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We analyze a number of systems of evolution equations that arise in
the study of physical chemistry. First we discuss the well-posedness of a sys-
tem of mixing compressible barotropic multicomponent flows. We discuss the
regularity of these variational solutions, their existence and uniqueness, and
we analyze the emergence of a novel type of entropy that is derived for the

system of equations.

Next we present a numerical scheme, in the form of a discontinuous
Galerkin (DG) finite element method, to model this compressible barotropic
multifluid. We find that the DG method provides stable and accurate solutions
to our system, and that further, these solutions are energy consistent; which
is to say that they satisfy the classical entropy of the system in addition to an
additional integral inequality. We discuss the initial-boundary problem and
the existence of weak entropy at the boundaries. Next we extend these results
to include more complicated transport properties (i.e. mass diffusion), where

exotic acoustic and chemical inlets are explicitly shown.

We continue by developing a mixed method discontinuous Galerkin

finite element method to model quantum hydrodynamic fluids, which emerge

vi



in the study of chemical and molecular dynamics. These solutions are solved in
the conservation form, or Eulerian frame, and show a notable scale invariance

which makes them particularly attractive for high dimensional calculations.

Finally we implement a wide class of chemical reactors using an adapted
discontinuous Galerkin finite element scheme, where reaction terms are ana-
lytically integrated locally in time. We show that these solutions, both in
stationary and in flow reactors, show remarkable stability, accuracy and con-

sistency.
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Chapter 1

Introduction

Evolution equations can generally be thought of as the objects compris-
ing any theoretical model system whose parameter space evolves dynamically
through time. Most generally, the study of evolution equations can be shown
to span nearly every theoretical field that employs quantitative models; from
mathematics [1], physics [2], chemistry [3], engineering [4] and biology [5], to
informatics [6], quantitative psychology [7], economics [8], analytic philosophy

[9] and metamathematics [10] — just to mention a sparse subclass of examples.

In particular, we are concerned in this work with the study of evolution
equations which arise in physical chemistry, chemical physics, mathematical
physics, as well as applied and numerical mathematics and engineering. More
specifically, we address a subset of evolution equations that emerge in these
fields, but which find direct application to model systems of particular impor-

tance in physical chemistry.

Studying evolution equations in theoretical and computational physical
chemistry presents a unique set of interdisciplinary challenges. First, the study
of “realistic” chemical systems — which is to say, systems which include “as
many natural, or physical, variables as possible” — often requires extensive and
complicated functionally-coupled mathematical systems. These systems may
not only be difficult and subtle to model numerically, but may also be (and

often are) extremely difficult to pose in a consistent and non-degenerate way



analytically; which is to say, a way which does not lead to “nonphysical” and

spurious behavior.

More specifically, evolution equations comprise the substrate, in essen-
tia, of the study of chemical kinetics (for example see Ref. [11]). Here rate laws
can be seen as one of the most immediate examples of an evolution equation
arising in chemical systems, i.e. a source field — the local componentwise con-
centration of the molecular constituents of the system — evolving in time. As
reaction kinetics are so fundamental to the study of many, if not most, chem-
ical systems, it becomes immediately clear how pervasive these techniques are

in the study of chemical and biochemical systems.

A more complicated evolution equation which arises in physical chem-
istry applications include the class of transport, or advection equations. A
prime example of such an equation is given by the mixing of (inert) multi-
component fluids and gases (see Chapter 2 and 3 for examples) along the
characteristics of a flow field. These transport equations (such as Fick’s law)
are used to describe the transport properties (viscosity, conductivity, thermal

diffusion, etc. [12]) that characterize the behaviors of bulk materials.

In fact, in order to include the effects of equilibrium thermodynamics
on the mixing (which arises in standard physical chemistry [11]), one must
include the time-evolving Gibb’s free energy of mixing, G. This already in-
troduces a substantial technical difficulty at the level of mathematical repre-
sentation, since these systems, which may be modeled using the Allen-Cahn
[13] or Cahn-Hilliard [14] equations, exhibit second and fourth order differen-
tial dependencies on the evolution parameters. Nevertheless, these types of
systems are very common in physical chemistry experiments, where they may

describe spinodal decomposition, colloidal chemistry, nucleation and crystal-



lization events, and the complicated interspecies phase dynamics of mixtures
(e.g. in dense polymeric fluids, nanocrystals, and solar cell fabrication [4, 15—

17).

When these transported properties are coupled to conservation laws,
nonlinear fluid dynamical models emerge, such as the Euler system of par-
tial differential equations, or the Navier-Stokes system of partial differential
equations (PDEs). These coupled systems of PDEs quickly become quite com-
plicated, as they are invariably determined from k equations and k£ unknowns.
For example, the Euler equations solve a system of three equations (mass, mo-
mentum, and energy conservation) and three unknowns (density p, velocity
u, and total energy E). This system of PDEs is highly nonlinear and admits
naturally discontinuous solutions (i.e. shockwaves). Similarly the Navier-
Stokes system introduces viscous effects and rotational field effects, such as
turbulence; which immediately introduce additional mathematical complica-
tions into the solution space. The coupling of higher order transport effects
(as mentioned above) to these conservation laws lead to elaborate systems of
of partial differential equations, such as seen in Korteweg-type fluid equations
[18], surface tension phase-field models [19], quantum hydrodynamics [20] and
magnetofluid models [21,22]. All of these systems arise commonly in physical
chemistry, in the form of interfacial diffusion [23], multiphase dynamics (e.g.
bubbles in water) [24], (quantum) chemical kinetics [20], and the dynamics of

strongly (or weakly) ionized multicomponent gases [25, 26], respectively.

The theoretical foundation of the above mentioned fluid models may
be derived from molecular collision theory (see Ref. [12,27]). In fact, fluid
models may be viewed as /-th order moment expansions that emerge from

the molecular description of fluids, given by the Boltzmann equation [28] (or



the Vlasov equation for neutral plasmas [29]). That is, we may consider the
statistical “flow field” of the probability density f of individual particles in
phase space, which comprise the well-known kinetic theory of liquids and gases
(see Ref. [30-32]), and in the Chapman-Enskog expansion, these lead in ¢ = 0
to the Euler equations, in ¢ = 1 to the Navier-Stokes equations, in ¢ = 2 to

the Burnett equations, in £ = 3 to the super-Burnett equations [33], etc.

In the present work, we focus on the chemical dynamics of systems
which are either in a stationary state, or those which follow the flow fields of
“fluids” (for us, either gases, plasmas, liquids or electronic probability den-
sities) which obey compressible fluid mechanics. Compressible fluid mechan-
ics are distinguished from incompressible fluid mechanics, in that the diver-
gence (source or sink) of the velocity vector vanishes in incompressible fluids:
V-4 = 0. The concept of a compressible fluid in continuum mechanics should
not, however, be confused with the concept of the compressibility Z of a “real
gas” in equilibrium thermodynamics. For instance, in Chapter 2 we will be
concerned with a time evolving compressible flow of an idealized gas whose
pressure is a function of the density p = p(p), and whose compressibility fac-

tor Z = 1.

More specifically, in this work we cover a large family of continuum pro-
cesses which are described by conservation form partial differential equations
of mixed hyperbolic-parabolic type. We are generally interested in a diverse
set of initial-boundary value problems which can accommodate a large number
of physically and chemically relevant contexts. Where possible, we have stayed
as close as possible to the concept of “mathematical well-posedness,” in the
sense of Hadamard. We find, and demonstrate, that this not only improves the

stability of our results, but also the accuracy and consistency of our solutions.



In Chapter 2 we address the issue of well-posedness directly. Here
we show the existence, uniqueness and regularity results for a compressible
barotropic flow comprised of miscible (and reactively inert) chemical con-
stituents. We rely heavily on the previous results of Solonnikov [34], Vasseur
[35], Mellet [36], Desjardins [37] and Bresch [38], and demonstrate how the
fluid obeys a novel multicomponent entropy with functional concentration de-
pendent viscosity, which in tandem with the classical entropy is enough to
control variational (or weak) solutions in the L?-norm globally in time. Some

of the work in this chapter is duplicated from Ref. [39].

We proceed in Chapter 3 by presenting a computationally well-posed
discontinuous Galerkin finite element implementation of the system from Chap-
ter 2. That is to say, we present a local variational formulation of a slightly
generalized form of the system from Chapter 2, where as many underlying
assumptions, approximations and implementational nuances are made as com-
pletely explicit as possible, with an eye towards making these systems exactly
numerically reproducible. Along these lines, a special emphasis is made on
the consistent treatment of boundary data. We show how one may generally
introduce so-called weak entropy boundary conditions, which are aptly named,
versus the so-called “characteristic treatment” of boundary data; which also
introduce local perturbations in the solution space. Here we explicitly in-
troduce some physically relevant boundary conditions, such as chemical and
acoustic inlets, and perform some extensive numerical experiments on these
physical systems. We further show how our discontinuous Galerkin scheme not
only conserves mass, momentum and species (for inert constituents), but also
conserves both entropy inequalities from Chapter 2, as long as the Courant-

Friedrichs-Lewy (CFL) condition is satisfied (which is a standard restriction



on the timestep in terms of the spacial resolution of the solution for explicit
solutions). Finally we introduce more physics into the system, by adding the
Fick’s mass diffusion to the species equation, which yields a flow field which
not only mixes, but whose concentration dependent viscosity and mass diffu-
sion allow for a slow local homogenization effect to proceed across the domain,
and we analyze some chemically pertinent numerical experiments. Some of

the work in this chapter is duplicated in Ref. [3].

In Chapter 4 we shift our attention to conservation form quantum
hydrodynamics. Quantum hydrodynamics is generally viewed as a natural
outcropping of time-dependent quantum mechanics (in relation to the time-
dependent Schrodinger equation), leading to a direct formal equivalence to
a system of conservation law continuum mechanics, comprised of a continu-
ity equation and a conservation of momentum equation that contains the so-
called Bohmian quantum potential (in honour of one of the early pioneers of
the field, David Bohm [40,41]). This system has recently received substan-
tial attention in chemical and molecular dynamics, and in particular, to the
study of quantum (or ) resolution chemical kinetics occurring over compli-
cated high-dimensional potential energy surfaces [20]. These systems are also
of importance in modeling semiconductor systems [42] as well as diffuse in-
terfacial phase dynamics [43]. We show a novel mixed discontinuous Galerkin
finite element scheme for solving the conservation (or Eulerian frame) form of

these equations in their full generality.

We view our solution as a complement to the more standard Lagrangian
frame (or characteristic) based solutions. Again our approach emphasizes
boundary conditions, and the importance and recurring nuances which arise

with respect to boundary data in the implementation of systems of partial dif-



ferential equations. We also show explicitly ways of recovering the “Bohmian
trajectories,” or pathlines of the flow field. We perform a number of numer-
ical experiments and show some careful analysis of these results, including
explicitly measuring our solutions against those well established by Wyatt et
al. in Ref. [20], to analyze accuracy, efficiency, and convergence properties of
our results. A nice feature of our mixed method solution, is that it displays
a remarkable scale invariance, making solutions over extremely small meshes
qualitatively equivalent to solutions over much larger meshes, and thus yield-
ing a realistic time scaling for complicated high dimensional problems. Some

of the work in this chapter is duplicated in Ref. [44].

Finally, in Chapter 5 we return to the classical and semi-classical evo-
lution equations, and look at chemical reactors in a generalized setting. We
define a chemical reactor model as any time-evolving system that models chem-
ical reactions. In particular, we emphasize reaction-diffusion systems of partial
differential equations, which are of importance in physical chemistry [30, 45], as
well as in chemical and aerospace engineering [46,47]. We present an adapted
discontinuous Galerkin finite element scheme, which solves for the reacting
source locally in time by direct integration. We use this methodology to an-
alyze stationary chemical reactors (which arise in studies of chemical vapour
deposition and flame theory, for example), as well as compressible flow re-
actors. We implement our scheme explicitly for a simple hypergolic ignition
reaction, and look at stationary behavior, catalytic shockwave formation and
supersonic nozzle inlet boundary conditions via numerical experiment. Finally
we extend our results to full dimension, while showing stability, accuracy and

consistency of solutions.

Let us conclude with a brief, though necessary, apologia. Throughout



this work we often find ourselves at a bifurcation between two incongruous
set of conventions, and thus in the delicate position of having to choose one
over another. A prime example of such a convention, which may have already
precipitated concern amongst the chemical readership of this thesis, is the
habitual use of the nominative plural “we,” in place of the far more standard
passive voice convention used in physical chemistry. In this instance we have
adopted the mathematics convention, where “we” is used interchangeably to
denote any number of usages from a diverse family of pronouns; that is, it
may denote: the collective set of individuals in some sense explicitly behind
the present work, the collective and inclusive scientific body as a connected and
interdependent institution of research, the collective presence of the current
audience (i.e. the objective, though time-dependent, “us” of the readership),
and so forth. With this in mind, it then naturally follows for single author
texts to regularly adopt the plural nominative “we;” and do so as a choice of

convention.

In contrast we have adopted the chemistry convention on the bibliogra-
phy, where references are numbered by order of appearance, as opposed to by
the first author’s last name. Additionally we use a mathematics convention for
the given entropy . a convex function, as well as for the sign of the Bohmian
quantum potential Q. When cases such as these arise in the the body of the

text, the given convention is explicitly stated once, and then taken as implicit.



Chapter 2

A Well-posed System for Compressible
Multicomponent Flows

2.1 Introduction

In this chapter we show the well-posedness of a global strong solution
to a multifluid problem over R™ x R characterized by the one-dimensional
compressible barotropic Navier-Stokes equations. That is, we consider the

following system of equations,

Op + O0x(pu) =0, (2.1)
O (pp) 4 Ox(pup) = 0, (2.3)

with initial conditions given by:

Plt=0 = po >0, PUt=0 = My, Hjt=0 = Ho-

The conservation of mass (2.1), conservation of momentum (2.2) and conser-
vation of species (2.3) describe the flow of a barotropic compressible viscous
fluid defined for (¢,2) € Rt x R. Here the density is given as p, the velocity as
u, the momentum as m, and the mass fraction u denotes the relative weight-
ing for each fluid component of the adiabatic exponent v(u) € R associated to

the generalized pressure p(p, i), thus effectively tracking the “mixing” of the



fluid components. In one dimension the shear viscosity and the bulk viscos-
ity collapse into a single coefficient function depending on p and p which we
denote here v(p, ;). Monofluid one-dimensional compressible Navier-Stokes
equations have been studied by many authors when the viscosity coefficient v
is a positive constant. The existence of weak solutions was first established
by A. Kazhikhov and V. Shelukhin in Ref. [48] for smooth enough data close
to the equilibrium (bounded away from zero). The case of discontinuous data
(still bounded away from zero) was addressed by V. Shelukhin [49, 50] and then
by D. Serre[51,52] and D. Hoff [53]. First results concerning vanishing intial
density were also obtained by V. Shelukhin [54]. In Ref. [55], D. Hoff proved
the existence of global weak solutions with large discontinuous initial data,
possibly having different limits at = +00. He proved moreover that the con-
structed solutions have strictly positive densities (vacuum states cannot form
in finite time). In dimension greater than two, similar results were obtained
by A. Matsumura and T. Nishida [56-58] for smooth data and D. Hoff [59] for
discontinuous data close to the equilibrium. The first global existence result
for an initial density that is allowed to vanish was due to P.-L. Lions (see
Ref. [60]). The result was later improved by B. Desjardins[61] and E. Feireisl
et al. (See Ref. [62-64] and [65]). The class of solutions was then extended by
A. Zlotnik, G.-Q. Chen, D. Hoff, B. Ducomet, and K. Trivisa in Ref. [66-70]
and [71] to the case of a thermally active compressible flow coupled by the
systems chemical kinetics, where global existence results are shown for an Ar-
rhenius type biphasic combustion reaction tracking only the reactants level of
consumption. Y. Amirat and V. Shelukin have further provided in Ref. [72]

weak solutions for the case of a miscible flow in porous media.

The problem of regularity and uniqueness of solutions was first analyzed
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by V. Solonnikov [34] for smooth initial data and for small time. However, the
regularity may blow-up as the solution gets close to vacuum. This leads to
another interesting question of whether vacuum may arise in finite time. D.
Hoff and J. Smoller [73] show that any weak solution of the Navier-Stokes
equations in one space dimension do not exhibit vacuum states, provided that

no vacuum states are present initially.

Interfacial multicomponent flows have been extensively studied in the
literature, and span a rich array of applied topics with natural analogues in
continuum dynamics. For example, there has been numerous work on mul-
ticomponent flows in biological systems, including bifurcating vascular flows
[74,75] and pulsatile hemodynamics [76], in vitro tissue growth [77] and the
“amoeboid motion” of cells by way of surface polymerization [78], chemotac-
tic transport[79] in aqueous media under chemical mixing (e.g. varying rela-
tive concentrations) applied to specialized cell types [80], as well as biological
membrane dynamics due to local gradients in surface tension caused by flux
in local boundary densities [2]. Another important and popular field of ap-
plication is that of dispersed nanoparticles in colloidal media (e.g. aerosols,
emulsifications, sols, foams, etc. [81-83]) applied to, for example, electrospray
techniques in designing solar cells [4], or more generally to diagnostic and flow
analysis in the applied material sciences [84, 85]. In addition, phase separation
and spinodal decomposition have received a great deal of attention [14, 17, 86],
especially with respect to morphological engineering [87]. Another field which
is heavily weighted with multifluid applications is that of combustion dynamics
[46] and chemical kinetics [12,45], where the conservation of species equation
(2.3) is regularly invoked, including numerous topics in reaction diffusion dy-

namics and phase mixing, spanning many essential topics in the atmospheric
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[88,89] and geophysical [90, 91] sciences. In electrochemistry and chemical en-
gineering recent work has been done on porous multiphase fuel cells [92, 93],
and in sonochemistry recent studies have shown acoustically induced trans-
port properties across interfacial phase changes [24,94], Finally in the fields
of astronomy and astrophysics exotic multicomponent magnetohydrodynamic

plasmas are studied [21, 95].

Many applied results exist for computational methods and schemes for
solving multicomponent flows. Let us briefly mention some notable exam-
ples. An early generalized numerical approach in multiphase modeling was
presented by F. Harlow and A. Amsden in Ref. [96], which provides an ex-
tensive system of dynamically coupled phases using a conservation of species
(2.3) equation obeying a number of relevant physical boundary conditions and
which applies, in particular, to compressible flows. In Ref. [97] J. Dukow-
icz implements a particle-fluid model for incompressible sprays, an approach
extended by G. Faeth in Ref. [98,99] to combustion flows. D. Youngs then,
in Ref. [100], expanded numerical mixing regimes to include interfacial tur-
bulent effects. These basic schemes and approaches have been applied by a
large number of authors to a large number of fields, modeling an extremely
diverse number of natural phenomenon, from star formation [101] to volcanic
eruptions [102]. Some good reviews of the foundational numerics of these ap-
proaches can be found in the books of C. Hirsch [103], P. Shih-I and L. Shijun
[104], and M. Feistauer, J. Felcman, and I. Straskraba [105].

Let us briefly outline the physical meaning of the subject of this Chap-
ter, namely, the system of equations (2.1)-(2.3). Here we have a barotropic
system with the flow driven by a pressure p that depends on the density p and

the mass fraction u of each chemical/phase component of the system. Since
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the function () depends on the constant heat capacity ratios 7; > 1 of each
component of the multifluid, the pressure p(p, u) effectively traces the thermo-
dynamic “signature” of mixing chemicals/phases in solution. Note that this is
very similar, for example, to the system of equations set out in Ref. [46], except
here, for simplicity, we have neglected the associated diffusion and chemical
kinetics which break the strict (and mathematically convenient) conservation
in the species equation (2.3). Another important facet of the system (2.1)-(2.3)
is that the viscosity v is a function of the pressure p. Much recent work has
been done by M. Franta, M. Bulicek, J. Malek, and K. Rajagopal in providing
results on these type of viscosity laws [106-109]. Moreover, since the form of
the pressure p is chosen up to any state equation that satisfies the assump-
tions given in §2, the formulation is general enough to include, for example,
multi-nuclear regimes. That is, in addition to describing the flow of mixing
fluids characterized by their concentrations with respect to their heat capacity
ratios, this construction also educes applications in nuclear hydrodynamics,
where one can derive the pressure law using the time-dependent Hartree-Fock
approzimation [110]. Such a nuclear fluid obeying the assumptions given by
the Eddington Standard Model for stellar phenomena has a pressure law [63]
that takes the form, p(p) = Cyp* — Cop? + C3p™/* where Oy, Cy and Cj are pos-
itive constants. In particular, this exotic pressure law can be shown to model
nontrivial physical phenomena; such as spin and isospin wavefront propoga-
tion in nuclear fluids. It has further been shown to be in good agreement with
nuclear hydrodynamic models of the sun [63]. Thus the result in §2 allows us

to extend the above to nuclear multifluids that satisfies
p(p, ) = Clp%(u) _ C2p7]'(u) + C’gp%(“),

as long as it verifies the conditions given in §2. It however remains to be seen
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if quantum multi-molecular fluids [20] have an analogous formulation.

At the level of the mathematical results, incompressible (for general
background on the incompressible Navier-Stokes equations see Ref. [111]) mul-
ticomponent flows have been addressed by a number of authors. First S. An-
tontsev and A. Kazhikhov in Ref. [112], A. Kazhikhov in Ref. [113], S. An-
tontsev, A. Kazhikhov and V. Monakhov in Ref. [114], and B. Desjardins in
Ref. [61] show results for mixing flows where homogenization of the density
p is allowed. These solutions can be seen in contrast with P.L. Lions’ and
R. DiPerna’s solutions in Ref. [115,116] which provide a multiphase solution
for immiscible inhomogenizable flows given discrete constant densities for each
component. A. Nouri, F. Poupaud and Y. Demay[116, 117] extend these results
to functional densities where boundary components 0€2; are set between each
fluid domain €2; that satisfy the so-called kinematic condition, which restricts
the viscosity v to obey Oy + u - Vv = 0 (see Ref. [118] for further discussion
on the kinematic condition). These results apply to immiscible flows with
boundary surfaces that effectively fix the number of fluid particles on the in-
terface. These solutions were then further extended by N. Tanaka [119,120],
V. Solonnikov and A. Tani [121-125] to include boundary conditions tracking
both the surface tension at the interface using a mean curvature flow on the

interfacial surface, as well as the inclusion of self-gravitating parcels.

In this Chapter we consider viscosity coefficients depending on the pres-
sure satisfying a barotropic-type pressure law, a result based upon the paper of
A. Mellet and A. Vasseur in Ref. [35] and extended to the multifluid case with
a viscosity functional v(p) given no a priori uniform bound from below. Thus,
in addition to modeling the miscible multiflow regimes that have generated

substantial physical interest (see above), our result further incorporates a very
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inclusive form of the generalized viscosity. We show the global existence with
uniqueness result for a one-dimensional compressible barotropic multicompo-
nent Navier-Stokes problem. In order to aquire the existence result, we rely
heavily on an energy inequality provided by D. Bresch and B. Desjardins (see
for example Ref. [18] and [126]). This beautiful and powerful tool is central to
our result, and, as it turns out, the breakdown of this calculation is the only
(known) obstruction to acquiring similar results in dimension greater than
one. Next we obtain the uniqueness result by adapting a proof of Solonnikov’s
[34] to the case of the barotropic system (2.1)-(2.2) coupled to the species

conservation equation (2.3).

Let us take this opportunity to discuss difficulties and related systems
of equations in higher dimension. Again, the present result relies heavily on
the calculation of an energy inequality (see §3) as provided by D. Bresch and
B. Desjardins [37,38,127]. However, in dimension n > 2, the derivation of
this entropy inequality leads to an unnatural form of the viscosity coefficiant
v(p, ); which is to say, the calculation no longer demonstrates the type of
symmetry which leads to the essential cancellation of singularities (for example

see Ref. [55]) required in the calculation (see Ref. [36] for the monofluid case).

We briefly recall some exciting results known for compressible fluids
in higher dimension, and note that extending these to multifluid regimes in-
troduces both beautiful and difficult mathematics, while also addressing very
important and physically relevant questions in the applied fields. For exam-
ple, a result of A. Valli and W. Zajaczkowski [128] shows global weak solutions
to the mutlidimensional problem for a heat conducting fluid with inflow and
outflow conditions on the boundary. In Ref. [129] A. Solonnikov and A. Tani

offer a uniqueness proof for an isentropic compressible problem given a free
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boundary in the presence of surface tension. D. Hoff and E. Tsyganov next
provide a very nice extension of the system to find weak solutions to the com-
pressible magnetohydrodynamics regime in Ref. [130]. G. Chen and M. Kratka
in Ref. [131] further show a free boundary result for a heat-conducting flow
given spherically symmetric initial data and a constant viscosity coefficient in
higher dimension; a result which is extended by E. Feireisl’s work [63] under
the notion of the wvariational solution for heat-conducting flows in multiple
dimensions; though this result restricts the form of the equation of state.
Further existence results are provided by B. Ducomet and E. Feireisl [1, 132]
for gaseous stars and the compressible heat-conducting magnetohydrodynamic
regime. Further, D. Donatelli and K. Trivisa [133, 134] have extended the ex-
istence results for the coupled chemical kinetics system mentioned above to
higher dimensions. In Ref. [82], A. Mellet and A. Vasseur provide global weak
solutions for a compressible barotropic regime coupled to the Vlasov-Fokker-
Planck equation, which characterizes the evolution of dispersed particles in
compressible fluids, such as with spray phenomenon. Finally, important re-
sults of D. Bresch and B. Desjardins, in a very recent paper [135], has worked
to extend the existence results to a more general framework (using their energy

inequality) for a viscous compressible heat-conducting fluid.

