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Abstract

This research introduces a fixed-point numerical approach for solving the steady-
state Navier-Stokes (NS) equations on a finite two-dimensional (2D) domain. The
steady-state interaction between a high energy laser beam and its surrounding fluid
medium is important to researchers in the field of high energy laser beam propa-
gation. The solutions to the steady-state Navier—Stokes equations provide a model
for uncovering the steady-state behavior of the fluid medium, which is useful for the
modeling of thermal blooming in laser beam propagation. Numerical solutions remain
the only tenable option for solving the NS equations, wherein numerical speed and
fidelity beget the utility of any such algorithm. The timing and accuracy results from
the novel fixed-point algorithm are compared to a standard Newton solver, where the
fixed-point algorithm implements a series of discrete Poisson solvers through succes-
sive fixed-point iterations of fluid velocity (u,v), pressure (p), and temperature (T)
in a Boussinesq fluid model. The fixed-point scheme consistently proves superior in
computational cost by converging after O(N?log N?) flops compared to the O(N®)
flops in the Newton Solver for a discrete N x N grid. We provide a proof for the
convergence of small amplitude solutions, and discuss the relationship between fluid
parameters (Re, Ri, Pe) and the existence of solutions as a function of laser intensity

in a bifurcation analysis.
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A Fixed-Point Method for Computing Steady-State 2D Laser-Fluid Interactions

I. Introduction

In the study and application of fluid dynamics within the domain of engineering
and applied physics, the solutions to the Navier—Stokes (NS) equations remain a topic
of pressing research interest. The solutions to these equations fundamentally describe
the spatial and temporal behavior of a fluid model within a specified domain. Beyond
the immediate utility of being able to describe the dynamics of a fluid model, such
an understanding proves useful for the determination of high energy laser behavior
through fluids. Specifically, the physical phenomenon of thermal blooming remains
a pertinent research interest in applied physics. This research requires a suitable
comprehension of the manner in which heat energy from a laser interacts with the
dynamics of the surrounding fluid medium. The steady-state behavior is of particular
interest, wherein the fluid dynamics remain fixed in time for a specific laser heating
profile. In this research, we seek to develop a numerical approach to solving the
steady state case of the NS equations on a finite two-dimensional domain under a
Boussinseq fluid model. Such a solution will output the state variables pressure (p),

temperature (7'), and velocity (u,v) relative to the local atmosphere of the domain.

1.1 Problem Motivation

1.1.1 Laser Propagation

For years, researchers in the field of high-energy laser (HEL) beam propagation

have been concerned with developing a systematic understanding of the interaction



between the laser and its propagating medium [1]. Such interactions tend to prove
detrimental to laser performance, as they lead to laser wavefront degradation and
an overall decrease of energy available to the target site. When one is concerned
with optimizing accuracy and efficiency while operating a high energy laser, this
manifests as a problem of preeminent importance. We now delineate laser interactions
within the surrounding atmosphere into three distinct yet interrelated phenomena:
atmospheric turbulence, thermal blooming, and molecular absorption.

Atmospheric turbulence refers to the stochastic fluctuation of the constituent air’s
temperature, leading to fluctuations in its refractive index [2]. Current physical mod-
els exist which statistically treat these fluctuations using frequency-based methods
[3]. A thorough understanding of these models is especially necessary for applica-
tions in which HEL’s propagate over long distances such that the turbulent nature
of the refractive index fluctuations accumulate over spatial propagation length. It is
important to understand that this turbulence is an inherent property of the atmo-
sphere which is not induced by the laser. As such, atmospheric turbulence is treated
separately from the other two interaction categories since its impact on laser beam
propagation is not explicitly dependent on the intensity of the laser.

Divergently, thermal blooming and molecular absorption are of particular inter-
est to this research as they require acute investigation of the physical interaction
between the HEL and the atmosphere. Thermal blooming occurs when the laser
energy is absorbed by the air, leading to an increase in local temperature and a sub-
sequent decrease in local air density [4]. Like the temperature fluctuations described
by atmospheric turbulence, this results in a shift of the refractive index of the laser
along its atmospheric path. The accumulated shifts in refractive index then result in
wavefront defocusing and aberrational movement in beam location. Eventually, the

effects of thermal blooming and atmospheric turbulence on laser beam propagation



may equilibrate into a steady-state. Analysis in thermal blooming assumes a contin-
uum model of air such that discrete interactions between the laser and individual air
molecules are ignored. Such analysis can be implemented through the Navier-Stokes
equations equipped with a sufficient model for local atmospheric air. Consideration of
molecular absorption then takes this approach a step further and accounts for energy
absorption at discrete molecular wavelengths. For most atmospheric regimes, the con-
tinuum approach proves sufficient due to the lack of polarity and distinct absorption
characteristics amongst air molecules [5]. In environments with significant aerosol
presence, however, excitation of the rotational and vibrational modes of the aerosol
particles may induce significant enough changes to the index of refraction such that a
continuum approach proves insufficient. Figure 1 provides a pictorial representation
of the effects of thermal blooming on the laser wavefront.

