemes. Clearly, the quasi-4""-order scheme performs much better compared to
the second-order moment-based reconstruction scheme even for the variable abscissa case. On
coarse meshes, the quasi-4*"-order scheme gives numerical orders of accuracy close to 3 and

reduces to 2 as the mesh is refined. However on the finest mesh, the errors obtained by the
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quasi-4'"-order scheme are still an order of magnitude lower than those obtained by the second-
order moment-based reconstruction scheme. As mentioned earlier, the reference solution is
computed on a fine mesh using the second-order moment-based reconstruction scheme. Hence,
the reduction in order of accuracy of the quasi-4'"-order scheme may be due to the reason

that the numerical solution is already close to the reference solution and temporal errors start

dominating
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Figure 3.3 L errors for Problem II: M° {2°d-order} (—e—), M° {quasi-4'"-order} (—=), M*
{27 order} (—o—), M {quasi-4"-order} (——).

Table 3.2 Orders of accuracy based on L errors for Problem II.

Second-order scheme Quasi-fourth-order scheme
Grid size MO Mt MY Mt
10 - - - -
20 2.01 2.01 3.32 3.29
40 1.90 1.89 3.48 3.33
80 1.98 1.97 3.29 2.50
160 2.00 2.00 2.30 2.11




73

3.5.3 Problem III

This problem also demonstrates the performance of the new realizable schemes when ab-
scissas are not constant. However, this problem uses EQMOM. As mentioned earlier, the new
quasi-high-order schemes can be more efficient if the abscissas are nearly constant. When very
few abscissas are used, the spatial variation in each abscissa from one cell to another may be
large. However, if the number of abscissas is increased, the spatial variation in each abscissa
will be relatively smaller. This is where EQMOM helps. Using EQMOM, one can increase
the number of abscissas without increasing the number of tracked moments. In EQMOM, the
number of primary quadrature nodes decides the number of moments tracked and the number
of secondary quadrature nodes decides the number of abscissas resolved. The number of sec-
ondary quadrature nodes can be increased independent of the number of primary quadrature
nodes, thereby reducing the spatial variation of each abscissa over a range of cells. For this
problem beta-EQMOM is used with 1 node for primary quadrature and three different number
of nodes (2, 10 and 50) for secondary quadrature. The beta-EQMOM assumes that at each
time step the distribution function can be written in the form of a beta distribution. The shape
parameters of this beta distribution are obtained using the primary quadrature and then the
secondary quadrature is used to express the distribution function in the Dirac delta representa-
tion with 2, 10 and 50 nodes respectively. More details about EQMOM can be found in [127].

The first three moments (M°, M*' M?) are tracked and their initial values are given by

1 11 2
MO(:E,O) = 1.0, Ml(x,O) = ¢(x), M2(33,0) =3 ((f(ac))2 + 5(95)) where £(x) = 5-1-1 sin <7?:3:> .
(3.68)
These moments correspond to the initial beta distribution function given by
bf(x)fl 1—-b —&(z)
faboy =210 (3.69)

B(e(),1—£@)
where B(&(x),1 —&(x)) denotes the beta function. For this problem, the function £(x) denotes
the initial variation of mean abscissa. Figure 3.4 compares ths L; errors in M°, M* and M? for
the two schemes while Table 3.3 shows the corresponding orders of accuracy obtained by the two
schemes. For this problem, errors are computed against the reference solutions obtained using

the second-order moment-based reconstruction on a fine mesh with 600 cells. The reference
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Table 3.3 Orders of accuracy based on L; errors for Problem III.

27d_order scheme Quasi-4*"-order scheme
Grid size MY M? M? M [ M M?
2 nodes for secondary quadrature
15 - - - - - -
20 1.82 1.84 1.94 1.88 1.82 1.78
25 1.93 1.97 1.82 2.06 2.10 1.87
30 1.91 1.94 1.95 1.93 1.89 1.94
10 nodes for secondary quadrature
15 - - - - - -
20 1.83 1.84 1.95 2.67 2.80 3.03
25 1.91 1.95 1.84 2.59 2.95 2.76
30 1.90 1.94 1.97 1.97 2.45 2.65
50 nodes for secondary quadrature
15 - - - - - -
20 1.83 1.84 1.95 3.14 3.36 3.55
25 1.91 1.95 1.84 2.98 3.50 3.41
30 1.90 1.94 1.97 2.34 3.27 3.69

solutions for 2, 10 and 50 secondary quadrature nodes are different. Note that only first four cell

4% _order have already converged

resolutions are used in Table 3.3 as the solutions using quasi-
to the reference solution. As the number of nodes for the secondary quadrature is increased, the
error magnitude for the quasi-4*-order scheme decreases and the numerical order or accuracy

4th

improves. The quasi-4""-order always performs better than the second-order moment-based

reconstruction scheme.

3.5.4 Problem IV

Table 3.4 Orders of accuracy based on L errors for Problem IV.

Moment-based Weight /abscissa-based
Grid size M M! M? M3 MY M? M? M3
3676 - - - - - - - -
5700 0.38 0.25 0.13 0.02 1.35 1.56 1.75 1.91
8394 0.26 0.31 0.12 -0.01 1.63 1.60 1.57 1.54
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This is a two-node quadrature case with constant abscissas. The moment transport equa-
tions for the first four moments (M°, M, M? M?3) are solved on unstructured triangular

meshes. The analytical solution is given by

to —(x4+0.5)2 — (y +0.5)?
t) =014+ —F—— B t)=1.0
U)l(m',y, ) + 47T/L(Bl)t ex ( 4N(Bl)t ; l(mayv ) ;
t (0= 05— (y— 0.57 10
t) =024+ ———— - : B t)=1.5
’11)2(1',:% ) + 47T[L(Bg)t €xp < 4M(BQ)t >7 2(1‘,y, ) )

where tg = 1.0. The second-order schemes based on both the reconstruction of moments and
the reconstruction of weights and abscissas is used to solve this problem. It is worth reiterating
that the second-order scheme based on the reconstruction of moments uses the stencil shown in
Figure 3.1(b) for both the weights and abscissas while the new second-order scheme decouples
the reconstruction of weights and abscissas, thereby using the stencil shown in Figure 3.1(a)
for weights and the one shown in Figure 3.1(b) for the abscissas. Figure 3.5 compares the L;
errors in M°, M', M? and M? for the two schemes while Table 3.4 shows the corresponding
orders of accuracy obtained by the two schemes. None of the schemes achieve the formal order
of accuracy equal to 2, but the scheme based on the reconstruction of weights and abscissas
performs tremendously better compared to the one based on the reconstruction of moments.
The combination of skewed cells and the stencil in Figure 3.1(b) for both the weights and
abscissas proves to be disastrous for the moment-based reconstruction. It is not even first-
order accurate. On the other hand, the stencil in Figure 3.1(a) for the weights, saves the day

for the newly proposed scheme.

3.5.5 Problem V

Here, the problem described in the previous section (Sec. 3.5.4) is solved on a uniform
Cartesian mesh using quasi-4""-order scheme. As the abscissas are constant, formal order of
accuracy is achieved as shown in Table 3.5. On unstructured meshes, using a polynomial
of degree higher than 1 is inefficient because the storage of connectivity information requires
additional memory. However, as the connectivity information is readily available for Cartesian

meshes, polynomial reconstruction of arbitrarily high degree can be used for the weights.
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Table 3.5 Orders of accuracy based on L; errors for Problem V.

Grid size MO Mt M? M3
20x20 - - - -
40x40 3.56 3.55 3.55 3.55
80x80 3.84 3.84 3.84 3.84

160x160 3.92 3.92 3.92 3.92

3.6 Conclusions

Hitherto, the moment-based reconstruction schemes were used with QBMM for diffusion
problems without any proof of realizability. In the present work it has been shown that any
scheme based on the reconstruction of moments can be at most second-order accurate. Realiz-
ability cannot be guaranteed for a higher than second-order scheme based on the reconstruction
of moments. Hence, if one wants to use moment-based reconstruction, second-order accuracy
is the best that can be achieved for any class of problems. For one-dimensional cases, it is
also shown that the realizability condition for the second-order moment-based reconstruction
scheme is same as the stability condition. In the past realizability problems have never been
encountered with the second-order scheme based on the reconstruction of moments because the
stability condition was always accounted for, thereby satisfying the realizability condition as
well.

A new class of schemes based on the reconstruction of weights and abscissas is proposed.
These schemes always guarantee realizability under an explicit constraint on the time-step size.
According to the proposed idea, the quasi-k*"-order scheme uses degree-(k — 1) reconstruction
for the weights and degree-1 reconstruction for the abscissas. The proposed quasi-k*™-order
scheme (k > 2) always performs better than the second-order scheme for any general problem
and for the special class of problems where the abscissas are constant or linearly varying, the
formal order k is achieved. This is a considerable improvement over the second-order moment-

based reconstruction scheme.
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CHAPTER 4. MODELING OF BUBBLE-COLUMN FLOWS WITH
QUADRATURE-BASED MOMENT METHODS

A paper published in Chemical Engineering Science

Varun Vikas!, C. Yuan, Z. J. Wang, Rodney O. Fox

Abstract

Bubble-column reactors are frequently employed in the biological, chemical and petrochem-
ical industries. This paper presents a novel approach to model bubble-column flows using
quadrature-based moment methods (QBMM?). A fully two-way coupled flow solver is devel-
oped that solves the incompressible Navier-Stokes equation for the liquid phase and moment
transport equations for the dispersed bubble phase. The moment transport equations for the
dispersed bubble phase are solved using a kinetic theory approach. Contributions from the
liquid-phase pressure gradient, vorticity, drag, virtual mass and gravity are accounted for in
the bubble-phase force balance. The solution algorithm and coupling procedure are described

in detail, and results are presented for a 2-D bubble column with two different gas flow rates

(1.6 and 8.0 1/min).

4.1 Introduction

Bubble-column reactors are widely used in the biological, chemical and petrochemical in-
dustries. The accurate design of these reactors depends largely on the complex fluid dynamics

of gas-liquid two-phase flows that still remains inadequately understood. Modeling of the

!Primary researcher and author.
2Throughout this chapter, QBMM refers to QMOM.
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fluid dynamics of gas-liquid bubble columns is therefore a challenging task. There are two
well-known approaches to model gas-liquid two-phase flows. Omne approach is based on the
mixture formulation in which effective (transport) properties are used to describe the overall
flow. This approach is relatively simple but cannot account for the detailed interactions be-
tween the two phases in an accurate manner. Another approach is to treat the two phases
separately such that the dynamic interactions between the phases can be accounted for using
a separate momentum balance for each phase. Within this approach, one can distinguish be-
tween Euler-Euler and Euler-Lagrange models. Euler-Euler models are based on the concept of
inter-penetrating continua, while Euler-Lagrange models treat the liquid phase as a continuum
and track each individual bubble using the Newtonian equations of motion containing correla-
tions for the force terms acting on each bubble. Both Euler-Euler and Euler-Lagrange models
have been used by researchers to model bubble-column flows. For example, Torvik & Svend-
sen [110], Ranade [88], Grienberger & Hofman [44], Sokolichin & Eigenberger [101], Hjertager
& Morud [48] have used Euler-Euler gas-fluid models to simulate gas-liquid bubble columns,
while Trapp & Mortensen [111], Lapin & Lubbert [58], Devanathan et al. [26], Delnoij et al.
[22], Wu et al. [125] have used Euler-Lagrange models.

The closures used in Euler-Euler two-fluid models are obtained with strong assumptions
on the nature of the flow, assuming that the phases can be described by a mean momentum
equation with gradient-viscosity models. In the context of a kinetic theory description of the
bubble phase, this type of model corresponds to considering a dispersed-phase Knudsen number
(defined in Sec. 4.4.2) close to zero, meaning that the bubble velocity distribution function is
determined by bubble-bubble interactions. This assumption leads to inconsistencies and erro-
neous or missing predictions of physical phenomena when these models are applied to dilute
bubbly flows wherein bubble-bubble interactions are relatively small. For example, as shown
in Passalacqua & Fox [80], it is not possible to obtain grid-independent solutions to Euler-
Euler two-fluid models when the dispersed-phase Knudsen number is not small. On the other
hand Euler-Lagrange methods, although more accurate, are still too expensive to be applied
to real-life scenarios. In this work, a novel approach for modeling gas-liquid flows is presented

using quadrature-based moment methods (QBMM) and a kinetic theory representation of the
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bubble phase. Our model is based on an Euler-Euler approach in the sense that the bubble
phase is treated as continuum, but it does not make assumptions of nearly equilibrium flows
as done implicitly in two-fluid models. With QBMM, it is possible to resolve several veloci-
ties (depending upon the number of quadrature nodes used) in each control volume, thereby
avoiding delta shocks and thus making it possible to attain a grid-independent solution to the
moment transport equations [80]. The multi-velocity property lends a Lagrange essence to the
QBMM approach. A fully two-way coupled solver that uses the incompressible Navier-Stokes
equation for the liquid phase, and moment transport equations for the dispersed bubble phase
is developed in this work. Contributions from liquid-phase pressure gradient, vorticity, drag,
virtual mass and gravity are accounted for in the bubble-phase force balance. The solution
algorithm and coupling procedure are described in detail, and results are presented for a 2-D
bubble column at two different gas flow rates (1.6 and 8.0 1/min). For clarity, in this paper we
describe a 2-D flow solver and corresponding results. The 3-D flow solver will be presented in
future work.

The remainder of this paper is organized as follows. The bubbly flow model is described in
Sec. 4.2. In Sec. 4.2.1, the liquid-phase governing equations are presented, while in Sec. 4.2.2
the bubble-phase governing equations are discussed. In Sec. 4.3, the numerical implementation
of the bubbly flow model is described. Section 4.3.1 presents the solution strategy for the liquid-
phase equations, while Sec. 4.3.2 does the same for the bubble-phase equations. Section 4.3.3
briefly discusses the coupling algorithm between the solvers for the individual phases. Finally,
numerical results are presented in Sec. 4.4 for a 2-D bubble column, and a summary of major

conclusions is given in Sec. 4.5.

4.2 Description of Model

In this section, we describe the bubbly flow model in its simplest form: constant density,
monodisperse in a Newtonian liquid. Bubble-bubble interations are not modeled as only dilute
flows are considered. The liquid-phase governing equations are the same as those used in
most Euler-Euler and Euler-Lagrange models, and thus will be presented without detailed

discussion. In contrast, the dispersed bubble phase is described by a kinetic theory model,
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which is similar, but not exactly the same, as the dispersed bubble model (DBM) used in

Euler-Lagrange simulations [22]. We will thus provide more details on the bubble-phase model.

4.2.1 Liquid-phase governing equations

The behavior of the liquid phase is described by the classical continuity and momentum

equations solved in multi-fluid models [27]. The liquid-phase continuity equation has the form

0
5 (€1o1) + V- (eipUy) =0, (4.1)

and the liquid-phase momentum equation is given by

0
5 (e1pU1) + V- (eipU1Uy) = V - (111) — Vp + e1p18 + My, (4.2)

where ), p;, U}, p are, respectively, the liquid-phase volume fraction, density, velocity and
pressure, and My, is the momentum-exchange term between the liquid and bubble phases
(which includes the liquid-pressure force on the bubbles equal to (1 —&))Vp). In this work, the
liquid phase is treated as an incompressible fluid and hence p; is a constant. Also, the liquid

phase is assumed to be Newtonian, and its stress tensor 7; is given by
T 2
n = (VUl +(VUY) ) -S (VU (4.3)

where ) is the liquid-phase dynamic viscosity, g is the gravitational acceleration vector and I
is the unit tensor.