We conclude by noting a number of important and interesting results
related to vacuum solutions. That is, though in this work we are concerned
with densities that obey uniform bounds in R, a number of nice results exist

for the case where over some open U C R,

/ podaz > 0:
U

which is to say, solutions that incorporate vacuum states. For example, T. Yang

and C. Zhu show in Ref. [136] global existence for a 1D isentropic fluid con-
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nected continuiously to a vacuum state boundary with a density dependent
viscosity. Additionally, in dimension one, a recent result by C. Cho and H. Kim
[137] provides unique strong local solutions to a viscous polytropic fluid, where

they utilize a compatibility condition on the initial data.

2.2 Statement of Result

Let us first state the hypothesis we make on the pressure and viscosity
functional p(p, 1) and v(p, u). First we assume that the pressure p(p, ) is an

increasing function of the density p such that a.e.,
9pp(ps 1) > 0. (2.4)

The viscosity coefficient v(p, i) is chosen such that it satisfies the fol-

lowing relation,
v(p, 1) = pd,p(p, )Y (p(p, 1)), (2.5)

where ¥(p) is a function of the pressure restricted only by the form of its

derivative in p.

We consider a multifluid for which the pressure functional does not
change too much with respect to the fractional mass. Namely, Consider two
4> 1 and 4 > 1, where ¥ < 7 < % up to the constraint that,

4 —1/2 - ’y—l—l/Q’
v 8
5 —1/2 - y4+1/2 B

A -~

g Y

(2.6)

1. (2.7)

These relations are satisfied when 4 = 1.4 and § = 1.3, for example.
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Then, we ascribe the existence of constants C' > 0 such that the fol-

lowing conditions hold:
¢'(p) = Csup(p 2, p~7),
p7/C <plp,p) < Cp" for p>1,pu€eR, (2.8)
p7/C <plp,p) <Cp" for p<1,ucR,

where a and @ are such that

512 5 41/2
lfl—<géliln (2.9)
¥ 5
5 —1/2 5 41/2
Y12 g dH Y2 (2.10)
5 ¥

Note that the existence of a and @ comes from (2.6) and (2.7).

Next we set conditions on the derivatives of the pressure in p and p;

given first in p by,

pIC < pplp,p) <Cp 7t for p>1peR, 2.11)
P’ C < Oplp,p) <Cp7t for p<1,peR, |

and in u by, )
dup(p,p) < Cp? for p>1,p€eR,
) (2.12)
dup(p,p) < Cp? for p<1l,pueR

Notice that a simple pressure which satisfies these conditions is, p(p,u) =
C(u)p"™ where 1/C < C(u) < C and with two constants y; and 7, such
that,

T<mn <o) <72 <A
In particular note that (2.4), (2.5), (2.8), and (2.11)-(2.12) are quite general

assumptions, while the strong conditions, (2.6) and (2.7), have the effect of

constraining the amount p(p, ;1) can change with respect to p.
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For the sake of clarity we define H'(R) as the space consisting of all

functions p for which,
/(8xp)2dx < C.
This Chapter is dedicated to thiaR proof of the following theorem.
Theorem 2.2.1. Assume a pressure p(p, ) and viscosity v(p, u) satisfying
(2.5), (2.8), and (2.11)-(2.12) where the adiabatic limits 4 and 5 verify (2.6)-

(2.7), and take initial data (po, uo, fto) for which there exists positive constants

2(0) and o(0) such that
0 < 0(0) <po <2(0) < oo,
Po € Hl(R), ug €EH'(R), po € H'(R),

/Réa(Po,Mo)dff < +0o0,
|0z110] < Cpo,
where & is the internal energy as defined in (2.14). We additionally assume
the ezistence of constants R, S > 0 and p, i > 0 where py = p for |x| > R and
po = fv for |x| > S. Then there exists a global strong solution to (2.1)-(2.8)
on RT X R such that for every T > 0 we have
p € L>(0,T; H'(R)), 0dip € L*((0,T) x R),
u € L0, T; HY(R)) N L*(0,T; H*(R)), du € L*((0,T) x R),
e € L°(0,T; L¥(R)), Oy € L=(0,T; L*(R)).
Furthermore, there exist positive constants o(T') and (1) depending only on

T, such that
0 < o(T) < p(t,x) <o(T) < oo, V(t,z) € (0,T) x R.

Additionally, when " (p), 0,,p(p, 1), and 0,.p(p, 1v) are each locally bounded
then this solution is unique in the class of weak solutions satisfying the entropy

inequalities of §3.
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It is worth remarking that our results are slightly stronger than those
presented in the statement of the theorem above. Namely, the conditions
po = p for |z| > R and ug = i for |z| > S with respect to constants R and
S can be relaxed, such that simply choosing pg and g close to the reference
values p and i is permissible as long as the internal energy &(p, 1) remains

integrable at t = 0.

We additionally use the existence of the short-time solution to the sys-
tem (2.1)-(2.3), which follows from Ref. [34]. That is, as we show explicitly in
84, applying (2.8) and (2.11) to (2.5) provides that for every (p, ) the viscosity
coefficient v(p, ) > C, for a positive constant C'. This leads to the following
proposition.

Proposition 2.2.2. (Solonnikov) For initial data (po,uo, o) taken with re-
spect to the positive constants 9(0) and o(0) satisfying
0 < 0(0) <po <2(0) < oo,
po € H'(R), wy €H'YR), poc HY(R),

and assuming that v(p, ) > C for a positive constant C, then there exists a
T > 0 for each such that (2.1)-(2.3) has a unique solution (p,u, ) on (0,T%)
for each T, < Ty satisfying

p€LX0,T; H'(R),  dpe L*((0,T;) xR),

u € L*(0,T,; H*(R)), o € L*((0,T;) x R),

po € L2(0, T, L%(R)), 9y € L=((0,T5); L*(R));
and there exists two positive constants, 0 >0 and o, < 0o, such that 0 =

p(x,t) <o, forallt € (0,Ts).

The proof of Solonnikov’s proposition 2.2 as presented in Ref. [34] fol-
lows with the addition of equation (2.3) by applying Duhamel’s principle to
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the transport equation in p given the regularity which we demonstrate in §4,
in much the same way Duhamel’s principle is applied to p in Ref. [34] for the
continuity equation. The rest of the proof then pushes through directly by

virtue of the calculation shown in §5 of this work.

2.3 Energy Inequalities

In this section we derive two inequalities in order to gain enough control
over (2.1)-(2.3) to prove the theorem. That is, from these inequalities we
obtain a priori estimates that hold for smooth solutions and then prove the
existence result using Solonnikov’s short-time solution. The first inequality we
show is the classical entropy inequality adapted to the context of a multifluid,
while the second is an additional energy inequality derived using a technique
discovered by D. Bresch and B. Desjardins that effectively fixes the form of
the viscosity coefficient v(p, u).

A simple calculation is required in order to obtain the classical en-
tropy inequality (in the sense of Ref. [126] and [36]). That is, multiplying the

momentum equation (2.2) by u and integrating we find,

4 {pu—2 +&(p u)}dx + / v(p, 1)|0pulPdr <0 (2.13)
dt R 2 ’ R ’ v - ' '

Here &(p, 11) is the internal energy functional effectively tempered by a fixed

constant reference density p < oo and a fixed constant reference mass fraction

i < O given by

&(p, 1) zpfp{p(s’“) _p(ﬁ’u)}derp(ﬁ,/l) —p(p, 1) (2.14)

52

Let us make this calculation precise. First we restrict to the first two
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terms of (2.2) to notice that,
di(pu) + 0. (pu*) = pdyu + pudyu + u (dp + 0x(pu)),

where subsequently multiplying through by a factor of v and integrating gives,

1
/ {u2 (Opp + O0x(pu)) + = <p8tu2 + pu@wu2> }dx.
R 2

This can be easily rewritten using (2.1), as

/R (udy(pu) + ud, (pu?)) da = %/R {at (pu?) + 0, (pu?) }d:c.

Likewise the pressure term p, from (2.2) is multiplied through by a
factor of u and integrated. In particular, the form this term takes in (2.13) is
derived from a pressure p(p, ) that satisfies a conservation law (shown in §4)
for a tempered internal energy & (p, p). To see this, first notice that for any

function of p and p we have,

/ 0 & (p, p)dx = / 0,8 (p, 1) Orpdx + / 0,8 (p, ) Oypda
R R R
—— [ 0,8 0upds ~ [ 8,6(p. )0 )i
= - / u0, & (p, p1)Oppud — / p0,8 (p, 1) Opuda
R R

- / ud, & (p, 1) Oy pda.
R

But here, since 0,8 (p, ) = 0,8 0xp + 0,801, We can write,
/R@tﬁ(p, p)dxr = —/Ruﬁué"(p, (1) Oy pudx — /Rpap@@(p, ()0 udx
- /R u0, & (p, 1) Oy pdz
= — /R u0, & (p, pr)dx — /]R pO,& (p, p)Orudz

_ / 0ru{ 8 (p, 1) = p0y& (p, 1) e,
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which gives,

/Raﬁ(p,u)d:v:/Ruaz{p@pf(p,u)—ﬁmu)}dw- (2.15)

Using (2.14) we find

E(p, ) = p0,& (p, 1) + p(p, ft) — p(p, i), where &(p, i) =0,  (2.16)

such that computing p9,& (p, 1) — & (p, 1v) arrives with the desired equality,

d

5 [ € p)de = / udyp(p, p)dz. (2.17)
R

R

This internal energy & over R arises in Ref. [55] for the single component
case, where there G(p, p') is set as the potential energy density and treated in
a similar fashion. Note that as &(p, i) is tempered with respect to a reference
density p and a reference fractional mass ji, this is all that is needed to control
the sign on the internal energy &(p, p), with the only qualification coming

from §3 which gives cases on the limits of integration.

It is further worth mentioning that the above terms comprise an entropy
L (p,u, ) of the system (as well as the entropy term of inequality (2.13)),

where we write the integrable function,

2

m

The final step in recovering (2.13) is to calculate the remaining diffu-
sion term, which follows directly upon integration by parts. That is, after
multiplying through by w and integrating by parts we see that

~ [ w0, (vlp. )iz = [ o) 0uds
R R

which leads to the result; namely (2.13).
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2.3.1 Additional Energy Inequality

The following lemma provides the second energy inequality that we use

in order to prove the theorem.

Lemma 2.3.1. For solutions of (2.1)-(2.3) we have

d _ _
5 [l 00w + 6o Yo+ [ 570 @) @0plp.0)ds =0,
(2.18)
providing the following constraint on the viscosity v(p, j):
v(p, ) = pdpp (p). (2.19)

Proof. Take the continuity equation and the transport equation in p and mul-

tiply through by derivatives of a function of the pressure ¢(p) such that,
3p¢(p){3tp + ﬁx(pU)} =0,
0u(p){ Oup + s} = 0,
where adding the components together gives,
O (p) + udstp(p) + pOpb(p)Oru = 0.
A derivation in « provides that
9, (0210(p)) + 02 (udatp(p)) + B (pO1h(p)Daus) = 0,
which we expand to
0 (pp 100 (p)) + 0 (pp~ " u0eY (p)) + 0z (POt (p)Opu) = 0,

such that adding it back to the momentum equation (2.2) and applying con-
dition (2.19) arrives with

O (p{u+p0:0(p)}) + 0o (pu{u+ p~'0:b(p) }) + Bup(p, 1) = 0.
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Multiplying this by (u + p‘laxw(p)) then gives,

—8t{p|u+p L0, (p) ‘ }+ 8 {pulu+ p~'0,1(p) ] }
+ {u+p 1 0:0(p) } Oup(p, 1) = 0,

which when integrated becomes

d P _ 2 _ / 2
— {—\Hp 00 ()| + E(p, u)}d:c+ / p~ Y (p) (Qup(p, 1)) da = 0,
completing the proof. O

2.4 Establishing the Existence Theorem

In this section our aim is to apply the inequalities in §3 predicated on
the formulation in §2 to acquire the existence half of the theorem. However,
in order to do this we must first confirm that the energy inequalities satisfy
the appropriate bounds. Let us demonstrate this principle for both (2.13) and
(2.18) in the form of the following lemma.

Lemma 2.4.1. For any solution (p,u, n) of (2.1)-(2.3) verifying,

2
/ {Po% + 5(PO7M0)}d$ < too (2.20)
R
and
Oy 2
/ {@’u(ﬁ—M’ +c5"(p0,,u0)}dx < +00, (2.21)
R ¢ 2 Po

we have that

02 T
ess sup/ {p? + &(p, u)}dx + / / v(p, 1)|0pul*dzdt < C, (2.22)
R o Jr

(0,77

and

9 T /
p)‘ —I—é"(p,,u)}dx—k/o /R@prfdxdtga
(2.23)

57
€ss sup { = ‘u +
o] Jr L2
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Proof. 1t suffices if every term on the left side of both inequality (2.22) and

(2.23) can be shown to be nonnegative.

First notice that we clearly have that pu®? > 0 for any barotropic fluid
over R, since p is strictly nonnegative. To check that &(p, ) > 0 we simply
refer to the definition given in (2.16). Indeed (’W) > 0 when p > p
and (W) < 0 for p < p, which implies

p s
/ pis, ) —P(Pt) 4o
p

g2

Together with (2.14) this gives that &(p, u) >0 .

Next we check the viscosity coefficient v(p, ). Here the positivity fol-
lows from (2.5), where again the pressure is increasing in p satisfying (2.4) and
the density is positive definite away from the vacuum solution (which we show
is forbidden due to proposition 2.4.2), so for a ¢’(p) satisfying (2.8) we see that
Y'(p) > 0. Similarly, the last term on the right in (2.23) follows away from

vacuum, where again we only rely upon the fact from §2 that ¢’(p) > 0. O

These results provide the estimates that we use for the remainder of the
Chapter. That is, it is well-known (for example see Theorem 7.2 in Ref. [60]
and the results in Ref. [35]) that the existence of a global strong solution to
the system (2.1)-(2.2) follows by regularity analysis in tandem with (2.13)
and (2.18). Below we present a similar approach for the case of a mixing
multicomponent fluid (2.1)-(2.3) using only what we have found above; namely,

that (2.13) and (2.18) provide the following a priori bounds:

IV v(p, 1) 0l 20, 7502(m)) < C,
Iv/pull s o.7:0202)) < C, (2.24)

1€ (p, 1)l 0,701 m)) < C
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along with,

109 (p)//P)ll Lo 0,7:22R)) < C,
||(¢/(p)/p)1/26xp(pvﬂ>||L2(0,T;L2(R)) <C.

We will use these inequalitites extensively for the remainder of the Chapter.

(2.25)

As a remark, if we denote the internal energy density e as being char-

acterized by the relations,

P Oe(s, 1) . -
= ds with e(p,p) =0,
pe p/ﬁ oy 0e Wi e(p 1) (2.26)

and  De(p, ) = p~*plp, ) — p~*p(p, 1),

then e is closely related to the specific internal energy ey, defined by

o= [ s,

which is provided for the single barotropic compressible fluid case in Ref. [118§]
and [63]; but in the multifluid context, since the internal energy & is tempered
up to some constant reference density p, the usual form of the specific internal
energy inherits a tempering in p as well, which is what is provided here by the
function e. We also note that the tempered internal energy & now satisfies

the following conservation form as mentioned in §3,

0 (p; 1) + 02(& (p, p)u) + {pzﬁpe(p, 1) + p(p, 1) — p(p, ﬁ)}ﬁmu =0, (2.27)
where it is easy to confirm that upon integration this recovers (2.17).

2.4.1 Bounds on the Density

For the existence theorem we need to establish a bound for the density
in the space L=(0, T; H'(R)). To achieve this we first establish uniform bounds
on the density.
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Proposition 2.4.2. For every T > 0 there exist two distinct positive constants

0 and ¢ such that

o<p(t,x)<o  VY(tx)e[0,T] xR (2.28)

Showing this proposition requires the following three lemmas which

provide the groundwork for its subsequent proof.

Lemma 2.4.3. Let % > 0 be a function defined on [0, +00) x R where F (-, x)
1s uniformly continuous with respect to x € R and where there exists a § > 0
with Z(0,2) > § for any x. Then there exists an € > 0 such that for any
constant C' > 0 there exists a constant K > 0 so that for any nonnegative
function f verifying [, F(f(x),x)dz < C, and for any xo € R, there exists a
point vy € I = [xg — K, x0 + K| such that f(x1) > €.

Proof. For any fixed .% there exists a C' such that for all y < e we have,

1
Ty, z) > —
(yﬂf)_QC

since .# (0,z) > ¢ for any « and .# is uniformly continuous in z. Let us fix
C > 0 and define

K =2CC. (2.29)
We show that this K verifies the desired properties. Here we utilize a proof by

contradiction in the spirit of Ref. [36]. Assume that we can find a nonnegative

function f verifying [, Z(f(z),z)dz < C and an zo € R with

esssup f <,
zel
where I =[xy — K, x¢ + K]. Since .% > 0 this implies
_ 1
€z [ F@ois = [ #(f@)ade> [ e
R I 12C
which yields C' > K/C in contradiction to (2.29). O
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Additionally we require the following technical lemma.
Lemma 2.4.4. Providing (2.8) then (2.14) yields,
P+ Cp<C+1 for p<,
pﬁ—l—g <CH+CE(p,p) for p>1.
Proof. Trivially, when p < 1 we have that p? + Cp < C + 1. When p > 1 we

use (2.8) to expand &(p, 1) where (2.14) gives that as p — oo the p7 dominates

such that scaling the constant correctly provides the result. O

Now we are able to find uniform positive bounds g and ¢ on the density

which inherently preclude the vacuum and concentration states.

Lemma 2.4.5. Assume that (2.6), (2.7) and (2.8)-(2.12) are satisfied and let
3x§(p) = Il{pgl}@xp_" + ﬂ{p21}@xpa. (230)

Then there exists an n > 0 and o > 0 such that for any K > 0 there exists a
OK with
10:£(p) || Lo 0,701 (1) < O (2.31)

for every xg € R and I =[xy — K, xo + K].
Proof. First recall that the pressure satisfies

0up(p, 1) = 0,p(p; 11)0p + Opp(p, 1) Drfi-

Here we are concerned with two cases, namely when p < 1 and when p > 1.
For the case when p < 1 we multiply through by p=/2p(p, 1)~ where a is
given by (2.9), which yields

Opp(p, 1) 0up _ Oup(p,t)  Oup(p; 1) Ot 2.3
Voo, ) /pplp, )™ /op(p ) '
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Likewise for p > 1 we multiply through by p(p, #)~%p~/? given @ from (2.10)

such that
Opp(p, 11)0p — Oup(p, ) Oup(p, it)Orpt
ol _ ) (2.33)
Vop(p, )®  /pp(p, )®  \/pp(p, 1)®

In order to demonstrate the lemma we will control the right hand side of both

(2.32) and (2.33) such that each is bounded in L>(0,T; L}, (R)).

Towards this, we first show that p~19,u is bounded in L*°(0, T; L>°(R)).

That is, take a derivation in z of (2.3) in order to write

O(pp™' 0upr) + Ou(pup™dpp) = 0, (2.34)

such that multiplying through by a function ¢'(p~19,p) = ¥ achieves

O (pI(p™ ' Dupr)) + O (pudd(p™'Oppt)) = 0.

Take J(y) = (Jy| — M), for positive M € R. Upon integration this implies

T d
| [ oot duaade o
0 dt R

such that for an appropriate choice of initial condition, where py'0,uo €
[—M, M], we find
ess sup/ pI(p~ 0 p)dr = 0.

R

[0,7]
This implies that pd(p~'9,pu) = 0 almost everywhere for all (¢,x) € (0,T) x R,
and so we can conclude that the argument of ¢ takes values over the interval,
or more clearly that for p a.e. |p~'d,u] < M. This is then enough to educe

the norm:

prlﬁxlﬁHLw(O,T;Lw(R)) < M.

However, this is not yet enough to control the last term on the right

for the two cases. In (2.32) applying (2.8) and (2.12) further provides

0 o

p(p, p)=
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for a positive constant Cy. Using (2.9) from above we have that ¥ > oy —1/2,

and so the positivity of the exponent gives
Copi_g%r% <C for p <1,

which leads to,

VPOup(p, 1)
p(p, 1)

<C. (2.35)

Lip<y
H g Loo(0,T5L7 (R))

Similarly for (2.33) we apply (2.8) and (2.12) to see that,

0 N
VPO o sy gy s
p(p, u)*
Notice that since (2.10) provides ¥ > 4 —@¥ + 1/2, then applying lemma 2.4.4

implies

VPOup(p; 1)
Loz ( p(p, )® ) SCHCEp)

Integrating over I gives

50
/‘1{9 l}f“pﬁ’ )‘d <2KC'+C/£’/), \da,

such that applying (2.24) establishes

VPOup(p, 1)

i < Cf,
p(p, p)® -

Lo2(0,T;Ly,,.(R))

Hﬂ{pzl}

for C'x a constant depending only on K.

Now consider the d,p term in (2.32) where here again we treat the two
cases p < 1 and p > 1 separately. For the case p < 1 notice that we have by
the bound on ¢/(p) in (2.8) that

Oxp(p, 1) _ . _
Lgp<i D oplp )| = C|Lip<ryp ?0up(p, 1) 72 < ClLiperyp” 20:0(p)].
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Upon integration (2.25) gives
/ Lp<iyp™20up(p, )2 de < C/ |Lip<nyp™ 2000 (p) Pda
R R
<C,

and so we obtain
1Lty (s 1)~ 20up(p, 1) || oo 0,7 02(RY) < C.

Similarly for p > 1 we apply (2.8), giving

‘]1 1 9:p(p, 1)
= op(p, w)e

such that integrating and utilizing (2.25) yields

/ ‘1{’»1} u)>

= C|Lips1y3p 20up(p, )% < ClLips1yp 200(p)],

dz < C’/ |1{p>1}p 20:0(p)|dx
<C,

and so

11> Do, 1)~ 0upp, 1) || Lo (01311 () < C-

Combining these results we have thus acquired the important bound

on the left sides of (2.32) and (2.33):

1 Lgpery o 2p(p, 1) 20,p(p, 1)up | L0112 (R
= g (O Lioc %) (2.36)

+ | Lm0 ?p(ps 1)~ 0,p(p, 1)0up| oo 01521 (1)) < Chc-

It remains to show that for all p we have bounds on some power of the

spatial derivative p,. First notice that when p < 1 applying (2.8) and (2.11)
to the left of (2.32) provides

1 Dpp(p, 1) Oup
= Bp(p, )

> Clpenyp? ™72 20,p = Cl1peryp? =720,
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such that upon squaring and integrating we find

2
0pp(ps 1) 0z p
11 <1p7 ay— 3/28p| dl‘</’ <1"’—
/ fe=ty = op(p, )=
<C

This provides what we desire by way of the following equality:

H]l{p<1}p’y o782 PHLOO(OTL ) = CH]l{pgl}aac,O&_m 12 HLOO (0,T;L2(R))

loc( loc
< C.
(2.37)
Thus when applying the condition from (2.6) it follows that n satisfies
1
n=ai -+ (2.33)

Likewise when p > 1 applying (2.8) and (2.11) provides

0o (P, 1) Oy p
N

such that integrating over I gives by (2.36) that

I > ClLgpznyp’ ™ 7200p] = ClLpzny o™ 72)100p,

. 0o (P 1) O p
C’/]l p Y 3/28xpdx§/1 e e L 0 1
o= | =Y on(e, )
< Og.

Here this yields

,75,\71
H]l{p>1}P - Zax,OHLOO 0,T;L (1)) = CH]l{pZI}axp’y 7 2HL°°(O,T;L1(I)) < Ck.

(2.39)
Thus using the condition from (2.7) establishes
1

c=5-a -3 (2.40)

In order to complete the proof all that remains is to add (2.37) and
(2.39) together and apply Minkowski’s inequality, which gives

10:£(p)| o< (0,301 (1)) < Ck-
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We are now able to show Proposition 2.4.2 by applying the preceding

results.

Proof of Proposition 2.4.2. For t fixed set

E(y pt,x)  for y<1
&1, u(t,x))  for y=1

9wa»={

such that y = p. Next (2.14) together with (2.8) shows that .#(y,x) is con-

tinuous in p uniformly with respect to x, and (2.24) assures that

/Rgf(p(t,x),x)d:r < C.

Then the hypothesis of lemma 2.4.3 is satisfied as long as there exists a > 0
such that % (0,z) > 0. But for p < 1 we can apply (2.8) to the form of the
internal energy (2.14) to see that as p — 0 we have &(p, u) > C'. Likewise when
p =1 we see that &(1, ) > C; for C; a constant. So we have for a positive
0 < inf{C,C4} that the hypothesis of lemma 2.4.3 is satisfied. Then for any
z € R with zy = x from lemma 2.4.3 there exists an z; € I = [x—K, z+ K] such
that p(t,21) > e. Note that K does not depend on ¢ since [, F(p(t,x), z)dx
does not depend on time thanks to (2.24). Then the fundamental theorem

provides:
[Lgpcyp” ()] < |77 +/|]1{p<1}3x/)_"|dff-
I

Since K does not depend on time, lemma 2.4.5 gives that the right hand side

is bounded uniformly in x and ¢.
For the upper bound, again fix ¢ and now set

1+5

o —
Fly.0) =6 (11

,Mt@> Vy >0
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such that y = 1/p. Again (2.14) and (2.8) provide that .Z#(y, x) is continuous
in p uniformly with respect to x. Additionally we find that both .#(1/p, x) =

&(p, ) > C and that .#(0,z) > C by applying (2.8) to (2.14), which provides
an admissible §. Now, upon defining a function @ = p(1 + p)/(p + 1), then
there exists a constant C' > 0 such that

&(w,p) < CE(p, ),

which can be shown using (2.14) and checking the formula for |p — j| < £,

p < £ and p > 25 thanks to (2.11). Then (2.24) is enough to deduce that

/Rﬁ(p(t,x)l,a:)dx <C.