Source Refractive Bloomed Target
) ) Temperature A . i . g
irradiance index irradiance irradiance

|'aT An |
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ind
| [ win
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VL
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Figure 1: Visual depiction of the impact of thermal blooming on the laser wavefront

due to changes in refractive index caused by temperature variations. This represen-
tation includes a transverse wind acting on the propagating beam, which induces a

tilting effect such that the peak irradiance shifts off-center. Taken from Spencer [6].

In time dependent simulations of laser beam propagation, the cumulative effects of
each of these modes of beam distortion require an intensive treatment of both statisti-
cal and deterministic models for laser-fluid interaction [7]. As such, this research will

instead focus solely on the steady-state behavior of the fluid surrounding the laser.



This approach grants a viable methodology for determining whether such solutions
exist, and if so, allows us to model fluid behavior as a function of only the domain
and the steady laser forcing. With an explicit determination of the fluid behavior in
a steady-state regime, one may then establish a model for laser beam propagation

over a long period of time while accounting for thermal blooming.

1.1.2 Fluid Modeling

To determine the steady-state behavior of the laser’s fluid medium, we must deter-
mine an appropriate fluid model which accurately explicates its thermal interaction
with the laser in a 2D domain. This is done almost universally by modeling the
fluid through the Navier—Stokes equations, upon which certain assumptions and sim-
plifications are imposed based on the fluid and domain properties. While solutions
determined from these equations are preeminently accurate for modeling fluid behav-
ior, exact, analytic solutions remain elusive apart from some primitive problems with
necessarily favorable fluid and domain properties. The problem of determining the
nature of analytical solutions to the NS equations remains so pressing that a proof
for the existence of smooth solutions in a general 3D problem is one of the current
Millennial Prize problems in mathematics [8]. The field of computational fluid dy-
namics (CFD) thus arises as a response to the ubiquity of fluid modeling in applied
science and the necessity of computing numerical solutions to the NS equations.

In the pursuit of a steady-state fluid model which interacts with a laser beam, we
hence seek to develop a sufficient CFD model for computing these solutions. In any
venture in computational mathematics, it is important to characterize the numerical
properties of any algorithmic approach to solving a problem. The most prominent
properties of interest include numerical accuracy, stability, and computational time for

a given numerical solver [9]. Contemporary CFD methods utilize various numerical



approaches to discretize the domain and to solve the governing equations over this
domain. The method selected for computation will be based on the size and resolution
of the discretized domain, the desired accuracy of the numerical solution, and the
desired timescale for computation. While modern CFD approaches are greatly useful
for dealing with complex domain geometry, there continues to be research opportunity
for optimizing numerical solvers in time for more facile geometries. For example,
Ahmad [10] explores the computation of steady-state Navier—Stokes equations over
a horizontal cylinder with an adaptive grid in a finite-difference iterative scheme.
Dennis, Hudson, and Smith [11] compute steady, forced convection over a similar
geometry by converting the governing equations to a system of odes in a stream
function formulation and solving them numerically. Deparis and Rozza [12] introduce
a reduced basis approach coupled with an iterative scheme on rectangular cavities for
solving the steady Navier—Stokes equations. With respect to laser-fluid interaction
dynamics, Livingston [13] treats fluid convection through a geometric optics approach
and Flores—Flores et. al. [14] considers a finite element approach to manipulating
microparticles in convective currents. While research involving the physics of laser-
fluid interaction is well developed, the conventional numerical approaches used to
solve the governing equations are often expensive in computational time. Therefore,
we seek to develop a numerical approach which markedly reduces computational cost
for an equivalent numerical fidelity in a laser-fluid interaction problem over a simple

domain geometry.

1.2 Research Objectives

As mentioned above, we seek to elucidate our approach to developing a novel
numerical solver which outperforms contemporary numerical algorithms for the mod-

eling of a thermal laser-fluid interaction in a 2D domain. Our research objectives thus



manifest in a twofold manner:
1. Numerical analysis:
(a) introduce fixed-point numerical algorithm to solving steady-state NS equa-
tions for classical boundary conditions over a finite, rectangular domain,

(b) prove that steady-state solutions exist and that the proposed algorithm

converges for small amplitude laser forcing,

(c) validate theoretical convergence analysis with numerical convergence re-

sults,

(d) confirm the reduced computational cost of this approach relative to a con-

ventional Newton solver,
(e) provide functional code implementing the algorithm for different classical

boundary conditions and laser forcing amplitudes.

2. Physical interpretation:

(a) develop a laser-fluid model which accurately depicts steady-state thermal

blooming in a 2D domain,

(b) determine boundary conditions and produce a solution which accurately

represents an experimental laser setup in a finite box,

(c) provide a practical methodology for utilizing the numerical algorithm in

future laser beam propagation research.