The models for the force terms appearing in My, are discussed in Sec. 4.2.2. The reader
should note that Eq. 4.1 is coupled to the bubble-phase governing equations through the con-
straint €] + ¢, = 1, where ¢}, is the bubble-phase volume fraction. Hence, the liquid-phase
governing equations must be solved in a fully coupled manner with those for the bubble phase.
Finally, we should note that the viscosity p appearing in Eq. 4.3 can be extended by adding
to it a bubble-induced turbulent (BIT) viscosity [97] of the form upit = Chiter, Rep pp where the
bubble Reynolds number is defined by

_ pdp [ — Uy |
1 7

Reb
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Uy, is the mean bubble velocity, and d}, is the bubble diameter. The BIT viscosity is the result
of pseudo-turbulence in the liquid phase caused by the wakes behind rising bubbles [92]. Chyt
is a constant of order one that depends on the bubble Reynolds number and on ¢y, (e.g., as e}
approaches its maximum value the bubble wakes are screened by neighboring bubbles so that
Chit decreases to zero — the simplest such model is Chy o €]). In this work, we will neglect
the BIT viscosity, but in most bubble-column flows Rep, > 1 so that finer grids are required to

resolve the liquid-phase velocity when the BIT viscosity is neglected.

4.2.2 Bubble-phase governing equations

The bubble phase is described assuming that bubbles are smooth, monodisperse, non-
coalescing spheres. Each bubble has its own velocity and position. As a consequence, the
bubble-phase governing equation is represented by a kinetic equation for the bubble number
density function f (¢,x,v), defined so that fdxdv is the average number of bubbles with velocity
between v and v 4+ dv and position between x and x 4 dx, at time t. The general form of the

kinetic equation is [17]

of _of 0 [, F\ _

Note that the terms corresponding to bubble-bubble interactions have been omitted. In Eq. 4.4,
F is the force acting on each bubble of mass my,, which includes the terms involving the force
applied by the liquid phase and gravity. The terms involving the force applied by the liquid
phase are computed using empirical relations obtained from DNS simulations. These empirical
relations are discussed later. Some of the empirical relations depend on the volume fraction
of the bubble phase, thereby making the above kinetic equation a complex-integro differential
equation.

In comparison to the DBM used in some Euler-Lagrange simulations [22], the principle
difference in the kinetic theory model in Eq. 4.4 is that the bubble-bubble interaction term
is not modeled. In the DBM simulations of Delnoij et al. [22], finite-size bubbles are tracked
and bubble-bubble interactions are treated as binary hard-sphere collisions. The bubble-bubble
interactions are not dominant in the flows that we will consider here. Hence, neglecting the

bubble-bubble interaction terms is reasonable.
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The kinetic equation in Eq. 4.4 is coupled to the liquid-phase governing equations through
the moments of f (e.g., the zero- and first-order moments). A direct solution of the kinetic
equation to find f [8, 15] is prohibitively expensive because it would require the discretization of
a seven dimensional space, in which three dimensions are the physical-space dimensions, three
are the dimensions of the velocity phase space, and one is time. An alternative method to the
direct discretization of Eq. 4.4 is represented by direct simulation Monte Carlo (DSMC) [10],
which becomes expensive when the interaction time scale is small, limiting its application to
relatively dilute flows. Another alternative, more convenient, approach is to consider a set
of moments of the distribution function f [104], and track their evolution in space and time,
instead of aiming at reconstructing the exact shape of f. This leads to an approximate solution
of the kinetic equation, which is however satisfactory for many engineering applications, like
the simulation of fluid-particle and gas-liquid flows. As mentioned earlier, it is the moments
of f that are needed for coupling with liquid-phase model, so that the accuracy of the fully
coupled model is not compromised by using moment methods.

In this work, the following set of ten moments up to the third order (in 2-D phase space)
is considered:

W = [MO ]\411 le M121 M122 M222 an Mf’m Mf)22 M2322], (4-5)

where the superscripts represent the order of the corresponding moment [33]. Each moment is

defined through integrals of the distribution function as

MO :/fdv7 Mil :/Uz'fdv,
(4.6)
ij = /vivjfdv, Mf}k = /Uﬂ/j'l)kfdv.

Note that the bubble-phase volume fraction e, and mean bubble velocity Uy, are related to
these moments by

Ep = VbMo (4.7)

and

pvenUpi = my, M}, (4.8)

where my, = pp V4, is the mass of a bubble with density p, and volume V4, = Wd% /6. In this work,
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my, is constant because dp, and pp, are constant. By definition, ¢ = 1 — £}, and this relation

must be accounted for when solving a fully coupled system for the liquid and bubble phases.
The application of the definition of the moments to both sides of Eq. 4.4 allows the moment

transport equations to be derived. The set of ten transport equations, one for each moment in

W, is given by

oM° oM}
+ =0,
875 8SUZ
o} oM,
P p— F’Z ,
Gt 8xj
OM?%  OM? (4.9)
i ik _ g2
ot 8.7Uk Ek
M, . OMjy s
ot oz, L

where F}!, Fé and ng are the source terms due to the forces acting on each bubble. It is
worth noting that the force term only affects the moments of order higher than zero, because
it is assumed that the number density of the bubbles is conserved. In general, the conservative
equations for the bubble phase needed for coupling with the liquid phase are found by multi-
plying the expressions in Eq. 4.9 by my,. For simplicity, hereinafter it will be assumed that all
of the velocity moments have been multiplied by V4, (e.g., MY = &,).

The set of Egs. 4.9 is not closed, because each equation contains the spatial fluxes of the
moments of order immediately higher, and the source terms due to force. As a consequence,
closures have to be provided for these terms. In this work, QBMM that use quadrature-based
closures are applied. QBMM for dispersed-phase flows [33, 34, 35] are based on the idea of
tracking a set of velocity moments of arbitrarily high order, providing closures to the source
terms and the moment spatial fluxes in the moment transport equations by means of a quadra-
ture approximation of the number density function. Passalacqua et al. [79] used this method to
simulate dilute and moderately dilute fluid-particle flows. The key step of the approach is an
inversion algorithm that allows one to uniquely determine a set of weights and abscissas from
the set of transported moments. The condition for the inversion algorithm to be applied is that
the set of moments is realizable, meaning it actually corresponds to a velocity distribution.
This condition is not generally satisfied by traditional finite-volume methods used in compu-

tational fluid dynamics. Desjardins et al. [25] derived the realizability criterion (constraint on
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timestep size) for the 1%%-order finite-volume scheme. Vikas [115] derived realizability criteria
for high-order finite-volume schemes and solved moment transport equations using QBMM on
unstructured meshes. Recently, Yuan [126] have introduced the conditional quadrature method
of moments (CQMOM), which guarantees a realizable representation of the distribution func-
tion under highly non-equilibrium conditions. Although for simplicity the present work does
not use CQMOM, this will be done in our future work on gas-liquid flows.

In QBMM, quadrature formulas are used to provide closures to the source terms in the
moment transport equations by introducing a set of 8 weights n, and abscissas U, which are
determined from the moments of the distribution function using an inversion algorithm, and

approximating the distribution function with a sum of Dirac delta functions:

B
F¥) =) ned(v—U,). (4.10)
a=1

In this work, a set of § = 4 weights and abscissas per velocity component will be considered,
which are obtained by considering two quadrature nodes in each direction of 2-D velocity phase
space. The inversion algorithm to obtain the weights and abscissas from the set of moments
W is explained in detail in Fox [33]. Once the weights and abscissas are known, the moments
can be computed as a function of the quadrature weights and abscissas by approximating the

integrals in Eq. 4.6 with summations:

4 4
0 1
M® = E Na, M; = E NaUia,
a=1 a=1

4 4 (4.11)
Mi2j = Znanana7 Mgk = ZnananaUka-
a=1 a=1
The source terms in Eq. 4.9 due to forces are computed in terms of the abscissas as
4
F.
F=Yon (e a).
a=1
4 o 7.
2
Fj= azlna [(m: + gi) Uja + (ni: + gj> Uw] , (4.12)

4
E F. F
; k
Fl = zjlna [(Wz + gz‘) UjaUga + (ni: + gj) UkaUia + <m: + 9k> Uiana} :
o
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As a consequence, the momentum exchange term My, in Eq. 4.2 can be written in terms of the

forces for each abscissa as
4
1
My, = A ; noFia. (4.13)

In Egs. 4.12 and 4.13, the overall force term Fj, is defined by

Fia = Fio + Fio + Fio + Fig

(1o %)

(4.14)

where Fiz, F,LE, Fl-XM and Fg& refer to the pressure, drag, virtual mass and lift forces, respec-

tively.

The pressure force term is computed as
F. = -1, Vp, (4.15)
and the drag force term is given by
FL = Tipa (U —U,), (4.16)

where T, o = mp/ 7'0]? and the expression for drag time 7D can be written as

«

D _ 4dy, py,
“ 3apCp|U—U,|

(4.17)

In this work, the drag coefficient Cp is provided by the Schiller & Naumann [98] correlation:

2411 4+ 0.15(Repq ) 657, if Repq < 1000

Reba

Cp = (4.18)
0.44, otherwise.
However, more sophisticated bubble drag correlations can easily be used in place of Eq. 4.18 [108].

The bubble Reynolds number for each abscissa is defined by

_ pdy [Uy — Uy
H

Repq (4.19)

It is worth underlining that in the evaluation of the force term, the relative velocity vector
U; — U,, is defined as a function of the quadrature abscissas U, instead of the mean bubble
velocity. As a consequence, the drag force has different values for each quadrature node.

The lift force term [3] is given by

FE =CupmW (U —U,) x (VxUy), (4.20)
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while the virtual mass force term [3] is given by

, dU, DU
FYM = _C W —2 — 4.21
where
Cyy = Cyvm [1+2.78 (1 — 7). (4.22)

In Eq. 4.22, % and % refer to total time derivatives for bubble and liquid phases, respectively.

In the present work, Cyy = 0.5 and Cp, = 0.53 are used. The reader should note that it is
straightforward to add other forces acting on an individual bubbles through the liquid phase
(e.g. the wall force introduced by Tomiyama et al. [107]). If fact, one advantage of formulating
the model in terms of a mesoscopic kinetic equation is that the connection to the microscopic
force balances is retained, thereby allowing for a high-fidelity physical model for the dispersed
phase.

An important point for obtaining a stable solution to the moment transport equations is
represented by the closure provided for the moment spatial fluxes appearing in Eq. 4.9. These
fluxes are represented by the second term on the left-hand side of Eq. 4.9, and are computed
according to their kinetic definition [82, 25, 33]. First each moment involved in the expression
for the fluxes is decomposed into two contributions. For example, the zero-order moment has

a spatial flux involving the first-order moments:

0 +o0
M} = M; + M;F :/ v; </ fdvjdvk> dv; —i—/ v; (/ fdvjdvk> dv;. (4.23)
—00 0

Using QBMM, the integrals in Eq. 4.23 are approximated by a Dirac-delta representation as
discussed in detail in Sec. 4.3. This procedure to evaluate the spatial fluxes is essential to ensure
the realizability of the set of moments by means of the quadrature approximation, or, in other
words, that the set of weights and abscissas actually represent a real distribution function. At
this point, all of the terms in the moment transport equations have been closed using QBMM.

We will now describe our numerical implementation of the fully coupled flow solver.
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Figure 4.1 Control volume and its neighbors for an unstructured mesh.

4.3 Description of Flow Solver

This section is devoted to a detailed presentation of the numerical methods used to solve
the bubbly flow model. An unstructured finite-volume approach is used to solve the governing
equations for both the liquid and bubble phases. The same collocated grid arrangement is used
for both phases. A sample unstructured control volume (cell) and its neighbors are shown in
Fig. 4.1. Py denotes both the central cell and its cell center, P; denotes both the neighbor cell
and the cell center of the neighbor cell and j represents both the face and the face center. The
outward unit-normal vector is denoted by n;. Let Q2p, be the volume of the cell Py and S; be
the area of the face j. In the remainder of this section, we first describe the liquid-phase flow
solver in Sec. 4.3.1, followed by the bubble-phase flow solver in Sec. 4.3.2. Finally, details on

the coupling between the two solvers are provided in Sec. 4.3.3.

4.3.1 Liquid-phase solution strategy

In this section details of the liquid-phase solver are presented. The liquid-phase equations

are solved using the SIMPLE algorithm [81, 24, 68].
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4.3.1.1 Liquid-phase velocity equations

The momentum equations (Eq. 4.2) are discretized to form a linear system for the liquid-

phase velocities. The discretized velocity equations can be written as
Alpp, + > Alpp, =1b° (4.24)
J

where ¢ = {U;, V}} in 2-D and summation is over all the faces of cell Py. The coefficients in

Eq. 4.24 can be written as

G5
A?:min(mj70)+m
rp, —1p|

€1,p, 2P, . i€, S50

A¢:[1 ’Yt}/)l,o 0 ) 4959

0 Ty At +§j: masx (1ij, 0) + ltp, — Ry

4 4
QP 1 Y ’
_ 7o Z na,pOleﬂ,pO + At [1 + —t] Z na,PoplgPoCVM,Po
% a=1 ¢ 2 a=1 (425)

1 Yt 1 ,n-1
b = A7 [1 4+ 7] mQpy ey &P, — EMQPOS}?O ol

+ s | max (m]‘,()) V(;spo . (I‘j — I‘PO) -+ Zmin (mj, 0) V¢pj . (I‘j — I‘pj)
J
+¢°.
In Eq. 4.25, 71; is the outgoing mass flux at face j, the superscripts n and n — 1 denote the

previous two time levels and the term dy; is defined such that

n; = 5Sij + 5tjtj7 (426)

rp.—rp
where s; = | ;0

———, is the unit vector from Py to P; and t; is the unit vector tangential to
er I‘PO‘ J J

the face. The two parameters y; and 7, control the temporal and spatial schemes, respectively.
If v, = 0 then 1%%-order Euler implicit time-integration is used, while if v; = 1 then 2"-order
two-level backward implicit time-integration is used. Similarly, if v5 = 0, 15%-order spatial
reconstruction is used and if v = 1, 2"d-order spatial reconstruction is used.

The liquid-phase volume fraction at the face j is computed as

Js

9 [Val’po . (I‘j — I‘PO) + Vgl,Pj . (I‘j — I‘pj)] . (4.27)

1
€lj = B [&71,130 + 51,P]~] +
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All other variables at the faces are computed in the same way. The gradients are computed
using least-squares reconstruction [4, 118] combined with Venkatkrishnan limiter [114].

It is worth noting that in Eq. 4.25, some of the momentum exchange terms are treated
implicitly. Ag contains contributions from the drag and virtual mass terms. This adds to the
robustness of the solver. On the right-hand side of the third equation in Eq. 4.25, ¢® refers to
all the remaining sources coming from pressure, diffusion and the momentum exchange terms

that are not treated implicitly. Also, note that AU = Agl.