Hence for any x € R we can use lemma 2.4.3 setting o = = such that there
exists an z; € [x — K,z + K] with p(t,z;) < e '. Again notice that K does

not depend on ¢ since (2.24) is uniform in time. Then by the fundamental

theorem and lemma 2.4.5 we obtain

Lons”(@)] < 7] + / Loy 8o e
I

Again since K does not depend on time, lemma 2.4.5 gives the right side

bounded uniformly in x and ¢ which completes the proof of proposition 2.4.2.
]

We proceed by showing the important corollary to this proposition.
Corollary 2.4.6. Assume that (2.6)-(2.8) and (2.11)-(2.12) are satisfied, then

p € L>*0,T; H(R)).
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Proof. Lemma 2.4.5 provides the appropriate framework. Thus we will show

the bound separately for the cases p < 1 and p > 1.
For p <1 applying (2.8), (2.11) and (2.12) we calculate

Oup™" = p " Oup
_ (axp(p, 1) — 9up(p, u)&cu)

9pp(p; 1)

—n— 8z 9 —n—~
<p ! (%) — Cp ™" 0up(p, 1) Ot

(2.41)

< Cpm @7 20,p(p, p) — Cp7" 1M (&c_u)
- p

Squaring both sides gives

2
(0zp)* < p**21 (Cp_w_mf)xp(p, 1) — Cpn=i+itl (%)) .

Integrating, applying (2.8) and utilizing Holder’s inequality yields,

aazp 2 ~
NS dr — C(/ Losty| = \/—pm
2 1
p7(1—ﬁ)+% (ax_’u> ‘ dl‘) ’ + C/ I]-{p<1} p‘/(l—g)—i-% <ax:u) ’ dx
P R P

) 0, 2 . 0, 2
< CO/Rﬂ{pg} % di’f—CO(/Rﬂ{pg} %

1
3 2
X @7(1a)+§/1{p§1}|PlaxM!2d$) +Cg %/1{P<1}|(P 'Oup)[Pd
R

Scu

2

/ﬂ{pﬁl}(amp)zdx < O/ Lyp<1y
R R

x / Lip<y
R

dx

which concludes the proof for p < 1.

For the case p > 1 we follow an almost identical calculation, except
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that now after applying (2.8), (2.11) and (2.12); (2.41) becomes

ampa — pa—lamp

=p7! (awp(/% 1) — 0up(p, M)@M)
9p(p, 1)

— éaxp Y o—~
' (%) — Cp”0,up(p, 1) Ot

< Cp= ™ 20,p(p, p) — Cp"‘w“(a%t)-

(2.42)

Squaring both sides now gives

—20 [ & —ady— A—alaw ’
(Dup)® < p*~° (CP 20up(p, ) — Cp )+2<TM>) '

Again integrating and applying (2.8) with Hélder’s inequality establishes,
2

A Orp
2
/R]l{pzl}(axﬂ) dx SC/ W7 di’?—c(/]l{fm} N
0 : 0
X / Loy |70~ (Lﬂ)' da:) +C/11{p21} P <LM>’ dz
R p R P
. VW, - < / 00 (p) |
< C /Il ———=| dx — C 1 ———=| dx
x gDt / ﬂ{pzl}lﬂ_lazulgdﬂf) + gt / Loy (9" opt) Pl
R
<C,
which due to Minkowski’s inequality completes the proof. O

2.4.2 Bounds for the Velocity

It is now possible to find bounds on the velocity by applying the uniform

bounds achieved above.

Proposition 2.4.7. Assume that (2.5)-(2.8) and (2.11)-(2.12) are satisfied,
then

u € L*(0,T; H*(R)) and O € L*(0,T; L*(R)). (2.43)
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Proof. First notice that the second estimate in (2.24) in tandem with the

uniform bounds on the density gives
||| oo 0,7522(R)) < C. (2.44)

Also notice that the uniform bounds on p applied to (2.5) show that there
exists a constant C' such that v(p, )™ < C. That is, applying (2.8) and
(2.11) to (2.5) for p < 1 gives v(p,p) > Cp'~27 so that using the uniform

bounds on p provides
vip,p) "t < CpTT < Cp*TT < C (2.45)
For p > 1 it follows in the same way that v(p, u) > Cp7~*¥ provides
vip,p)~t < CpM T < Cp T < C (2.46)
Thus for all p we have v(p, u)~* < C, which when applied to (2.24) yields
llull 20,111 )y < C. (2.47)

Further, observing the continuity equation with respect to (2.47) implies that
dyp is bounded in L*((0,7) x R) as denoted in the theorem. We proceed by
controlling the following form of the momentum equation (after multiplication

through by p=1):

Ou— 0, (p~'v(p, 1) 0pu) = —udpu — p~ Oup(p, ) — v(p, 1) Opudep™". (2.48)

We want to control the right side of (2.48) in such a way as to apply classical

regularity results for parabolic equations.

Consider first the second term on the right in (2.48). This term is

bounded in L°°(0,T; L?(R)) as an immediate consequence of proposition 2.4.2,
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the corollary, and condition (2.8). This follows since (2.8) gives p(p, u) < Cp?
for p > 1 and p(p, u) < Cp7 for p < 1. Then we can expand the pressure term
as p'720,p and p7720,p, such that for p > 1 the corollary and proposition
2.4.2 provide that

/1{021}’p18xp(/)7/i)‘2dx <C ( ess sup \02“\> (/ 1{p21}\0xp|2dfc>
R {zeR:p>1} R

§C7

and likewise for p < 1 the corollary and proposition 2.4.2 give

/ﬂ{p<1}|p‘18xp(p7 p)Pde < C ( ess sup |p2”‘4|) (/ 1{p<1}|9xpl2dﬂf)
R {zeR:p<1} R

<C.
Minkowski’s inequality then provides the result.

For the third term on the right we again use the fact from above that

v(p, )™t < C, and so because of the uniform bounds on p we acquire
v (p, 1)Dpudep™| < C|0pudypl.

Hence, due to results on parabolic equations (see Ref. [138]) we have reduced
the problem to finding for the third term on the right in (2.48) that p,u, is
bounded in L2(0,T; L*3(R)) and similarly for the first term on the right that
uu, is in L2(0,T; L*3(R)). To get this, we adapt a subtle calculation from
Ref. [36] that relies on correctly weighting the norms in order to establish that
u, € L*(0,T; L°(R)). That is, using Holder’s inequality we can write:

|wtie || 220 12873 R)) + 102U || 20 10073 R
( (R)) ( (R)) (2.49)

< AlJullzeorr2®y) + 1ol ©7:r2®) | L2000 R)-
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Now for some function f with constant a € R we have (f*), = af*'f,

such that we may infer by Holder’s inequality that

10:(f* )y < CUF2Nna | fell Larsey (2.50)

Next we infer a bound in L%3(R) given by

1/2 1/2
¥ zsrnqey < CI I gy 102 gy

which follows since

10 (F/A)1 2 = CIF2LE

L(R) L= (R)"
Thus invoking (2.50) we can write

3/2 3/4 1/2 1/2
115y < CUI Tt el gy IV F I
1/2
< CYHfHL2 HfOCHLCL/B (R)’

where both sides raised to the power n = 2/3 clearly implies that
2/3 1/3
[flla@) < ClANz w1 li1as-

Hence, if we set u, = f then (2.49) leads to

{Hu||L°°(0T~L2(R) + [ oz || oo (0,T;L2(R)) }Hum||L2(0,T;L4(R))
1/3

< CHUHLOO 0,T:L2(R) )||ux||L2(0TL2(]R))||ux||L2(0TW1,4/3(R))
C 2/3 1/3
+ ||pl"||L°°(0,T;L2(R))HUJUHLQ(OTL2 (R)) HU’%H[} 0,T;WL4/3(R))

1/3
é C”ux||L/2(O,T;W1»4/3(]R))7

since u and p, are given by (2.47) and the corollary. But then regularity results

(see theorem 4.2 in Chapter III of Ref. [138]) for equations of the form (2.48),
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given the bounds established above and that v(p, u) is a coefficient function

satisfying uniform parabolicity, imply that since

1/3

HaTUHLQ(O,T;WlA/?’(R)) <C+ OHuxHL2(07T;W1,4/3(R))7

we have

HaxUHLQ(O’T;WlA/S(R)) S C. (251)
Now, we want to show that
u, € L*(0,T; L™ (R)). (2.52)

Indeed for any z € R and t € [0, 7] if we set ¢ = u, from lemma 2.4.8 (which

is given following this proof) and notice that

(8, 2)1* < 2llua(t, Lo + et )10

for any t € [0, T], then integrating in time gives (2.52).

It follows as a consequence that the entire right hand side of (2.48)
is bounded in L?(0,T; L?*(R)). Applying the classical regularity results for

parabolic equations then yields:

[ull 2(0,7512(r)) < C and |0ull 20, L2(m)) < C.

Lemma 2.4.8. Let ¢ € L*(R) with 0, € L}, (R). Then for any x € R

loc

2
(@) < 2|2 +2 ( / |ax<|dz) |

where I =[x,z + 1].
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Proof. Tt follows by the fundamental theorem that

Yy
<(@)] < ls(w)] + / Oucld= < |s(w)] + / Dcdz,
x I

for any y € I. Squaring both sides and integrating over R in y yields:

2
(@) < 2|2 +2 < / |ax<|dz) .

2.4.3 Bounds on the Mass Fraction

All that remains in order to conclude the proof of the existence half of
the theorem is to establish the bounds on pu. However, this is now an easy

consequence of the bounds we have already established above.

Lemma 2.4.9. Given proposition 2.4.2 and 2.4.7 there exist constants such

that,

||Mm||Loo(0,T;Loo(R)) <C and Hatﬂ||L°°(07T;L2(R)) <C.
Proof. We have from lemma 2.4.5 that

lp™"20uptl| Lo 0.3 () < C, (2.53)

and so thanks to the uniform bounds on the density from proposition 4.2, this
yields that O, is in L>°(0,7; L>°(R)). Now using (2.44) and the above with
(2.3) we find that 9yu is in L>°(0,T; L*(R)). O

2.4.4 Proof of the Existence Half of the Theorem

We now apply the preceeding results in §4 in order to prove the existence

theorem.
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Proof of existence half of the theorem. In view of the a priori estimates that
we have now, the only difficulty that remains is to deal with the fact that v
is not uniformly bounded by below with respect to p. This is needed to apply
the short-time existence result of Solonnikov (proposition 4.2.2). To solve this
problem let us fix any 7" > 0. Then we define an approximation to v by,

) vy, 2) it y> 20
oy, 2) = V(@ N (r
2

,) if yST

)

~

)

where o(T') is defined by proposition 4.4.2. Now let (p, %, ji) be a strong solu-
tion of (2.1)-(2.3), where v is replaced by 7; giving
B,f + 0,(pit) = 0,
0i(ptt) + 0.(pu*) + Dup(psfi) — Ox(¥(p, 1)y 1) = 0,
O(pit) + O (pufi) =

By (2.5), (2.8), and (2.11) the approximate function # is bounded from below,
thus proposition 4.2.2 provides that such a solution exists for all ¢ € (0, T}).
Consider T < T the biggest time such that

Then on [0,77], it follows that # = v. Now assume that 7 < 7. From

proposition 4.4.2, on [0, 7]

o(T)

which contradicts the fact that T < T. Hence we have constructed the solution
of (2.1)-(2.3) up to time T, and this for any 7" > 0, which completes the
proof. O
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2.5 Establishing the Uniqueness Theorem

Now we address the uniqueness half of the theorem. Thanks to Ref. [34]
this result follows fairly directly.

Theorem 2.5.1. (The uniqueness half of theorem 2.1) Let ¢"(p), 0,,p(p, it)
and O0p,p(p, 1) be locally bounded. Then a solution of (2.1)-(2.3) verifying

proposition 2.4.2, proposition 2.4.7, and lemma 2.4.9 is uniquely determined.

Proof. Let (p1,u1, 1) and (pa, us, pis) be two solutions to the system (2.1)-

(2.3), and define x = p1 —pi2, T = p1—p2, ¢ = ur—ug, pr = p(p1, p1) = p(p2; p2)
and vy = v(p1, 1) — v(p2, p2) such that from (2.1)-(2.3) we can write:

O + Op(prus — paug) =0,
P10y — p20iug + p1ut Oty — PatiaOyptia + Oppr — ax(l/laxul - Vzaxu2) =0,
O X + (u10ppt1 — w20y pia) = 0.

By rearranging we get

O + O (Tuy + p2C) =0, (2.54)

p1(0:C + u10,C + COpuz) + T(Opug + ugdyus)
+ 0xpe — Op(VeOpur) — 02 (120,C) = 0, (2.55)
O x + COppr1 + u0,x = 0. (2.56)

First let us consider equation (2.54). Here we multiply through by 7

and integrate in x. To begin with, note that the first term on the left satisfies

/T@ﬂ'd:ﬁz 1/&ﬂ'gdx. (2.57)
R 2 Jr
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For the (ru;), term we use proposition 2.4.7 as applied in (2.52) by setting

u = uq to see that

1 1
‘/RT(Wl)zdl“‘ < §||728zul||Ll(R) < §||T||%2(R)Haﬂcu1||L°°(R) < Bi()||7]72m)-
(2.58)

For the (po(), term notice that we can write:

‘/RT&C(pQC)dx‘ < ‘/RTpg(?xCdx’ +‘/R7'C0xp2dx‘.

Applying proposition 2.4.2 and Cauchy’s inequality to the first term on the
right provides,

| [ restucas| <€ [ frogiis <l
R R

< C*(der) Il 2@ + 51”@:”%?(]1@)-

(2.59)

For the second term on the right Holder’s inequality with the corollary implies

that

1/2 1/2
| [ rcoupmie] < ( / |T|2dx) ( / |axp2|2das> (esssup|<|)
R R R R
1/2
<C (/ |T|2dx> (esssup|§|) )
R R

Now we utilize lemma 2.4.8 by setting ¢ = ¢. Since [¢| < |uy|+ |uz| the bounds
in (2.44) provide that ¢ € L*(0,T; L*(R)). Furthermore, proposition 2.4.7
gives that since |(,|* < 2|0,uq|* + 2|0, us|? we have ¢, € L*(0,T; L*(R)). Thus

(2.60)

noticing that ||¢||z1y < ||¢]|z2r) since [I| = 1 from lemma 2.4.8, it follows
that

IC(x)] < [Clle2@) + 1Cellzray < Sl o) + 1Cell 2y,

allowing us to deduce,
1€l ®) < NICH 2@y + 1102C ]| 2wy -
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By Cauchy’s inequality this finally yields
Cll7ll 2@ ISl oo r)

c? (2.61)
< el + { = + 5 § (10 + €T

Thus combining (2.57), (2.58) and (2.61) allows us to write for (2.54):

1d

7 sz—{61+62}/8C ) dx

2.62)
c: c* C (
{0+ T+ o4 5 (B + 160

461 462 2

Next we want to multiply (2.55) through by ¢ and integrate in R. For
the first two terms in the first part of (2.55) we find:

/plC(atC—Ful@xC)dx:/&(3t(2+u181(2)dx
R

R

_Ld (d—/C—Q(a +0u(prun))dz (2.63)
2dt Pl X . 2 tP1 z\P1U1))ax .
14 )
=57 PlCdﬂU

For the p1(0,uy term in (2.55) we use the same calculation given in (2.58)

which is formulated in (2.52) by setting u = uy such that,

| [ o osuada| < CIC g 0talimey < Bod Gl (260
R

Now, for the 7(0yus + us0,us) part of (2.55) we utilize a calculation similar to
that employed for the term in (2.60). Here we simply substitute the 0,p, term
from (2.60) with w = dyus + us0,us, noting that proposition 2.4.7 along with
(2.52) assure that w is bounded in L?(0,T; L?*(R)). Thus we obtain

B(0) 72w I ey < esllGallfaqe + €5 Bat) (I 132z + IS ) -
(2.65)
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where here B;(t) = e3B(t)/2 + B(t)?/4.

Next consider the pressure term py in (2.55). Here set

/RCampde = —/R{p(ph/h) —p(pz,,ug)}amgdx.

The uniform bounds on p along with (2.11) and (2.12) give that |0,p(p, p)| < C
and |0,p(p, )| < C, and so

|p(p2; p12) — p(p1, p1)| < C(|7| + |x])-
Thus
/ (Oupedr < C / (I + Ix])0uCdlr,
R R

which gives by Cauchy’s inequality,
/Cangdl' < 264/(8 ¢)? d:L‘—I— /|7'| dx+—/ Ix|*dz. (2.66)

Finally we consider the viscosity terms in (2.55). For the (v,0,u1).

term
- / COu (vedour ) = / Ve COuyde.
R R

Since ¢ (p), 0,pp(p, 1) and d,,p(p, 1) are locally bounded, then from (2.5) we
have vy < C(|7] + |x|), which gives

—/C@z(ugaxul)da: < c/(|7| + 1)) sy d,
R R

and leads to,

2
_/C(W@wul)zdxg 265/<§dx+%/ |8$u1|27'2dx+ /|a ur|*x*dz.

Next we again use the fact that d,u; is bounded in L?(0,T; L°(R)) by (2.52).
It subsequently follows that,

0

¢ (edaur )|l 1y < 2€5010eC 172y + 2

(Tl + IxZ2@)- (2:67)
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For the (15(;), term we simply multiply through by ¢ and integrate, yielding

_ / €O, (150, ) — / vo(0,0)2dz > C / 0.0z (2.68)
R R R
when using that vy > C.

Hence combining (2.63)-(2.68) we have:

1d

3 p1C de + (C — €3 — 2€4 — 2¢5) /R 10,¢|da

Bs(t)  Ba(t) C? 2 2
< —_—t+ —— + — 2 2 .
<{Bt)+ =25+ + o} (Il + 10w

(2.69)

All that is left is to find a compatible form of equation (2.56). Here we
multiply through by y and integrate in R such that the first term gives

2dt
The second term in (2.56) is treated in a similar way as (2.60) and (2.65),

1d
/ XOpxdx = deﬂﬁ- (2.70)

where here we have

1/2 1/2
| [ x€oumie] < ( / |x|2dx) ( / \<|2dx) (esssumaxw)
R R R R

» » (2.71)
<o [neac) (fir)
R R
Thus we obtain,
C 2 2.72
Clxlmlclem < 5 (Il + I1C1Em) - (2:72)
For the last term in (2.56) we use (2.52) with u = us to see
| [ x| < OB Woutallimee) < BeOINegy (273
Thus putting (2.70), (2.72) and (2.73) together yields,
1d
s . X4 <102+ B0} (Il + I - (274)
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Finally, combining (2.62), (2.68) and (2.74) along with defining,
C = C — €1 + eat€3 + 2e4 + 2¢;5,
By(t) = Bi(t) + C2(4e1) ™" + C*(des) ! + €2,
By(t) = Bo(t) + Bs(t)(e3) ™" + C*(deq) ™ + By(2e5) 7,

P3(t) = Bs(t) + C/2,

A (t) = By(t)+Ba(t) + Ba(t)
2 (t) = (T4, +x?),

yields:

1d
33 | £ 0o+ [ jo.cPde < o ®) (Il + 16 + e

Since proposition 2.4.2; proposition 2.4.7 and lemma 2.4.9 confirm by above

that <7 (t) € L*(0,T), and as € is positive, then at ¢ = 0 since

/ Z (to)dr = / 0 + Pri=oCs + Xgdz =0,
R R

then Gronwall’s lemma gives that [, 2 (t)dz = 0 over [0, T, which establishes

that 7, ¢, and y are each zero. O
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Chapter 3

Numerical Solutions to Generalized
Compressible Multicomponent Flows

3.1 Introduction

Much work has been done in the study of the numerics of multicompo-
nent flows. An example of an early yet comprehensive study of computational
multiphase mechanics was given by Harlow and Amsden in Ref. [96], where
they developed an implicit finite differencing technique for extremely general-
ized multicomponent settings of both compressible and incompressible flows,
including phenomena ranging from bubble formation and cavitation effects, to
the formation of atmospheric precipitation and mixing jets. Subsequent and
related work in multicomponent flows followed with, for example, the work
of J. Dukowicz in Ref. [97] for particle-fluid models of incompressible sprays,
an approach extended by G. Faeth in [98,99] to combustion flows and by
D. Youngs in Ref. [100] to interfacial turbulent type flows.

Owing to some of these pioneering works, recent work has demonstrated
a resurgence of interest in multicomponent flows, approaches and numerical
techniques [139-158]. The importance of fluid-flows comprised of more than
one phase, specie or component is represented by a vast array of applications
that range across a number of fields. For example, multicomponent flows are
essential for any flow demonstrating even rudimentary chemistry; hence, for all

(nontrivial) “chemical fluids” [45,46]. Likewise biological flows often require
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phase separations, in order to resolve membrane dynamics and interfacial be-
haviors in cells and cell organelles [2] and medical applications desire estimates
in local componentwise variations in blood serosity, which effect the viscosity
and flow parameters involved with pulsatile hemodynamics [76, 159]. Likewise
we find numerous examples of multicomponent flow applications in the atmo-
spheric [88,89] and geophysical [90, 91] sciences; as well as in acoustics [24, 94]

and astrophysics [21,95], just to mention a few.

Here we present a new multicomponent numerical scheme based on
a mathematically well-posed [39] compressible barotropic system with func-
tional viscosity depending on both the density p and the mass fraction p; of
each fluid component. It is well-known, both experimentally and theoretically,
that viscosity has a functional relationship to the density and specie type (for
examples see the NIST thermophysical properties server or [12]). In addition,
these types of mathematical models (with functional transport coefficients) are
well understood from the point of view of continuum dynamics, having been
extensively studied by Mélek, Rajagopal et al. in Ref. [106, 108,109, 160, 161]
and [107]. It is further seen in Ref. [39] that the analytic model used in this
work a priori satisfies two essential entropy inequalities, much like the shallow
water equations [126], which serve as important tools for numerical analy-
sis and implementation. Mathematically, the existence and regularity of the
strong solutions owes enormously to Ref. [35, 48,60, 65, 66, 68, 70,82,114, 116,
119,122, 130,132,134, 135, 137].

In this Chapter we implement a discontinuous Galerkin (DG) finite el-
ement method, employing piecewise polynomial approximations which do not
enforce or require any type of continuity between the interfaces of “neighbor-

ing” elements. This particular implementation is primarily motivated by the
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works of Cockburn, Shu et al. (see Ref. [162-166]) and Feistauer, Dolejsi et
al. (see Ref. [105,167-172]). We implement a generalized formulation that
is designed to accommodate an arbitrary choice of inviscid, viscous, and sup-
plementary numerical fluxes. We use explicit time discretization methods as
described in Ref. [162], which necessitate a conditional stability requirement;
namely the time discretization must satisfy the CFL condition. Up to the
CFL stability condition we find our method to be very robust and to deal well
with arbitrary numbers of fluid components of arbitrary type — up to the
additional assumption that a barotropic pressure law is applicable. On the
domain boundary data we again strive to generalize our setting. We show two
different implementations of boundary conditions, which demonstrate different
solvency with respect to interior solutions, initial conditions and phenomenol-
gically relevant contexts. In both cases arbitrary Robin type BCs may be

set.

In §3.2 we give the general governing system of equations, the math-
ematical regularity, and the discrete formulation of the problem. In §3.3 we
demonstrate a general way of dealing with boundary conditions by way of
the method of characteristics, or alternatively, by way of setting arbitrary L>
data on the boundary. We provide an explicit formulation of the characteristic
technique and show the generalized behavior of these types of “characteristic”
boundary conditions, while subsequently discussing a number of alternative
approaches. In §3.4 we implement two test cases with exact solutions, which
are restrictions placed on the multifluid barotropic governing equations, and
show that they are exact up to the possible exception of the boundary data.
In §3.5 we show an example of a bifluid solution using the forward Euler

method. We then show the difference between boundary conditions by way
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of weak entropy solutions versus that of “characteristic” boundary solutions.
The next section, §3.6, is used to generalize the setting to n-fluid components
and k-th order Runge-Kutta schemes, where the example of an n = 5 fluid
is shown explicitly. Then in §3.7 we analyse the energy consistency of the
modelisation with respect to two entropy inequalities derived in Ref. [39]; one
the classical entropy . and the second a closely related entropy & discovered
by Bresch and Desjardins (see Ref. [18,37,61,126,127,135]), where it turns
out that the numerical scheme from §3.2 can be arbitrarily scaled (by means
of the CFL condition) to satisfy both energy relations. Finally in §3.8 we
extend the results to include Fick’s diffusion law, where we inspect the exotic
physical setting of a pressure wave traveling through a gas comprised partially

of polyynes, and discuss some applications.

3.2 The Generalized n-fluid

We consider a compressible barotropic n-fluid system governed by the

following system of equations:

Op + O0x(pu) = 0, (3.1)
Or(pu) + 0p(pu®) + dpp — 0, (vO,u) = 0, (3.2)
(o) + Oz (pup;) = 0, (3.3)

with initial conditions,

Pli=0 = po >0,  puy=o = mo, (PMi)\t:o = Pi,0-

The multicomponent barotropic pressure p = p(pp, ..., piyn) is chosen to

satisfy,

p= Z(pui)”’; (3.4)
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where Y " | p1; = 1. The mass conservation (3.1), momentum conservation
(3.2), species conservation (3.3), and barotropic equation of state (3.4) describe
the flow of a barotropic compressible viscous fluid defined for (¢,z) € R* x R.
Here the density is given as p, the velocity as u, the momentum by m, and the
mass fraction of each component (chemical specie, phase element, etc.) of the
fluid is given by pu;, respectively, where +; > 1 corresponds to the emperically
determined adiabatic exponent uniquely characterizing each of the n species.