1.3 Document Overview

The following chapters will describe the problem development, relevant research
background, solution methodology, and results and analysis of the findings. Consider-

ation of the problem domain, boundary conditions, and numerical fidelity will become



paramount as we elucidate the procedure for arriving at the desired solution method.
We will then introduce key mathematical ideas culminating in a proof of convergence
of solutions with our fixed-point method. We then validate this convergence analysis
by comparing the theoretical maximum laser amplitude to numerical results. Follow-
ing this study, we present solution profiles of the steady-state variables (p, T, u,v) for
various boundary conditions and we introduce a bifurcation analysis which describes
the existence of convergent solutions as a function of laser forcing amplitude. After a
sufficient discussion of these findings, we will then explore future avenues of research
which build upon our findings in the pursuit of more effective laser-fluid models and

their associated solution methodologies.



II. Problem Development

In this chapter, we introduce the foundational aspects of our approach to math-
ematically describing the laser-fluid interaction of interest. We summarize the equa-
tions governing fluid behavior within our specified domain and justify their propriety
on the basis of certain assumptions on fluid properties. In relating this mathematical
model to the physical problem, we discuss the possible formulations of the bound-
ary conditions imposed on the fluid variables and their necessary implications on
the fluid dynamics. With the modeled problem suitably developed, we then explore

several approaches for determining solutions.

2.1 Governing Fluid Model

2.1.1 Domain and Governing Equations

As described in Chapter I, we seek to develop a model for laser-fluid interaction
on a finite, 2D domain such that this domain can be thought of as a rectangular cross
section of the propagation path of the laser beam. That is, the domain will be a
rectangular subsection of the xy plane as defined in Figure 1 where we assume the
laser is centered on the origin of the domain. In this case, the laser forcing is also 2D
where we assume a Gaussian profile about the origin. We denote the domain as {2
and the boundary of the domain as 9€2, where we begin by considering a unit square
domain Q = [-0.5,0.5] x [—0.5,0.5]. Figure 2 depicts the domain and coordinate
system used for the remainder of our analysis.

With the domain established, we now introduce several assumptions on the fluid
and laser properties in the pursuit of governing equations which dictate fluid behavior.

These assumptions are enumerated as follows:



Figure 2: Visualization of the fluid boundary and domain with laser forcing centered

on the origin. Both the z and y coordinates range from -0.5 to 0.5.
1. The fluid within the domain is Newtonian: that is, the fluid follows Newton’s
law of viscosity and we may express its conservation of mass and momentum

through the Navier—Stokes equations.

2. The fluid is incompressible: we assume that variations in fluid pressure due to
temperature fluctuations do not result in density variations. This is described
by zero velocity divergence in the equation V - u = 0 for some velocity field u

of the fluid.

3. The fluid dynamics follow a buoyancy-driven, Boussinesq approximation: varia-
tions in fluid density have a linear relationship with temperature. This is a com-
mon assumption for fluids which are driven by internal temperature variations.
A more thorough discussion on the validity and derivation of the Navier—Stokes

equations for incompressible, Boussinesq flows is provided in Morrill [15].

4. Temperature as a function of laser irradiance: we may represent the normalized

laser irradiance as a function defined over the domain €2 such that the laser



heats the fluid and induces temperature variations.
With the necessary assumptions properly elucidated, we now introduce the gov-
erning equations for the problem at hand. We seek functions

T:Q—=R, p: Q=R u:Q—R?

representing the nondimensional temperature, pressure, and velocity field of the fluid
which obey the incompressible, Boussinesq Navier—Stokes equations undergoing forc-

ing:

1
w+ (u-Vju = Vp+ ﬁAu + RiTes, (1a)
V-ou = 0, (1b)
1
i+ (u- V)T = P—@AT + F, (1c)

where I’ : 2 — R represents the laser forcing and es represents the unit vector in
the y direction as depicted in Figure 2. In this representation, we utilize the notation
A =V -V = V2 and the constants Re, Ri, Pe denote the flow Reynolds number,
Richardson number, and Peclet number, respectively. We seek steady-state solutions
such that all temporal variation is negligible and each u; = T, = p; = 0, where
the incompressibility condition can be equivalently expressed in the equations (2) as

derived in [15]:

1
(u-Vju = Vp+ ﬁAu + RiTe,, (2a)
V-(u-V)ju = Ap+ V- (RiTe,), (2b)
1
(u-V)T = P—eAT + F. (2¢)

With the governing equations explicated, we now apply boundary conditions to the

10



domain such that the problem achieves a unique solution for a determined laser forcing

function.

2.1.2 Boundary Conditions

By observing the form of the system of equations (2), we may interpret the system
as a type of vector-valued, nonlinear Poisson equation over the domain €. Letting

@ = [T, p,u]7, the nonlinear Poisson formulation of (2) takes the form

Ap = f(D*p, D, @, F) (3)

for some vector-valued function f of the derivatives of ¢ and the laser forcing F'. By
defining the velocity vector field u = [u, v|T, we write the vector valued equation (3)

explicitly as the following system of scalar equations

Au = Re((u-V)u—p,), (42)
Av = Re((u-V)v—p, — RiT), (4b)
Ap = V-(u-V)u-— RiT,, (4c)
AT = Pe((u-V)T —F). (4d)