4.3.1.2 Rhie-Chow interpolation

Its very well known that a collocated grid arrangement may lead to a pressure-velocity de-
coupling problem. In order to get rid of this problem, Rhie-Chow interpolation [91] is employed

to compute the mass flux at cell faces:

In the above equation, U}, = Uy ; + 5UF].C, where

1
U, = 3 [Uyp, + Ui p,| + % [VU.p, - (rj —tp) + VUp - (rj —1p)] (4.29)
and I
5UFJ'C _ QPoifjl,Po Vipj ) (er B rPo) . (pP]. _pPO) n;. (4.30)
’ Ap! j ‘er - rPo} ’er - rPO‘

In Eq. 4.30, the overbar denotes an averaged value at the face and Agl = Ag I = A(‘)/l.

4.3.1.3 Pressure-correction equation

The velocities obtained after solving Eq. 4.24 do not satisfy the continuity equation. In
order to satisfy the continuity equation, the pressure needs to be adjusted. Instead of solving
for pressure, an equation for the pressure-correction (p) is solved:

Agppo + ZA?]ﬁpj = bﬁ, (4.31)
J
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where

A PeSi [(Qrep
i ‘r —-r ‘ AUI ’
Po = TP 0 j

—> AL, (4.32)

; p1€po Yt Yt 1
v [(1+5) erp — (L+7)elp, + S?Po} Zm]

In Eq. 4.32, €, p, is the latest liquid-phase volume fraction in cell P, while f—:fpo and 6?;,01 are

the volume fractions from the two previous time levels.

4.3.1.4 Boundary conditions for liquid phase

In the present work, two kinds of boundaries are used: no-slip wall and pressure boundary.
At a no-slip wall, both tangential and normal components of the velocity are zero. The mass flux
at a no-slip wall is zero. This boundary condition is easy to implement. Imposing the boundary
condition at a pressure boundary is a little bit more involved. At a pressure boundary, the
flow can be into the domain or out of the domain. If the flow is out of the domain, the static
pressure is specified and the velocity is interpolated from the interior cell. If the flow is into the
domain, the total pressure is specified and the velocity is computed using Bernoulli’s equation
by using the interior cell static pressure. Implementation details for both types of boundary

conditions can be found in Mathur & Murthy [69].

4.3.1.5 Solution algorithm for liquid phase

At each time level the following algorithm is followed to solve the liquid-phase equations:

1. Setup and solve the velocity equations (Eq. 4.25) using the pressure from the previous
time level or the previous iteration. The liquid-phase volume fraction is computed as

g1 = 1 — ep, where ¢y, is obtained from the bubble-phase solver.
2. Recompute the mass flux at cell faces using Rhie-Chow interpolation.

3. Setup and solve the pressure-correction equation.
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4. Correct pressure and velocities in the cells and mass fluxes at cell faces using the pressure

correction.

5. Check for convergence. If converged go to the next time level, else repeat steps 1 through

D.

To compute the momentum exchange terms in the liquid-phase equations, the latest available
bubble-phase properties are used. For solving the velocity and pressure-correction equations,
bi-conjugate-gradient and conjugate-gradient methods are used, respectively. In step 1, the
velocity equations are under-relaxed before solving. Details about the under-relaxation in
step 1 and the computations in step 4 can be found in Demirdzic & Muzaferija [24]. The
convergence criterion in step 5 is based either on a prescribed maximum number of iterations
or on the momentum and continuity residuals converging to a prescribed value, whichever is

achieved first.

4.3.2 Bubble-phase solution strategy

The moment transport equations (Egs. 4.9) are discretized using a finite-volume approach
using the same mesh as the liquid-phase equations. Before proceeding with the description of
the QBMM solver, it is worth reiterating that the moment transport equations are rescaled
so that the zero-order moment MY represents the bubble-phase volume fraction instead of
the number density. This operation is important to ensure the stability and accuracy of the
quadrature-inversion algorithm, which could be compromised by the high round-off error caused
by the computation in terms of the number density. As noted earlier, the scaling of the equations
is simply performed by multiplying them by the bubble volume V4, and by modifying the
bubble-bubble interaction and drag terms accordingly. After this rescaling, the drag time 72
is unchanged. The rescaled weights n, can then be interpreted as representing the volume
fractions of the corresponding abscissas.

The moment transport equations contain convection and force terms. These terms are

treated in a sequential manner using an operator-splitting approach. For clarity, treatment

of these terms is discussed below using a 15t-order, single-stage Euler explicit time-integration
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scheme. Details about 2"%-order, two-stage RK2SSP time integration can be found in Vikas
[115]. In the following description, the convection terms are treated first, followed by the force

terms. This order, however, can be changed without loss of accuracy.

4.3.2.1 Contribution of moment convection terms

The contribution of the convection terms in the moment transport equations is accounted for
using a finite-volume approach. Let U, = [Uy Vo], No = [nq Ug]and N = [N, : a = {1,2,3,4}].
The evolution equation for the set of moments (W) using a single-stage Euler explicit time-

integration scheme can be written as
Wi, = Wk Z {G (N}, Njp,ny) S;}, (4.33)

where N7, = INJ ./ o= {1,2,3,4}} and N7 = [Ng,j,L o= {1,2,3,4}], respectively,
represent the reconstructed weights and abscissas (N™) on the left (L) and right (R) sides of
face j. The outward normal vector n; = [n;; n;2| points from the left side to the right side of
face j. For reconstruction at the left and right sides of the faces, a 1%%-order or quasi-2"d-order
scheme can be used. For the 15t-order scheme, 15%-order reconstruction is used for both the

28d_order scheme, 2"-order least-squares reconstruction

weights and abscissas. For the quasi-
with a Venkatkrishnan limiter is used for the weights and 15*-order reconstruction is used for
the abscissas. For both the 15 and quasi-2"9-order schemes, the time step size must satisfy the

realizability constraint. More details about the reconstructions and realizability criteria can be

found in Vikas [115]. The numerical flux (G) is computed as

4
G (N}, N7 5. n;) Zmax n; - Ugyr,0) Wi p +min (nj - Uajr,0) Wi p] . (4.34)

where W7 ol and W7 ;g are computed using N7 L and N” respectively.

a,7,R?
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4.3.2.2 Contribution of force terms

The contribution of the force terms is computed by acting on the weights and abscissas
directly. The following two ordinary differential equations are solved:

dng

a =%
4.35
dU, FP+FD 4+ FL4FVM (4.35)
dt my

These equations are written considering that the forces do not affect the quadrature weights

because they do not change the number of the bubbles, but only influence the abscissas. The

dU,
dt

last equation is modified to treat the term in FYM implicitly:

dU, FL+FD+FL+FM +myg

4.36
dt my ( )

where My, = myp + prbC’{/M and FZM = prbC{/M D lDItJl. This adds to the stability of the solver.
Using single-stage, Euler-explicit time integration the weights and abscissas in cell Py can

be updated as
n+l _ %
noz,Po - na7P0
P % D,x L,* VM,
Fa,Po + Fa,Po + Fa,Po + Fa,Po + mbg>
b)

K
M, Py

(4.37)

where ng, p and U}, p are computed from the moments in W, . As is done for the interaction
terms below, another alternative to handle the stiffness of the force terms is to linearize the
ordinary differential equation (ODE) in Eq. 4.36 and then directly use the analytical solution
of this linearized ODE. Although not used here, this alternative would allow for a larger time
step than is possible with Eq. 4.37. The moments at time step n + 1 (W%rl) are computed

. n+1 n+1
using n,'p and Ua,PO‘

4.3.2.3 Boundary conditions for bubble phase

During the convection step mentioned in Sec. 4.3.2.1, boundary conditions are needed.
These boundary conditions can be specified either in terms of the moments or in terms of the
weights and abscissas. The latter approach is more convenient and is followed in the present

work. In this work, three types of boundary conditions are used: Dirichlet, outflow, and
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specular wall. At a Dirichlet boundary, the weights and abscissas are specified. At an outflow
boundary, the weights and abscissas are extrapolated from the interior, i.e. given the left-side
weights and abscissas (N ) on boundary face j, the right-side weights and abscissas (N, r)
are computed using N g = Nj 7. At a specular-wall boundary, the right-side weights and

abscissas are computed using

Na,j,R = na,j,L/ebw) (4 38)

Uajr = Uqjr — (1 +epw) (- Uajr) 0y,
where ey, is the bubble-wall restitution coefficient. For the simulations in the present work,

epw = 1. It should be noted that the unit-normal vector, n;, points out of the domain at

boundary faces.

4.3.2.4 Solution algorithm for bubble phase

A detailed solution algorithm for the moment equations can be found in Fox [34] and Vikas
[115]. Here a brief overview of the steps involved in the solution procedure at each time step is

presented, assuming a single-stage, Euler explicit time-integration scheme:
1. Apply boundary conditions to weights and abscissas.
2. Compute moments using weights and abscissas.
3. Reconstruct weights and abscissas at cell faces.
4. Compute spatial flux terms at cell faces.
5. Advance moments by At due to spatial flux terms using a finite-volume approach.
6. Compute weights and abscissas from moments using the moment-inversion algorithm.
7. Advance weights by At due to force terms.
8. Compute moments using weights and abscissas.

To compute the force terms in step 7, the latest available liquid-phase properties are used.
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Figure 4.2 Schematic of the control flow for the coupled bubbly flow solver.
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4.3.3 Coupling algorithm

A schematic of the control flow for the coupled bubbly flow solver is shown in Fig. 4.2. Both
solvers use the same time step size At, which is calculated as At = min (AtICF L AtEFL 7D ),
where AtICFL and AtgFL are the time step sizes computed on the basis of the convection terms
in liquid and bubble phases, respectively, using a specified CFL number and the modified drag
time, 72, is defined as

«

D= %75, (4.39)

to include the affect of added mass. In the present work, CFL = 1 is used to compute AtICF L
and AtSFL.

At each time step, first the bubble-phase equations are solved using the QBMM solver and
then the liquid-phase equations are solved using the SIMPLE solver. There exists a two-way
coupling since the bubble-phase solver needs the liquid-phase properties to compute the force
terms. As mentioned earlier and also shown in the schematic in Fig. 4.2, the latest available
liquid-phase properties are used by the bubble-phase solver. Once the bubble-phase equations
are solved and the bubble-phase volume fraction is known, the liquid-phase volume fraction is
calculated. The liquid-phase solver also needs the bubble-phase properties. Here again, the

latest available bubble-phase properties are used.

4.4 Numerical Results

4.4.1 Description of 2-D test case

The 2-D domain used for simulations is shown in Fig. 4.3. The width (D) and height
(H) of the domain are 0.5 m and 1.5 m, respectively. The opening at the lower boundary is
0.04 m wide and its center is located at a distance of 0.15 m from the lower-left corner of the
domain. A Cartesian mesh with 50 grid points along the horizontal direction and 100 grid
points along the vertical direction is used. The properties of gas (bubble) and liquid phases
used in simulations are given in Table 4.1.  Results are presented for two different gas flow
rates: 1.6 1/min (lower gas flow rate) and 8.0 1/min (higher gas flow rate).

The boundary conditions (BC) are given in Table 4.2. For the liquid-phase solver, the
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Figure 4.3 Schematic of the 2-D domain used for simulations.

Table 4.1 Gas (bubble) and liquid properties.

Property Value
Bubble diameter (dp) 2 mm
Gas density (pp) 1.2 kg m™3
Liquid density (p;) 1000 kg m—3
Liquid dynamic viscosity (i) 0.001 kg m~! s~ !
Gas flow rate 1.6 1 min~! / 8.0 1 min~!

Table 4.2 Boundary conditions.

Boundary BC for bubble phase BC for liquid phase
1 Dirichlet Pressure BC
2 Specular wall No-slip wall

3 Outflow Pressure BC
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same pressure is specified at the two pressure boundaries. A more accurate approach would be
to capture the interface between the liquid and the bubble phases near the top boundary. In
that case, liquid-phase boundary condition would not be needed at the top boundary. However,
such an approach is left to future work as the main aim of the present work is to demonstrate
the implementation of the new model. Initially the domain only contains the liquid phase. The
bubble phase is injected through the opening at the bottom surface.

In the present work, a 2"-order two-stage RK2SSP time-integration is used for the bubble-
phase QBMM solver, while a 2"-order two-level backward implicit time-integration is used for
the liquid-phase SIMPLE solver. For the spatial reconstruction, a 2"9-order scheme is used
for the liquid-phase equations, while a quasi-2"d-order scheme is used for the bubble-phase
equations.

As a verification test case for our model, the terminal rise velocity of a single bubble as
calculated from a force balance is compared to the bubble velocity predicted by the flow solver.
For a bubble rising with a steady velocity through a quiescent liquid the buoyancy force just
equals the sum of the gravity and drag forces. The bubble’s terminal rise velocity is given by

8 (o1 — pp) dvy

Ubsise| = ,
| b,rlse’ 6CDPI

(4.40)

where g = 9.81 m s™2 is the gravitational acceleration and Cp is calculated from Eq. 4.18. This
gives a terminal rise velocity of 0.208 m s~! for the properties given in Table 4.1. Our 2-D flow
solver was also used to determine the terminal velocity. Only one-way coupling from the liquid
to the bubble phase was considered. Our flow code predicted the same terminal rise velocity
as mentioned above, thereby verifying that the force terms are correctly implemented in the

bubble-phase solver. Next, results for the two gas flow rates are discussed.
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4.4.2 Lower gas flow rate

For the case with gas flow rate equal to 1.6 1/min, the weights and abscissas at the Dirichlet

boundary are specified as
ny = 0.25, ny = 0.25, ng = 0.25, ng = 0.25,
U, = 0.0000001, Us = —0.0000001, Us = 0.0000001, Us = —0.0000001, (4.41)

V1 = 0.0006667, V4, = 0.0006667, V3 = 0.0006665, V4 = 0.0006665.
A small fluctuation in the abscissas in Eq. 4.41 is necessary for the inversion algorithm to
work properly. Figure 4.4 shows the instantaneous contour plots of the bubble-phase volume
fraction (e},) obtained using QBMM and Eulerian-Lagrangian simulation by Delnoij et al. [22]
at t = 60 s. The QBMM results agree qualitatively with the Eulerian-Lagrangian results. Fig-
ure 4.5 shows the instantaneous plots for liquid-phase velocity magnitude and velocity vectors
respectively at the same time as above. Note that the velocity vectors are not drawn to scale.
The instantaneous contour plots of the bubble-phase granular temperature (0y,), along with
the bubble-phase Mach number (May,), and the Stokes number (Sty,) at ¢ = 60 s are shown in

Fig. 4.6. The granular temperature (©}) is defined in terms of the moments by

1
Op = (011 + 022), (4.42)
where
M (M’ M (Y’
g11 = W — (]\40 and 0929 — W - W . (443)

The Mach number is defined as

U U
May, = ’\/@il, Kny, = \/ET ’Db|, (4.44)

while the Stokes number is defined as

7‘:D

Sty = — (4.45)

TF’

= |UT1| is the flow

where 7P is the modified drag time based on mean bubble velocity and 7F
time. Physically, Maj, > 1 implies that bubble transport is dominated by mean convection, as
opposed to random bubble-velocity fluctuations, while the small Sty implies that the bubble-

phase mean velocity will be very close to the liquid-phase velocity since the drag force is
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Figure 4.4 Instantaneous contour plots of bubble-phase volume fraction (e},) for gas flow rate
equal to 1.6 1/min at ¢ = 60 s (a) using QBMM, (b) using Eulerian-Lagrangian
approach.

inversely proportional to Sty,. The instantaneous contours show that the bubble-phase granular
temperature is very small throughout the domain, while the bubble-phase Mach number is large,
both of which are a result of the dominance of the drag term (very small St},) in the bubble-
phase model. Figure 4.7 shows the instantaneous contour plots of the bubble-phase volume
fraction (e},) at four different times. The meandering behavior of the bubble plume due to
the dynamic interaction between the two phases can be clearly seen. As the bubble phase is
injected into the quiescent liquid column, the liquid phase near the opening is dragged along,
creating small vortices. These vortices in turn deflect the bubbles from their path due to the lift
and drag forces. As time progresses, the vortices grow larger, leading to a meandering bubble

plume.
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Figure 4.5 Instantaneous contour plots for gas flow rate equal to 1.6 1/min at ¢ = 60 s for
liquid-phase (a) velocity magnitude (JUy|, m s71), (b) velocity vectors.
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Figure 4.6 Instantaneous contour plots of bubble-phase (a) granular temperature (m s=1), (b)
Mach number, (c¢) Stokes number for gas flow rate equal to 1.6 1/min at ¢t = 60 s.
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Figure 4.7 Instantaneous contour plots of bubble-phase volume fraction (ey,) for gas flow rate
equal to 1.6 1/min.