Furthermore, adopting the notation throughout this chapter that p;, = pu;,

the form of the viscosity functional v = v(py, ..., p,) is fixed to satisfy
v=1'(p) Y piOpp, (3.5)
i=1

for ¥'(p) = Cp~® given a € (0,1) and C' > 0 as emperically determined
constants (see Ref. [106, 108,109, 160]) and §7).

The mathematical well-posedness of such a system is given by the fol-
lowing theorem, which was proven in Ref. [39]:
Theorem 3.2.1. Given (3.4) and (3.5) satisfying the conditions in Ref. [39]
with initial data (po,wo, o) satisfying

0 < 0(0) <po <2(0) < oo,
po € H'(R), wy €HYR), poc HY(R),
/ & (po,tio)dr < 400,
0
|0 p0] < Cpo,

with 0(0), 0(0) positive constants and &y the internal energy as in Ref. [39],

there exists a global strong solution to (3.1)-(3.83) on RT x R such that for
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every T' > 0 we have
pe L®0,T;H(R)), dpe L*(0,T) x R),
u € L0, T; HY(R)) N L*(0,T; H*(R)), du € L*((0,T) x R),
e € L°(0,T; L¥(R)), Oy € L=(0,T; L*(R)).
Furthermore, there exist positive constants o(T') and o(T') depending only on

T, such that

0<o(T) < p(t,r) <o(T) < o0, V(t,z) € (0,T) x R.

Additionally, when ¥"(p), 0,,p(p, 1), and 0,,p(p, i) are each locally bounded

then this solution is unique.

Using this result, notice that for an n-fluid written with respect to
conservation variables, the state vector U can be written as the transpose of
the 1 X m row vector

U = (p,pu,p1, ... pn)"

where m = n + 2 characterizes the degrees of freedom of our chosen system of
equations. Note however that we make this choice of a state vector for the sake
of flexibility of representation and implementation (see for example §8), where
the strict degrees of freedom of the system (3.1)-(3.3), due to the multiplicity
of (3.1) in the conservation form of (3.3), is just n+ 1. Nevertheless, consistent
with our choice of an (n + 2) x 1 state vector U, we obtain that the m x 1

inviscid flux vector f satisfies

FU) = (pu, pu® +p, pru, .. ., pau)”,
while the m x 1 viscous flux g is given by

g(U,U,) = (0,vu,,0,...,0)7,
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such that in this notation (3.1)-(3.3) can be expressed as

where the notation (+), corresponds to component-wise derivations with respect

to the variable ¢.

The Jacobian matrix of the inviscid flux Jy f(U) = I'(U) can be writ-

ten as the m X m matrix:

0 1 0o - 0
—u® 2u|0pp - Opp
rU)=1| —uu , (3.7)
: : ul,

where I, is the n X n identity matrix. An important feature of the barotropic
pressure law (3.4) is that it is not a homogeneous function in p;, and thus the
Jacobian I' is not formulated to satisfy U = f. This contrasts, for example,
with the compressible Navier-Stokes equations when using the monofluid form
of the ideal gas law p = Rp? (see Ref. [105, 173]). It should be noted that some
numerical fluxes and schemes are designed or derived by specifically exploiting
this homogeneity with respect to the Jacobian matrix of the flux function (for
example, see the Vijayasundaram flux as used in Ref. [105,167]). Nevertheless,
our numerical fluxes will be defined independently of the homogeneity property

of the corresponding map, where I' simply satisfies f, = I'U,.

For the viscous flux g we define the m x m matrix,

, (3.8)
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where here and below the Q’s are zero matrices of the appropriate sizes. Clearly
then (3.6) satisfies
u+ru, - (xU,), =0. (3.9)

Finally, in order to posit a consistent system of equations, we introduce the
function ¥ such that we are concerned with solving the coupled system:
U +TU, — (X£%),=0
>-U,=0.

(3.10)

Consider the following discretization scheme motivated by Ref. [105,
174] (and illustrated in the one dimensional case in Figure 3.1). Take an open
2 C R with boundary 992 = I', given 7' > 0 such that Qr = ((0,7) x Q) for

Q2 the closure of Q. Let .7, denote the partition of the closure €2, such that
taking Q = [a, b] provides the partition

Aa=Tg<T1...<Tpe=02"b

comprised of elements §; = (x;_1,2;) € J, such that J, = {91, 92, ..., Gne}-
The mesh diameter h is given by h = supge 5 (2; — ;1) such that a discrete
approximation to € is given by the set ), = U;G; \ {a,b}. Each element of
the partition has a boundary set given by 90G; = {x;_1,z;}, where elements
sharing a boundary point 909; N 0G; # 0 are characterized as neighbors and
generate the set K;; = 99, N 09, of interfaces between neighboring elements.
The boundary 02 = {a,b} is characterized in the mesh as 9Q = {z¢, Tpe}
and indexed by elements B; € 0f2 such that O=9 U Ki; U 0Q. Now for
I CcZt ={1,2,...} define the indexing set (i) = {j € I : §; is a neighbor of
G;}, and for Ip C Z~ = {—1,-2,...} define s(i) = {j € Ip : G, contains B;}.
Then for S; = (i) Us(i), we have 9G; = U,cg()XK;; and 09; N 02 = U Kij-
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Figure 3.1: The discretization of {2, distinguishing nodes, elements, and neigh-
bors with the boundary 02 = {a, b}.

We define the broken Sobolev space over the partition .7}, as
Wh2(Qy, Z,) = {v:vg, € WH(G,) VS € F).

Further, approximate solutions to (3.1)-(3.3) will exist in the space of discon-

tinuous piecewise polynomial functions over €2 restricted to .7, given as
S Th) = {v 1 v, € PUSi) VG € T}

for 224(G;) the space of degree < d polynomials on G;.

Choosing a degree d set of polynomial basis functions N, € 2%(G;) for

¢ =0,...,d we can denote the state vector at the time t over {2, by
d
Uyt x) =Y U(t")Nj(z), VzeG,
=0

where the N}’s are the finite element shape functions, and the .’s correspond
to the nodal unknowns. Likewise the test functions ¢, ,9), € W?2(Q,.7,) are

characterized by
d d
e(@) = @iNj(x) and Oy(x) = INi(x) VreG,
(=0 =0
for go}} and 192 the nodal values of the test function in each G;.
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Letting U be a classical solution to (3.10) and multiplying through by

test functions ¢, and ¥, and integrating elementwise by parts yields:

d
o/ U-cphdx+/<f-soh>xd:c— £eoldn— [ g, e =0
Gi i i (3_11)

/ E-ﬁhdz—/(U-ﬁh)xd5B+ U-ﬁf;d:czo.

Let ¢, and @5, denote the values of ¢ on X;; considered from the
interior and the exterior of G;, respectivel. It should be noted that for X;; € I,
the restricted functions ¢,|X;; are determined up to a choice of boundary
condition, which we will discuss in more detail in §3. Then we approximate

the first term of (3.11) by,

d

pr Uh cphdxw—/ U - p,dx, (3.12)

the second term in (3.11) by the inviscid numerical flux ®;,

zJ?Uh’fKJH(ph Z / Uh ”’Uh|g<ji’nij) ’ fKUd:Kj
=0 (3.13)

%/ Fn o nijeonlx, dX
fKij

®,(U),

1] )

for n;; the unit outward pointing normal; and the third term on the left in

(3.11) by,

O = | Filpudem— | Fr(oade (314)

The viscous term in (3.11) integrates by parts to give:

/ 9, - prdr :/ (9- ‘Ph)xd$—/ g-phde
Si Si i

= / (HS - pp)pdr — | HZ-plda.
i Si

(3.15)
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For the first term on the right in (3.15) we approximate using a generalized
viscous flux & (see Ref. [175] for a review of choices in the DG framework).

We write here for the general viscous flux

G(Zn, Un, ) = / G(Snlx, Znlocss Unlocsys Unlociis ig) - @, dK
g{ij
R / Gp - NijPp jcijd:K:7
fKij
(3.16)
while the second term is approximated by:
Ni(Zn, Un, 1) = / gn - (Pn)edr = / g - prdr. (3.17)
Gi Si

Finally for the second equation in (3.10) we expand it such that the
approximate solution satisfies:
QZ(IAJ, Eh, Uh, ’l9h, Q?;L) = / Eh . ’l9hd.1' + Uh : 192(1.1‘

Gi Gi
(3.18)

- / ﬁ(Uh|xij,Uh|ﬂ<ji,19h|ﬂ<ij)d9<a
)

JES(

where,

(U, 0p) = Z/ 0(Uh|9<ij,Uh|9<ﬁ,19h|9<ij)d9<
) %

jES(

~ / U - nijﬁh

given that U is the generalized flux term associated with the discontinuous

5, dX

Galerkin method determined up to a congeries of options (please see Ref. [175]

for a unified analysis), and using the approximate relations:

/zh.ﬁhd;m/ Y. 9ydz, and U, -9de~ | U-9"dz.
Gi Gi Gi Si
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Combining (3.13), (3.14), (3.16), (3.17) and (3.18) and setting,
2= Z

Si€Th

given the inner product
(al, by)o Z / ay - bydz,

G €T,
we define an approximate solution to (3.11) as functions U;, and X for all
t € (0,T) satisfying:

1) U, € CY([0,T); S4), Zn e SE,

2) (U @r)o, + B(Us 1) ~ OUs o)
— G (X, Up, @) + N (U, ) =0, (3.19)
3) 2(U, %y, Up, 9, 9}) = 0,
4) Uy(0) = U,.
We find below that up to a (possibly arbitrary) choice of boundary data, these
solutions are quite well-behaved, extremely robust for arbitrary choice of n

fluids (we show n = 1,2 and 5 here, and have tested up to n = 11 elsewhere)

and readily extended to more complicated systems (e.g. §8).

3.3 Towards a Generalized Boundary Treatment

Specifying arbitrary boundary data with respect to our approximate
solution (3.19) is a delicate issue which requires a nuanced understanding of
barotropic solutions and the mathematical techniques used to pose them. That
is, we wish to determine the nature of an arbitrary boundary state U sq in a
way which is well-posed with respect to the system (3.1)-(3.3); which is to say,

in such a way that the uniqueness of the solution is maintained.
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However, practically speaking, recovering boundary data of an arbi-
trary nature on 0€) poses well-established difficulties with respect to the a
priori estimates established in Ref. [39], which serve as the cornerstone to the
existence and uniqueness result stated in Theorem 2.1. That is, recovering the
a priori estimates on the solution is reduced, in the first step, to recovering
two entropy inequlities (see §3.7 for explicit forms) which serve as positive
definite functionals over (0,7") x . However, when explicit boundary data
is given, these inequalities acquire the addition of the following two unsigned

boundary components, respectively (see Ref. [39] for the explicit calculation):

/ (pu)odz  and / (pulu + o0,
Q Q

having the consequence of rendering a formulation which spans any type of
boundary data difficult to establish. Instead we offer a number of pragmatic
approximate approaches that generalize the solution up to some important
restrictions, and then discuss some alternative approaches that are aimed at

certain specialized types of settings. First we review some known results.

It has been shown by Strikwerda [176], Gustaf’sson and Sundstrom
[177] that incompletely parabolic systems, such as the shallow water equa-
tions and the full Navier-Stokes equations, may be well-posed with respect
to a broad set of initial-boundary data. These works additionally demon-
strate the appropriate number of boundary conditions expected on incom-
pletely parabolic systems, which differ from completely hyperbolic systems
such as Euler’s equations. As the barotropic system (3.1)-(3.2) maintains
a formal equivalence to the viscous shallow water equations (see for exam-
ple Ref. [36,126]), we might expect (3.1)-(3.2) to behave as an incompletely
parabolic system due to Ref. [177]. However, the dependencies of the p and
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v on the mass fractions make showing this nontrivial and requires a careful
analysis of either incompletely parabolic systems [176], or hyperbolic-parabolic

systems [178].

The implementation of both incompletely parabolic and hyperbolic sys-
tems often rely upon the so-called “characteristic treatment.” In these systems
we use characteristic directions to extrapolate values of the system variables
on the boundary, while the others become constrained by a set of characteristic
relations (see Ref. [179] and Ref. [180] for the hyperbolic regime). These types
of treatments have been extended to treat the full Navier-Stokes equations
[181,182], the viscous shallow water equations [183], and multifluid systems
[184].

We want to consider what we will refer to here and below as “char-
acteristic” type boundary solutions, which we view as a reduced hyperbolic
system (as presented in Ref. [105,177]). That is, let ¢ = U be a characteristic

variable such that upon linearizing (3.6) on the boundary we arrive with:

dq w04 0oy
ot + F(Qh)% - gx(qh,th) =0. (3.20)

The initial conditions are given by
q,(0,z1) =qp, for x € (—o0,0), (3.21)
while the boundary data satisfies
q,(t,0)=gqy, for te(0,00). (3.22)

Since T' is diagonalizable we have that I'yc; = ¢jc;, where ¢; are the eigen-
vectors of I' associated to eigenvalues ¢; (see §3.4 for an example), which are

used to formulate the solution in the form

q(z1,t) = Z)\j(xl,t)cj, (3.23)
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where the initial and boundary data, respectively, satisfy
qz = ZCYjCj, and qg = Zﬁj(ﬁj. (324)
j=1 Jj=1

Now, the diffusion term g, is chosen with respect to the viscous ansatz

(;, such that the following relation holds:
vuy,wjic; = (jc; — vyuywic; on  0f), (3.25)

where ey = Zj w;c; with eo = (0,1,0,...,0). This notation should not be
misleading here, where all we have written is the viscous flux in (3.16) in the

characteristic basis restricted to the boundary element.

It then follows (from Ref. [105] chapter 3, for example) that (3.20) can

be written as j initial-boundary value scalar problems:

O\ O\ o
5 T, ~&=0 n(0,00)x(=00,0),
Aj(21,0) = o, for 21 € (—00,0), (3.26)

)\J(O,t) = Bj for t € (O, OO)

The scalar problems (3.26) may be solved via the method of characteristics,

from which we obtain the solution,

(t—11/;) + 1 for t —z1/¢; > 0
Aj<x1,t>:{%( e Tl e

ﬁj(xl — tgj) =+ $1Cj/§j, for xr1 — tgj > 0,
which provides an explicit form to (3.23). Plugging this state vector g back into
the viscous and inviscid fluxes we are able to prescribe consistent boundary
conditions. Here, by “consistent” we mean in the sense of the solution being
linearized around the current interior state values such that perturbations

around those values break up into small amplitude waves in the characteristic
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Table 3.1: Choice of boundary conditions

Boundary type Restrictions Free Fixed
Subsonic inlet Boy .oy B, Qq
un>——clun<0|m+--+pu=1p>0
Supersonic inlet and the appropriate B1,...,0m, | mnone
un<——clu-n<o0 supplimentary
Subsonic outlet conditions associated (o a1, a3,
un<c |u-n>0 with a choice of e, Qi
Supersonic | outlet boundary data, none aq,
u-n>c |u-n>0 including: ey Qi
Membrane wall P, U, i, Dy Vy, M, plt;, ete. (s Qq, a3,
u-n=0 |u-n=0 S L Qg

directions provided by the eigenbasis. The amplitudes of the incoming waves
(negative eigendirections) form the physical boundary conditions and can be
chosen, while the outgoing waves propagate to form the numerical boundary

conditions, which are determined from the interior state.

It turns out that for (3.1)-(3.5) we can reduce this method to that of
the essential choices listed in Table 3.1. This corresponds with what we know
of hyperbolic systems as shown in Ref. [105] and Ref. [179], with respect to
the number of free and fixed conditions on the boundaries. That is, the o;’s
are determined below the characteristic line ¢ = z;/g;, which has the effect of
reducing the degrees of freedom on the inlet and outlet states for eigenvalues
which satisfy ¢; > 0; and otherwise the 3;’s determined the free states of the

system.
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As an example consider the subsonic outlet condition u - < ¢. Then
at x = 0 (see appendix A for the full formulation) we solve for the «;’s and
Bj’s via,

(an = tC1, Bay 3 — 13, -+ o0 — 1G)T = VTIU (3.28)

where we show V' and its inverse for I' in appendix A. From this we find that
ap = p/2 —t¢; while oy = t(, for £ =3, ..., n, and consequently solving (3.24)
is immediate. Once the fixed components are determined, all that remains is
characterizing the nature of the desired boundary, and then solving for the
B;’s to fix the desired condition, upon which we simply plug g back into the
appropriately chosen inviscid flux on 0€). For example, we may consider the
dynamic viscosity condition v, = ¥ prescribed on 0f) which must satisfy
CY " vipl” = ¥p*, thus reducing to prescription upon p and the u;’s. In
this case it is interesting to note that since v is a function of the primitive
variables p and p;, the form of the viscous ansatz (; in no way precludes a

choice of v on 0f).

In addition to employing these “characteristic” solutions, we notice
that the form of (3.20) satisfies the weak entropy solutions of Ref. [162, 185]
and Ref. [186]) for hyperbolic systems, since the ansatz ¢ can be viewed as a
source term in this context. These solutions provide even greater flexibility to
our choice of boundary conditions. However, as we show in §3.4, even though
these two types of solutions are both consistent, they do not display equivalent

numerical behavior.

Nevertheless these two choices of boundary data, the “characteristic”
and weak entropy solutions, are not ideal since (3.1)-(3.3) is not a hyperbolic
system, and thus only represent approximate solutions on the boundary up

to a choice of linearization. These restrictions however do not exhaust our
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options for solving (3.1)-(3.3) on the boundary. For example, we may alter-
natively consider the route of positing boundary data by a simple extension
of the results of Zlotnik (see Ref. [187]) to see that the barotropic system is
parabolic in the sense of Petrovskii upon addition of the “quasihydrodynamic”

or “quasigasdynamic” auxilliary function w (see Ref. [22, 188]) on 0f2:
w=w (uux + p ' ppps — F) on 0,

for a mass force function F' and w = v/pS, where S is the Schmidt number.
In the quasihydrodynamic barotropic monofluid treatment, w is viewed as a
stabilization parameter with respect to the usual Navier-Stokes equations, and
w is weighted in such a manner as to scale like the atomic mean free path, in

the sense of the kinetics theory (see Ref. [27,188]), where (3.1) becomes

P+ (pu)e = (pw)a.

Using this approximation we easily recover the initial-boundary problem of
Ref. [176] with the additional conditions provided in Proposition 3 of Ref. [187].
That is equations (3.1)-(3.2) now directly satisfy Proposition 3 of Ref. [187]
with the help of Ref. [39], then applying this to (3.1)-(3.3) and using the formu-
lation of Ref. [176] immediately yields the result. Alternatively we may adapt
w to include a parameter dependent on p, in the multicomponent setting,
where

w=w (uum +p e — F) on 012,

corresponding to a nontrivial species-dependent diffusion velocity (see Ref. [46]
appendix C.2), in which case a careful treatment is required (e.g. set ¢ =
v0,p/pp to find the parabolic component in the advection form 0, p; +u0,p; =
wOp; to satisfy ¢0,.pu; in the leading symbol) to confirm that the system

obeys a Petrovskii parabolicity condition.
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However it should be additionally cautioned that the quasigasdynamic
condition may be strongly nonideal for some physically relevant systems, being
more dissipative than the traditional compressible Navier-Stokes system. On
the other hand, it is interesting to cite that in the so-called quasi-compressible
regime of Ref. [189] a similar dissipative type component emerges in the mass
conservation law. Here the velocity component of the system is decomposed
via extensive phenomenological arguments (see Ref. [189]) into a mass ve-
locity wu,, and the usual volume velocity u, satisfying the constitutive law
u — Uy, = K(logp), with K a phenomenological coefficient, and 3.1 conse-

quently becomes
pr+ (pu)e = (Kpa)a,

a parabolic equation. However, in this regime again, it is unclear how to deal

with the hyperbolic equation (3.3).

More generally, there exists a large back catalogue of results on com-
pressible barotropic systems with varying initial-boundary data; some of which
utilizing fairly exotic conditions on the boundary. For example, for barotropic
inflow problems we can refer to both Ref. [190] and Ref. [191], where in both
cases results from Ref. [39] are required and additional extensions are needed
to move into the multiphase regime. Likewise solutions exist for free bound-
ary barotropic problems [129], surface tension type boundaries [122], Navier
boundary type conditions [192], and various Dirichlet type problems near vac-
uum states [60, 193, 194]; however, again, all of these results are only strictly
satisfied for monofluidic systems, and thus require subtle analysis in order to
extend them to the full multifluid regime. In many cases however, such as in

Ref. [187], the extension is relatively straightforward.
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3.4 Numerical Test Cases

We inspect two analytic test cases to verify the accuracy of the numer-
ical method presented in §3.2 and §3.3. In both cases we solve a monofluid
restriction of (3.1)-(3.3) from the bifluid case (n = 2), with g3 =1 and us =0

in N = 1 spatial dimension.

Now we can easily define the three vectors U = (p, pu, p1, p2)*, f(U) =
(pu, pu® + p, pru, pou)’ and g(U,U,) = (0, vu,,0)T such that (3.1)-(3.3) are
expressed as

whereby setting n = 2 in (3.7) and using (3.8) it then follows that
U,+TU, = (#U,),. (3.30)

We can thus write a weak form of (3.1)-(3.3) in the same way as (3.11).

To solve the system we must first specify the inviscid flux ®. We test
for two choices here. First we implement the local Lax-Friedrich’s flux ®;;p

which satisfies

/ Qi - 0, dK = %/ (F(Uw)x,; + FWUR) ;) - nijpnloc, dX
Xij Kij
1

-5 | e D)W, - T,

ij

for n;; the outward unit normal and Spec,(I') the spectral radius of I'. Sum-

ming over each of the elements of the mesh this term may be written as

2015 (Un, 1) = Y Z/ FWUn)x, + FUR)x;,) - 1ijpnlac, dX

Si€T JES(7)
- Z Z/ (Spec, (T)((Un)ix,; — (Un)x,,) - g, 4K

SZGQhJGS
(3.31)
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As our second choice of inviscid flux we implement a standard approx-

imate Riemann solver, with flux ®5 satisfying:

| @neeudx= 5 [ (PO, + (SO misprlac,ax
-5 [ vHoaquav U

XKij dgca

where V and V! are found from the eigendecomposition given in appendix
A, and A({Uy}) is given by the diagonal matrix of eigenvalues diag(s;) — as

also enumerated in appendix A — such that peicewise averages are taken; e.g.

a({UW}) = {un} + (nd(p)n/on it + - -+ vl (o)) o} (prin)n 1)

where the average is given by

(

ji) '

N | —

{Unt =

Summing over the mesh we find

2(I)R Uh,QOh Z Z / Uh \fK (f(Uh)U{Jz) ’

Si€Th ]ES

- ¥ [ VGO

Szeyh ]GS

5, K.

(3.32)

Next we specify the viscous flux ¢. Here we use a formulation similar
to that presented in Ref. [195], but we adapt it to include the functional

dependencies present in the viscosity. We choose

5 1
/ % . nijcphde = 5/ ((%2;1)“)(” + (%/Eh)mﬂ) . g{ijd:K,
Ky Kij
which summed over elements gives:
G(Zn, Un, pp) = Z > / (A ),y + (A D)) -
91€<7h ]ES
(3.33)
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For the numerical flux U we use the Bassi-Rebay form, as shown in

Ref. [195] and Ref. [175], which gives
1

/ IAJBR(Uh,ﬂh)dJC = 5/ ((Uh>|5'<ij + (Uh>|3<ji> Mg j<ijdgc’
so that over elements we find
Upr(Up,9y) = Z Z / (Un)ix,; + Uhn)ix;,) - 1 (3.34)

gzeyh ]ES

Now we discretize in time, denoting a partition of [0,T] by
0=t"<t'... <t =T,

for a timestep given as At" = ¢"*! — " and implement the forward Euler

scheme:
ou, Uyt -uy
o~ A
along with a slope limiting scheme in the conservation variables (p, pu), where

van Leer’s MUSCL scheme (as shown in Ref. [196] and Ref. [197]) has been

adopted.

Now we solve explicitly for (3.19). In particular, we show an explicit
scheme using the Riemann flux, which is formulated to read: for every n > 0
find U} such that

1) Uy e 5. S e st
Un+1 o Un 5 . .
2) (thh> Soh) + @r(Uy, ) — OWU;, #),)
Qg
_gb(EZ7U;LLvQDh) +‘/V(227U2730h) = Oa (335)
3) o@(ijB,ZZ, 2779h7192) = 07
4) Ul = U(0).
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6 Error in Density

iy Error in Velocit
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Figure 3.2: A plot of the solutions ps = pror — pirro and us = Ugryr — PILFO
minus the analytic steady state solutions p, = 1 and u, = 1.

We inspect the first of two numerical test cases. First consider the
monofluid steady state case of (3.1)-(3.3), by setting the initial data to py =
ui(l) =ug = = 1 and pg = 0. Clearly here the pressure reduces to unity
po = 1 and the viscosity to a constant 1y = Cj. Next we set the periodic
boundary condition

U"(a,t) =U"(b,t).
The exact solution shows constant solutions in the primitive variables.