These equations represent a coupled, second order, quasilinear system of partial
differential equations defined over a 2D domain. Significant research in applied math-
ematics has been devoted to the classification of, and the study of the existence and
uniqueness of solutions to, such systems partial differential equations. For further
treatment of the analysis of second order pdes, see Colton [16]. We now introduce
boundary conditions and consider the boundary value problem defined on © C R?
where by the Heine-Borel theorem we note that {2 is compact due to its being a closed

and bounded subset of R?. We consider the classical boundary value problems for an

11



elliptic, second order pde where we initially seek strong form solutions ¢; € C*(Q)
for each fluid variable ¢;(z,y) € ¢ defined in equation (3). These classical boundary

value problems are distinguished as follows:

1. Dirichlet condition: find p; € C*(2) such that for some g;(z,y) € C?*():

w; = gi(z,y), (z,y) € ON.

2. Neumann condition: find ¢; € C?(Q2) such that for the unit outward normal

vector n to 99 and some hj(z,y) € C1(Q):

A@j:fj(DQLPaDSOaSOaF)? (m,y) EQ (6)

%1 = hy(x,y), (z,y) € 99

3. Mixed condition: Let the boundary be a union of disjoint sets 92 = 0Q2p U .
Find ¢; € C*(Q2) such that for the unit outward normal vector n to 92 and
some g;(x,y) € C*(Q) and h;(z,y) € CH(Q):

.

Ap; = [i(D*@,Dp,p, F), (x,y) €

wj = gj(x7y>) (flf,y) S 8QD (7)
\% = j(xvy)a (x,y) S 8QN

In colloquial terms, the Dirichlet condition specifies the function value along the
boundary of the domain, the Neumann condition specifies the function’s normal
derivative value along the boundary, and the mixed condition specifies a Dirichlet
condition on one portion of the boundary and a Neumann condition on the other.

In presenting this boundary value problem, we are fundamentally interested in pre-

12



scribing a set of boundary conditions on the fluid variables which aptly represent
the physical interaction between a laser and its surrounding fluid in a finite, 2D do-
main. This signals a departure from a purely abstracted treatment of the problem,
as we must now consider how the 2D case may be derived from an inherently 3D
phenomenon. We now consider several modalities by which to derive an appropriate

set of boundary conditions from a physical arrangement of the laser in space.

2.1.2.1 Infinite Outer Boundary

One case of particular interest to both a physical and mathematical understanding
of the steady-state is that of an inner domain €2 and an outer domain U = R?*\ ) which
tends toward infinity in all directions. That is, we consider the solution to the system
(3) on all space R? and attempt to extrapolate appropriate boundary conditions
along the boundary of the inner domain 0€2. We may consider this construction to
be appropriate for determining the fluid dynamics in the region directly surrounding
a laser where there is no physical boundary surrounding the fluid of a similar size to
the domain 2. A reasonable scenario where this is the case would be the propagation
of a laser through the atmosphere or the propagation of a laser through a large
room where we are only interested in the fluid dynamics directly surrounding the
laser. This proposition of course assumes that we neglect any inherently turbulent
properties of the fluid in reaching the steady-state dynamics. We will soon come to see
that while this approach may seem reasonable, difficulties arise in the corresponding
mathematical formulation due to the nature of the steady-state problem and the 2D
structure of our domain. Let’s begin by considering the domain Q5 C R? where we

seek to find a general solution to the Poisson equation of the form

Au(x) = f(x), x€Qp (8)

13



where there are no prescribed boundary conditions. One classical approach to solving

this problem is to first find the solution G to the problem
AG(x;€§) =0(x—€), (x6) €Qp (9)

where §(x) is the Dirac delta distribution [17] such that

//QB S(x — £)de — 1 (10)

and

/ [ 1@ — )i = 10 (11)

for some function f(x) where x = (x,y) and € = (£, n). Such a solution G is called
the fundamental solution to the Laplace equation or the free-space Green’s function
of the Laplace equation. This is a classical result in the study of the Poisson equation
and it can be derived by applying the Divergence theorem and Green’s theorem to
an integration of the function G. An in depth derivation is provided in [17] and [18]

where the final result becomes:

Gx:€) = 5-log /T — O 1 (y ). (12)

Now by the property of the Dirac delta distribution defined by equation (11) and

with G being a fundamental solution to the Poisson equation (9), we see that by the

14



linearity of the Laplace operator:

Au(x) = f(x)
- / F(€)5(x — £)de
A (13)
- / RGINCEEE
-af RRGECR
Hence, we see that
00 = 5 [ €08 lo=€P+ (=P (14)

is a solution to the Poisson equation defined in (8). The null space of the Laplacian
operator consists of the set of all harmonic functions ¢ (x) which satisfy Ay = 0, so

we conclude that the general solution to (8) becomes

u(x) = o(x) + P(x) (15)

or any harmonic function ). We now recall that we seek to determine a suitable
u(x) which satisfies (8) such that we may determine appropriate boundary conditions
for the steady-state fluid Poisson problem defined by equations (5)—(7). Since the
free-space problem is determined only up to an arbitrary harmonic function, we can
impose certain characteristics on the free space solution u(x) to obtain a unique ¥ (x).
By applying Green’s second identity for the functions H(x), K(x) € C?*(Qpg) and an