4.4.3 Higher gas flow rate

For the case with gas flow rate equal to 8.0 1/min, the weights and abscissas at the Dirichlet

boundary are specified as

n1 = 0.25, ny = 0.25, n3 = 0.25, ny = 0.25,
U, = 0.0000001, Us = —0.0000001, Us = 0.0000001, Us = —0.0000001, (4.46)
Vi = 0.0033334, V5 = 0.0033334, V5 = 0.0033332, V; = 0.0033332.

Figure 4.8 shows the instantaneous contour plots of the bubble-phase volume fraction (ep)
obtained using QBMM and Eulerian-Lagrangian simulation by Delnoij et al. [22] at ¢t = 60
s. Again, the QBMM results agree qualitatively with the Fulerian-Lagrangian results. Fig-
ure 4.9 shows the instantaneous plots for liquid-phase velocity magnitude and velocity vectors
respectively at the same time as above. The velocity vectors are not drawn to scale. The
instantaneous contour plots of the bubble-phase granular temperature (0}), along with the
bubble-phase Mach number (May,), and the Stokes number (Sty,) at ¢ = 60 s are shown in
Fig. 4.10. As seen for the lower gas flow rate, the bubble-phase velocity in the higher gas flow

rate is dominated by the drag force, leading to a very small Stokes number. In contrast, due
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(a)

Figure 4.8 Instantaneous contour plots of bubble-phase volume fraction (e}) for gas flow rate
equal to 8.0 1/min at ¢ = 60 s (a) using QBMM, (b) using Eulerian-Lagrangian
approach.

to the small ratio between p, and pj, the liquid-phase velocity is mainly determined by the
bubble-phase volume fraction through the liquid-phase continuity equation. In other words,
the change of €}, due to moment convection in the bubble-phase solver drives the liquid-phase
acceleration through the pressure-correction term in the liquid-phase solver. Figure 4.11 shows
the instantaneous contour plots of the bubble-phase volume fraction (gp,) at four different times.
The meandering behavior of the bubble plume is much more significant for the higher gas flow
rate. As demonstrated by the results presented in this section, our fully coupled flow solver

successfully captures this strong coupling between the two phases.

4.5 Conclusions

We have presented a novel approach to model bubble-column flows using quadrature-based
moment methods (QBMM). A fully two-way coupled flow solver has been developed that solves
the incompressible Navier-Stokes equation for the liquid phase and moment transport equations
for the dispersed bubble phase. The moment transport equations for the dispersed bubble

phase are solved using a kinetic theory approach. Contributions from the liquid-phase pressure
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Figure 4.9 Instantaneous contour plots for gas flow rate equal to 8.0 1/min at ¢ = 60 s for
liquid-phase (a) velocity magnitude (|Uj|, m s~1), (b) velocity vectors.
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Figure 4.10 Instantaneous contour plots of bubble-phase (a) granular temperature (m s~!),
(b) Mach number, (c) Stokes number for gas flow rate equal to 8.0 1/min at ¢ =
60 s.
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Figure 4.11 Instantaneous contour plots of bubble-phase volume fraction (ey,) for gas flow rate
equal to 8.0 1/min.

gradient, vorticity, drag, virtual mass and gravity are accounted for in the bubble-phase force
balance. In this paper, the solution algorithm and coupling procedure are described in detail,
and results are presented for a pseudo 2-D bubble column with two different gas flow rates
(1.6 and 8.0 1/min). The meandering behavior of the bubble plumes caused by the dynamic
interaction between the liquid and bubble phases is observed. Overall, we have demonstrated
that the proposed bubbly flow solver is robust and performs satisfactorily under conditions
where the two phases are tightly coupled.

Although the main aim of the present work was to demonstrate the implementation of the
new model, many improvements and changes can be made to optimize the simulation time
as suggested in the paper. Moreover, additional force models can be be implemented in a
straightforward manner due to the kinetic formulation of the bubble-phase model. Likewise,
different boundary conditions can be added to the flow solver in order to simulate more complex
flows. For example, a more accurate approach for bubble columns would be to capture the
interface between the two phases at the top of the column. These and other improvements,

along with the 3-D implementation, will be the subject of future work.

0.0037
0.0034
0.0031
0.0028
0.0025
0.0022
0.0019
0.0016
0.0012
0.0009
0.0006
0.0003
0.0000



108

CHAPTER 5. RADIATION TRANSPORT MODELING USING
EXTENDED QUADRATURE METHOD OF MOMENTS

A paper submitted to Journal of Computational Physics

Varun Vikas!, C. D. Hauck, Z. J. Wang, Rodney O. Fox

Abstract

Radiation transport modeling describes the interaction of radiation with scattering and
absorbing media. It occurs in a wide variety of phenomena ranging from stellar to terrestrial
applications. Over the past few decades, a lot of effort has gone into developing accurate ap-
proximation methods for radiation transport modeling. Although, these models give highly
accurate results for some systems, they fail to accurately predict the physics for other systems.
Almost all of the approximation methods, barring the Monte Carlo method, have some inher-
ent weaknesses as far as the physics is concerned. Recently, an extended quadrature method
of moments (EQMOM) was developed to solve uni-variate population balance equations. EQ-
MOM has many favorable properties that makes it suitable for radiation transport modeling.
The goal of the current paper is to discuss these properties and demonstrate the successful
implementation of EQMOM for radiation transport modeling. The equations governing radia-
tion transport are formulated using EQMOM with special attention to realizability and a set
of standard one-dimensional benchmark problems encompassing optically thin, thick and tran-
sition regimes is solved. The results look very promising and lay the foundation for extending

the same framework to multiple dimensions.

!Primary researcher and author.
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5.1 Introduction

Radiation transport modeling finds application in a wide variety of phenomena ranging
from stellar to terrestrial [13, 18, 75, 84]. A very general application is to solar radiation, the
most important source of energy for the earth. Another common application is in weather
or climate models, where the radiative forcing is calculated for greenhouse gases, aerosols or
clouds. Radiation transport modeling for supernovae has been a topic of great interest for
astrophysicists. With future interests in space travel, it finds another application in planetary
reentry problems. In biomedical sciences, the development of photon radiotherapy techniques
and related equipment rely heavily on radiation transport modeling. For the development of bio-
renewable fuels, the design of photobioreactors needs accurate radiation transport models for
light absorption and scattering by microorganisms such as algae. In the environmental context,
radiation transport modeling is important for the efficient design of furnaces to minimize energy
loss and pollution emissions.

Radiation transport modeling involves solving two coupled equations. One is a complex
integro-differential kinetic transport equation for the specific intensity of radiation and the
other is an evolution equation describing the change in internal energy of the material through
which the radiation is propagating. The transport equation is extremely difficult to solve
because of the high-dimensionality of the independent variable space. A variety of different
models [13, 75, 84] have been proposed to numerically solve the transport equation, but there are
essentially four major approaches: diffusion approximations, Monte Carlo, discrete-ordinates
and moment methods.

In optically thick systems, that are nearly opaque and allow very little light to pass through,
the emission/absorption processes drive the radiation intensity to an isotropic distribution, that
is, constant in angular space. The constant depends on the material temperature which, in turn,
over long time scales satisfies a nonlinear diffusion equation up to an error that is proportional
to the ratio of the photon mean free path to the macroscopic length scale. In optically thick
systems, this ratio is small and the diffusion approximation [6, 13, 75, 78, 84, 93] provides an

accurate representation of the radiation field. However, in optically thin regimes, in which
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very little material is present and most of the light passes through, this ratio can be very
large. As a result, in optically thin regimes, the diffusion approximation is highly inaccurate.
Several extensions have been designed to push the validity of the diffusion approximation into
the transition regime, where collisions are frequent enough to give structure to the radiation
field, but not enough to validate the diffusion limit. These extensions [1, 12, 53, 61, 62, 106]
include non-equilibrium diffusion and flux-limited diffusion. The latter is derived by enforcing
the physical property that the radiation flux be bounded by the radiation energy density times
the speed of light. The effect is to lessen the diffusion coefficient near steep spatial gradients.
Even with these extensions, the validity of the diffusion approximation does not extend much
beyond optically thick regimes.

Monte Carlo methods [32, 49] are the community standard-bearer with respect to accuracy.
But with that accuracy comes a significant increase in both computational and memory require-
ments. Individual photons are simulated and then a statistical average is taken to determine
the intensity. Due to the finite number of photons, statistical noise is an important issue in
determining the accuracy of the computed moments.

The discrete-ordinates model [52, 57, 84], also referred to as the Sy model is the most
deterministic method for solving the transport equation numerically. It solves the transport
equation along a discrete set of angular directions. These directions are taken from a quadrature
set which is used to compute the angular integrals as needed for the moments. The main
drawback of the method is the existence of the so called ray effects, which are numerical
artifacts that arise because the photons move only along directions in the quadrature set.
These effects are most pronounced in optically thin materials with localized sources or sharp
material discontinuities.

Moment methods track the evolution of a finite number of weighted angular averages of
the specific intensity, also known as moments. They require a closure which approximates
the specific intensity as a function of the tracked moments. The most common closures are
based on spherical harmonic expansions, which are often referred to as the Py models [66, 90].
These closures result in systems of linear hyperbolic equations for the expansion coefficients.

As such this approximation method often leads to negative radiation energy densities, which
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are unphysical. However, they do preserve the rotational symmetry of the transport operator.
It is this lack of symmetry which leads to ray effects in the discrete-ordinates model.

Defects in the Py models have led the researchers to look for better closure models [28, 29,
36, 45, 46, 47, 99, 102, 103]. The best performing models are usually nonlinear and are based
on closure strategies that, except at very low order (usually the first two moments), involve
orders of magnitude increase in the computational overhead. Thus, the search for relatively
simple closures which reproduce basic features of the kinetic equations still continues. This is
because, in spite of the challenges, moment methods are extremely flexible. Indeed they can be
used as stand-alone models, as members of an adaptive hierarchy, as components of a hybrid
description and as preconditioners for higher resolution models.

Recently, an extended quadrature method of moments (EQMOM) [127] has been devel-
oped to solve uni-variate population balance equations in the context of particle transport in
dispersed-phase flows. EQMOM is a moment method that uses quadrature-based closures. EQ-
MOM has certain desirable properties that makes it suitable for radiation transport modeling.
The aim of the current paper is to lay a foundation for solving radiation transport problems
using EQMOM. The paper formulates the radiation transport problem using EQMOM frame-
work and tests it using a series of one-dimensional benchmark test problems. The current
paper only discusses grey (frequency-independent) radiation transport. Non-grey cases will be
considered in future work. The results, as discussed later in the paper, look very promising.
The remainder of this paper is organized as follows. In Sec. 5.2, the equations of radiative
transfer are discussed. Section 5.4 deals with EQMOM. Thereafter, in Sec. 5.4, the solution
algorithm is presented. Section 5.5 presents the numerical results for several benchmark test

problems. Conclusions from the present study are summarized in Sec. 5.6.

5.2 Equations of radiative transfer

The equation for time-dependent grey radiative transfer [13, 70] in a one-dimensional planar

geometry medium with space and temperature dependent opacities is given by

1 1 1
il el ol = 5aco—GLT4 + 5asM“ + 55, (5.1)
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where I = I(z,p,t) is the specific intensity of radiation, y = cos @ is the internal coordinate
associated with the angle (6) between a photon’s direction of flight and the z-axis, o, = 04(2,7T),
os = 0s(z,T) and oy = 04(z,T) are the absorption, scattering and total opacities respectively,
T = T(z,t) is the material temperature and S = S(z) is an isotropic external source of
radiation. Note that 6 € [0, 7] and pu € [—1,1]. The total opacity is the sum of the absorption
and the scattering opacities (o = 04 +05). In (5.1), MY = M?(z,t) is the zeroth-order moment

of the specific intensity. The p*-order moment of the specific intensity is defined as

+1
Mp—/1 uPIdpy. (5.2)

The evolution equation for the internal energy density (e) [13, 70] of the material is given by

d
a—j =0, M° — aco, T (5.3)

If the material is stationary, as will be assumed in this work, then e = e(7T) and Je/0t =
C,0T /0t where C, = C,(T) = 0e/0T is the heat capacity at constant volume. Applying
the definition of moments in (5.2) to (5.1), the moment transport equation for the p*P-order

moment can be written as

1oMP  oMPHL 1 1 1 1— (=1)ptt
- MP =q= T 4+ oM+ 28 | —————— 1. 5.4
o T o, o {2acaa + 5o M+ | (5.4)
Putting p = 0 gives the transport equation for the zeroth-order moment:
1oM°  oMm?
Py + 9. = aco T4 — o, M + S. (5.5)

MO%/c and M' are often referred to as the radiation energy density and the radiation flux
respectively. Note that in the absence of any external source of radiation (S = 0),

de 1oM° OM!?
oo Ta =0 (56)

meaning that the net energy in the system is due to the energy crossing the system boundaries.
The discretized equations should also satisfy this property.

The moment transport equations are not closed. The convection term in the evolution
equation for each moment involves a higher-order moment. To solve a finite set of moment
transport equations, a closure model is needed. In the current work, EQMOM is used for

closure. The details of EQMOM are discussed in the next section.
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5.3 Extended quadrature method of moments

EQMOM is a moment method that uses quadrature-based closures for reconstructing the
specific intensity from the tracked moments. EQMOM combines the most desirable prop-
erties of quadrature method of moments (QMOM) [25, 71, 34] and kernel density element
method (KDEM) [2], while eliminating their weaknesses. Unlike QMOM that represents the
specific intensity as a weighted sum of delta functions, EQMOM uses a weighted sum of known
non-negative kernel density functions which is similar to the representation used for KDEM.
However, KDEM is more expensive as it solves a multivariate constrained least-squares problem
to compute the multiple unknown parameters whereas EQMOM uses a one-dimensional root-
finding method. Moreover only a few of the lowest-order moments are exactly reproduced by
KDEM. EQMOM also holds an upper hand over the entropy-based closure models [45, 47, 74].
Just like KDEM, entropy-based closure models have to solve a multivariate constrained least-
squares problem. In addition, the extension of the entropy-based closure models to the bound-
ary of moment space is ill-conditioned [67]. At the boundary of the moment space, EQMOM
reduces to QMOM in a well-conditioned manner, making it possible to easily reconstruct the
specific intensity all the way to the boundary of the moment space.