Figure (3.2) shows an implementation of 3.35 to this system, comparing
the solutions using the approximate Riemann Flux with the van Leer MUSCL
scheme (denoted by U g, 1) versus the local Lax-Friedrich’s flux with the Osher
MUSCL scheme (denoted U ro). It is evident that the scheme yields the
expected behavior, showing no fluctuation about the steady state in all four

of the primitive variables p,u and ;.

For the second of our test cases, we consider the monofluidic restriction

of (3.1)-(3.3) given by taking 19 = 1, oo = 0 and ; = 1 with the additional
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Figure 3.3: The top two graphs show the solution to (3.36) in terms of the local
Lax-Friedrich’s flux and the van Leer limiter, denoted by us and ps versus the
exact solution u, = tanz and p, = (tanz)~'. The bottom two graphs show
the solution to (3.36) in terms of the linear Riemann flux and the Osher limiter,
denoted u, and p,, again versus the exact solution.

relations:

Solving this system immediately yields

p 4 p—pdept = —C,
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for C' € R, which leads to the ordinary differential equation
u, = u* +1— Cu. (3.36)

Setting C' = 0 the noting that solution is independent of time, we solve the

ODE yielding: u = tanz. Setting the initial data to

po=(tanz)™',  mo=1, and  (pu1)o = po,

with the Dirichlet boundary data provided in the weak entropy sense of §3.3
via,
py = 1/us, my =1 and (pte1)e = po,

we inspect the solution over the domain [a,b], with ¢ = 0.5 and b = 0.7.
Here we compare the exact solution to the solution obtained using the Lax-
Friedrich’s flux with the van Leer monotonicity scheme (denoted p; in 3.3) to

the Riemann flux with the Osher scheme (denoted p, in (3.3)).

From inspection of Figure 3.3, it is clear that the relative error over fifty
timesteps is three orders of magnitude smaller than the resolution of the mesh.
Here we take a = 0.5 and b = 0.7 where h = 2 x 107, The relative error is
zero across the solution at the first timestep, as expected, and remains nearly
constant in the interior of the domain in both cases, while the weak entropy
implementation displays fluctuations in time of the order of the interior error.
These boundary fluctuations are neither monotonic nor generally increasing,
but show complicated temporal perturbations at the weak entropy boundary
points and are seen to weakly propagate into the interior as a function of the
timestep. Neither of the formulations, U or U,, show significantly better
error behavior, though both are well within working precision of the exact

solution given in Theorem 1, up to the weak entropy boundary data.
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3.5 Example: 2-fluid with chemical inlet

Let us show a simple application of the system outlined in §3.2 and

63.3 evaluated over two distinct species. Consider the bifluid system,

Op + 0z(pu) =0, (3.37)
Oi(pu) + 0y (pu?) + 0,p — 0, (vO,u) = 0, (3.38)
9 (ppi) + Oz (pup) = 0, (3.39)

with initial conditions:

pli=0 = po > 0, M=o = Mo and Hi=0 = Ho-
The pressure is given by p = pJ* 4 pa*> and the viscosity by v = ¢ (10" +72p03°)
for ¢/ = Cp~ and « € (0, 1) with C' > 0.

Now as in §3.4 we easily recover the form
U +TU, = (xU,),, (3.40)

which integrates to (3.11). Again we solve for our system in a form equiv-
alent to (3.19). We employ the local Lax-Friedrich’s inviscid flux ®;;, the
Bassi-Rebay numerical flux U rB, and the usual viscous flux % such that the

formulation of the problem reads: for every n > 0 find U Z“ such that
Uy eS8, %pesy
Un+1 o Un B . .
2) (thh, Soh) + @ir(Uy, ¢,) — OU}, ¢4)
Qg
_gb<EZ7UZ>QOh) _'_’/V(EZ?UZaLPh) = 07 (341)
3) Q(ﬁRszza Za’ﬁhyrﬂz) 207
4) UL(0) = U},
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Figure 3.4: The left plot shows miscible species at ¢ = 12 given the “character-
istic” chemical inlet conditions from (3.42) with 4 = 0.9 and on the boundary
a = 0, with transmissive conditions on b = x,, (see Figure 3.1). The right plot
shows the same solution using the weak entropy formulation. Here we have a
miscible solution of methanol and water at ¥ = 500K and initial iy = ps = 0.5,
while both solutions use <i>l rr and the van Leer limiter.

All that remains is determining the boundary states Uy, in the char-
acteristic sense of §3.3. Let us take a subsonic inlet u-n < 0 on the boundary.
Now, suppose we want a chemical inlet such that chemical specie one, 1,
is characterized by an influx condition p, = % on {a} and a transmissive
condition on {b}. For n = 2 we can easily write (3.28) and solve for a; as
in §3.3 which yields that a; = p/2 — t(;. In order to maintain consistency of
the equations, we must also enforce both that psp, = 1 — % and that p > 0.
To meet these conditions requires us to solve for 35, 33 and ;. A standard
calculation using (3.24) yields that for any € > 0 where £ = 0,,p — 0,,p, the

consistent choice of parameters obeying ji;, = ¢ is given by:

Bo=—p/2—=Ps+e [s=0E and [y =e(u —€)/c, (3.42)

The behavior of such a “chemical inlet” is shown in Figure 3.4. Here it
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follows that € may be chosen to weight p,, and can be chosen as any smooth
strictly positive function, for example. By comparison the weak entropy so-
lutions discussed in §3.3 to (3.37)-(3.39) are also well-posed for an arbitrary
collection of L*>((0,T) x 092) boundary data. So, in contrast to using the
“characteristic” solutions to find a consistent set of boundary data, we may
simply assign pup = €, pop =1 — €, pp = € and u, = yy to obtain a similar
solution. Comparing the behavior of 1, in Figure 3.4 to ;. yields Figures
3.5 and 3.6. Notice that the two boundary solutions do not yield the same
numerical result. In particular, the weak entropy p; grows more rapidly at the
boundary; while the dynamically coupled “characteristic” solution adapts to

the influx of specie/density by producing a velocity outflow, which effectively

Difference in Characteristic and Weak Entropy

0.08+

0.06-

0.04-

Figure 3.5: Here we show the difference between specie one of the weak entropy
1, Versus “characteristic” p; . solutions, where § = 1 4 — fl1c-
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Difference in Characterstic and Weak Entropy

Figure 3.6: Here we have the complementary difference between species two of
the weak entropy ps ., and “characteristic” ps . solutions, where 1 = fig, — fia

reduces the “chemical influx” as a function of time.

In practice it is often physically pertinent to ascribe more boundary
data than the free 3’s can consistently control. For example, a closely re-
lated case to the above is for a chemical inlet where u, = 0 represents a fixed
semipermeable membrane. In cases such as these, where only one character-
istic direction is free, weak entropy solutions are essential in order to even
characterize such a chemical inlet. Heuristically we say that “characteristic”
solutions demonstrate a relatively weaker forcing on 0€2, while weak entropy so-
lutions have greater flexibility of representation by way of establishing stronger

forcing on 0f).
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3.6 Example: k-th order in time n-fluid

We wish to generalize the example in §3.5 to n-fluid components and
a k-th order in time Runge-Kutta time discretization. Let us start with an

n = 5 system, which then can be easily generalized. Consider

Op + Ox(pu) =0, (3.43)
O (pu) + 0p(pu?) + dpp — 0, (vO,u) = 0, (3.44)
A(ppi) + O (pup;) = 0, (3.45)

with initial conditions,

pli=0 = po > 0, PUjt=0 = Mo, and (Pﬂz‘)u:o = Pi,0,

given the pressure
p=pi'+p+p3’ o1+ s (3.46)

and viscosity
v =10"(p10,,0 + P20, + 30,0 + P10y, D + p50psD). (3.47)

We explicitly take the three vectors:

U = (p, pu, p1, p2, p3, pa, ps)"
.f(U) - (pu7 ,OUQ + D, p1u, p2u, p3t, psU, P5U>T7
g(U7 Ux) = (07 DUy, 07 07 07 07 07 O)T7

such that again we arrive with
Uu+ruv, - (xU,), =0, (3.48)

which is easily posed in the form of (3.19).
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Figure 3.7: Here we show the first and last timesteps of the mass fractions at
¥ = 293K using periodic boundary conditions with Runge-Kutta order k& = 2.
Initial conditions set p = 54+20e~(#~10%/8 1-20e~(==30%/8 and v = sin(67x /2y ),
with g1 = 0.07 + 0.3¢~@279%/12 ) — (0.1 + 0.3¢~@105°/8 1. — (.06 +
0.3¢=(#=225°/8 1y, = 0.05 4 0.3¢~=305*/10 and solvent ps = 1 — S0, ;.

Again we employ the local Lax-Friedrich’s flux (3.31) and the Bassi-
Rebay numerical flux (3.34), but now we generalize to a Runge-Kutta time
discretization. That is, notice that we can rewrite (3.19) as a system of ordi-

nary differential equations,

d
—Uy, = Ly (Uy).
Pl n(Ur)

We solve this system using an explicit Runge-Kutta method (for ex-
ample, see Ref. [162] and Ref. [198]). That is, set the value of the current
timestep to U}, and decompose this timestep into k substeps such that for
t=1,..., k we have the intermediate solutions

i—1
;l = Z CilUlh + diZAtnLh(UZ),

=0

where the ¢’s and d’s are given in Table 3.2. Then setting U}t" = U? for each
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Evolution of Concentration

54

Figure 3.8: Here we show the time evolution over the entire solution space of
the same problem from Figure 3.7.

n > 0 we arrive with:

HUyes! xpresh
i—1

2) ( Z}La SOh)Qg - Z { (CilUlhv ‘Ph)ﬂg + dy A" [ci)lLF(Ulha ) — @(Ulm ©n)
1=0

- gb(zﬁm in Soh) + W(Eév Ugw Qoh):| } = 07 for i = 17 te ka
3) 2(Ugp, 2L UL 9,,0") =0, fori=0,... k-1,

4) U, (0) = U},
(3.49)

This method follows for any n-fluid of the form (3.1)-(3.5) of Runge-
Kutta order k.
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Table 3.2: Runge-Kutta k-th order in time

’ Parameter ‘ k=2 ‘ k=3 ‘
1 0 0
1 0
¢ 3/4 1/4 0
l (1/2 1/2) 1?3 é 2/3
1 0 0
d; (1 0 ) 0 1/4 0
0 1/2 0 0 2/3

The behavior of this system is shown in Figure 3.7, where we have set

the simple periodic boundary condition,
U"(a,t) =U"(b,t).

It is worth noting that the composition of this mixture does not tend towards
homogeneous equilibrium, since there is both no inter-specie diffusion (see
§3.8) and the species are not “chemically miscible” (in that they do not mix
in all proportions). Nevertheless there is significant mixing from the state of
the initial conditions, and it can be seen that the fluid is more homogenized,
relatively speaking, at timestep ¢ = 10 that it was in the initial state. Most

importantly, this scheme now immediately extends to an arbitrary n-fluid.

3.7 Energy Consistency of Scheme

In Ref. [39] it is shown that any solution for which Theorem 2.1 holds
should satisfy two closely related entropy inequalities. The first, a classical

integral inequality taking the form

1d
——/{pu2+2<§}d:c+/u]ux|2dx§0, (3.50)
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and the second owing to Bresch and Desjardins (see Ref. [18,37,61, 126, 127,
135]), as

1d

——/ {plu+ p~ "> + 2& }da + / p~ ' |p.|*dx <0, (3.51)
2dt R R

where the internal energy & = &(p1, ..., p,) is specified as:

Entropy consistent numerical schemes are often formulated in the lit-
erature in order to explicitly enforce entropy inequalities such as (3.50) and
(3.51) over all of Qp (viz. Ref. [173,199-201]). For example enforcing (3.50) is
done by utilizing a change of variables of the conservation variable form of the
state vector U, into the so-called entropy variable form W, which is achieved
by writing the entropy functional # = pu?/2 + & and then setting the state
vector as the partial with respect to the conservation variables W = J¢;. The
difficulty of implementation of these energy schemes, which are inherently im-
plicit methods, underscores the importance of conserving energy consistency
of the solution, and further serves as motivation for testing how our explicit

scheme behaves with respect to (3.50) and (3.51).

Here we inspect the entropy consistency from three perspectives. First,
from the point of view of the global strong solution and Ref. [39] we do not
necessarily expect local energy consistency with some arbitrary free boundary
inlet condition for an arbitrary uniform timestep At, as locally this perturbs
the magnitude and behavior of the entropy, which is a global property of the
strong solution. However, we do expect energy conservation given periodic
or transmissive boundary conditions, which are able to recover in some basic

sense the global behavior of the solution. From the numerical perspective,
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Entropy Comparison
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Figure 3.9: Here we plot the integral forms .#7 and Spfor C =1 and o = 0.9,
where fQ Jtdr and fQ Jtdx are represented by the first timestep. The spatial
mesh is chosen with ne = 100 with At = 0.01.

we expect our solution (3.19) to obey entropy consistency regardless of the
boundary data up to a restriction of the CFL stability condition, which for
inviscid flows scale as Cyh/Spec,I' > At and for the complementary viscous
flows like Cyh?/ max(v,1) > At, where the CFL constants are characterized
by Cy,Cy € (0,1). Finally, from the purely phenomenological perspective
we expect the entropy to be satisfied in both the sense of the solution of
Ref. [39] as well as the At restriction provided by the CFL scaling, but to in
addition demonstrate behavior which is phenomenologically consistent with
the modeling regime (ie. the C' in v(t,z) should be chosen to reflect the

physical viscosities of mixtures on time scales that are numerically tractable).
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Here we use the n = 5 fluid scheme from §3.5 (shown in Figure 3.7) as a
test case for these issues where again the periodic boundary conditions are

employed.

For our numerical scheme (3.19) the two inequalities (3.50) and (3.51)
are adapted in the following way. The prescribed initial conditions are eval-
uated as 54 and % = %p0|u0 + pglamoP + &y, such that we evaluate the

spacetime integrated functionals:

T
YTz/%dx—i—/ /V|uz|2dxdt§/%dx, (3.52)
Q o Jo Q

T
S = / SHrdr + / / p 1 |p, P dxdt < / Hydx. (3.53)
Q 0 Jo Q
We show the results of this calculation for an arbitrarily chosen set of param-

eters in Figure 3.9. As is clear from the graph, both (3.52) and (3.53) are
satisfied. In fact we confirm that (3.19) satisfies (3.52) and (3.53) whenever

and

the viscous CFL condition is satisfied, up to the choice of a constant. It is
interesting to note that both of these inequalities are satisfied for an arbitrary
choice of a and C' in the numerical setting. This confirms that the mathemat-
ical result from Ref. [39] is substantially more restrictive than the numerical
one, where in Ref. [39] the choice of « is bounded above and below by the
limits of the adiabatic constants v;, such that given ¥ < v; < 4 for all 4, it was

shown that

(3.54)

It is further worth mentioning that the behavior of the entropy is phe-
nomenologically consistent with the behavior of the fluid mixtures. That is,

we may estimate the magnitude of C' in v by a weighted average C' ~ > j1;1;
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Comparison of v, p and p

Figure 3.10: Here we compare the viscosity v, density p and pressure p of
the periodic 5-fluid from §3.6 with o = 0.9, C' = 0.5, 150 meshpoints and
At = .006.

with n; each of the components respective constant viscosity coefficient as
approximated at constant temperature ¢. In SI units (Pa -s) this leads to ex-
tremely tractable CFL conditions for most liquid and gas mixtures (certainly
all aqueous ones). However using C' &= )" p1;7; is unnecessary, and certainly
not always well justified (e.g. supercritical solutions as in Ref. [202,203], or
more general formulations found in Ref. [30]), in which case the C' coefficient

may be appropriately, and relatively easily, rescaled.

The functional behavior of the viscosity is a relatively unique property

of our system (3.1)-(3.3), which is to say that commonly compressible Navier-
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Stokes systems utilize constant viscosity coefficients (eg. see Ref. [105] chapter
4) and thus the energy consistency and the CFL condition is not dynamically
coupled to the solution components. However, for our system, since the vis-
cosity is a function of time, the CFL condition must update to reflect the local
viscosity magnitude at each timestep. We show this functional relationship in
Figure 3.10, where a comparison plot between the visocosity v, the density p

and the pressure p of the system is given.

3.8 Fick’s Diffusion with Acoustic BCs

Although Theorem 2.1 only applies to systems of the form (3.1)-(3.3),
the particular numerical scheme outlined in §3.2 can be easily extended to
more complicated systems; and indeed can be extended with similar numerical

behaviors. As an example let us consider the 5-fluid,

Op + Ox(pu) =0, (3.55)
O (pu) + Op(pu?) + Opp — 0, (vO,u) = 0, (3.56)
O(pri) + O (pupsi) — 0:(Z;0 i) = 0, (3.57)

with initial conditions:

pli=0 = po > 0, PUt=0 = My, and (P/h‘)ﬁ:o = Pi,0,

given (3.46), (3.47) and Z; the diffusivity constants of each respective species.
Here the system is equivalent to that in §3.6, except we have added the Fick’s
diffusion law term to the advection equation in x. Thus the state vector and

inviscid flux remain unchanged, while the vector g becomes

g(U,U,) = (0,vuy, Difie, . .., Dujin)’, (3.58)
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such that the corresponding visous flux matrix yields:

0 o 0 ... ... 0

—vu v 0 ... ... 0

1 —.@1/11 0 .@1 0 0
HO =2 gt 0 @ - | (3.59)

: S 0|

— Dy 00 ... 0 9,

We set an acoustic inlet condition, which is equivalent to identifying
the sound pressure on 02. We set corresponding weak entropy conditions on
0f). That is, consider a classical solution to the acoustic wave equation at a
boundary located at the origin such that the total pressure on the boundary
satisfies p, = po + Apsin(wt) for a driving amplitude Ay and an ambient ref-
erence pressure pg = . (popio)”, where w is the angular frequency of the
acoustic wave; or, similarly we may consider the total solution from the point
of a view of a solution to the Helmholtz equation at any x in 2 corresponding
to a fixed radiating acoustic source. Since in the barotropic case the total
pressure satisfies p, = Y. p;*, we use the MATLAB® (2008a, The Math-
Works, Natick, MA., USA) fzero/fsolve function to solve for roots in p;, of the

following equation:

n

Fon) = (putin)” — (po + Apsin(wt)). (3.60)

)

For the weak entropy solutions, to restrict to the pressure front inlet, we
set the initial wall boundary condition uy-n = 0, where in addition the p;’s are
simply chosen from their initial concentrations on 02. We allow antisymmetric
inlets on 092 = {a,b} leading to the formation of supernodes within the fluid
domain. The solution is plotted in Figure 3.11.
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Propagating Weak Pressure Front
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Figure 3.11: A weak entropy solution to an oscillating pressure front propa-
gating through a 5-component low density (~ 100 molecules per cm) gas at
¥ = 20K. The chemical constituents are comprised of species found in dark
interstellar molecular clouds, where representative fractional abundances are
adopted and the solution space is appropriately scaled; with corresponding ini-
tial conditions: Hy ~ 80%, He ~ 19.9%, and trace CO, H (atomic hydrogen),
and HC3N (cyanoacetylene).

By comparison we solve the “characteristic” boundary solution pre-
sented in §3.3. In order to solve this system we must dynamically switch
between the five regimes listed in Table 3.1, since the pressure oscillation pulls
the velocity between transonic inlet and outlet conditions. That is, the values
of the conservation variables on the boundary must satisfy a system of lin-
ear equations. The nature of this system depends on the number of free and

fixed conservation variables in the particular type of characteristic boundary
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Propagating Characteristic Pressure Front
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Figure 3.12: A “characteristic” solution to the same oscillating pressure front
presented in 3.11.

condition as detailed in Table 3.1. There are four basic types of calculations
corresponding to 0, 1, m — 1 and m fixed «;. We take a single row from the
augmented matrix [V | o + At"(¢] for each ; appearing in Table 3.1, while
those corresponding to each f3; are replaced by a single row from [L,,, | U] con-
taining the type of prescribed data on the boundary, where U} is formed from
the appropriate number of prescribed primitive variables. Further notice that
(3.25) no longer makes sense, but is replaced by the vector ¢ with respect to
(3.58)-(3.59):

¢=V7lg on 00 (3.61)

For example, in the case of the subsonic acoustic outlet the second row would
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be replaced by [10 --- 0| pp], consequently ensuring that any solution is as-
signed that particular density, whereas in the case of a chemical inlet we might
use [0010 --- 0] u1p) instead to prescribe the mass fraction of the first fluid.
Further note that since allowing complete freedom with respect to fluid pro-
portions can lead to a violation of >~ | y; = 1, one of the rows corresponding

to pp; is replaced by [10 —1 - - - —1 | 0] which serves to enforce that requirement.

The solution to the resulting combined system of m equations then pro-
vides the values of the conservation variables consistent with both the choices
on the boundary as well as the propagated values from the interior; from the
one extreme of a supersonic inlet where the boundary values can be chosen
subject only to the physical consistency conditions ., p; = 1 and p > 0,
through the two mixed subsonic cases, to the other extreme of a supersonic
outlet where all the values are propagated from the interior. As the velocity
and the speed of sound near the boundary changes with time, the type of linear
system that needs to be solved changes as one switches between the different

regimes of inlet and outlet.

It can be confirmed by inspection of Figure 3.12 and 3.13 that the
“characteristic” solution initially demonstrates significantly sharper profiles
that decay more quickly in time than the analogous profiles in the weak entropy
solution. By contrast, the difference between the “characteristic” and weak
entropy solutions for the chemical inlet shown in §3.5 are extremely small, and
qualitatively indistinguishable. However, in the present case, with pressures
and velocities fluctuating rapidly and doing so with large relative magnitudes,
the difference between the two regimes is relatively extreme. From Figure 3.13
we can further see that the “characteristic” solution has steeper nodal peaks

with greater amplitudes than the weak entropy solution. It is not clear a prior:
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Relative Difference Between P, and P,
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Figure 3.13: Here we plot the relative difference between the weak entropy
pressure p,, and the “characteristic” pressure p.

which solution is more phenomenologically sound.

Here we have solved (3.55)-(3.57) using a formulation which is meant
to weakly mimic some of the conditions found in interstellar media. The
solution is shown in Figure 3.11, where it is notable that the traveling sound
field p, dynamically responds to the changing speed of sound ¢ throughout
the medium — which scales like the root of the local change in pressure up to
the local species concentration. The initial conditions were estimated using
Ref. [204], the diffusivities were estimated with the help of Ref. [205-207], and

motivation for propagating pressure waves can be found in Ref. [208].
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Chapter 4

Quantum Hydrodynamics with Chemical
Applications

4.1 Introduction

Quantum hydrodynamics (QHD) has engendered substantial activity
in the field of theoretical chemical dynamics, where one may refer to Wyatt
et al. [20] for a comprehensive introductory overview of the numerous recent

results emerging from this blossoming field.

The basic idea emerging from quantum chemistry in the context of
QHD is to employ the time-dependent Schrodinger equation (TDSE) to solve
for the dynamical properties (probability densities, “particle” velocities, etc.)
of chemical systems. In the same spirit in which the de Broglie-Bohm inter-
pretation (see Ref. [40,41,209]) of quantum mechanics may be used to recover
“trajectories” of individual fluid elements along the characteristics of motion
of the solution, the QHD equations of Madelung and Bohm are derived as
formally equivalent to the TDSE and thus comprise an alternative route to
solutions which generate quantum trajectories that follow particles along their

respective paths (see Ref. [20] and Ref. [42] for a comprehensive overview).

These solutions hold particular significance, where, in the context of
the QHD formulation, it is possible to resolve the chemical dynamics of a
vast number of reaction mechanisms known to have pathways dominated by

quantum tunneling regimes. Some of these systems include proton transfer

93



C(CHy);

Figure 4.1: Here we have the intramolecular rearrangement of the aryl radi-
cal 2,4, 6-tri-tert-butylephenyl to 3, 5-di-tert-butylneophyl (see Ref. [210] for
details).

reactions (for example see figure 4.1), conformational inversions, biologically
important redox reactions in enzymatic catalysis reactions (see figure 4.2), and
proton-coupled electron transfer reactions (refer to Ref. [211] and Ref. [212]).
It is not yet clear if these types of methods may also have application at higher
energies, for example in the halo nuclei tunneling occurring in fusion reactions

(as seen, for example, in Ref. [213]).

Substantial research has been done in quantum hydrodynamics to find
the best and fastest computational methodology for solving this system of
equations. In the standard methodology presented using the quantum trajec-
tory method (QTM), for example, solutions to the QHD equations are found
by transforming the system of equations, which is generally posited in the Eu-
lerian fixed coordinate framework (see Ref. [42,214-216]), into the same set of
equations in the Lagrangian coordinate framework, which effectively follows
solutions along particle trajectories; or along so-called “Bohmian trajectories.”
The transformation from the Eulerian to the Lagrangian frame leads to a set of
coupled equations which solve for two unknowns: the quantum action S(t,r)
and the probability density or quantum amplitude \/W = R(t,7) along the
trajectories 7(t, @) (e.g. see Ref. [20] box 1.2). The obvious advantage of the

Lagrangian framework is reduced computational times, since solutions are only

94



Figure 4.2: Here we show an enzymatic catalysis — an aromatic amine dehy-
drogenase (AADH) with a tryptophan tryptophyl quinone (TTQ) prosthetic
group catalyzing the oxidative deamination of tryptamine with an electron
transfer to an arsenate reductase enzyme (see Ref. [210] and Ref. [212] for
details, PDB codes: 1nwp (azurin), 2agy (AADH)).

computed along a set of chosen trajectories; while clearly the disadvantage is
the possibility of obscuring structure hidden within the continuum of the full
solution, which may only emerge properly in convergent numerical schemes,
and also the increased complications of transposing into more complicated set-
tings: such as with functional or time dependencies on the potential term V/,

or including dissipative or rotational vector fields.
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In addition, the numerical solutions to the above mentioned Lagrangian
formulations have demonstrated characteristic behaviors which introduce cer-
tain technical difficulties at the level of formal analysis. First, the system of
equations are stiff, which is to say, solutions to the system may locally or
globally vary rapidly enough to become numerical unstable without reducing
numerically to extremely small timesteps. Furthermore, there exists the so-
called “node problem,” which is characterized by singularity formation (see
Ref. [20] for characterization of node types) along particle trajectories. An-
other issue which arises is obtaining unique solutions, since there is not a
unique choice of trajectories in the Lagrangian formulation (see for example
§4.6 and appendix A). And finally, boundary data is often treated without
regard to the (often substantial) numerical residuals introduced in the weak
entropy case, or taking into account consistency between the TDSE and the

QHD system of equations (see for example Ref. [174] and §4.3).