arc length element v we obtain

0K OH

15



It can then be shown [18] that the fundamental solution G(x, &) satisfies this identity,

whereby substituting in H = u(x) and K = G(x, &) we observe

0G(x; 0
§ o e B - [ ue1a00e) - Glxe)Au(e)de
(17)
recalling that G solves (9) and that we seek u(x) such that Au(x) = f(x), we obtain
Green’s third identity which takes the form

w) = [[ @i § ue T - e 5 - o)+ v,

005 on
(18)
Equation (18) thus expresses the arbitrary harmonic function in terms of the solu-
tion itself and the fundamental solution to the free-space problem. We now seek to
incorporate several characteristics of the solution u(x) solved over the domain Qp.
Since we're interested in determining boundary conditions for the local, steady-state
fluid dynamics for a laser, it is reasonable to impose the condition that the free-space

solution u(x) — 0 as |x| — oo asymptotically fast such that

9G(x;€)

as (g grows large relative to the interior domain €2. We would also expect the normal
derivatives of each fluid variable to diminish as the domain size grows larger, so we

impose a similar condition on the normal derivative % such that

]{ G(X;é)ag<€>dv <M
o0p n

for some constant M > 0. By Liouville’s theorem, a classical result [19], we have that

the harmonic function ® is constant such that ¢)(x) = M and it thus follows that the

16



free-space solution becomes

0= [ 1@oe /i ly e + (19)

We immediately see that by fixing (£,7), the absolute value of the integrand

€)log+/(z — (y —n)?| — oo as |x| — oo for a function f(&) # 0. Hence, if
we fix the function f(&) > 0 for all € Qp and impose the condition that f(x) — 0 as
|x| — oo, then it is apparent that for the free-space solution, |u(x)| — oo as |x| = oo
so the vanishing boundary constraint imposed on u(x) is invalid as the domain Qp
approaches all of R2. We are now faced with a peculiarity in that the free space solu-
tion for the problem defined in (8) grows toward infinity as the domain 25 approaches
R? when the function f(x) itself vanishes along the same boundary. This arises due
to the nature of the fundamental solution G(x; &) to the free-space problem in that
G(x;€) — oo as |x| — oo for a fixed € and vice versa. Therefore, when attempting to
construct a free-space solution to the Poisson problem, this property precludes a free-
space solution which vanishes as the domain grows larger. This difficulty exists only
for the 2D problem, wherein for higher dimensions the fundamental solution tends
to vanish at the boundary. When we consider the steady-state a real fluid in 2D,
these findings suggest that, paradoxically, fluid variables like velocity, temperature,
and pressure will continue to grow as their domain of consideration increases to en-
compass all space. Obviously, this is an impossible scenario which follows from basic
cosmological and thermodynamic properties of the universe [20]. The only resolution
for the 2D problem, then, is to impose boundary conditions along the inner domain {2
which represent either a physical barrier or conditions by which a steady-state can be
locally achieved. The following sections will thus identity several of these approaches

where we hereafter abandon the free-space approach in the 2D problem.
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2.1.2.2 Finite Boundaries

An alternative approach to developing boundary conditions of the form (5)—(7)
for each fluid variable is to consider such conditions which may be systematically
implemented in an experimental setup of a laser propagating through a finite box.
Research involving the fluid dynamics surrounding finite geometries is ubiquitous [21].
We will first consider a closed-box approach for the domain {2 where we impose the
condition that no fluid may penetrate the boundary 0€2. From this initial assumption,
two of the most common boundary conditions imposed on flows in finite geometries
are the no-slip condition and the slip condition. The no-slip condition is commonly
imposed on fluids which travel in a single direction along a boundary wall and states
that both the normal and tangential velocity components along the boundary are
stationary. Since the laser forcing radiates symmetrically outward from the center of
the domain, we expect circular fluid movement and we thus reject a no-slip condition
since it precludes any fluid velocity along the boundary. The slip condition, conversely,
allows for non-zero tangential fluid velocity along the boundary where it requires the
normal derivative of the tangential velocity to be zero. Since there is no fluid velocity
going into the boundary, we also specify that the pressure and subsequently the
temperature along the boundary are equal to zero. If we suppose that the boundary
consists of the disjoint union 0Q = 0Qop U 0Qpottom U Oety U Oyigny then these

conditions can be equivalently stated as

du(z,y)

v(x,y) =0, ~n - 0, (z,y) € 0%op U bottoms (20a)
u(z,y) =0, % = 0, (7,y) € Oete U Oyight, (20b)
T(x,y) = 0, (x,y)€ 0, (20c)
P(z,y) = 0, (z,y)€ 0. (20d)
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With respect to the Poisson boundary value problems defined in equations (5)-
(7), this boundary condition represents a Dirichlet type on the fluid temperature and
pressure and a mixed type on the fluid velocity components. A common modification
of the slip condition is to impose a zero pressure gradient along the boundary such
that the pressure boundary value problem becomes a Neumann type. These slip
conditions work well for the case of closed-box in 2D, and we will see in Chapter
IV that steady solutions do exist for certain Re, Ri, Pe numbers and laser forcing
amplitudes. We also note that due to the 2D construction of the problem, we cannot
account for 3D effects arising from the domain boundaries in the direction of the
propagating laser. In Chapter V, we will discuss several pertinent issues associated
with the limitations of a 2D problem.