EQMOM uses two successive quadrature approximations to reconstruct the specific intensity
from the tracked moments. These successive approximations are referred to as primary and
secondary quadratures. In the discussion below, N nodes are used for primary quadrature
and M nodes are used for secondary quadrature per primary node. The number of secondary
quadrature nodes should always be greater than the number of primary quadrature nodes
(M > N). For the N-node primary quadrature, the specific intensity is represented as a

weighted sum of N smooth kernel density functions:

N
I= Z Wado (1, fha) - (5.7)
a=1

Note that in the discrete-ordinates model (just like QMOM), the smooth kernel density func-
tions are replaced by the delta functions, thereby allowing radiation transport only in a finite
number of pre-specified directions. In EQMOM, the smooth kernel density functions allow ra-

diation transport in all directions. In (5.7), w, and ps (o € [1,2, ..., N]) are called the primary
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quadrature weights and abscissas respectively and ¢ is a measure of the spread of the individual
smooth kernel density functions. Note that the same o is used for each of the N kernel density
functions. The kernel density functions d, (i, 1a) should be defined over [—1,1]. In this work,

each smooth kernel density function is chosen to be a beta distribution function:

1 TR A A
50’ (:U’7 /’LO!) - 2B (gaana) < 2 ) < 2 ) ’ (58)

where B (&4,7Mq) is the beta function and the two parameters are &, = (uq + 1)/(20) and

No = (1 — ta)/(20). This form of EQMOM is called beta-EQMOM, but in the current paper
it will simply be referred to as EQMOM. Note that a uniform distribution in the 8-space leads
to a beta distribution in the p-space. As EQMOM uses beta distribution as the kernel density
function, it can easily recover a uniform distribution in the #-space. Moreover, with appropriate
choice of parameters (§, = 1 and 1, = 1), a uniform distribution in the p-space can also be
recovered. In order to reconstruct I, 2N + 1 parameters ([wq pia] V @ € [1,2,..., N] and o) are
needed. To find these 2N + 1 unknowns, the first 2N + 1 moments (MP V p € [0,1,...,2N]) are
tracked. A very efficient and robust inversion algorithm to compute the unknown parameters
from the tracked moments has already been developed in [127]. This inversion algorithm
combines the moment inversion algorithm for QMOM with a one dimensional root finding
algorithm that solves for o. As only a finite number of moments is tracked, multiple solutions
are possible for primary quadrature. The current approach is to find the solution with the
smallest value of o.

Another important advantage of EQMOM is the ability to construct a second Gaussian
quadrature [38] with respect to the kernel density function. For the secondary quadrature,

each kernel density function is written as a weighted sum of delta functions:

M

8o (1 ) =D Papd (11— lap) - (5.9)
A=1

This form changes all the integrals in the p-space to summations thereby simplifying the flux
calculations, when using the finite-volume approach. Moreover, this form is essential for the
use of realizable schemes in [115]. In (5.9), pos and pap are obtained from the weights and

abscissas of the Gauss-Jacobi quadrature. Substituting (5.9) in (5.7) gives the final form of the
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specific intensity:

N M
=3 wasd (1 — pag), (5.10)
o= 5,

where wag = Wapap and pap (o € [1,2,...,N] and € [1,2,...,M]) are called secondary
weights and abscissas respectively. It is important to understand that although the final form
(5.10) expresses the specific intensity as a weighted sum of delta functions, this is not same
as the discrete-ordinates model. This form is just used to facilitate the flux computation and
guarantee realizability. If M > N, values of the tracked moments computed with the smooth
formulation (5.7) are the same as those computed using the final delta formulation (5.10).

To summarize, the moment-inversion algorithm for EQMOM involves two stages. In the
first stage, the primary quadrature information is obtained from the tracked moments and in the
second stage, the secondary quadrature information is obtained from the primary quadrature

information. This can be depicted as:

Primary quadrature

] Secondary quadrature\ [

(MO MY, .. MV [Was tery O WaB, Haf) (5.11)

where o € [1,2,...,N] and 8 € [1,2,..., M]. A detailed description of EQMOM can be found
n [127].

Before moving onto the next section, here is a brief summary of the properties that make
EQMOM a better option compared to the already existing models. As mentioned earlier, un-
like the discrete-ordinates model, EQMOM allows radiation transport in all directions. Unlike
KDEM and entropy-based closure models, EQMOM has a robust inversion algorithm that
avoids the computational cost of solving a multivariate constrained least-squares problem. EQ-
MOM can easily reconstruct the specific intensity all the way to the boundary of the moment
space which is not often possible with the entropy-based closure models. When EQMOM is
used in conjugation with the realizable discretization schemes, the non-negativity of the spe-
cific intensity is guaranteed, thereby avoiding the negative radiation energy density problem
encountered by the spherical harmonics model. EQMOM can achieve the maximum radiation
transport speed of ¢ even with a single primary node. This property does not hold for the low
order spherical harmonics models, in particular the P, model. The system of evolutions equa-

tions for EQMOM have distinct eigenvalues that preserve the hyperbolic nature of radiation
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transport. Also, EQMOM is much less expensive compared to the Monte Carlo simulations
and is not be subject to statistical noise. More discussion on the comparison of EQMOM with

other models is given in Sec. 5.5.

5.4 Solution algorithm

The aim of the current paper is to demonstrate the effectiveness of EQMOM for radiation
transport modeling. Development of efficient spatial and temporal discretization schemes for
EQMOM applied to radiation transport modeling will be considered as a part of future work. In
the current work, the equations are discretized using the finite-volume approach [60]. A semi-
implicit time-integration scheme, adapted from [70] is used. The convection and the external
source terms are treated explicitly while the material coupling terms are linearized and treated
implicitly. The conservation of the net energy is satisfied in discrete form. In addition, the
realizability of the moment set is guaranteed at each step using appropriate realizable schemes
and realizability criteria. This is essential for the success of the moment-inversion algorithm.
With a non-realizable moment set, the moment-inversion algorithm may lead to the weights
that are negative and the abscissas that lie outside the support interval ([—1,1]), which are
unphysical. A realizable moment set always guarantees a non-negative specific intensity thereby
leading to a non-negative radiation energy density. The details of the treatment of different
terms are given below. First the convection term is treated, followed by the external source

term and eventually the effect of the material coupling terms is included:

Convection term ,(1) External source term ,(2) Material coupling terms 1
pgpm Lonvection term, (1) M@ MPML (5.12)

5.4.1 Convection term

For the convection term, the first-order Euler explicit time-integration is used. The dis-
cretized equation can be written as

p(1) _ o CAL [ pn n
M; —sz T Az G?—Q—l/Q_G]iD—l/Z ’ (5.13)

where MP™ is the p't-order cell-averaged moment in the i*! cell at time level n, At is the time

p?n

step size and Az is the cell size. G, iy

, and GP"| /o A€ the numerical fluxes at the faces i +1/2
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and ¢ — 1/2 respectively. The numerical flux is evaluated using a kinetic approach:

+1 +1
Gf_’:ll/g = 1 HliIl('U,? O)MPIZL—&—l/Q,rdH + L ma,x(,u, O)MPIZL—&—I/Q,ldH? (514)
where [ | /2. and I} /o, ATC the reconstructed specific intensities at the left and right sides

of the face i + 1/2 respectively. This kinetic treatment of numerical flux is essential to allow
for a two-way radiation transport across the face. The specific intensity in the i*" cell can be

written as

N M
I = Z Z Wag:0(H — fagi)s (5.15)
a=1 =1

where Wy s and og; are the secondary weights and abscissas in the i*® cell respectively. The

reconstructed specific intensities at the left and right sides of the face i41/2 can be written as

N M
Iyio0= D> Wagiv1/2a0 (= log,ip1/20)  and
a=1 =1
N M (5.16)
in+1/2,r = Z Z U’ZB,Z‘H/Q,T‘S(N - MZﬁ,z‘H/m)
a=1p=1
respectively. Using (5.16), the numerical flux at the face i + 1/2 is written as
N M
GPl o= D2 D Wagistjoe Mg 417205 0) (g i1 2,0)”
a=1p=1
N M (5.17)
+ Z Z Wog i1 /2, MAX (Mo 172,05 0) (Hag i1 /2.)"-
a=1 =1

The weights and abscissas at the left and right sides of the faces are reconstructed using the cell
values. To guarantee the realizability of the moment set, only piecewise constant reconstruction

of abscissas is allowed [115]:

Hogit1/2,0 = Mg, and  fpg a0 = Hogitl- (5.18)

For the weights, any high-order reconstruction can be used. In the current paper, piecewise
linear reconstruction is employed for the weights, leading to the quasi-2"-order scheme in [115].
The minmod limiter [56] is used while computing the slope of the linear profile to avoid any

spurious oscillations. Note that all the moments updated using (5.13) correspond to a unique
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update of the specific intensity:

1 CAt .
WMoYy = S (0002 1000 300) = W1 i 50)) | 80 )
a=1 =1

cAt
Z Z waﬂ i+1/2,r mln(lu’ozﬁ +1 0)5(M - MZ,@,i-i—l)
a=1p=1

A N M
AL Z Z W i1 /2, Max(pgp i1, 0)0 (1 — pagi1)-
e (5.19)
The non-negativity of the updated specific intensity can be guaranteed if the time step size
satisfies the realizability criterion given by
At < Wap 122
e (wgﬁ,i+1/2,l maX(“Zﬁ,w 0) — wgﬁ,i—1/2,r min(,ugﬁ’i? 0))

Vae€[l,2,...,N]and 8 € [1,2,..., M]. More details about the realizability criterion can be

(5.20)

found in [115]. In addition to the realizability criterion, the time step size should also satisfy

the CFL condition for stability:

At < CFL 27 (5.21)

¢|Hag,;
Vaell,2,...,N]and § € [1,2,..., M]. Note that (5.20) is exactly same as (5.21) if piecewise

constant reconstruction is used for weights instead of piecewise linear reconstruction. In the

current work, CFL = 0.3 is used for all the numerical simulations, unless otherwise stated.

5.4.2 External source term

In the current work, the external source is only a function of spatial coordinate. It is treated

using the first-order Euler explicit time-integration scheme:

— (=1)ptl
pp? — pp | At g [1 (=1 ] _ (5.22)
2 p+1

The updated moment set corresponds to the following unique update of the specific intensity:

A
ISR IO Lts (5.23)

The non-negativity of the updated specific intensity is guaranteed as long as the external source

is non-negative.
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5.4.3 Material coupling terms

The algorithm for the implicit treatment of the material coupling terms is adapted from [70].
The moment transport equation in (5.4), without the convection and the external source terms,
and the material energy equation in (5.3) are discretized using the first-order Euler implicit

time-integration scheme:

APt Mp,(2) 41 1 1 Omt1 1— (_1)p+1
L L N e R CET)
e:,“rl —el n Ol o o 1nd
Ay = ey —acog (TTT)" (5.25)
Note that the opacities are treated explicitly. For p =0, (5.24) becomes
M-()’n+1 _ MQ»(Q)
i i — _UZL’iMiO,n+1 + GCUZLJ(TZ‘n+1)4- (5.26)

cAt

The nonlinearities in the 7% terms are treated using the equivalent of one Newton iteration.

To perform this linearization, (Ti"H)4 and e?“ are expanded using Taylor series:
(T (T + 4T (T =T, (5.27)
it el + O (T - T, (5.28)
Substituting (5.27) in (5.28) and then putting the result in (5.25) yields

n
(Tt =~ % [ac(Ti")‘l + ol B AL (5.29)

where ' = 4ac(1}”)3/0372- and ff' =1/(1 + o7, 8] At). Substituting (5.29) in (5.24) gives

n+1 ,(2)
MP"T — MY
cAt

1
n+1
— ot 4 { Sacotgrayy!

. . L (CppeH (5.30)
0,n+1 0,n+1 — (=
Putting p = 0 and performing some simplifications, following equation for the zeroth-order

moment is obtained:

M.07n+1 _ M07(2)
A = o MY —ae()!] (5:31)
C ’
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This equation is used for updating the zeroth-order moment. Rest of the moments are then

updated using (5.30). Substituting (5.29) in (5.25) yields

et —ep 0,n+1
N = ac(T]) (5.32)

This is used to update the material internal energy density. Note that
M»O’TH_I _ MO,(Q) entl _on

i i i i 5.33
AL T A (5.33)

Hence, the discretization method conserves the net energy. Using (5.30), the unique update of

the specific intensity can be written as

1 1 1
11 = e 10+ Sental gt {ac T+ ol B A |+ Sentol MO
t,i
(5.34)
€ terms on € rig anda siae are non-negative, ereby guaranteeing € non-negativity
Al the ¢ the right hand sid tive, thereb teeing th tivit

of the updated specific intensity and hence the realizability of the moment set at the time level

n—+ 1.

5.5 Numerical results

In this section, results are presented for some standard benchmark problems encompassing
optically thin, thick and transition regimes. For simplicity, the units of all the quantities are
given in Table 5.1 and hereafter all the units will be dropped while specifying the values of
the quantities. The domain of the problems is defined by z € [z1p, 2rp]. Material coupling
is only required for the last two problems - the Marshak wave problem and the Su-Olson
problem. The two constants used in the problems are the speed of sound (¢ = 3 x 10'° cm/s)
and the radiation constant (a = 1.372 x 10'* erg/cm?/keV?). For all the problems, results are
presented for EQMOM with number of primary nodes from 1 through 5. Currently, any increase
beyond 5 makes the round-off errors dominant. An improvement of the EQMOM algorithm to
suppress the round-off errors when the number of primary nodes is increased beyond 5 will be
considered as a part of future work. For, each primary node, the number of secondary nodes
has been chosen such that any further increase leaves the solution almost unchanged. In all the

discussions below, EQMOM-NxM refers to EQMOM with N primary nodes and M secondary
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nodes per primary node. For all the problems, results are presented on successively refined

grids to show the general trend of grid convergence of the EQMOM solutions.

Table 5.1 Quantities and units.