We introduce an alternative formulation to the standard solutions de-
scribed above in o and S and tracked with respect to the Lagrangian coor-
dinate frame which is motivated by work of Gardner, Cockburn, et al. (see
Ref. [215,217,218]). Instead, we keep the system in its conservation form
(instead of in a primitive variable form) in the Eulerian coordinate system
(see Ref. [214]), and solve for the density o = o(t, ) and the particle velocity
v = v(t,x) (instead of the quantum action S). We show that these solutions
may be used to easily recover the variables S and 1 in a single step; and may
with little difficulty be transformed into their Lagrangian coordinate frame
counterpart solutions o(t,7), v(t, ), S(t,7) and ¢ (t,7), using the conservation
equation (continuity equation), or by solving for pathlines in the sense of clas-

sical mechanics, or by any number of alternative so-called “offset methods.”
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Additionally, our solutions demonstrate a type of resolution invariance, which
is to say that the behavior of our solutions are qualitatively equivalent at vary-
ing spatial resolutions, and compare favorably with solutions to the formally
equivalent TDSE. As a consequence, our conservation-based formulation is
computationally competitive with Lagrangian formulations, up to a type of

“formal accuracy” in the trajectory solutions.

Our solutions, as the Lagrangian formulated solutions mentioned above,
still demonstrate a stiff behavior. However, also as the Lagrangian solutions
above, and similarly to the classical CFL condition in fluid mechanics, we
consider this a prohibitive but not insurmountable computational difficulty.
On the other hand, our solutions to the conservation form of QHD do not
demonstrate the node problem (at least on Gaussian wavepackets) as expected,
as the only type of node our formulation exhibits is for ¢ = 0, which never
occurs if we add a numerical ambient density g4 to the initial density pj;—o. The
solution is stable when the ambient density is set to ~ 11 orders of magnitude
smaller than maxgq(p) over a computational domain €2. We maintain that the
addition of o4 to the initial density does not significantly change the numerical
solution of the system of partial differential equations, while introducing the
substantial benefit of significantly improving its stability. Again, this behavior
compares favorably with solutions to the TDSE, which also do not demonstrate
the node problem. On the other hand, computing solutions in the Lagrangian
frame still offers substantial computational efficiency when compared to those

in the Eulerian frame; due simply to relative density of solutions.

We begin in §4.2 by presenting the governing equations, then rescaling
these equations in time for substantial improvement of numerical tractabil-

ity. Next we present the details of a computationally well-posed finite element
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discretization scheme leading to our approximate (numerical) solution. The
scheme is based on a discontinuous Galerkin method for the QHD conservation
laws and a mixed finite element method for the Bohmian quantum potential,
which is inspired by Ref. [219]. In §4.3 we briefly derive the basic equations,
and discuss the rather strong dependence on the formal and numerical equiv-
alencies in the boundary data. In §4.4 we derive an analytic test case which
allows us to find the relative error in the discontinuous Galerkin mixed method,
which shows that our formulation is near to numerically exact everywhere but
at the boundaries (which is expected). We proceed in §4.5 by testing the
standard case of a hydrogen atom tunneling through an Eckart potential bar-
rier, compare these results to a finite difference scheme for the TDSE, and
then show how to use the continuity equation to recover the Lagrangian, or
Bohmian, trajectories. Next, in §4.6, we show how to compute pathlines, re-
cover the variables p, u,? and S in both the Eulerian and Lagrangian frames,

and compare the way in which these solutions relate to each other.

4.2 Conservation Formulation of Quantum Hydrody-
namics

Consider the following system of equations for (s,z) € Ts x 2, moti-
vated by Ref. [20], where we have transformed the solution space from the
usual Lagrangian coordinate frame into the conservation form of the Eulerian

coordinate frame:

050+ V- (ov) =0, (4.1)
Os(omv) + V, - II + oV, V =0, (4.2)
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with initial conditions
0s=0 = 00, and Vo = vy

where o = p(s,x) is the probability density corresponding to conservation
equation (4.1), and v = wv(s,x) is the volume velocity corresponding to the
momentum density op = gmw in equation (4.2), where the mass m is constant.
Here V' corresponds to the potential surface, where in keeping with the usual
formulation in chemical applications in one dimension V may be generally
thought of as a model potential (e.g. an Eckart, Lennard-Jones or electrostatic

potential).

The quantum stress 11 is given to obey,
—~1 h2 2 2
I=omv@v+0 ¢ —(Ve0) p — V3o,
dm m
or alternatively
—1y7 _ oh* s
m 1l =pv®v— ——V;logo,
4m?

with the Bohmian quantum potential given as Q = (%Am/ﬁ> /+/0 (note that
this term is only defined up to a sign convention, see for example Ref. [42, 220]

versus Ref. [20]), such that the nonlinear dispersion relation is given by,

oh? AN h? )
2m%( 7o Y (0V; log o), (4.3)

yielding the alternative form of (4.2):

O(omv) +V, - (omv ® v) — oV, Q + oV, V = 0. (4.4)

Let us rescale (4.1) and (4.4) by setting s = y/mt and solving for a

rescaled solution w and p in the time variable ¢, such that our new variables
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satisfy u(t,z) = v/mv(y/mt,z) and p(t,z) = o(y/mt,z) such that (4.1) and
(4.4) for (t,x) € T x Q become:
Op+ Ve - (pu) =0, (4.5)
O(pu) +V, - (pu@u) —pV,Q+ pV,V =0. (4.6)

We solve (4.5)-(4.6) using a mixed discontinuous Galerkin finite element

method. We define the state vector
U = (p, pu)T7
the inviscid flux vector
f=(pu,pueu),

and the source vector

S = (0,pV,(V —2)".

Then we can rewrite (4.1)-(4.2) as

U, +f,+8=0. (4.7)

Consider the following discretization scheme motivated by [105, 174]
(and illustrated in the one dimensional case in Figure 3.1). Take an open
2 C R with boundary 02 = I', given 7' > 0 such that Qr = ((0,7) x Q) for
Q) the closure of Q. Let .7, denote the partition of the closure €2, such that
taking () = [a, b] provides the partition

Aa=Tg<T1...<Tpe=02"=

comprised of elements §; = (x;_1,2;) € J, such that 9, = {1, 92, ..., Gne}-

The mesh diameter % is given by h = supge 5 (2; — ;1) such that a discrete
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approximation to € is given by the set ), = U;G; \ {a,b}. Each element of
the partition has a boundary set given by 09; = {x;_1,x;}, where elements
sharing a boundary point 09; N 95, # 0 are characterized as neighbors and
generate the set K;; = 99, N 09, of interfaces between neighboring elements.
The boundary 02 = {a,b} is characterized in the mesh as 0Q = {xg, zp.}
and indexed by elements B; € 0f2 such that Q= 9,u Xi; U 0Q. Now for
I cZT ={1,2,...} define the indexing set r(i) = {j € I : §; is a neighbor of
G;}, and for Ip C Z~ = {—1,-2,...} define s(i) = {j € Ip : G, contains B;}.
Then for S; = r(i) Us(z), we have 9G; = Ujcg()XKi; and 0G9; N 02 = U Kij.

We define the broken Sobolev space over the partition .7}, as

Wk’Q(Qh, %) = {U D g, € Wk’Q(SZ) VSZ € %}

Further, approximate solutions to (4.1)-(4.2) will exist in the space of discon-

tinuous piecewise polynomial functions over € restricted to .7, given as
Si(Qn, ) = {v g, € 2USGi) VG € T}

for 224(G;) the space of degree < d polynomials on G;.

Choosing a set of degree d polynomial basis functions N, € 22¢(G;) for

¢ =0,...,d we can denote the state vector at the time t over {2, by
d
Upt,z) =Y Uj(t)Nj(z), Vze€ G, (4.8)
=0

where the N}’s are the finite element shape functions in the DG setting, and the
U'’s correspond to the nodal unknowns. We characterize the finite dimensional

test functions

d
o, € W, T1), by ¢(x) = ZQO;NE(@
=0
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where ¢} are the nodal values of the test functions in each G;.

Assuming that the source term S is sufficiently smooth, we let U be
a classical solution to (4.7) and multiply through by ¢, and integrating such
that:

d
—/ U-gohdx+/ fm-cphdx:—/ S -, dr. (4.9)
dt Si Si Si

Integrating (4.9) by parts gives

d
—/ Uh-gohdw+/ (f -pp)edr — | f-pldo = —/ S - ppdr.  (4.10)
dt J, s s 5

7

Let ¢, and @5, denote the values of ¢ on X;; considered from the
interior and the exterior of G;, respectively. It should be noted that for X;; € T',
the restricted functions ¢,|X;; are determined up to a choice of boundary
condition, which we will discuss in more detail in §3. We approximate the first

term in (4.10) by,

d d
— | Up-ppdrv~— | U-p,d :
o /91 e PpL = /91 Prar, (4.11)

the second term using an inviscid numerical flux ®;, by

(i)i(Uh|9Qj7 Uh|j<ji7 Qoh) = Z / q)<Uh|3<ij7 Uh|9<ji7nij) ) Lph|j<ijdﬂ<
jes)” i

(4.12)

XKij dﬂc?

%/g< i(fh)l'(nij)l‘:oh

i =1
for n;; the unit outward pointing normal and where [ is the dimension, and

the third term on the left in (4.10) by:

O.Unen) =~ [ fu-todr~— [ F(pde (439
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Using (4.11)-(4.13), taking the convention that
=2 %
Si€Th
and setting the inner product
(an, br)a Z / ay, - bydz,
91€7h

we define an approximate solution to (4.9)-(4.17) as U, for all t € (0,7)
satisfying:

Discontinuous Galerkin Method for the QHD Conservation Laws

1) Uy € C°([0,T); S,

d
2) = (Un @r)ag + ®(Un, 1) + OUn, ) + (S, pn)ag =0, (4.14)
3) U4(0) = U,.

To compute the source term S, we approximate the Bohmian quantum
potential using a mixed finite element method. In particular, we know that at
each time ¢, the quantum potential Q satisfies the equations:

V.4
2m \/p
Let ¥ € L*(Q) and ¢ € H(div,). Then multiplying (4.15) by ¢ and ,

and q = V,/p. (4.15)

respectively, and integrating by parts over €2 results in:

2 .
/ Qide — [ 1=V 9y, (4.16)
Q Q?2m \/p
/ q-cdr = —/ VPV sdr + / Vps - ndl. (4.17)
Q Q r
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Choosing finite dimensional subspaces .Z" C L*(Q) and " C H(div,Q),
a mixed finite element method for the Bohmian quantum potential is then: find
Q" [0, T)xQ — R, q" : [0, T] xQ — R3 such that for all t € [0,T], Q"(t) € £"
and g" € H" satisfy:

Mixed Method for the Bohmian Quantum Potential

h2 V:th )
1 Q,/l9 = 719 )
) @ona =1 (T8 0)

2) (qh’ gh)Q - _(\/p_h7 ngh)ﬂ + (\/p_}“ §hn)p. (418)

Since we wish S € L?(2), we choose Z" to be a continuous finite element
space, and we choose 7" to be an H(div)-conforming space (e.g. Raviart-
Thomas elements [221], such that in one dimension, Raviart-Thomas elements
collapse to be standard continuous finite elements). Equations (4.14) and
(4.18) define our mixed /discontinuous Galerkin method in semi-discrete form.

Computationally, we must also discretize time, as shown in §4 and §5.

It is worth noting that in the Lagrangian formulation the primitive
variables (p,u) are accompanied by the quantum action S and the quantum
wave function 1. We will explicitly derive these terms in section §5 from the
solution (4.14). It is also worth noting that a pure discontinuous Galerkin
method was implemented as an alternative approach to the MDG method
solution shown in (4.14). This treatment used a dispersive flux formulation
as shown in [222]. We found that this formulation depended nonlinearly on
the sign of the advective flux term, leading in the naive implementation to the
formation of soliton/compacton type behavior; solutions which are well-known

in the ‘formally’ equivalent formulation of Korteweg fluids (see [43,223-225))
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— up to turbulence effects etc., as explained in §3 — which model diffuse fluid
interfaces as well as having phenomenological interpretation in the context
of the nonlinear Schrodinger equation (see [226]) and the Gross-Pitaevskii
equation (see [227,228]) given nearly identical initial conditions to the ones
we use in §5. However, in the context of chemical dynamics it is not clear that
these types of solutions carry physical significance, and so we have isolated

our analysis to the MDG method formulation presented in (4.14).

4.3 Boundary Treatment

A recurring difficulty in constructing numerical methods for initial-
boundary value systems of partial differential equations for physical systems is
the issue of how to prescribe mathematically consistent boundary conditions
which accommodate dynamic (physical) boundary data. It turns out that this
issue is a cause of both numerical and mathematical difficulties in establishing
the formal equivalencies between the TDSE and the QHD system of equations.
We show this behavior explicitly in an example in §5, but let us first examine

the mathematical source of this difficulty.

Recall that the system presented in (4.1)-(4.2) is derived explicitly from
the TDSE. That is, we have set ¢ = Re*¥/" and want to expand the solution
of the Schrodinger equation in one unknown and one equation in ¢ = ¥(¢, x)
into a system of partial differential equations in the unknowns R = R(¢, )
and S = S(t,x). To make this a well-posed system we of course need a system
of two equations, where both unknowns must be assigned distinct boundary

conditions. First take the following form of the Schrodinger equation:

2m 2ma
<—A$ + ﬁV) RS Tatzp, (4.19)
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and plug in ¥ = Re*/" such that expanding gives for the time derivative,
2mi 2mi 0 ~
) 2" (R iS/h
RO =gy (e
2mi g Ih 2m
= TR gy

(4.20)
Re™/"9, 8,

and for the spatial component
Agtp = Ay (Re™I") =V, - Vo (Re™T)

_ | is/n f iS/h
=V, <e V;,;R—l—hRe VxS> (4.21)

) 21 '
_ iS/n (Mz 1 29,5V, - Bv,s2 4 13&5) .

h h? h
Putting (4.20) and (4.21) back into (4.19) and canceling a factor of **/"

we obtain:

2m 2 R 9
Rﬁv =A,R+ EVxSVJUR - ﬁ(VIS) +

l

2msi 2m
hRAxS + T&R — ﬁR&S,

(4.22)
Now, collecting the imaginary parts of (4.22),

2mi 21 i
- — F Vz iV — ¢ A:c = U
o OR hVSVR hR S=0
and multiplying through by h?/2m provides:
1 1
—0;,R — —V,RV,S— —RA,S =0.
m 2m
Additionally multiplying through by —2mR gives,
mo,R? + V,R*V,S + R*A,S =0,
where applying the product rule yields the conservation form:

mo,R* + V, - (R*V,S) = 0. (4.23)
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Clearly setting R = /0 and using the Madelung relation v = %VxS for m a

constant m € R leads to the usual conservation of mass equation:

0o+ V.- (ov) =0. (4.24)

Similarly putting together the real parts of (4.22) gives:

2mR R
= S — AR+ ﬁ(va)Q + =5 RV =0,

such that upon multiplication through by #%/2m?R we have:

h? 1 1
AR+ = (V.9 + =V =0.
m m

1
Eats "~ 2m2R 2

Taking a derivation in x then yields

1 12 1 N1
—OV.S -V, (2m—2RAIR) +V,- <2—m2(vx5) ) VLV =0,

Now again we substitute the important Madelung relation v = %VIS giving

the form:

1 h?
8{0 + §V$(’U . ’U) — ﬁ

1
Vo (R'ALR) + —V,V =0. (4.25)
m
The Madelung relation, v = %VxS , is of course equivalent to setting v to
be an irrotational field, since for any field S, V, x V,S = 0. Thus for an
irrotational vector field v, using that V(v -v) =2((v - V,)v + v X V, X v),

we may rewrite (4.25) as,

h? 1
O+ (v-Vy)v — ﬁvx(R’leR) + EVmV =0,
so that multiplying by gm yields,

2

h
00ymv + (omwv - V,)v — Q%VI(RAAIR) +oV,V =0.
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Combining this equation with (4.24) yields:
O(omv) + V, - (omv ® v) — oV, Q9+ oV, V =0, (4.26)

for Q the Bohmian quantum potential given as Q = <%AI\/§> /y/o. It is
important to see that the formal equivalence between 4.19 and 4.26 is entirely
dependent on Madelung’s irrotational condition, which makes turbulent ef-
fects, for example, vanish. In the alternative derivation of the QHD regime,
using moment expansions (see for example [20,42]) this restriction is not nec-

essary.

Thus we have arrived at our system of quantum hydrodynamic equa-
tions:
8t9 + vx : (Q’U) - Oa
(4.27)
O (omv) + V, - (omv ® v) — oV, Q + oV, V =0,

requiring initial conditions
Plt=0 = Po and Ujt=0 = Uo,

and numerically requiring explicit boundary conditions p;, and u; on an irro-
tational vector field v. Additionally, and as an important aside, the formal
equivalence we have derived is constructed without mention of boundary con-
ditions, which is satisfied over (0,7) x R3 but on a discrete domain 2 C R?

is a bit over optimistic, and as we will see below, does not in general hold.

That is, the TDSE code (see §5) sets the initial data 1);; on the bound-
ary as a time-independent condition, so the boundary value v, = 1y, = 1, is
enforced for all ¢ € [0,7). Since 1;, must be decomposed into R;;, and S;,
to make sense for the QHD formulation (4.27), these give Dirichlet conditions

which can be implemented, but are unstable in the QHD regime, since R;,,
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exponentially decays on the boundary and as a consequence is not numerically
invertible; as it must be in the QHD formulation. These may however be ap-
proximated by setting p;, = pa, the ambient density, and wu;; = —% J S VSdz

for G, the boundary element.

However, these BCs still are not well-posed in the QHD regime for the
following reason. First we compute the entropy inequality for the rescaled
version of (4.27) shown in (4.5) and (4.6). We may compute the important
classical /quantum entropy satisfying for non-boundary terms that:

d o> hA(V.y/p)?
— dr < 0. 4.2
dt/Q <p 5 + i +pV ) dx <0 (4.28)

We arrive at this system by multiplying the momentum equation from
(4.27) by v and integrating in space (e.g. the domain is some © C R?), such

that rearranging we find

/ voy(pv) + vV, - (pv @ v)dr — / poV,Qdx + / pvV,Vdxr =0. (4.29)
Q Q Q
The product rule allows us to expand the first term on the LHS as:
[ 1P @+ V.- (o) + po0rw + ploV. v d
Q

where |v|? = v - v. Using the mass conservation equation twice from (4.27)

and applying the divergence theorem we find that,
d |v|? 1 5
v (0i(pv) + V- (pv@w))de = — [ po-dr+ 5 [ Vo (pv’)dz. (4.30)

Next, using the dispersion relation from the Bohm quantum potential the third
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term on the left yields:

/va Q——/va (Aj/ﬁp)
_ ;; }Vx (pv)A, \/_dx+—/V (VPvAar/p) do

{ ( (40)) Vo + Vo (V02 p) b

_ % v, (%v (p0)V, \/_) iz

h2
=5 / VP 0V y/pdz + boundary terms.
m.Jo
(4.31)
Finally the source term V = V' (z) upon integrating by parts gives

/ pv -V, Vdx = —/ VV, - (pv)dx + / V.- (Vpu)dz
Q Q Q

(4.32)
dex + / V.- (Vpv)dz.
Q

T dt

Then we have recovered (4.28) as an equality up to the boundary terms
in (4.30), (4.31) and (4.32). To recover the mathematical well-posedness of the
system these boundary terms must either vanish or be bounded and positive
(or negative) definite. Omne such choice of boundary data is, for example,

» = 0. Another is the pair of conditions V,,/p, = 0 and V;, = 0 for all
t € [0,7), and so forth.

The first set of boundary data, with v, = 0, may be set with p, = pa.
Since the action behaves as a phase, this seems a reasonable approximation,
since it effectively assumes that up to a constant of integration that the phase
is constant over boundary elements V.S, = 0. These conditions are then

mathematically consistent with the system of equations (4.27), but have the
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physical effect of generating “inlet/outlet” boundary layers, caused by the

value of py.

Perhaps a more natural boundary condition is given by setting,

n _ n
h|3<j¢ - Uh Kijo

where U} is the numerical solution at timestep t,, as explained in detail in
4, and X;; € 0. This boundary type is a first order approximation to
a transmissive or radiative condition that treats the boundary like a “ghost
cell,” and allows density and momentum to leave the domain as though falling
into vacuum, while allowing no density or momentum to enter. This condition
approximates to the first order, the effect of “not setting boundary conditions
at all,” and thus not badly perturbing the system (4.27) away from its natural
behavior, nor generating reflecting behavior, which in some contexts — such
as a chemical reaction occurring in a solvent bath — are difficult to physically

interpret.

4.4 A Numerical Test Case

We wish to test the accuracy of our MDG method formulation by solv-
ing an analytic test solution. In order to do this we choose a numerical flux
for (4.14) and restrict to spatial dimension [ = 1. For the inviscid flux ® we
implement the local Lax-Friedrich’s flux ®;;r satisfying

/ Pirr -, dK = %/ (F(Un)xc; + FUn);) - nigépn
X X

) )

5, dX

_ %/xi_(Specr(Fo))((Uh)mj — (Un)x,.) - nijen

XKij dg<7

for n;; the outward unit normal and Spec,(I'y) the spectral radius of Ty; the

Jacobian matrix of the inviscid flux Jy f(U) = I'o(U) which may be repre-
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Figure 4.3: Here we show the relative error introduced by the weak entropy
boundary conditions for a = 0 and both b = 10 and b = 50. The boundary

data (the graphs on the right) show only the relative error on element b of 92
for b = 10 and b = 50, respectively.

sented by the following 2 x 2 matrix,

To(U) = ( R ) . (4.33)

Summing over the elements of the mesh this term satisfies:

2117 (Up, ¢),) = Z Z / FWUw)sc; + F(UR) ;) - nijenlac,; dX
gzeyh ]ES

— Z Z/ Spec Fo ((Uh)|iK” (Uh)\%z)

Si€Th ]ES

(4.34)

Next we discretize in time. That is, we denote a partition of [0,T] by

0=t"<t'...<t' =T,
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for a timestep given as At™ = t"*1 — " and let U} denote the solution at
timestep ¢". Thus we implement the following forward Euler scheme:

ou, Ut -uy
VN

which, along with the implementation of a slope limiter in the conservation
variables (p, pu) given by van Leer’s MUSCL scheme (as shown in [196] and
[197]), allows us to explicitly solve (4.14). That is, we define an approximate
solution as U}, for all ¢,, such that n =0,...,T satisfying:
) Uy e St Q€ %, and q}f € 44,
uptt —uy -
2) (T hen) |+ UL + O o) + (ST, =0
" h? (V.- q}
4) (@ n)g = — (@7 vrgh)g + (\/,0_2, ghn)r’
5) Ul =UL(0).

(4.35)
The above formulation lends itself naturally to a staggered scheme. First,
given Uj, one solves step 3 and 4 for Q} and g}, which provides S}, allowing

us to solve for U™ in step 2.

Now we construct an appropriate test case. Consider the dimension
N =1 case and let u = 0 on Q for (4.5)-(4.6), such that dsp = 0. Up to a

choice of boundary conditions, upon integration we have for (4.6) that
Q=C-YV,

such that choosing a C = V we find the following second order ordinary

differential equation:



whose solution is p = e®. We solve for the approximate solution of (4.14) using
the above scheme, with initial conditions py = €*,u =0, V = C and m = 1836
the mass of a proton in Hartree atomic units (au). The boundaries are set
to the weak entropy boundary condition formulation as presented in [162,
185,186] and [174]. We graph the relative error of our approximate solution
prn to the exact numerical representation p, in Figure (4.3). We see that
the two solutions are numerically exact in the interior of the domain, and
error accumulates in the boundary 0f2, as expected due to the weak entropy
boundary conditions. We note that the error on the boundary may be reduced

by increasing the absolute size of the interval [a, b].

4.5 Tunneling in TDSE and QHD

We proceed by testing a relatively standard example in quantum chem-
istry, given by a propagating Gaussian packet in the direction of a model Eckart

potential barrier. We solve the following one dimensional system:

Op + 0z(pu) =0, (4.36)
Oi(pu) + 0. (pu?) — p0,Q + pd,V = 0. (4.37)

with initial conditions

1 —(z—=q)®
po = pa+ <\/2—7T_N) e and wuy = (aVy)?, (4.38)

where the Eckart potential is given by
1
V(z) =V, sech® (5(37 — .:1:1)) : (4.39)

As is conventional in quantum hydrodynamics, the mass is set to ap-

proximate the hydrogen (proton) mass m ~ 2000 au (in Hartree atomic units),
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Table 4.1: Runge-Kutta k-th order in time

’ Parameter ‘ k=2 ‘ k=3 ‘
1 0 0
1 0
¢ 3/4 1/4 0
l (1/2 1/2) 1?3 é 2/3
1 0 0
d; (1 0 ) 0 1/4 0
0 1/2 0 0 2/3

pa ~ 1071 is a numerical background density for division, x( centers the Gaus-
sian packet, x; centers the potential, u is the variance of the distribution, «a
is a constant o € R and V; is the barrier height (which we may vary, so some
constant Vj € R). In the quantum regime (when classical barrier transmission
is not present), the initial velocity ug is often chosen to satisfy the following
condition on the initial kinetic energy Ko = suj = 1Vj.