If we instead choose to allow the fluid to escape out of the top and bottom of the
domain 02, then the slip condition no longer applies. By allowing this freedom of
movement, we may obtain a steady-state solution which more accurately represents
the fluid dynamics in open space. Coupled with this boundary flexibility, however, is
the burden of providing a priori boundary conditions for each fluid variable along the
free-flowing boundaries. Determining such boundary conditions is a difficult task and
requires an experimental approach to developing the appropriate boundary profiles of
the fluid variables. For example, we may specify a temperature, pressure, and velocity
profile along the top and bottom boundaries while insulating the sides such that the
normal derivative of temperature is zero. Any attempt at establishing boundary
conditions of this kind must be informed by the possibilities of an experimental setup
in controlling the fluid variables along the boundary. The focus of this research is on
the development of methodologies to determine solutions to the steady-state Navier—
Stokes equations, and as such, we suspend an in depth treatment of experimental for

future research in the field. One example solution utilizing experimental boundary
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conditions, however, is presented in Chapter IV. The final and most involved set of
boundary conditions we discuss is the open boundary condition approach. An open
boundary condition is similar to the infinite outer boundary discussed earlier in that
it imposes no conditions on the solution along the boundary of the inner domain €2 by
allowing the solution to exist outside of €2. Fornberg [22] has developed and Morrill
[15] has implemented an open boundary condition for laser propagation in 2D wherein
an interior and exterior domain is established and such that the stream function
evaluated along exterior domain is a linear transformation of the stream function of
the exterior domain. This approach is optimal for accurately predicting solutions with
a free flowing boundary, yet is undesirable with respect to its complexity. Chapter
V includes a discussion on how an open boundary condition of this type could be

imposed and how it compares to the other boundary conditions discussed above.

2.2 Numerical Algorithms and Analysis

We now recall one of the fundamental purposes of our study: we seek to develop
a novel methodology by which to solve the system of equations (4) with the classical
Dirichlet, Neumann, and mixed boundary conditions over the domain €2. Since this
is a coupled, nonlinear system of partial differential equations, there is no general-
ized approach to solving the equations analytically. Instead, we proceed by utilizing
a universally applied approach to solving the Navier-Stokes equations. That is, we
develop a numerical algorithm which approximates the true solution to a sufficient
degree of accuracy over a discrete grid. In Chapter I, we discussed various numerical
approaches used in contemporary applied mathematics by which to solve different
forms of the Navier-Stokes equations. Many beget their practicality in their ability to
account for flows around complex geometries. In the steady-state laser-fluid interac-

tion problem, however, there is a need for numerical solvers which are designed with
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an emphasis on speed of convergence rather than versatility of domain discretization.
It is precisely our ambition then to devise a numerical algorithm which is faster than
canonical numerical methods available today. In Chapter III, we describe in detail
this numerical algorithm through which we discretize and solve the system (4). In
this section, therefore, we introduce the relevant background in numerical analysis
required to develop our numerical algorithm and to compare it to a more common

Newton method approach.

2.2.1 Poisson Equation Solvers

The precise numerical method we introduce in Chapter III to solve the equations
(4) with classical boundary conditions requires a numerical approach to solving suc-
cessive Poisson equations of the form (5)—(7) where the function f; is completely
determined at each grid point in the discretization of the domain §2. Based on this
numerical schema, we introduce below the applicable procedures and results by which
to numerically solve a Poisson boundary value problem over a 2D grid.

Recall the rectangular domain ©Q = [—0.5,0.5] x [—0.5,0.5] defined in Figure 2.
Let the discretized version of the domain be Qp where we discretize {2 by spacing
grid points of width A in the x direction and width k in the y direction. Figure 3
provides a diagram for how the domain discretized into a rectangular grid where each
grid point is enumerated moving horizontally.

For the remainder of this study, we assume a uniform, square grid with even
spacing such that h = k. The goal of the discrete Poisson solver is to find a matrix

A such that at each grid point F,, the solution up to the matrix equation

AuD =f (21)

is an accurate estimate of the solution to the Poisson equation Au = f for some clas-
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Figure 3: Discretized domain 2 showing the enumeration of the grid points P, with
h=Fk=1/4.

sical boundary condition. This procedure requires discretizing the Laplace operator
and accounting for the boundary conditions at each point along the grid. Therefore,
we utilize finite difference methods to estimate the second derivatives in the Laplacian
A = Uy, + uy,. For grid indices ¢, 7, the centered-difference formula for the second

derivatives yields

82U Uit j QUU + Ui—1 j 2

— = : ’ 22
(3332)17 h? T O, (228)

0*u Wi jr1 — 2Uij + Wi j1

— = = AR h? 22b
(ayg)zj . +O(?) (22b)

so the pointwise discrete Laplacian becomes

s gy — A .
(Au)yy = e T Sy s Ty o), (23)

This discretization is commonly referred to as a five-point stencil, where at each
interior grid point the representation of the equation Aw;; = hf;; is given diagram-

matically in Figure 4.
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Figure 4: Five-point stencil for discrete Laplacian at each grid point.