Quantity Unit Quantity Unit
z cm Oa 1/em
o 1/em o 1/em
t s S erg/em3 /s
T keV Cy erg/em? /keV
e erg/cm? I erg/cm?/s
MP erg/em?/s

5.5.1 Plane-source problem

The plane-source problem [47] is a torture test for a model to handle very strong disconti-
nuities. The scattering and absorption opacities are given by s = 1 and o, = 0 respectively.
There is no external source of radiation (S = 0). The specific intensity and the corresponding

moments at ¢ = 0 are given by

1— (—1)ptt

I(z, ) = 0.50(2) +0.00005 and MP(z) = (0.56(z) + 0.00005) [ P

] (5.35)

respectively. Note that a small positive baseline value is used as in [47]. However, the method
works with zero baseline value as well. The left boundary is located at zpg = 0. Three different
cases are simulated with final times of ¢t = 1, 2 and 4 with the corresponding right boundaries
located at zrg = 1.1, 2.1 and 4.1 respectively. Reflective boundary condition is applied at the
left boundary:

Iig(p) = hgr(—p) and MI{)B,I = (—1)”M£’B,r. (5.36)
At the right boundary, Dirichlet boundary condition with a fixed baseline specific intensity

value is applied:

, 1— (—1)p+!
T () = 000005 and My =0.00005 | ————1. (5.37)
’ p

Note that the boundary conditions are applied at the left side of the leftmost face and the right

side of the rightmost face.
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Figure 5.1 shows the results at ct = 1 with 220, 440 and 880 cells. The semi-analytic solution
is obtained from [37]. The oscillations, also referred to as the wave effects, in the solutions
are due to the photons traveling in waves at the speeds determined by the finite number of
eigenvalues of the system. The spherical harmonics [47] and discrete-ordinates models show
similar oscillations, however the oscillations there are more pronounced. Moreover, unlike
spherical harmonics model, the oscillations never lead to the problem of negative density as the
non-negativity is guaranteed by the use of the realizable discretization schemes. Increasing the
number of primary nodes increases the number of eigenvalues thereby adding more oscillatory
lobes. At the same time the magnitude of oscillation around the semi-analytic solution seems
to decrease by adding more primary nodes. In particular, the magnitude of oscillations for the
EQMOM-4x10 solution is less than the EQMOM-2x6 solution and the magnitude of oscillations
for the EQMOM-5x12 solution is less than the EQMOM-3x8 solution. The magnitude of the
oscilaltions can be decreased further if the use of more primary nodes becomes feasible. Another
possible option to decrease the magnitude of oscillations is to choose the primary quadrature
solution that corresponds to a larger value of o. This option will be explored in future work.
The maximum radiation transport speed of c¢ is achieved by EQMOM even with one primary
node. This is not a property of low order spherical harmonics models, in particular the P;
model. Figure 5.2 shows the results at ¢t = 2 with 300, 600 and 1200 cells and Figure 5.3 shows
the results at ¢t = 4 with 410, 820 and 1640 cells. As time progresses, the effect of scattering

becomes dominant and the oscillation are reduced to a great extent.

5.5.2 Two-beam instability problem

The two-beam instability problem [47] is designed to test a closure’s ability to handle
multi-modal distributions. The closure that is unable to handle particles moving in opposing
directions produces a shock in the steady state profile. The scattering and absorption opacities
are given by o5 = 0 and 0, = 2 respectively. There is no external source of radiations (S = 0).

The specific intensity and the corresponding moments at t = 0 are given by

(5.38)

1— (=1t
I(z,u) = 0.00005 and MP(z)=0.00005 | ——————

p+1
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respectively. The left and right boundaries are located at zrg = 0 and zrg = 0.5 respectively.

Reflective boundary condition is applied at the left boundary:
ILB,I(M) = ILB,T(_,U’) and MEB,I = (_1)pMIIjB,r' (539)

At the right boundary, Dirichlet boundary condition with a fixed baseline specific intensity
value is applied:

» 1— (—1)ptt

Figure 5.4 shows the steady state results with 100, 200 and 400 cells. The semi-analytic
solution is obtained from [47]. EQMOM with one primary node is not able to resolve this prob-
lem. However, increase the number of primary nodes, the EQMOM solution quickly approaches

the semi-analytic solution. None of the results show the appearance of any shock.

5.5.3 Reed cell problem

The Reed cell problem [89, 14] is a demanding problem with regions in which the specific
intensity takes isotropic, highly peaked and intermediate forms. This problem tests a model’s
ability to deal with regions of greatly differing characteristics. The left and right boundaries
are located at zpp = 0 and zrp = 8 respectively. The space between the two boundaries is
divided into five regions. The opacities and the external source terms in these regions are given

in Table 5.2. The specific intensity and the corresponding moments at ¢ = 0 are given by

Table 5.2 Opacities and external source terms for the Reed cell problem.

Region Oa Os S
z€(0,2) 50.0 0.0 50.0
z €(2,3) 5.0 0.0 0.0
z € (3,5) 0.0001 0.0 0.0
z € (5,7) 0.1 0.9 1.0
z € (7,8) 0.1 0.9 0.0

I(z,u) = 0 and MP(z) = 0 respectively. Reflective boundary condition is applied at the left

boundary:

Iig(p) = hpr(—p) and MIZJ)B,I = (—1)prB7T. (5.41)
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At the right boundary, vacuum boundary condition is applied:

Irp(p), if p>0,
Irp (1) = (5.42)

0, otherwise.

Mgy, is computed accordingly.

Figure 5.5 shows the steady state results with 100, 200 and 400 cells. The reference solution
is obtained from [14] which used a spherical harmonic P;7 angular approximation and a regular
spatial finite element mesh consisting of 400 elements. As the number of primary nodes is
increased, the EQMOM solution approaches the reference solution. It seems that with 6 primary
nodes, EQMOM may be able to completely resolve the reference solution. As mentioned earlier,

increase of the number of primary nodes beyond 5 will be considered a part of future work.

5.5.4 Marshak wave problem

The Marshak wave problem [70] is an absorption dominant diffusive problem. The transport
solution and the diffusion solution are expected to be the same for this problem. The scattering
and absorption opacities are given by os = 0 and o, = 300/T3 respectively. There is no
external source of radiations (S = 0). Initially, radiation is in equilibrium with the material.
The temperature, the specific intensity and the corresponding moments at ¢ = 0 are given by

1— (—1)pHt

1 1
T(z) =107, I(z,p)= SC X 1073¢ and MP(z) = 50 % 10736 % [ p—

] (5.43)

respectively. The heat capacity is given by C, = 3 x 10'5. The left and right boundaries are
located at zpg = 0 and zrg = 0.6 respectively. Dirichlet boundary condition is applied at the

left boundary by fixing the temperature:

1 » 1 [1—(=1)rF!
TLB’Z = 10, ILBJ([L) = 5(16 and MLB,Z == §CLC pT . (544)

At the right boundary, vacuum boundary condition is applied:

Igp(p), if p>0,
I, (1) = (5.45)

0, otherwise.

MﬁB’T is computed accordingly.
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Figure 5.6 shows the results at ¢t = 300, 1500 and 3000. The semi-analytic solution is
obtained from [83]. Three successively refined grids with 30, 60 and 120 cells are used. As this
is a diffusion limit problem, EQMOM with just one primary node is able to resolve the problem.
Any increase in the number of primary nodes, does not change the solution. The EQMOM
solution approaches the semi-analytic solution as the grid is refined. However, on relatively
coarse grids, the wave front is not captured properly. This is the defect of the discretization
scheme rather than the EQMOM. To capture the wave front, the discretization scheme should
preserve the asymptotic diffusion limit [6, 54, 55, 59, 70]. The discretization scheme used here is
not asymptotic preserving. However, it must be reiterated that the aim of the current paper is
to demonstrate the application of EQMOM to radiation transport modeling. The development
of discretization schemes for EQMOM that are asymptotic preserving will be considered in

future work.

5.5.5 Su-Olson problem

The Su-Olson problem [78] is a non-equilibrium radiative transfer problem. The scattering
and absorption opacities are given by o, = 0 and o, = 1 respectively. The external source of
radiation is given by

ac, if 0<x<0.5 and 0<ct <10,
S = (5.46)

0, otherwise.
Initially, radiation is in equilibrium with the material. The temperature, the specific intensity
and the corresponding moments at ¢ = 0 are given by
T(2) =10"%°, I(z,pu) = %ac x 10719 and MP(z) = %ac x 10710 x [W] (5.47)
respectively. The heat capacity is given by C, = 4aT®. The left and right boundaries are
located at z;g = 0 and zgrp = 30 respectively. Reflective boundary condition is applied at the

left boundary:

Iig(p) = hgr(—p) and M{’BJ = (=1)PM{g,. (5.48)



126

Dirichlet boundary condition is applied at the right boundary by fixing the temperature:

Trp,r=1072% I “laex 10710 and M2, = Laex 10710 [LZ D
RB,r — ) RB,'I‘(M) — 5@0 X an RB, — §CLC X X pT .
(5.49)
Figure 5.7 shows the results at ¢t = 1, 3.16 and 10. Figure 5.8 shows the same results on a
logarithmic scale. The semi-analytic solution is obtained from [105]. Three successively refined

grids with 240, 480 and 960 cells are used. With increase in the number of primary nodes, the

EQMOM solution closely resembles the semi-analytic solution.

5.6 Conclusions

The equations for radiation transport modeling have been formulated using EQMOM with
special attention to realizability and a set of standard one-dimensional benchmark problems
encompassing optically thin, thick and transition regimes has been solved. The results look very
promising and lay the foundation for extending the same framework to multiple dimensions.
An improvement of the EQMOM algorithm to suppress the round-off errors when increasing
the number of primary nodes beyond 5 is needed. High-order accurate realizable spatial and
temporal discretization schemes that preserve the asymptotic diffusion limit are to be developed.
Furthermore, for multiple dimensions, a bi-variate version of EQMOM is needed. These tasks

will be undertaken in future work.



127

Y
i
p.ﬂ‘-'-'!',hg Y RN
".%M E.I: II‘\\‘
0.8 s i 0.8 A
% ||| s “‘.\
’}x (] l""l : -~ N
» aky s n
A M - 0,
0.6 B 06F r n
i : i = I'I \ "
. >
= | = el NS N
. 1 .’ At
0.4 8 ' 0.4+ 5% Wy
B E 's‘& 0
\"" ) E \‘i ‘.:'-'
02} e - 02} oo N
Woss
O | | | |

g | | | |
0.6 0.8 1 00 0.2 0.4

z z

(a) EQMOM-1x4

0 0.2 0.4

0.6

(b) EQMOM-2x6

y

/
1

1 — 1

0.8 £k |

B4 u
X

0.6 e’ ¢

MO
o
“o'—
>
MO

L) } <a 1
[ Y > - -
04 ‘_ ;;" ‘\" !
\'_'}" X 1t
~ ¢ N Y RY
AR U
0.2 N |
Ve,
12N
L]
Y
1

0 | | | | 0 | | | | 3
0.2

(c) EQMOM-3x8 (d) EQMOM-4x10

1

|‘llI
o
L
U
s
0.8+ 1 1
woi? M =~ ¢
SN |||: LY '
o1 [H 178 ! '
(A 1
0.6 7_',0' KW w \ ',\‘ B
L R ':\
o F N .
2 M :“I [y L N \
- |‘\ %, Joa
0.4} ARG b
[P ‘ :,,
K R T
l:'.", ;‘t A
0.2 O 2
f I
[
Y
!
O | | | |

0 0.2 0.4 0.6

z

(e) EQMOM-5x12

Figure 5.1 Solutions for the plane-source problem at ct = 1:
(+-==-+), 440 cells (----), 880 cells (- - ).

Semi-analytic (—), 220 cells




128

0.6 0.6
-.-w.\"‘\.
.
A
kY a
0.4 N
= o=
ui
A
{
{
i
0 | | | v
0 0.5 1 1.5 2
z z
(a) EQMOM-1x4 (b) EQMOM-2x6
0.6 0.6
=

z z
(c) EQMOM-3x8 (d) EQMOM-4x10
0.6
0.4

MO

0.2

(e) EQMOM-5x12

Figure 5.2 Solutions for the plane-source problem at ¢t = 2: Semi-analytic (—), 300 cells
(+====+), 600 cells (--=--), 1200 cells (- - ).




129

0.4

0.4

=
z z
(a) EQMOM-1x4 (b) EQMOM-2x6
0.4 0.4
0.3| |
z < o02f S 1
0.1] |
| | |
% 1 2 3 4
z z
(c) EQMOM-3x8 (d) EQMOM-4x10
0.4
0.3| |
= 02 .
0.1 |
| |
0 1 2 4

(e) EQMOM-5x12

Figure 5.3 Solutions for the plane-source problem at ¢t = 4: Semi-analytic (—), 410 cells
(-===-+), 820 cells (----), 1640 cells (- - ).



130

0.6

MO
MO

0 | | | | 0 | | | |
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5

z z

(a) EQMOM-1x4 (b) EQMOM-2x6

0.6 0.6

MO

O | | | | 0 | | | |
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
z z
(c) EQMOM-3x8 (d) EQMOM-4x10
0.6

0.4

MO

0.2

0 | | | |
0 0.1 0.2 0.3 0.4 0.5

z

(e) EQMOM-5x12

Figure 5.4 Solutions for the two-beam instability problem at steady state: Semi-analytic
(—), 100 cells (----+), 200 cells (-==-), 400 cells (- - ).



2.5

131

MO

(a) EQMOM-1x4

MO

ol e et e et 3

(¢) EQMOM-3x8

2.5

2.5

(b) EQMOM-2x6

MO

)

(d) EQMOM-4x10

(e) EQMOM-5x12

Figure 5.5 Solutions for the Reed cell problem at steady state: Reference (—), 100 cells
(-+===+), 200 cells (--=-), 400 cells (- - ).



132

0.6

0.6

(b) EQMOM-2x6

(a) EQMOM-1x4

) EQMOM-4x10

d

(

) EQMOM-3x8

C

(

(e) EQMOM-5x12

3000: Semi-analytic

Figure 5.6 Solutions for the Marshak wave problem at ¢t = 300, 1500,

), 60 cells (----), 120 cells (- - ).

), 30 cells (-

(



133

= T
A'A“'Z\ Ay
N 8,
2 A = 20N
L\ A\
15 | : 150X
2 \ 2 N
2 Dby, \ 2 Oog .
; 1 | uh \\Q | ; 1 | q \A
N b .
\a o “a,
See f N oo L\ | ~
0.5 «.q \Ek RN - = 0.5} \ ‘5\ AL .l
.x. ~n..‘ I~ S —— .‘A \EN*\ ““““ e
0 To. . ~ e gl 0 ‘ ‘o\‘_. '2..1_1_“__‘(“ I ~——
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5
z z
(a) EQMOM-1x4 (b) EQMOM-2x6
1“4
2 I .A"\
2
A
1.5 ‘a‘
< ‘4
=] DEg S\
= 4] nl: RS
t AN
oee q *«\
0.5 ’*.Q N SA_
o, ) ~g ] ~."'\-.,_,‘
0 | ."‘1-. e~“l-'"|3*--r--: o -
0 0.5 1 1.5 2 2.5
z z
(c) EQMOM-3x8 (d) EQMOM-4x10
A‘é
2bN |
PN
A
150 A |
ERR I
\§
2 1 [ Qﬂh "A\ |
] .,
o0e ﬂ\ ";\
0.5 \.‘ \El\ \A"\ |
.\ "n*s it "~
0 | ~."\-Q-, g.j‘j'ﬂ- ——— A T
0 0.5 1 1.5 2 2.5 3

z

(e) EQMOM-5x12

Figure 5.7 Solutions for the Su-Olson problem at ¢t = 1, 3.16, 10: Semi-analytic (e, 0, 4), 240
cells (------), 480 cells (----), 960 cells (- - ).