The background ambient value p, is required in order to satisfied the
mathematical and numerical well-posedness of the system such that the behav-
ior of the system is not perturbed away from its proper character by compound-
ing residual behavior, as shown in §3. Furthermore, from a phenomenological
point of view, this value is nonrestrictive and physically easily justified — for
example, for a chemical reaction occurring in a solvent bath, or, similarly, any

process occurring away from vacuum.

The discretization proceeds as in section §4.2 and §4.4, where we adopt
the local Lax-Friedrich’s inviscid flux with van Leer’s MUSCL slope limiting
scheme. Next we implement an explicit Runge-Kutta time discretization (see

Ref. [162,198] and Ref. [3]). That is, we recast (4.14) as the following system
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Figure 4.4: The top graphs compare solutions to the TDSE and QHD system
in the so-called “eyeball norm,” using the forward Euler scheme. The bottom
solution shows the nontrivial formal difference. Here z refers to the z-th
meshpoint.
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of ordinary differential equations,

d
—Uy, = Lp(Uy).
P n(Ur)

We achieve this by setting the value of the current timestep to U?l, and de-
composing this timestep into k£ substeps such that for : = 1, ..., k we have the
intermediate solutions

i—1
U;L = Z CilUiz + dzZAtnLh(Ua),
=0

where the ¢’s and d’s are given in Table 4.1. Then setting U™ = U} we

recover a solution such that:

Uy e St Q€ %, and q) € 4,
i1

2) ( 1;“ Lph)QS - Z { (CilUl}m LPh)QS + diZAtn [@(Ulhn Sah)
=0

+@<Ulh>soh)+(slh’90h)9q:|}_oa fori:la"'>k7

4) (q2>§h)9—<\/;2,§hn> —< pz,Vz§h> , fori=0,...,k—1,
r

5) Ul = UL(0). '

4 B2 . q
3) ( 27?9h)sz=—<v qh,l%) , fori=0,...,k—1,
Q

(4.40)

Now we solve the resultant system using for our initial data (4.38)-

(4.39) explicitly that g = 0.16,« = 2,29 = 3 and x; = 6, such that,

_ 1 —(z—3)* 1/2
po = 10710 + ( e 03 and wup=(2Vp) "7,
V2mp
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min(p,10™%) in QHD min(pTDSE,1O'3) - min(pQHD,10'3)
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Figure 4.5: We show the diffusive noise profile min(pqup, 107%) in the QHD
solution, and the difference min(prpsg, 10™*) — min(pqup, 1072). Here z refers
to the z-th meshpoint.

with potential:
1
V(z) = Vj sech? (5@ - 6)) :
It is worth noting that we have thus chosen a kinetic energy which is in the
context of a mixed classical-quantum regime; which is just to say that some
classical trajectories trasmit over the barrier, in addition to those that tunnel

quantum mechanically. For boundary data we use the approximate well-posed

Dirichlet conditions discussed in §3:
op=pa=10"1" and wu, =0.

We compare our solution to a finite difference scheme for the TDSE provided
by Prof. Robert E. Wyatt [20] in order to test the accuracy of our formulation.
The TDSE has equivalent initial settings, while the boundary conditions are

given naturally via 1, = 1;; as discussed in §3.

In Figure 4.4 these two solutions are compared. Is is clear that the
two solutions have the same qualitative behavior. However they do show

fundamentally different quantitative behaviors. Analysis has shown that the
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Absolute Difference in QHD Boundary formulations

Figure 4.6: We show the absolute difference between the QHD solution using
the approximate boundary data from Figure 4.4 denoted p,, with the trans-
missive boundary formulation from (4.44) denoted pr. Here x refers to the
x-th meshpoint.

two most prevalent sources of error between these two solutions are diffusion
and boundary oscillations. The boundary oscillations clearly occur due to
the approximations discussed in §3. The diffusion, on the other hand, is a
signature of the slope limiter in the QHD formulation and is shown in greater
detail in Figure 4.5. Here we confirm that the MUSCL slope limiting scheme
is adding a type of “artificial diffusion” to the QHD solutions. We have found
that choosing a less restrictive slope limiter, such as the flux limiter of Osher

presented in [229], does stably reduce the diffusion in our solutions.

We may now recover trajectories, or characteristics, of the solution by
using the fact that (4.5) is satisfied at every time step (note that we show the
alternative method of integrating velocity “pathlines” in §6). We may think of
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Accumulated Density Trajectories Gaussian Centered Trajectories

1800 0 600 1200 1800
1 (au) t(au)

600

Figure 4.7: We solve the accumulated density trajectories from (4.42) using
the transmissive solutions from pr in Figure 4.6.

this equation as a kind of “conservation of density” here, and thus we simply

employ Reynold’s transport theorem (RTT):

2/ pdx + / Plyer - ndx = 0, (4.41)
ot Jaw N0

where wu,.; is the relative velocity of the fluid with respect to the moving
boundary T'(t). First consider the case when u(a) ~ 0 such that we may choose
Q(t) = (a, y(t)) where y(t) is the moving boundary treated as an unknown. By
assumption and construction, u,.q(a) = 0, whereas for a trajectory we require

Urer(y) = 0. Then integrating (4.41) in ¢ we find

y(t) y(0)
/ pdx = / pdzx. (4.42)

Let us define for each trajectory y(t) with y(0) = yo the “locally accumulated
mass” M by:

y()

Approximating each trajectory then directly follows from the equation M (yo,t) =
M (y()v O) :

To continue let us denote M;(t) = M (z;,t), where x; is the i-th mesh-

point. To compute y(t), we compare M (yo,t) to the increasing sequence
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{M;(t)}i=o..~ and find j such that M;_4(t) < M(yo,t) < M;(t), which gives
us that y(t) € [xj_1,2;). Then to find y(¢) recall that we have from (4.8) an

expansion
d

pn(t,x) = ch(t)Nlj(x), for x € (z;_1, ;)
1=0

where the ¢; = ¢(t) are constants for every fixed ¢ and the shape functions
N/(z) in our implementation are translated versions of polynomials {P}{,

on [—1,1]. That is using f;: [z;_1, ;] — [—1, 1] where

we find, N/ (z) = Py(f;(z)). Then solving for y(t), formulated via

y(t) y(t) 4
M (yo,t) = M;_1(t) + / pr(x,t)de = M;_(t) + / chPl(fj(x))dL

- i1 =0

can be recast by a change of variables, as solving for X in

M(yo,t) = M;_1(t) + (L) /X iclPI(z)dz, (4.43)

Zﬂj — xj,l

after substituting z = f;(x). But that just corresponds by the change of

X =2 (—y(t) - xj*) ~1.

Tj— Tj

variables, to

Then a solution to X exists by the intermediate value theorem, and since the
integrand is positive it is uniquely determined as the only solution on [—1, 1]
to the polynomial equation of degree d 4 1 arising from (4.43). We my then,
for example, in the piecewise linear case (i.e. d = 1) use the quadratic formula

to recover X and hence the position of y(t) within G,.
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x 10" Conservation of Mass for QHD

I[O’T)Igp dxdt+ bf-] p, dx

0 1000 2000
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Figure 4.8: Here we show mass conservation in the QHD regime given trans-
missive boundaries, where bf = f[O,T) Jo0, pdxdt is the boundary flux.

Similarly, we also work in the other direction, with the balance of the

mass in [y(t), z;] such that the analogous integral equation becomes:

1 d
Z ClPl(z)dza

Y =0
which provides for a consistency check on the accumulated density in either
direction. Consequently we have that the sequence {y(¢)}—1.. r provides a
numerical approximation to the position of a particle initially at yo when t = 0

at our given set of later times.

This formulation holds as long as our hypothesis, u(a) ~ 0, is satisfied.
However, we can immediately extend this result to include the case u(a) # 0.

That is, after integrating in ¢ we note that (4.41) becomes:

y(t) y(0) t
/ pdx —/ pdm—i—/ pu(a)dt.
a a 0
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This gives us an alternative equation to find y(t), where we must only add
f(f pu(a)dt to the accumulated density M at every ¢t. We further note that this

basic framework may also be adapted to higher dimensions (see [230]).

Now, we again solve our system with (4.42) using for (4.38)-(4.39) that
= 0.16,a = 2,29 = 3,1 = 6, however now we introduce the transmissive

boundary condition:

UZ|J<ji - UZ

%) (4.44)

as discussed in §3. In Figure 4.6 it is clear that the behavior between the
solutions with transmissive and approximate solutions is quite distinct, and
that boundaries are, so to speak, felt in the interior solution even before sig-
nificant density has reached 0€2. We use the transmissive boundary conditions
to construct the accumulated mass trajectories derived above, as they seem to
represent more physically cogent boundaries. The results are shown in Figure
4.7, where the the “Gaussian centered trajectories” are simply the trajectories
containing the majority of the initial density; that is, those trajectories whose

initial positions are +1 au from the center of pq.

We further show that the MDG method is a conservative scheme. That
is, in Figure 4.8 we show that the density is effectively (numerically) normalized
to one on the domain, when taking into account the boundary flux. That is, we
see linear error growth at machine precision over 10,000 timesteps. Another
feature of the solution which is attractive in the sense of practical applica-
tions, is that the spatial invariance demonstrated by the solutions. In Figure
4.9 we show the this feature, where the same calculation from Figure 4.4 is
graphed, where there 400 meshpoints and 10,000 timesteps were used in order
to compare with the TDSE. However, as is clear from Figure 4.9, with only

25 meshpoints the solution provides the same qualitative answer. This is an
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Figure 4.9: Here we show the remarkable spatial invariance of the solution.
These represent the same solution as that given in Figure 4.4, except the left
graph is with 25 meshpoints and 100 timesteps, and the right at 50 meshpoints
and 200 timesteps.

important feature in chemical applications where computations must scale in
3N dimensions, for NV the number of atoms in the molecular system of interest

(see for example [231]).

4.6 Recovering v and S in both frames

Now that we have solutions in the Eulerian and Lagrangian coordinate
frames as given in §4 we may recover the important variables 1) and S in either
frame. First we note that we may alternatively recover the trajectories using
the solution U from §4 to solve the initial value problem:

dr

% = ’U,(t, 7?) with ﬁtzo =Tp. (445)
We recover these 7 by direct integration, and compare them to those computed
via (4.42) (see figure 4.10), where we refer to the 7 trajectories computed in

(4.45) as the “velocity pathlines.”

The trajectories computed using the velocity field (4.45) are shown in
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Velocity Pathlines Gaussian Centered Pathlines
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Figure 4.10: We graph the quantum trajectories using (4.45) to solve for 7,
which can be compared with the accumulated mass trajectories shown in Fig-
ure 4.7.

Figure 4.10 and show qualitatively similar behavior to the trajectories com-
puted using the accumulated mass formulation in (4.42). There is no neces-
sarily unique way of arriving at the trajectories one chooses to represent the
solution in the Lagrangian frame. For example, one may utilize a method
which weights the solutions between (4.42) and (4.45). That is, we may com-
pute the trajectory positions via (4.45) and then offset these by a weighted
average of the density conservation in (4.42). We provide details on particular

alternative in appendix A and show an example case.

Eulerian Frame Solution Lagrangian Frame Solution

2000

1000

8 T4 1000
X (au) 00 t(au) t(au) 00 x (au)

Figure 4.11: The Eulerian solution p(t,z) and the corresponding Lagrangian
solution p(t,7) for the same initial condition settings as in figure 4.7 using the
conservation form of the trajectories (4.42)..
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Eulerian Frame Soluton Lagrangian Frame Soluton
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8 1000 2000 0 8 16 18 0 2000 1000 0
{ (au) X (au) X (au) { (au)

Figure 4.12: A graph of the Eulerian solution S(¢,z) and the corresponding
Lagrangian solution S(t,7) for the same initial condition settings as in figure
4.11 using the conservation form of the trajectories (4.42).

It is now possible to solve for a number of derived variables in either
the Lagrangian or Eulerian frames in order to recover the phase information
of the quantum wave-packet associated to each characteristic pathline. First
we recover the trajectory-wise solutions p(s, ) and w(s,7), and then compute

the variables:
V.S =+vVmu and o = /pe/" (4.46)
where S(s,7) is the quantum action and (s, ) is the quantum wavefunction.

Recall that R(s, ) = +/p(s,T) as shown in §3, such that using v for the velocity

from §2 we recover from (4.46) the more familiar formulation:

V.S =mv and = Re™/" (4.47)

It is important to note that up to a constant of integration, S and
are completely determined by the solution (4.14). Also, (4.47) is satisfied in

both reference frames, so we now have the following solutions:

p(s,x), p(s,7),v(s,z),v(s,7), (s, x), (s, 7),S(s,x), and S(s,7). (4.48)

These solutions are graphed in figures 4.11-4.12, where it is interesting to

note that the two frames draw out different aspects of the solution. While the
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Lagrangian frame tracks individual “particle” trajectories across the function
profiles, it misses some of the nuance in the continuous structure of the surface;
which is naturally recovered by the Eulerian frame solution. Furthermore, as
lower resolution, we find that the conservation based trajectories from (4.42)

are more well-behaved than the velocity based trajectories from (4.45).
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Chapter 5

Chemical Reactor Models

5.1 Introduction

The study of chemical reactors span many decades of research and a
large number of fields of study. Reactors that model complicated dynam-
ics adjoined to chemical kinetics are not only of fundamental importance in
applications in chemistry and chemical engineering [30,45,184], but also in
mechanical and aerospace engineering [232], atmospheric and oceanic sciences
[233], astronomy and plasma physics [234,235], and generally in any number
of biologically related fields [236]. That is, the prevalence of reactive chemical
systems in each of these fields, makes the ability to model evolutionary systems
with functional local pressures, velocities, densities, etc., essential for under-
standing the way in which many experimental and industrial systems evolve
as a function of space and time. In fact, one can generally state that any
time-evolving state involving thermodynamic functions with reaction kinetics

must, at some level of sophistication, model chemical reactors.

The relative ubiquity of chemical reactor models in dynamic contexts
has been somewhat hampered by the mathematical and technical difficulties
that arise at the level of modélisation. A good review of approaches related to
reactor systems from the point of view of physical chemistry can be found in
Ref. [30]. Though the theoretical foundations of the field are quite dense (see

for example [30,237]), the implementational studies of these systems both nu-
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merically and in comparison to experimental systems remain relatively sparse.
One of the reasons for this, is that reaction-diffusion systems that display com-
plicated chemical kinetics do not satisfy a strict mass conservation property,
due to the fact that the components of the flow field have different molecular
weights. That is to say, up to the limiting reagent of the reaction, the conserva-
tion of atoms in the system does not, strictly speaking, lead to a conservation
of mass in the system (though the continuity equation is still satisfied) (see
[45]). In addition, the reaction kinetics often occur on substantially differ-
ent time-scales than the transport dynamics (e.g. such as in a wind-blown

spreading flame [238]).

Because of these complicating features that emerge in reactor systems,
robust compressible flow models are often required which introduce sophis-
ticated and state-of-the-art applied mathematical and numerical models (see
Ref. [47,66, 69,134, 184]). Generally, the goal in these fields is to model accu-
rately, consistently, stably and efficiently, reaction dynamics of systems which

can accommodate “as much” chemistry and physics as possible.

In this spirit, we introduce a generalized approach to modeling chemi-
cal reactors, or reaction-diffusion systems. Our models are largely inspired by
Ref. [30,46, 237,239, 240]. We find for our explicit examples, that the present
approach satisfies the above mentioned conditions, in that they are remark-
ably stable, accurate, and consistent. The fact that we use the discontinuous
Galerkin finite element method additionally makes them — up to paralleliza-
tion — quite efficient. We obtain the stability in the reaction dynamics by
using a novel approach to modeling the reaction parameter; which makes use
of solving an ordinary differential equation locally in time for a reaction of

arbitrary order. The accuracy follows from the analysis given on the viscous
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and inviscid fluxes in chapter 3, and the consistency follows from the fact that
our system is mathematically well-posed (up to a source term) as presented in

chapter 2.

In §5.2 we present, in some sense, the simplest possible case of a sta-
tionary reactor. We present the general solution to these types of problems,
and then show explicitly how one may implement this for a given reaction.
In §5.3 we expand upon this formalism to include general compressible flow
reactors, where we use for simplicity a barotropic pressure law (leading to an
isentropic reactive flow equation). Here again we show how to implement this
system for a set of examples. Finally, in §5.4 we show how to implement the

solutions from §5.2 and §5.3 in higher dimensions.

5.2 Basic Stationary Chemical Reactors

Consider the stationary reaction-diffusion system comprised of i =

1,...,n species in one spatial dimension:
Oy — 0:(Zi(a)0pvi) = i (v),
(@) = (& — ) (kaa;“ - kaa?> ,
i=1 i=1
with initial conditions
Oél<t = 0) = Oéi,o.

Here «; is the concentration of the i-th chemical constituent, the &; are the
interspecies diffusion coefficients, and n; and &; are the stoichiometric coeffi-

clents.

We use the discontinuous Galerkin method here (see Chapter 3 for

notation). We thus multiply by a DG test function ¢, locally over elements
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g, and integrate in space, such that

i cphaida:—/ gphﬁx(@i(a)ﬁxai)dl‘:/ on;(a)dz. (5.2)
dt Jg, S S;

The first and second term on the left comprise the usual parabolic system from

%

chapter 2.

Here we solve the reactions by exact integration, which serves as a
replacement for the approximate forward Euler step for this piece. That is,
we solve (5.1) in two steps, first we analytically solve the ODE for the parts
containing the i-th component of o. That is, for the 7-th component «; let the
terms of o7 () which contain factors of a; — which is either in the reactant
or product well — be denoted by & («), and the remaining terms be denoted
by (), such that:

0.,

(o) = di(a) + (o), where S 0.
Q;
Then we define &; as the solution to the following ODE,
Oy = (), (53)

and using explicit integration find the rate of change locally in time, which

upon plugging back into 7% («) is used to solve:
(9tai — am(.@” (oz)&pozl) = %(O&% (54)
using the usual DG methodology.

Now we are ready to solve (5.4). Let the «;’s be classical solutions
to (5.1). Multiplying by test functions ¢}, and ¥, and integrating in x then

yields:

i gphaidx—/ gohﬁx(%(a)&cai)dx:/ o (a)dx,

dt G; G; G;
/O'iﬁhdl'—/
Gi g

(5.5)

(Oéi,hﬁh)xdl' -+ / ozi7h19;ldx =0.
Gi

i
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Index | Species | Viscosity/Pa-s | Mass Diffusion/cm? - s7!
a MMH ~1.0 x 1074 ~ 5.9 x 1076 (1)
Q9 CH,;N5H, ~9.0x107° ~5.0x107°
s NO, | ~14.9 x 1076 (2) ~ 9.0 x 1072 (3)
auy HNO, ~2.0x 1075 ~1.2 % 1072 (4)

Table 5.1: All approximate values given at STP. (1) was measured via
chronoamperometry as shown in Ref. [241]. (2) was measured using oscil-
lating disc viscometry in Ref. [242]. (3) was determine via the single com-
ponent Chapman-Enskog experimental fits in Ref. [243]. (4) was calculated
using diffusion denuders in Ref. [244]. The remaining approximate coefficients
are adapted using relative magnitude arguments from simple collisional theory
[12] (viz. v x m and 2 x o71).

Replacing the viscous term from chapter 2 with the mass diffusion term on
the right in (5.5), we may define an approximate solution to (5.5) as functions

a;, and oy, for all ¢ € (0,7 satisfying:

1) a;, € CH0,T); S8, o4 € S,
2) %(Oﬁ,h,@h)gg — Y (on, Qip,on) + N (on, i, @n)
= (Fizr(an); on) gy + (Di(an), on)q, » (5.6)
3) 2(&, 0p, aip, Un,0h) =0,
4) a; ,(0) = v p-
This solution follows for all reactions schemes of arbitrary order which sat-
isfy the law of mass action (5.1), whether or not the reactions in <7(a) are

elementary.

Let us make this explicit. First consider the second order hypergolic
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ignition reaction,

Q1+ Q3 = Qg + Qy,

of monomethylhydrazine oy = MMH = CH3NoH3 with nitrogen dioxide ag =
NO,, given exhaust radical cy = CH3NyH, and nitrous acid ay = HONO,

f
MMH + NO, === CH3NNH, + HONO, (5.7)
b

with forward reaction rate (see Ref. [245]):
f=ky = 2.2 x 101 590/R¢3(mo] - 5) L,

where 1 is the temperature at which the reaction occurs and R is the ideal
gas constant in cal - K~ mol~'. It follows then for oy, oy, a3 and ay, that (5.3)

becomes:

0;[MMH] = — f[MMH][NO,],  8;[CH;N,H,] = —b[CH;N,H,][HONO], i
8;[NO,| = — f[NO,|[MMH], 9,[HONO] = —b[HONO][CH5N,H,]. 58)

Since a hypergolic ignition is far from equilibrium b = k; is effectively zero in

the back reaction, and it will thus be neglected.

Now we discretize in time, denoting a partition of [0,T] by
0=t"<t'... <tT' =T,

for a timestep given as At" = t"*! — ¢". Solving the ordinary differential
equations from (5.8) via integration over discrete timesteps then yields the

two equations:
[MMH(ZfrH_l)] _ [MMH(tn)]e_kat[NOQ],

[NOQ(tn—H)] — [NOQ(tn)]e_kat[MMH}.
However, for ignition reactions, thermal explosions and detonations, which are
characterized by shock front propagation and inhomogeneous catalytic expan-

sion, a mass transfer correction h,, € R may be added to the rate constant ks
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(see Ref. [46]), since if such a term is not added, the timestep At needed to
resolve the solution in bulk concentrations scales inversely with the Arrhenius
factor At ~ k;l, which makes solving in units of cubic centimeters and grams

untenable over semiclassical timescales.

This correction-based formulation yields in general that

() = (& —n) ({kf + hpy} Ha?i — ky H&f) , (5.9)

which provides in our context that,

[MMH(¢"+)] = [MMH(t")]e~ thrHm}a1NO2]

[NO, (1)) = [N02(tn)]e—{kf+hm}At[MMH}’
which is the new values of a; and a3 at timestep ¢"*1. Thus to find the rate of
change of o; and a3 at timestep t"*! requires us to calculate the difference in

the concentration from the previous timestep, which is to say generally that

for i = 1,3 and ¢ = 3,1 its complementary reagent,

— Atal
0 = (el _op),

or more explicitly, that we solve for
[MMEH()] = [MMEH(#7)] (¢ (i HndNOal 1)

(5.10)
[NOQ(tn+1)] — [NOg(tn)] (ef{karhm}At[MMH] - 1) _

Generally, in a catalytic expansion of the local volume element, which
occurs in an ignition reaction such as (5.7), the mass transport correction
h.,, is needed to account for the substantial impact of thermal conduction and
diffusion, both of which have a functional dependency on the local temperature

gradient of the flow field. In §5.3 we will require such a term in order to model
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The Hypergolic Ignition Reaction

Concentrations

t (us)

Figure 5.1: We show the hypergolic ignition reaction from 5.7, where initial

(z—60)2 _ -5 _
00 ) @20 = 1 X 107%, azo =

conditions are given by a;o = 0.49exp (—

0.49 exp (—(Iggg)Q) and ay = 1 x 107°, where transmissive boundaries are

used.

high pressure shockwaves. Here, on the other hand, we may simply convert
to units of meters and kilograms which allows for stable solutions in ps, and

thus set h,, = 0 for each of our following graphs.

Now we incorporate this analytic correction (i.e. the local solution to

(5.10)) into our discontinuous Galerkin scheme. That is, our approximate
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solution is formulated to verify: for every n > 0 find 04?;1 such that:

d d
].) O[Lh E Sh7 Uh E Sh’

& p

n+1 n
— Y noon ey
2) (’Tw) + N (oF,aly 01) = D07l o)

( ), 90h>9 ( a; he_{karhm}Am aZm @h) 9

3) 2(a&, 0, « Zh,ﬁh,ﬁ ) =0,

4) O‘Zo = o, 4(0).

(5.11)
It remains to set the mass diffusion coefficients. The most straight-
forward way of choosing these Z;, is by setting them equal to experimentally
determined constants, in which case one may make the additional assumption
of pure diffusion, where interspecies diffusion is neglected. In this case the %;
reduces to a vector of positive constants, Z; € RT. The diffusion coefficients
generally occur on a timescale which is significantly slower than the reaction
kinetics, in which case their effects are relatively negligible on the dynamics

of the stationay solver. Setting the transmissive boundary conditions

Z’:Kji = Uz

5is (5.12)

we solve (5.11) for (5.7), and show a graph of the solution in Figure (5.1) using
the diffusion constants from Table 5.2, where the initial conditions are given

in the figure caption.