With an established schema for discretizing the second derivatives, we now focus

on implementation of the boundary conditions within the numerical algorithm.

2.2.1.1 Dirichlet Boundary Conditions

Suppose that we seek to find a numerical solution to the Dirichlet problem

Awi; = fij,  (zi,y:) € Qp,
(24)

Uij = Gij, (z3,9:) € 0p.

Since the boundary points are completely determined by the function g;;, we need
only to solve for the interior grid points. This is accomplished by applying the five-
point stencil for the Laplacian at each interior point (x;,y;) € Qp \ 0Qp such that

we obtain a system of equations defined by

Uip1j + Ui,y — A5 + Uy + Ui jo1 = h2fij (25)

and the boundary points are assigned the value u;; = ¢;; for (x;,y;) € 0Qp. To
maintain a symmetric positive-definite matrix A, one may solve only for the interior
points in the matrix equation AUI = hfl where f} accounts for the values of the
boundary points in the stencil when needed. An alternative formulation is to devise

the matrix A such that the boundary value assignments occur implicitly in the matrix
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equation Aup = h2f where a; = 1 and fij = %gij for (z;,y;) € 0Qp. This allows
one to solve for each grid point at the same time, but increases the size of the matrix.
Either approach can be easily implemented in a suitable programming language in

which a multitude of algorithms exist for solving linear systems of equations.

2.2.1.2 Neumann Boundary Conditions

We now suppose that we seek to find a numerical solution to the Neumann bound-
ary value problem

Aug; = fi, (75,:) € Qp,
(26)

(%)ij = w;j, (5,y:) € 0p.
A compatibility condition exists between the function f and the function w which
specifies the normal derivative along the boundary. Recall that the divergence the-

orem for compact domains  C R? and continuously differentiable vector fields F

//Q(V-F)dA:ngF-ﬁd% (27)

so by allowing F = Vu such that V- F = V - Vu = Au, we obtain the compatibility

states that

condition for the Neumann problem

//QfdA://QAudA:jéQ g—ﬁdfy:%mwd% (25)

where the area integral of f over {2 must be equal to the contour integral of A over
0 for a solution to the Neumann problem to exist. In addition to this complication,
the discretization of the Neumann problem introduces difficulty in that the normal
derivatives of u along the boundary must be approximated using a finite difference

scheme. To maintain the same order of accuracy for the first and second derivatives,
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we employ the centered difference scheme for first-order derivatives

ou Ui41,5 — Ui—1,5 2

- = ) ) h 2
(m)ij S o), (290)

du Uij1 — Uigj—1 2

— = 2 h*). 29b
(ay>ij 2h o) (290)

Along the boundary, only of of these points will exist within the grid. To rectify the
situation, we employ the ubiquitous ghost point method described by Chen [23] where
we temporarily extend the grid to allow points alongside each boundary to exist. If
we consider the left boundary at x = —0.5 such that the index ¢ = 1, then by applying
the discrete versions of the Poisson equation (26a) and the boundary condition (26b),

we obtain the system of equations

—4U17j -+ Ug, 5 + Uz, j + U,5—1 + Ul j+1 = h2f1’j, (30&)

UOJ‘_U/QJ‘ = Qhwlﬂ-, (?)Ob)

where by the second equation we can solve for the ghost point ug; = 2hw, ; + us;

and substitute in to obtain the single equation for points along the boundary

— 4U1,j + 2u2’j -+ uLj_l + ul,j+1 = h2f1,j — QhUJLj. (31)

For each non-corner boundary point, the same procedure applies. For the corner
points, however, the normal derivative is undefined. To deal with this issue, we take
the normal derivative to be the average of the derivatives in the x and y direction,
where by utilizing the same approach given in equations (30) and solving for the

associated ghost points, we obtain the discrete equation at the corner points to be
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(for the case of i = j = 1)
— dugy + 2uz + 2urp = B2 fiq — dhawy ;. (32)

With each grid point thus endowed with a linear equation, we may solve a system of
the form Aup = f where the matrix A is banded. One can show that A is symmetric
semi-definite with a null space consisting of all vectors which are equal to a constant
vector. As such, to obtain a unique solution, Chen [23] shows that a discrete version

of the compatibility condition 28 takes the form

Sty =0, (33)

where we can assign f = f — f with f being the mean of f to satisfy this condition.