134

Bbcn. 1 A AL,
100 F===B-~-g 7*\&. E 100 p===B-~-g *“A\ E
e B 5 1 LN A ]
I o‘ \) 4 ] [ o‘ - A\ i
| . “\ \\ i i . u, "\ il
Y n \ .S ’*u( N
© 107t » R RS 4 o107t » N, B E
~ F «\\ \‘ﬂ " E ~ F \ xu \ ]
OE [ A "\ AN B OE L A \ AN ]
r Q\ \, \ 1 [ Q\ N ]
L \ \\ \ | L v \\\ \ |
Y 4 " K
1072 ¢ i \ AN 1072 3 \ AN
- T, Y A} — . | 3, 1 —
§ i A A g [} \ I
I ® ) L r e \ v
- \: \ \ : ) i \ \\ 1
10-3 | I 1 g A 10-3 | LAl 1] \
10704 10° 100 10795 10° 100
Z zZ
(a) EQMOM-1x4 (b) EQMOM-2x6
[ I I
’""‘""“‘&.(* l ’""‘”"7‘&.\* |
100 p===B-~-g “A E 100 F===B-~-g “AL E
L R ] e B ™ ]
i % B . ] i %o . A ]
[ L u\ N i L . n‘ ™ N
\ », \, N, N \,
\\. h:R \ o, " N\
o 1071 E \ AN £ E 0 1071 3 , ;A E
N N = o\ :
r \ \ 1 F . "\ ]
= i \Q‘ \ \ 1= i ] \ \ ]
L \ \‘\ \ | | \ \‘\\ |
9 \ L\ % \ s‘
1072 . \ p E 1072 . 4 \ E
i 13 \ \ i t 5 oo
N “'_ \ 3\ n| I “‘_‘ \ 1 B
I ] \ Y i ¢ § 1
= ;,*.I \ i H \
1077 ‘05 ‘0 ' 0.5 ‘ 107° ‘05 ‘0 ' 0.5 \
107 10 10% 107 10 10%
Z z
(c) EQMOM-3x8 (d) EQMOM-4x10
[ I
g.--(‘,,_ﬁ‘“ |
100 p===B-~-g Tl -
:4—-.;‘_ ﬂn% &‘*\r E
[ O SR, ‘A\ 1
: ‘\ l”‘g \\ 1
o 1071 E ‘\ RS \A E
o~ F AN n N\ 1
= § LY \ \ 1
| ¢ \\ r\‘ )
—2| t \ hY i
1077 ¢ i \ Y
i v, \ Voo
i ) I
10—3 | | ‘I:‘ ‘ﬂ‘ .‘!
10704 10° 10%5
Z

(¢) EQMOM-5x12

Figure 5.8 Solutions for the Su-Olson problem at ¢t = 1, 3.16, 10 on a logarithmic scale:
Semi-analytic (e, 0, 4), 240 cells (------), 480 cells (----), 960 cells (- - ).



135

CHAPTER 6. GENERAL CONCLUSIONS

Some general conclusions from the current research study are discussed below.

6.1 Development of high-order realizable schemes

The current research study has successfully explained why a discretization scheme us-
ing standard high-order reconstruction cannot guarantee realizability of the moment set. To
counter this problem, a new class of realizable schemes has been developed for both convection
and diffusion terms. It has been demonstrated that the new class of schemes attain close to
formal high-order of accuracy for the problems in which abscissas are smoothly varying. As-
sociated realizability conditions have been derived for the new schemes. These realizability
conditions should be satisfied by the time step size in combination with the stability (CFL)
conditions. In the current research study, only the explicit schemes have been considered.
It is well known that the implicit schemes are unconditionally stable and time step size can
be chosen arbitrarily large. A promising extension to the current research work will be the

development of implicit schemes that are unconditionally realizable.

6.2 Bubble-column flow modeling using QMOM

A novel approach to model bubble-column flows using QMOM has been presented. Unlike
the hydrodynamic models, the new approach holds for non-equilibrium flows as well. The two-
dimensional simulations show promising results. Extension of the same framework to simulate
three-dimensional flows is underway. The current research study only handle monodisperse
flows. An approach to handle polydisperse flows is currently being formulated using EQMOM,

however this approach is mono-kinetic. Development of a new approach that can handle poly-
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dispersity with multi-kinetic transport will be an interesting extension.

6.3 Radiation transport modeling using EQMOM

The radiation transport equation coupled with the evolution equation for the material
energy density has been solved using EQMOM. The advantages of EQMOM over other meth-
ods for radiation transport modeling have been demonstrated. EQMOM works quite well in
optically thick and transition regimes. Some improvements need to be made to reduce the mag-
nitude of oscillations in the optically thin regime. To solve a full three-dimensional radiation
transport problem, a bi-variate version of EQMOM needs to be developed. In order to properly
resolve the problems in optically thick regime on relatively coarse grids, realizable schemes that
are consistent in the asymptotic diffusion limit are needed. It will also be interesting to apply

EQMOM to other types of kinetic equations, for example Vlasov equation.



[1]

137

BIBLIOGRAPHY

ANILE, A. M., PENNISI, S. & SAMMARTINO, M. 1991 A thermodynamical approach to

Eddington factors. Journal of Mathematical Physics 2, 544-550.

AtHANASsouLls, G. A. & GAVRILIADIS, P. N. 2002 The truncated Hausdorff moment

problem solved by using kernel density functions. Probabilistic Engineering Mechanics

17, 273-291.

AvutoN, T. R. 1987 The lift force on a spherical body in a rotational flow. Journal of

Fluid Mechanics 197, 241-257.

BARTH, T. J. & JESPERSEN, D. C. 1989 The design and application of upwind schemes

on unstructured meshes. ATAA-89-0366.

BArTH, T. J. & FREDERICKSON, P. O. 1990 High-order solution of the Euler equations

on unstructured grids using quadratic reconstruction. ATAA 90-0013.

BAaTES, J. W., KnoLL, D. A., RIDER, W. J., LOWRIE, R. B. & MoUSSEAU, V. A. 2001
On consistent time-integration methods for radiation hydrodynamics in the equilibrium

diffusion limit: Low-energy-density regime. Journal of Computational Physics 167, 99—
130.

BENAMOU, J.-D. 1996 Big ray tracing: Multivalued travel time field computation using
viscosity solutions of the eikonal equation. Journal of Computational Physics 128, 463—

474.

BEYLICH, A. 2000 Solving the kinetic equation for all Knudsen numbers. Physics of

Fluids 12, 444-465.



[9]

[15]

138

BHATNAGAR, P. L., Gross, E. P. & KrRook, M. 1954 A model for collisional processes

in gases. I. Small amplitude processes in charged and neutral one-component systems.

Physical Review 94, 511-525.

BIRD, G. A. 1994 Molecular gas dynamics and the direct simulation of gas flows. Oxford

University Press.

BoucHur, F., JiN, S. & L1, X. T. 2003 Numerical approximations of pressureless gas

and isothermal gas dynamics. SIAM Journal on Numerical Analysis 41, 135-158.

BRUNNER, T. A., HoLLowAY, J. P. & LARSEN, E. W. 1997 On the use of maximum

entropy Eddington factors in shielding calculations. Transactions of the American Nuclear

Society 77, 195-196.

BRUNNER T. A. 2002 Forms of approximate radiation transport. Technical Report

SAND2002-1778, Sandia National Laboratories.

BucHAN, A. G., PaiN, C. C., EATON, M. D., SMEDLEY-STEVENSON, R. P. & GoOD-
DARD, A. J. H. 2005 Linear and quadratic octahedral wavelets on the sphere for angular

discretisations of the Boltzmann transport equation. Annals of Nuclear Energy 32, 1224-

1273.

CARRILLO, J. A., MAJORANA, A. & VECIL, F. 2007 A semi-Lagrangian deterministic
solver for the semiconductor Boltzmann-Poisson system. Communications in Computa-

tional Physics 2, 1027-1054.

CERCIGNANI, C. 1988 The Boltzmann FEquation and Its Applications. Springer, New

York.

CERCIGNANI, C., ILLNER, R. & PULVIRENTI, M. 1994 The Mathematical Theory of

Dilute Gases. Springer-Verlag.
CHANDRASEKHAR, S. 1950 Radiative transder. Dover.

CHAPMAN, S. & COwWLING, T. G. 1970 The Mathematical Theory of Nonuniform Gases.

Cambridge University Press, Cambridge.



[20]

[30]

139

CHu, C. K. 1965 Kinetic-theoretic description of the formation of a shock wave. Physics

of Fluids 8, 12-22.

COLLELA, P. 1984 The piecewise parabolic method for gas-dynamical simulations. Jour-

nal of Computational Physics 54, 174-201.

DeLNow), E., LAMMERS, F. A., KUIPERS, J. A. M. & VAN Swaal, W. P. M. 1997
Dynamic simulation of dispersed gas-liquid two-phase flow using a discrete bubble model.

Chemical Engineering Science 52, 1429.

DESHPANDE, S. 1986 A second order accurate, kinetic theory based, method for inviscid

compressible flows. Technical Report, NASA Langley.

DEMIRDZIC, . & MUZAFERIJA, S. 1994 Numerical method for coupled fluid flow, heat
transfer and stress analysis using unstructured moving meshes with cells of arbitrary

topology. Computer Methods in Applied Mechanics and Engineering 125, 235.

DEsJARDINS, O., Fox, R. O. & VILLEDIEU, P. 2008 A quadrature-based moment

method for dilute fluid-particle flows. Journal of Computational Physics 227, 2514-2539.

DEVANATHAN, N., Dubukovic, M. P., LAPIN, A. & LUBBERT, A. 1995 Chaotic flow

in bubble column reactors. Chemical Engineering Science 50, 2661.

DreEw, D. A. 1971 Averaged equations for two-phase flows. Studies in Applied Mathe-

matics 1, 205-231.

DREYER, W. 1987 Maximization of the entropy in non-equilibrium. Journal of Physics

A: Mathematical and General 20, 6505-6517.

DuBroca, B. & FEUGEAS, J. L. 1999 Entropic moment closure hierarchy for the ra-
diative transfer equation. Comptes Rendus de I’Académie des Sciences - Series I 329,

915-920.

ENncqQuisT, B. & RUNBORG, O. 1996 Multiphase computations in geometrical optics.

Journal of Computational and Applied Mathematics 74, 175-192.



[31]

140

EnwAaLD, H., PEIRANO, E. & ALMSTEDT, A. E. 1996 Eulerian two-phase flow theory

applied to fluidization. International Journal of Multiphase Flow 22, 21-66.

FLECK, J. A. & CuMMINGS, J. D. 1971 An implicit Monte Carlo scheme for calculating
time and frequency dependent nonlinear radiation transport. Journal of Computational

Physics 8, 313-342.

Fox, R. O. 2008 A quadrature-based third-order moment method for dilute gas-particle

flows. Journal of Computational Physics 227, 6313—-6350.

Fox, R. O. 2009a Higher-order quadrature-based moment methods for kinetic equations.

Journal of Computational Physics 228, 7771-7791.

Fox, R. O. 2009b Optimal moment sets for multivariate direct quadrature method of

moments. Industrial €& Engineering Chemistry Research 48, 9686-9696.

FraNk, M., DuBrocA, B. & KLAR, A. 2006 Partial moment entropy approximation

to radiative heat transfer. Journal of Computational Physics 218, 1-18.

GANAPOL B. D. 1999 Homogeneous Infinite Media Time-Dependent Analytic Bench-
marks for X-TM Transport Methods Development. Technical Report, Los Alamos Na-

tional Laboratory.

GauTscHl, W. 2004 Orthogonal polynomials: Computation and approximation. Oxford

University Press, Oxford.

Gobunov, S. K. 1959 Finite difference methods for the computation of discontinuous

solutions of the equations of fluid dynamics. Math. Sbornik 47, 271-306.

GOsSE, L. 2002 Using K-branch entropy solutions for multivalued geometric optics com-

putations. Journal of Computational Physics 180, 155—-182.

GOsSE, L., JIN, S. & L1, X. T. 2003 On two moment systems for computing multiphase
semiclassical limits of the Schrodinger equation. Mathematical Models and Methods in

Applied Science 13, 1689-1723.



[42]

141

GOTTLIEB, S., SHU, C. W. & TADMOR, E. 2001 Strong stability-preserving high-order

time discretization methods. SIAM Review 43, 89-112.

GRAD, H. 1949 On the kinetic theory of rarefied gases. Communications on Pure and

Applied Mathematics 2, 331-407.

GRIENBERGER, J. & HOFMAN, H. 1992 Investigations and modelling of bubble columns.

Chemical Engineering Science 47, 2215.

Hauck, C. D., LEVERMORE, C. D. & TiTs, A. L. 2008 Convex duality and entropy-
based moment closures: Characterizing degenerate densities. SIAM Journal on Control

and Optimization 47, 1977-2015.

Hauck, C. D. & McCLARREN, R. G. 2010 Positive Py closures. SIAM Journal on

Scientific Computing 32, 2603—-2626.

Hauck, C. D. 2011 High-order entropy-based closures for linear transport in slab ge-

ometries. Communications in Mathematical Sciences 9, 187-205.

HJERTAGER, B. H. & MoruD, K. 1995 Computational fluid dynamics of bioreactors.

Modelling, Identification and Control 16, 177.

HoweLL, J. R. 1998 The Monte Carlo method in radiative heat transfer. Journal of Heat

Transfer 120, 547-560.

JiIN, S. & L1, X. T. 2003 Multi-phase computations of the semiclassical limit of the

Schrodinger equation and related problems: Whitham vs Wigner. Physica D 182, 46-85.

JiN, S., Liu, H., OSHER, S. & Tsal, R. 2005 Computing multi-valued physical observ-
ables for the semiclassical limit of the Schrodinger equation. Journal of Computational

Physics 205, 222-241.

Jung, J., CHiwa, H., KoBavasHI, K. & NISHIHARA, H. 1972 Discrete ordinate neu-

tron transport equation equivalent to Pr, approximation. Nuclear Science and Engineering

49, 1-9.



[53]

[54]

[55]

142

KERsHAW, D. S. 1976 Flux limiting nature’s own way. Technical Report UCRL-78378,

Lawrence Livermore National Laboratory.

KLAR, A. 1998 An asymptotic-induced scheme for nonstationary transport equations in

the diffusive limit. SIAM Journal on Numerical Analysis 35, 1073—-1094.

KLAR, A. & UNTERREITER, A. 2002 Uniform stability of a finite difference scheme
for transport equations in diffusive regimes. SIAM Journal on Numerical Analysis 42,

891-913.

KNigHT, D. D. 2006 Elements of Numerical Methods for Compressible Flows. Cambridge

University Press, Cambridge.

KocH, R., KrREBS, W., WITTING, S. & VISKANTA, R. 1995 The discrete ordinate
quadrature schemes for multidimensional radiative transfer. Journal of Quantitative Spec-

troscopy and Radiative Transfer 53, 353-372.

LApPIN, A. & LUBBERT, A. 1994 Numerical simulation of the dynamics of two phase

gas-liquid flows in bubble columns. Chemical Engineering Science 49, 3661-3674.

LARSEN, E. W., POMRANING, G. C. & BabpuamMm, V. C. 1983 Asymptotic analysis of
radiative transfer problem. Journal of Quantitative Spectroscopy and Radiative Transfer

29, 285-310.

LEVEQUE, R. 2002 Finite Volume Methods for Hyperbolic Problems. Cambridge Univer-

sity Press, Cambridge.

LEVERMORE, C. D. & POMRANING, G. C. 1981 A flux-limited diffusion theory. The

Astrophysical Journal 248, 321-334.

LEVERMORE, C. D. 1984 Relating Eddington factors to flux limiters. Journal of Quan-

titative Spectroscopy and Radiative Transfer 31, 149-160.

L1, X. T., WOHLBIER, J. G., JIN, S. & BOOSKE, J. H. 2004 Eulerian method for
computing multivalued solutions of the Euler-Poisson equations and applications to wave

breaking in klystrons. Physical Review E 70, 016502.