However, the diffusion constants may obey complicated dynamics, in
which case functional dependencies may be established, such that, for example
%;; = Z;;(a, V) for ¥ the temperature at which the reaction occurs (thus
constant in the isothermal approximation). These may be determined in a

number of different ways, including empirically, using basic collisional theory
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NO, Depletion with Constants NO, Depletion with Chapman-Enskog

24
S §
g - ¥
o |
2y | | 5100
50 *
x (m) °°

Difference in Solutions

t(us) x(m) x(m)

Figure 5.2: The top graphs compare solutions to az with respect to the con-
stant vector %; (on the top left), and the Chapman-Enskog matrix Z;; (on
the top right). The bottom left is a difference map between these two solu-
tions, and the bottom right shows the noise occurring near both the reagent
interfaces and near the (weak entropy) boundary of the domain, 052.

arguments, or more complicated functional relationships, such as the Stokes-
Einstein relation or applying the fluctuation dissipation theory. In any case,
the coefficients %; are the row sums over the matrices &;;, which is just to say

that

j=1

Let us present functional forms for the mass diffusion, as discussed and
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derived in Ref. [30,31] that arrise from the Chapman-Enskog theory of gases.
That is, recall that the mass fraction of the j-th component ;; may be written
as p;/ >, ii, such that with respect to the specific volume p~* the total molar
concentration of the mixture n is given in terms of the specific molecular weight

of each component M;, which yields:

providing a formula for the molar fraction of the j-th component of the mix-

ture, x; = n;/N. Then we use the following multicomponent form:

1 Kji _ Kzz
RN M,| — — 14
91] (M] ; T k> |K’ ) (5 )

where the cofactor matrices are given by:

0 e Kl,i—l K177;+1 Ce Klm,
” | Ko oo Koo Ko e Ko
K7 — (—1 i+7 J—1,1 j—1i—1 J—1,i+1 j—1n 5.15
( ) Kj+1,1 oo KjJrl,ifl Kj+1,i+1 <o Kj+1,n ( )
Kn,l R Kn,i—l Kn,i+1 . 0

with entries satisfying,

Ky = i 4 ]Z[;fk} if 1 # j, and zero when i = j,

such that the binary mixtures are set componentwise via,

(3] = C%jp_l\/ﬁ?’(Mi + M;)/2M; M;

with empirical binary constants C'g,;, which may be found semi-explicitly in

terms of the reduced temperature of the mixture 77,, a measure of the first
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order deviation from the idealized rigid sphere model Qg}él), and the cross

section radius o7 o, such that:

0.0026280
Coy =\ 2 i |-
0193012 113

Further note that 5.14 can be written using the classical adjoint matrix in
order to save significant computational time, so that we obtain the functional

scalar valued diffusion mixture:
1
9@'3’ = (ﬁ Zkak> (Kﬁl)ij - (Kﬁl)n’, (516)
Ik

where (K1);; represents the ij-th entry of the full rank inverse matrix K.

We now compare solutions from setting the constant vector %;, with
those obtained from using the Chapman-Enskog treatment giving each com-
ponent %;; separately. Again using the transmissive boundary conditions we
solve (5.11) using both these mass diffusion treatments. Graphs of the differ-
ences are plotted in Figure 5.2. As can be readily observed, the Chapman-
Enskog treatment leads to diffuse stability at the interface between reagent
crossings, which is to say that the mixing greatly reduces the effective diffu-
sivity at the point where the concentrated reagents cross. This is due to the
fact that the Chapman-Enskog theory effectively “mixes,” or averages in a
weighted sense, the componentwise diffusivities where they overlap, while the

constant treatment effectively sums them.

139



5.3 Basic Flow Reactors

When the reactions occur along a compressible flow reactor, then in

one dimension the system of equations in (5.1), become:
Op + 0z (pu) =0,
0i(pu) + 0z (pu®) + Dup — 0w (v(p, 1) Dyu) = 0,
Oulprs) + Oelppe) = 0u(Fi(p,1)0epis) = Hi(pi), (5:17)

Ai(pp) = (& — i) (kff H(pui)’” — ky H(Pﬂi)5i> ;
i=1 i=1
with initial conditions,

Plt=0 = Po > 0, PUjt=0 = My, (ﬂui)\tzo = pi0-

The barotropic pressure p = p(ppi1, - - ., pitn) is chosen to satisfy,

n

p=2 (o), (5.18)

=1

where > p; = 1, and using p; = pp;, the form of the viscosity functional

v=uv(p1,...,pn) is fixed to satisfy

v=1'(p) Y pi0pp, (5.19)
=1

for ¢/(p) = Cp™@ given a € (0,1) and C' > 0 as empirically determined
constants.
As shown in equation (3.10) in chapter 2, we can express our system as
U, +TU, — (#U,), =S,

(5.20)
YU, =0,

140



where U and I remain unchanged, while the dissipative flux matrix %2 is now

characterized by

0 O ... ... ... 0

—vu vV ... ... ... 0

1 —.@1#/1 0 .@1 0 0
K= g, 0 om o | (5.21)

T

and the source term S is given by
S = (0,0, (), ..., ()",

such that it splits in the same way as the .o7’s, which is just to say that
S=5+8.
Then recasting (5.6) in the setting of §5.2, we can define an approximate

solution to the weak form of (5.20) as functions U, and X, for all t € (0,7)
satisfying:
1) Uy € C([0,T); S), =y € Sp,
2) LU pr)o, + B(Us 1) ~ OUn o)
— 9 (S0, Un, o) + A (B0, Un, i) = (Shypn)g, - (5:22)
3) 2(U. %4, Us, 93, 97) = 0,

4) U (0) = U,.

We may now use this to solve for the hypergolic flow reaction (5.7),

such that upon discretizing in time and applying of the local Lax-Freidrich’s
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flux, a solution is obtained such that: for every n > 0 find U} such that

) UT e 8% =7 e Sy,
Un+1 - U} o~ n n
2) <thh, cph> + @ur Uy, ¢,) — OU}L, @),)
Qg

~ (S UL o) + A (3,0 o) = (81 + 8hn) o 02

3) <=@(lj—RBu Z: 270h719;b) - 07
4) Ur = U,(0).

Now we can solve (5.23) up to a choice of initial-boundary data. Con-
sider the initial conditions from Figure 5.1 on the mass fractions p; for ¢ =
1,....4, with

p = 200,000 kg/Vol,

corresponding to an approximate initial pressure of ~ 6 MPa or ~ 60 atm,
and given the initial velocity

s . (27
uy = 5 x 107’ sin (E) m/us,

where the viscosity coefficient C' is the average

4

C = izojapprox,i)?

i=1
from Table 5.2, and again we choose the vector of constants %; as in Figure
5.1. Here, and in the rest of this section, we set the mass transfer correction

(as discussed above) to h,, ~ —0.9k; in order to rescale solutions in ps.

Next, we use weak entropy boundary conditions, as discussed in chapter

2, and set the transmissive conditions,

n _ n n _ ., mn
ph‘iji = PrlX; and /th,i‘iji = HhilKizs
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NO, Depletion Speed of Sound

INO,]

24

12
50

X (m) 00 ! (us) X (m) 00 t (us)

Shockwave Formation

Figure 5.3: The top left graph shows the depletion of the nitrous dioxide, the
compound with the largest heat capacity index as approximated by the ideal
gas assumption. Hence, the speed of sound is highest in the region of highest
NOy concentration, as seen in the top right graph. The bottom graph shows
that the velocity field u (color) breaks through the speed of sound (light grey)

in the region containing MMH, causing a shock front to propagate through
the solution.
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with velocity inlets corresponding to:
up(z =0)=0.5m/pus and wup(x =100) = —0.5 m/us.

The specific heat capacities are approximated using C, = fR/2, for f = 3N
the degrees of freedom of the molecule. Then the ideal gas assumption C), =
Cy + R is used to calculate v = C,/C,. We show the results in Figure 5.3,
were the dynamics of the velocity u = u(t,z) and pressure p = p(t,z) cause
substantial perturbations in the solution space — leading to shockwaves and

increased mixing of the components of the flow.

Let us briefly discuss the origin, from a physical standpoint, of the
viscosity functional v. If we replace the constants o and C with the standard

first approximation (see Ref. [30]):
C=Cw (5.24)

where s € (0,1) is the empirically determined temperature index that takes
the place of a;, and C, is chosen to conform to some temperature dependency;

for example, the so-called Sutherland form leads to
Cl/S = kl/S/(l + S/ﬁ)a

where S is Sutherland’s constant and C,; and k,s are empirically determined.
This then leads to the multicomponent viscosity of a mixture (see Ref. [30]),

which, upon using the identities associated with 5.13, in the bulk limit gives:
- RY

Vinix = xf x?u + C, TiTp—————— , 5.25

> P (525)

for C), = 1.385 as determined by collisional analysis (See Ref. [30]). This form

of the viscosity is substantially less stable numerically than (5.19), though
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Nozzle Shock Front MMH and CH3N2H2 in Nozzle

BvviH
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Figure 5.4: Here we show the supersonic nozzle with a propagating hypergolic
reaction mechanism.

of a similar form. That is, both formulations can be seen to satisfy Ein-
stein’s more general form (see Ref. [30,246-248]) that may be given as vyix =
v+ Cyp, where ¢ = (1, .., VUn, p, 0, i1, ..., lin) is & state dependent func-
tion. In fact, from this it is clear that the functional form from (5.19),
Vmix = V' (D) D1, pi0,;p, alternatively satisfies the Einstein relation, and has
the effect of substantially increasing the stability of the system.

Finally let us show a supersonic nozzle with hypergolic reaction kinet-
ics. That is, set the initial conditions homogeneous in the domain, such that
the mass fractions satisfy o;o = 107 for @ = 1,...,4, with all other initial

conditions set as in Figure 5.3. The boundary conditions are set to satisfy:

Rl = il = 0) = gy =0),

and u}™(z = 100) = u}(z = 100),

with a supersonic nozzle at the inlet:
ppi(e =0) =045 ppbl(z=0)=001 and wup*'(z=0)=10m/ps.

The solution is given in Figure 5.4, where the supersonic inlet is shown with
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respect to the speed of sound, and the reaction kinetics from (5.7) are observed

to travel along the edge of the shock front.

5.4 General Chemical Reactors

Consider the generalized barotropic flow reactor in arbitrary dimension

N, with n chemical constituents:
Op+ V- (pu) =0,
O(pu) +V, - (pu®@u)+V,-S=0,
(ppi) + Vo - (ppiv) — Vo - (DiVapi;) = o, (5.26)

i = (& — 1) (kf (ppi)™ — Ky H(plﬁi)&> :

n

=1

with initial conditions,

Plt=0 = Po > 0, pPU|t=0 = TNy, (Pﬂi)uzo = Pi0,
and where the stress tensor satisfies
S=p—-2hD(u) — gV, - u, (5.27)

for h = h(p, ) the shear viscosity, g = g(p, ) the bulk viscosity, and the
strain tensor D(u) = 3 (V,u + 'V, u). Let us rewrite (5.27) componentwise
via Sij = p(SU — Tij where,

8161' (9uj

It is important to note that in Ref. [249] the bulk viscosity g vanishes in
the barotropic setting, though there is no reason to expect this to hold in

general. That is, generally we may consider a shear viscosity h satisfying the
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Einstein relation, as discussed above, where we can adapt the coefficient g via
a computation similar to that shown in Ref. [36] to set g = 2 (pd,h — h) (where

it should be noted that such a formulation is known not to satisfy the second

entropy inequailty, as previously discussed).

Again using that p; = pp; with (5.18) and (5.19) we have the state

vector

U = (p7 puL, pu2, pU3, P1; - - -

the i =1,...,3 inviscid flux vectors

fi= (puia pu; + porg, - . .

y PUNU; +p5N17 P1lg, - - .

I pn)T7

) lonul)T )

(5.28)

such that the Jacobian splits into the following three matrices for N = 3:

0 1 0 0 0 0
—u? 2u; 0 0 05,011 05,0011
—U2Uq Ug Uy 0 0 0
ry=| —usui ug 0 wy 0 0 , (5.29)
—upn 1 00
: : Coo u L,
—Uiln  Hn 0 0
and
0 0 1 0 0 0
—uguy; Uy u; 0 0 0
—u3 0 2uy 0 |9, pda 05, D022
o= | —wus 0 ug uy| 0 0 , (5.30)
—ugpy 0 pp 0
: : : : upll,
—Ugfln O py O
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and

such that for ¢ = 1,..., N, we have that T;U; = f

Likewise we have the viscous flux vectors:

g, = (O,Til, ..

-3y TiN glami,uh .

1,09

0 0 0 1 0 0
—usuy U3 0 Ui 0 0
—UuzU2 0 us U 0 0

—ui 0 0 2uz|3d,pdss 0, P33
—uzpr 0 0
: oo usll,
—U3ln 0 0 Hn

b

(5.31)

where U; = 0U /0z;.

o DO i)

where setting x = 2h + g, the dissipative flux matrices .%;; in N = 3 are:

Hig = —
p

0 0 ... ... 0
—xu; x 0 O 0
—.@1/111 0 0 0 .@1 0 0
—Dajia : ' D :

: Do ' 0
— D, 00 0 9,

0 0 0O
1 —quy 0 g O 0
Hro=—| —huy h 0 0 ,
P 0 000
0 0
0 0 00
1 —quz 0 0 g 0
H3=— 0 0 0O ,
Pl —huy B 0 0
0 0
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0 0 ... ... ... 0
—hu; h 0 0 O 0
—hus 0 h O 0
1 —xus 0 0 x ... ... 0
L%szz ~Puyn 0 0 0 2 0 0o |, (5.40)
_92,U2 @2 .
: N 0
— Dby 00 ... ... ... 0 9,
where again the 0’s are zero matrices of appropriate size such that we may
recover the g, for ¢« = 1,...,3 by summing:
N
=) HuU.
=1

To proceed we must adapt our boundary fluxes to N dimensions. That
is, the inviscid numerical flux ®; is now given by:

U?Uh’fK]w‘Ph Z / Un

JES(7)

/ Z fh nl] l<ph|j<17dj<:

”ll

®,(U},

5, dK

Kijo UZ|5<ji7nij) )

(5.41)

for n;; the unit outward pointing normal. Likewise, the general viscous flux

becomes

G5 U ) = / G s T

Z]’Uhlgc nl]) :

/ Z gh nz] lcph 2]d9<'
Kij =1

(5.42)

And finally the numerical flux is given to satisfy:

QZ((AJ, s Un 9, 9") = / Spednde 4 | U -9"de

7 S’L

(5.43)
—Z/UWWWWWMW
JjES(7)
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with,

%( Za'ﬁh): Z /g{ (AJ(UZ :Kij7UZ|j<ji7l"9h|9<ij)dj<

JES(3)

N
~ Z(UZ)l : (nij)lﬂh g{Z]d:K

Kij 1=1
With these definitions in mind, the statement of the approximate solu-

tions satisfies (5.22) in the general case, and upon discretizing, we may solve

(5.7) in three dimensions which takes the same form as (5.23).

151



Chapter 6

Conclusions and Future Work

In Chapter 2 we developed a well-posedness argument for the flow of
a compressible, miscible, viscous multicomponent fluid. We developed an ex-
istence theorem which relied heavily on the short time existence results of
Solonnikov, in addition to the derivation of a novel multicomponent entropy
inequality. It was found that this second entropy inequality, in tandem with
the classical entropy, was enough to establish global in time L? regularity
of solutions. We then showed uniqueness of solutions using an application
of Gronwall’s lemma. We would like to entend these results to higher dimen-
sional settings, to include more physics, such as energy conservation equations,

electrodynamics, surface tension effects and turbulence.

In Chapter 3 we have shown an efficient and robust high-order numer-
ical scheme for a mixing compressible barotropic viscous fluid comprised of
up to n distinct components. We began by applying a discontinous Galerkin
method for spacial discretization. The solution was shown to be in very good
agreement with two exact solutions derived by a choice of initial conditions,
which only demonstrate minimal numerical error at the boundary points. The
solution was then shown for two time-explicit schemes, the forward FEuler and
k-th order explicit Runge-Kutta schemes. Analysis of the method demon-
strated the expected conditional stability up to a restriction by the CFL con-

dition, and that the numerical scheme up to this stability parameter is energy
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consistent; and in fact, that the energy consistency holds for a very large fam-
ily of physically relevant problems. We further provided a large class of free
boundary type solutions which are easily implemented, and which are numer-
ically well-behaved. These two classes of boundary conditions were compared,
and it was seen that indeed they demonstrate distinctly different behaviors

even given (seemingly) equivalent initial data.

A number of examples and potential physical applications were shown
and cited in Chapter 3 in order to develop a sense of the large number of
applications of this method in chemistry, physics, engineering, and related
fields. Future directions of the work include the addition of functional tem-
perature ¥ = J(t, z) dependence into the model (via the energy conservation
equation), the addition of fluid-structure interfacing, and the expansion of
the modelisation to include ionic and polar species as well as dense plasmas

(magnetohydrodynamic effects), surface tensions and gravitational effects.

In Chapter 4 we have presented a numerical solution to the quantum
hydrodynamic equations of motion as posited in the context of quantum hy-
drodynamics with chemical applications. Our approximate solution is rescaled
in time from the usual QHD solutions, and is the first model of its type pre-
sented in a discontinous continuous Galerkin or mixed method framework in
the context in which it arises in chemical applications. Our solution further
shows good stability, up to a stiffness of the system of equations which is a
well-known feature of the QHD system of equations, and a scale invariance
behavior which makes it very appealing for the so-called “fast and dirty com-
putations” often needed in realistic chemistry applications. Additionally we
have shown in a rigorous and consistent way how to prescribe proper bound-

ary data, which is often bypassed in the usual Lagrangian formulations of the
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system. We have further demonstrated that in the conservation formulation
of this system, the quantum wavefunction 1 and quantum action S, which
are used as motivation for the derivation of QHD systems to begin with (e.g.
[20,41,214]), are in fact completely determined (up to a constant of integra-

tion) by the solutions g and v.

The solutions in Chapter 4 are very closely related to quantum hy-
drodynamic solutions which have been extensively studied in other fields (see
[42, 215,216,220, 250]), but still maintain some important differences. One of
the most important and prohibitive aspects of the quantum chemical formu-
lation of QHD, is that the potential surface V' arises from a multiple of 3N
degrees of freedom of each quantum subsystem, for N the number of atoms in
each molecular subsystem (for example in an intramolecular rearrangement).
This arises from the interpretation of the wavefunction 1 as being the foun-
dational variable in the dynamics of the quantum subsystem in the chemical
models. Clearly, even for relatively small molecules, this immediately leads to
extremely difficult numerical problems. In this sense it is important to have
a numerical scheme which is easily parallelizable, fast, robust and accurately
reflects the mathematical character of the solution. The MDG formulation
presented herein is a numerical method that fulfills these requirements, and
offers a viable solution to some of the many difficulties which arise in the
complicated solution space of chemical quantum hydrodynamics. The scale
invariance of the solution makes it even an alternative approach to the La-

grangian formulation; up to the “formal” accuracy of solutions.

In Chapter 5 we have shown a robust, stable, consistent and accurate
implementation of reactor models using an adapted discontinuous Galerkin

finite element scheme. Our schemes show good stability, and are able to ac-
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commodate a wide variety of initial-boundary data, including supersonic inlets,
acoustic inlets, and radiative boundaries. The hypergolic reaction was chosen
in order to find a “hard” test case for the numerics of the system, since the
reaction rate of detonation reactions is so high. We have found that our sys-
tem was able to deal with this, and was able to accurately model the chemical

physics of stationary and flow reactor dynamics.

The discontinuous Galerkin approximate solution to these compressible
flow reactors is particularly well-suited for applications in combustion mod-
eling, atmospheric, oceanic and geological modeling, as well as in astronomy
and a plethora of experimental studies involving chemical reactor kinetics.
The future direction of this work is to include the important physics contained
in thermalized turbulence, interfacial surfaces, and electrodyanmics into the

existing models.

Generally this work has been concerned with expanding the known re-
sults of evolution equations, to include systems that contain more parameters
of interest to physical chemistry. We have discovered in this process, that
modern applied mathematics, though often quite rigorous and complicated,
offers substantial advantages in its ability to find consistent and stable models
to highly coupled nonlinear systems of equations. Finding “well-posed” model
systems further offers the benefit of obtaining deep, careful and closely ana-
lyzed mathematical couplings, which very often, we have found, are able to
direct “physical intuition” along lines which yield stable and mathematically
non-degenerate results. Numerically, these variational form (finite element) so-
lutions demonstrate remarkable accuracy and consistency, strongly conforming

to the proper mathematical character of the solution.

What remains to be done, which is of substantial importance in chemi-
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cal applications, is the comparison of these numerical experiments to novel ex-
perimental systems in the laboratory. Though compressible barotropic flows,
quantum hydrodynamics and reaction-diffusion systems have been used to
study many experimental systems in many fields (as cited above), the diffi-
culty in developing fully generalized and tractable numerical versions of these
solutions has kept them from becoming ubiquitous in the scientific community
at large. Many communities, due to the mathematical complications intro-
duced in these systems, have been forced to resort to incompressible and static
models, even when the assumptions underlying these models are nonideal for
the context of the study performed. It is our hope that this work may serve
as a catalyst in overcoming the barrier to the expansive study of generalized

evolution equations in physical chemistry.
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Appendix A

We have that I' is of the form:

0 110 0
—u? 2u| Z; I
I = —Up fa ,
: : ul,,
where we set for ¢ = 1,...,n the indeterminates Z; = 0,,p.
characteristic equation
—S 1 0 0
—u? u—¢| 2y L
0=| —uir H1
: : (u—)I,
—Ufbn M
the eigenvalues counted with multiplicity are,
Gil=uU+c,=u—c ¢ =1u, S4=1Uys. oy Spy2 = U
no1

Solving the

where the speed of sound is given by ¢ = \/,ulZl + ...+ pnZ,. While u has

multiplicity n it is better to consider the eigenvalues in the three groups, u+c,

u, and the remaining (n — 1) copies of u as illustrated by the decomposition
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of the diagonalizing transformation matrix

1 1 1 0 c 0
Uu+c u—c u 0 R 0
H1 241 0 —ZQ _Zn
VUU)=(ci1---¢cn) = H2 pe 0 7 0o --- 0
: . : 0 .. . .
: : : : . . 0

whose columns are the corresponding eigenvectors, which we abbreviate for

convenience in the 3 x 3 block matrix form

1 1 1 0

u+c u—clu 0
m o |0 Y ’
X X 0 (Zl)]ln—l

where we have set X = (o, ..., un)’ and Y = (Zs,...,2Z,).

The inverse transformation matrix is given by

—uc ¢ A Y
V_l( )= 1 uc —c| 4y Y
22| 92 0 | —27 -2Y

0 0 |-—2X |27, — XY)

Verifying this is a straightforward block matrix multiplication up to the

factor of 2¢?, where VV ! is given by

1 1 1 0 —uc ¢ Z1 Y
u+c u—clu 0 uc —c| 2 Y
[ w |0 =Y 2¢2 0 | —27; -2Y
X X 0| 40,4 0 0 | —2X |27 (T, — XY)
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We illustrate the computation only for the lower right portion, where

2z +2YX | 2mY —2Z;7(PY — YXY)
QZlX - QZl]In_lX 2XY + 2(C2Hn_1 - XY)

= 2¢2 | 2mY — 227 (2 - YX)Y
0 202]171—1

= 2 | 2 Y — 227 (i Z2,)Y | since inZy + Y X = ¢

0 262 ]In,1
= 2c? 0
0 2C2]In,1

For the eigenvalues and eigenvectors of I' we obtain with

¢ = 11pp+ ...+ pn0,,D

the pairs
1 1 1
u+c uU—c U
251 1 0
u + ¢, 1o U — C, L1 u, 0 ,
27 Hn 0
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while the remaining n — 1 pairs involving the eigenvalue u are

0

0
_apsp
0

OpP
0
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Appendix B

The conservation method of recovering trajectories in (4.42) and the
velocity integration method of recovering trajectories in (4.45) in no way ex-
haust the number of ways of representing solutions in the Lagrangian frame.
In fact, there are an infinite number of ways of choosing trajectories. We in-
troduce a way of computing a subset of these, and refer to these as “offset

methods.”

12‘ = =
10"

3 38

1 < &

0 1000 ] ‘2‘0:00 0 20‘00 4000 6000 8000 16000
1 (au) 1(au)

Gaussian Centered Trajectories, r =2

T

14
12}
10t
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N O 0
T

0 1000 2000
t (au)

Figure B.1: On the top we show the quantum trajectories using the offset
method solution of the same problem in Figure 4.10 with » = 1; and on the
bottom we show the same trajectories using r = 2.

The offset solution relies mainly on velocity integration but includes
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some information from mass conservation as follows: velocity integration pro-
vides an estimated position for each particle at the following time-step. Then
one works through particle by particle, starting at the new estimated position
and using mass conservation to estimate the new positions of its neighbors (a
tunable number of consecutive elements on either side) offset from the velocity
estimate of the ‘current’ particle. We set our tuning parameter to r here on
both sides, though there is no reason a priori to choose a symmetric (with
respect to either side) tuning parameter. Generically this provides a set of
estimates for the position of each particle: one directly from integration, and
others via the relationship of that estimated position to the relative estimated

position of its nearest neighbors.

That is, if P is the velocity estimated position, and P} . and P}, . are
the positions of the particles on either side that density conservation requires,

and applying our symmetry constraint gives for the new position that:
T
Paew = woP + > (wi P2~ + wi P
i=1
where the w;’s are the weights for each component, in our examples computed

with a Gaussian weighting functions w; = e~(n(2)/ ) such that:

,
wi:wi/g w; fori=0,...,r
i=0

Then for » = 1 we have wy = 1/2 and w; = 1/4. We show two examples of ob-
tained offset trajectories in Figure B.1, which are located at distinct locations
in the solution space. Also note that these trajectories behave substantially

different than those in Figures 4.7 and 4.10.
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