[64]

[74]

143

LostEC, N. L., Fox, R. O., SiMONIN, O. & VILLEDIEU, P. 2008 Numerical description
of dilute particle-laden flows by a quadrature-based moment method. Proceedings of the

Summer Program 2008, Center for Turbulence Research, Stanford University, 209-221.

MaRrcHIsIO, D. L. & Fox, R. O. 2005 Solution of population balance equations using

the direct quadrature method of moments. Journal of Aerosol Science 36, 43-73.

MARK J. C. 1945 The spherical harmonics method, Part II. Technical Report MT 97,

National Research Council of Canada.

MassoT, M., LAURENT, F., KaAH, D. & DE CHAISEMARTIN, S. 2010 A robust moment

method for evaluation of the disappearance rate of evaporating sprays. SIAM Journal on

Applied Mathematics 70, 3203-3234.

MATHUR, S. R. & MURTHY, J. Y. 1997a A pressure based method for unstructured

meshes. Numerical Heat Transfer 31, 195.

MATHUR, S. R. & MURTHY, J. Y. 1997b Pressure boundary conditions for incompress-

ible flow using unstructured meshes. Numerical Heat Transfer 32, 283.

McCLARREN, R. G., Evans, T. M., LOwRIE, R. B. & DENSMORE, J. D. 2008 Semi-
implicit time integration for Py thermal radiative transfer. Journal of Computational

Physics 227, 7561-7586.

McGRrAW, R. 1997 Description of aerosol dynamics by the quadrature method of mo-

ments. Aerosol Science and Technology 27, 255-265.

McGRrAwW, R. 2006 Correcting moment sequences for errors associated with advective

transport. (http://www.ecd.bnl.gov/pubs/momentcorrection_mcgraw2006.pdf).

McGraw, R. 2007 Numerical advection of correlated tracers: Preserving particle
size/composition moment sequences during transport of aerosol mixtures. Journal of

Physics: Conference Series 78, 012045.

MEAD, L. R. & PAPANICOLAOU, N. 1984 Maximum entropy in the problem of moments.

Journal of Mathematical Physics 25, 2404-2417.



[75]

144

MiHALAS, D. & WEIBEL-MIHALAS, B. 1999 Foundations of radiation hydrodynamics.

Dover.

NicobpIN, I. & GATiGNOL, R. 2006 Unsteady half-space evaporation and condensation

problems on the basis of the discrete kinetic theory. Physics of Fluids 18, 127105.

OGATA, Y., IM, H.-N. & YABE, T. 2007 Numerical method for Boltzmann equation

with Soroban-grid CIP method. Communications in Computational Physics 2, 760-782.

OLsoN, G. L., AUEr, L. H. & HarL, M. L. 2000 Diffusion, P1, and other approximate
forms of radiation transport. Journal of Quantitative Spectroscopy and Radiative Transfer

64, 619-634.

PassaLAcqQuAa, A., Fox, R. O., GARG, R. & SUBRAMANIAM, S. 2010 A fully coupled
quadrature-based moment method for dilute to moderately dilute fluid-particle flows.

Chemical Engineering Science 65, 2267.

PassaLacQua, A. & Fox, R. O. 2011 Advanced continuum modeling of gas-partical

flows beyond the hydrodynamic limit. Applied Mathematical Modelling 35, 1616-1627.

PATANKAR, S. V. 1980 Numerical Heat Transfer and Fluid Flow. McGraw-Hill.

PERTHAME, B. 1990 Boltzmann type schemes for compressible Euler equations in one

and two space dimensions. SIAM Journal on Numerical Analysis 29, 1-19.

PETSCHEK A. G., WILLIAMSON, R. E. & WOo0OTEN, J. K. 1960 The penetration of
radiation with constant driving temperature. Technical Report, Los Alamos National

Laboratory.

PoMRANING, G. C. 1973 NThe equations of radiation hydrodynamics. Pergamon Press.

PRATHER, M. J. 1986 Numerical advection by conservation of second-order moments.

Journal of Geophysical Research 91, 6671-6681.



[36]

145

PrEss, W. H., TEUKOLSKY, S. A., VETTERLING, W. T. & FLANNERY, B. P. 1992
Numerical Recipes in Fortran 77: The Art of Scientific Computing . Cambridge University

Press, Cambridge.

PurLin, D. I. 1980 Direct simulation methods for compressible inviscid ideal gas-flows.

Journal of Computational Physics 34, 53—66.

RANADE, V. V. 1992 Flow in bubble column: some numerical experiments. Chemical

Engineering Science 47, 1857—-1869.

REED, W. H. 1971 New difference schemes for the neutron transport equation. Nuclear

Science and Engineering 46, 31-39.

REED, W. H. 1972 Spherical harmonic solutions of the neutron transport equation from

discrete ordinate codes. Nuclear Science and Engineering 49, 10-19.

RHIE, C. M. & CHOwW, W. L. 1983 Numerical study of the turbulent flow past an airfoil

with trailing edge separation. AIAA Journal 21, 1525-1532.

RiBouUX, G., Risso, F. & LEGENDRE, D. 2010 Experimental characterization of the ag-
itation generated by bubbles rising at high Reynolds number. Journal of Fluid Mechanics

643, 509-539.

RIDER, W. J., & KNOLL, D. A. 1999 Time step size selection for radiation diffusion

calculations. Journal of Computational Physics 152, 790-795.

RUNBORG, O. 2000 Some new results in multiphase geometrical optics. Mathematical

Modelling and Numerical Analysis 34, 1203-1231.

RUNBORG, O. 2007 Mathematical models and numerical methods for high frequency

waves. Communications in Computational Physics 2, 827—-880.

SAKIz, M. & SIMONIN, O. 1998 Numerical experiments and modelling of non-equilibrium
effects in dilute granular flows. Proceedings of the 21st International Symposium on Rar-

efied Gas Dynamics, Cépadues-Editions, Toulouse, France.



[97]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

146

SATO, Y. & SEKOGUCHI, K. 1975 Liquid velocity distribution in two-phase bubble flow.

International Journal of Multiphase Flow 2, 79-95.

SCHILLER, L. & NAUMANN, A. 1935 A drag coefficient correlation. V. D. I. Zeitung 77,

318-320.

SHERMAN, M. P. 1967 Moment methods in radiative transfer problems. Journal of Quan-

titative Spectroscopy and Radiative Transfer 7, 89-109.

SHOHAT, J. A. & TAMARKIN J. D. 1943 The problem of moments. American Mathe-

matical Society, New York.

SOKOLICHIN, A. & EIGENBERCER, G. 1994 Gas liquid flow in bubble columns and loop
reactors. Part I. Detailed modelling and numerical simulation. Chemical Engineering

Science 49, 5735.

STRUCHTRUP, H. 1997 An extended moment method in radiative transfer: The matrices

of mean absorption and scattering coefficients. Annals of Physics 257, 111-135.

STRUCHTRUP, H. 1998 On the number of moments in radiative transfer problems. Annals

of Physics 266, 1-26.

STRUCHTRUP, H. 2005 Macroscopic Transport Equations for Rarefied Gas Flows.

Springer, Berlin.

Su, B. & OLsoN, G. L. 1997 An analytical benchmark for non-equilibrium radiative

transfer in an isotropically scattering medium. Annals of Nuclear Energy 24, 1035-1055.

Su, B. 2001 Variable Eddington factors and flux limiters in radiative transfer. Nuclear

Science and Engineering 137, 281-297.

TomiyAMA, A., MATSUOKA, T., FukuDpA, T. & SAKAGUCHI, T. 1995 A simple nu-
merical method for solving an incompressible two-fluid model in a general curvilinear

coordinate system. Advances in Multiphase Flow Society of Petroleum FEngineers, 241—

252.



[108]

109

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

147

TomrvamMa, A., KATAOKA, I., ZUN, I. & SakacucHi, T. 1998 Drag coefficients of

single bubbles under normal and microgravity conditions. JSME International Journal

Series B, Fluids and Thermal Engineering 41, 472-479.

TORRILHON, M. & STRUCHTRUP, H. 2004 Regularized 13-moment equations: shock
structure calculations and comparison to Burnett models. Journal of Fluid Mechanics

513, 171-198.

Torvik, R. & SVENDSEN, H. F. 1990 Modelling of slurry reactors, a fundamental

approach. Chemical Engineering Science 45, 2325.

TrapP, J. A. & MORTENSEN, G. A. 1993 A discrete particle model for bubble slug two

phase flow. Journal of Computational Physics 107, 367.

VANCE, M. W., SQUIRES, K. D. & SIMONIN, O. 2006 Properties of the particle velocity

field in gas-solid turbulent channel flow. Physics of Fluids 18, 063302.

VAN LEER, B. 1997 Towards the ultimate conservative difference schemes V. A second

order sequel to Godunov’s method. Journal of Computational Physics 135, 229-248.

VENKATKRISHNAN, V. 1995 Convergence to steady state solutions of the Euler equations

on unstructured grids with limiters. Journal of Computational Physics 118, 120-130.

VIkAS, V., WANG, Z. J., PAssAaLACQUA, A. & Fox, R. O. 2011a Realizable high-order
finite-volume schemes for quadrature-based moment methods. Journal of Computational

Physics 230, 5328-5352.

Vikas, V., YUAN, C., WANG, Z. J. & Fox, R. O. 2011b Modeling of bubble-column
flows with quadrature-based moment methods. Chemical Engineering Science 66, 3058—

3070.

Viasov, A. A. 1938 On vibration properties of electron gas. Journal of Ezperimental

and Theoretical Physics 8, 291-317.

WANG, Z. J. 1998 A Quadtree-based adaptive Cartesian/Quad grid flow solver for

Navier-Stokes equations. Computers & Fluids 27, 529-549.



[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

148

WANG, Z. J. 2002 Spectral (finite) volume method for conservation laws on unstructured

grids: Basic Formulation. Journal of Computational Physics 178, 210-251.

WANG, Z. J. 2007 High order methods for Euler and Navier Stokes equations on un-

structured grids. Journal of Progress in Aerospace Sciences 43, 1-47.

WHEELER, J. C. 1974 Modified moments and Gaussian quadratures. Rocky Mountain

Journal of Mathematics 4, 287-296.
WiLLiAMS, F. A. 1958 Spray combustion and atomization. Physics of Fluids 1, 541-545.

WOHLBIER, J. G., JIN, S. & SENGELE, S. 2005 Eulerian calculations of wave breaking

and multivalued solutions in a traveling wave tube. Physics of Plasmas 12, 023106.

WRIGHT, D. L. 2007 Numerical advection of moments of the particle size distribution

in Eulerian models. Journal of Aerosol Science 38, 352-369.

Wu, C. L., ZHAN, J. M., Lic, Y. S. & LaM, K. S. 2006 Dense particulate flow model

on unstructured mesh. Chemical Engineering Science 61, 5726.

Yuan, C. & Fox, R. O. 2011 Conditional quadrature method of moments for kinetic

equations. Journal of Computational Physics 230, 8216-8246.

YuaN, C., LAURENT, F. & Fox, R. O. 2012 An extended quadrature method of mo-

ments for population balance equations. Journal of Aerosol Science 51, 1-23.



	2012
	Quadrature-based moment methods: High-order realizable schemes and multi-physics applications
	Varun Vikas
	Recommended Citation


	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	ACKNOWLEDGEMENTS
	ABSTRACT
	1. GENERAL INTRODUCTION
	1.1 Background
	1.2 Original contributions of this dissertation
	1.2.1 Development of high-order realizable schemes
	1.2.2 Bubble-column flow modeling using QMOM
	1.2.3 Radiation transport modeling using EQMOM

	1.3 Outline of dissertation

	2. REALIZABLE HIGH-ORDER FINITE-VOLUME SCHEMES FOR QUADRATURE-BASED MOMENT METHODS
	Abstract
	2.1 Introduction
	2.2 Quadrature method of moments
	2.2.1 Kinetic equation
	2.2.2 Moment transport equations
	2.2.3 Quadrature-based closures
	2.2.4 Finite-volume method
	2.2.5 Solution algorithm
	2.2.6 Non-realizability problem

	2.3 Improved realizable finite-volume schemes
	2.3.1 Basic idea
	2.3.2 Realizability criterion for 1-D cases
	2.3.3 Realizability criterion for 2-D/3-D cases

	2.4 Multi-stage time-integration
	2.4.1 RK2 scheme
	2.4.2 RK2SSP scheme
	2.4.3 Calculation of time-step size

	2.5 Numerical results
	2.5.1 Spatial accuracy study
	2.5.2 Grid convergence study
	2.5.3 Comparison of schemes for 1-D case with only convection terms
	2.5.4 Comparison of schemes for 1-D case with both convection and drag terms
	2.5.5 Comparison of schemes for 2-D case with only convection terms
	2.5.6 Comparison of schemes for 2-D case with both convection and drag terms

	2.6 Conclusions
	Appendix

	3. REALIZABLE HIGH-ORDER FINITE-VOLUME SCHEMES FOR QUADRATURE-BASED MOMENT METHODS APPLIED TO DIFFUSION POPULATION BALANCE EQUATIONS
	Abstract
	3.1 Introduction
	3.2 Quadrature-based moment method
	3.2.1 Diffusion PBE
	3.2.2 Moment transport equations
	3.2.3 Quadrature-based closures
	3.2.4 Finite-volume method
	3.2.5 Non-realizability problem

	3.3 Improved realizable finite-volume schemes
	3.3.1 Basic idea
	3.3.2 Consistency
	3.3.3 Realizability conditions
	3.3.4 Calculation of time-step size

	3.4 Realizable schemes for multidimensional cases
	3.4.1 Unstructured mesh
	3.4.2 Uniform Cartesian mesh

	3.5 Numerical results
	3.5.1 Problem I
	3.5.2 Problem II
	3.5.3 Problem III
	3.5.4 Problem IV
	3.5.5 Problem V

	3.6 Conclusions

	4. MODELING OF BUBBLE-COLUMN FLOWS WITHQUADRATURE-BASED MOMENT METHODS
	Abstract
	4.1 Introduction
	4.2 Description of Model
	4.2.1 Liquid-phase governing equations
	4.2.2 Bubble-phase governing equations

	4.3 Description of Flow Solver
	4.3.1 Liquid-phase solution strategy
	4.3.2 Bubble-phase solution strategy
	4.3.3 Coupling algorithm

	4.4 Numerical Results
	4.4.1 Description of 2-D test case
	4.4.2 Lower gas flow rate
	4.4.3 Higher gas flow rate

	4.5 Conclusions

	5. RADIATION TRANSPORT MODELING USING EXTENDED QUADRATURE METHOD OF MOMENTS
	Abstract
	5.1 Introduction
	5.2 Equations of radiative transfer
	5.3 Extended quadrature method of moments
	5.4 Solution algorithm
	5.4.1 Convection term
	5.4.2 External source term
	5.4.3 Material coupling terms

	5.5 Numerical results
	5.5.1 Plane-source problem
	5.5.2 Two-beam instability problem
	5.5.3 Reed cell problem
	5.5.4 Marshak wave problem
	5.5.5 Su-Olson problem

	5.6 Conclusions

	6. GENERAL CONCLUSIONS
	6.1 Development of high-order realizable schemes
	6.2 Bubble-column flow modeling using QMOM
	6.3 Radiation transport modeling using EQMOM

	BIBLIOGRAPHY