2.2.1.3 Mixed Boundary Conditions

If we instead consider the numerical solution to the mixed boundary value problem

e

Aui; = fij, (75,4:) € Qp,

Uij = Gij, (z5,v;) € 0Qp,p, (34)

\ (g_z)ij = w;j, (v5,:) € 0pN,

we must employ a combination of the techniques used in the Dirichlet and Neumann
cases. If we partition each boundary point into a Dirichlet boundary 0Q2p p or a
Neumann boundary d€2y p, then we may assign a linear equation to each respective
grid point based on their classification. For example, if we consider a slip boundary
condition for the z-direction fluid velocity u(z, y), then the top and bottom boundaries

becomes a Neumann type and the side boundaries become a Dirichlet type which
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include the corner points. Since each grid point produces a linear equation, the
mixed boundary value problem can be solved discretely in the form Aup = f where

up is unique due to the explicit assignments of the Dirichlet grid points.

2.2.2 Newton Solver

One classical approach commonly applied to solving nonlinear systems of algebraic
equations is Newton’s method. Newton’s method is an iterative, fixed-point scheme
which seeks to find the roots of continuously differentiable functions. That is, for a
real, vector-valued function F : R™ — R™ with input x, Newton’s method proceeds to
iteratively calculate the roots x* such that F(x*) = 0. This is accomplished through
the iteration

Xpp1 = X — JF(xp) (35)

where J is the Jacobian matrix of F and x( is some a priori guess on the solution
which falls into a region such that the iteration converges. Since Newton’s method
only applies to systems of algebraic equations, we must apply some algebraic approx-
imation to the derivatives of a system of pdes of the form (4). This is accomplished
through a discretization of the domain 2 and by applying finite difference formulas
to each of the derivative terms in a system of pdes. It is a well-established result
in numerical analysis that Newton’s method converges at least linearly with most
problems converging quadratically. That is, the error between the current iteration
X and the root x* is bounded by the error between the previous iteration and the
root such that

e — x|l < Cllxr—y — <7, (36)

for some constant C' and a vector p-norm. Based on the simplicity of the approach

and the fast rate of convergence, this approach is immensely useful. The major
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downside, however, is that it can become massively computationally expensive as
the discretized domain becomes more refined. Accordingly, we will compare the
computational expense and convergence regions between Newton’s method and the

novel numerical approach described in the following chapter.
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III. Methodology

This chapter serves as an explication of the methodological approach in which
we develop a convergent numerical algorithm for finding stead-state solutions to the
Navier—Stokes equations. We employ the mathematical theory introduced in the
previous section to perform a convergence analysis and to describe the process of
the implementation of the numerical algorithm. Various potential approaches are
discussed, wherein the chosen techniques are justified with respect to their desired
numerical properties. This convergence analysis, coupled with the numerical method,
will then allow for a careful treatment of physical results in Chapter IV which provide

informative insights into the physical nature of laser-fluid interaction.

3.1 Convergence Analysis

Recall that we seek to solve for fluid velocity, pressure, and temperature in the
buoyancy-driven, Boussinseq fluid approximation for the Navier—Stokes equations
over some finite rectangular domain 2. In this analysis, we assume small laser forcing
such that each fluid variable may be represented as a perturbation from a resting
fluid steady-state. One of the assumptions imposed on this problem as described in
section 2.1 is that the laser forcing can be modeled as a function of (x,y) over the
domain 2. We assume that the laser irradiance takes on a Gaussian profile of the
form

F(x,y) = ce—cl@ ) — ef(x,y), (37)

where ¢ is a constant representing the max laser amplitude and c is a constant ac-
counting for the decay rate of the forcing about the origin. We now define 4, 9, 7,
and p as the exact horizontal velocity, vertical velocity, temperature, and pressure,

respectively. We restate equation (4) for the steady Navier—Stokes equations in the
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Boussinseq approximation as

At = Re((a-V)i—p,), (38a)
Av = Re ((ﬁ V)0 — Py — RiT) : (38b)
Ap = V-(a-V)a— RiT,, (38c)
AT = Pe ((ﬁ V)T — F> . (38d)

Due to the accessibility and desirable properties of discrete Poisson solvers, we are
now motivated to devise a convergent iterative scheme which makes use of successive

Poisson solves on the fluid variables. We define this iteration for n > 1 by

R Opn,
Ad, = R AV .
Up, Re ((un 1 V), ax> , (39a)
~ N ~ aﬁn e a
Av, = Rel (0,_1-V)0,_1— 8_y — RiT}, |, (39b)
7,
Apn = V(s Vi1 — RO (39¢)
dy
AT, = Pe <(f1n_1-V)Tn_1 —5f>, (39d)

where we initialize the solution as

X dpo
Ady = —Re—> 40
g 681:’ (40a)
Ay = —Re (%+R¢TO), (40D)

Ay

I,

Apy = —Ria—yo, (40c)
ATy, = —Pe(ef). (40d)

This initialization is the linearization of the system of equations and thus should serve

as a strong initial guess for small amplitude solutions. We now state a crucial theorem

30



which motivates our study of convergence:

Theorem 1 (Banach Fixed-Point Theorem (Contraction Mapping Theo-
rem)). Let (X,d) be a complete metric space and let f : X — X be a contraction.

Then there is one and only one point xy in X such that

f($o) = Zo.

Moreover, if x is any point in X and x, is defined inductively by 1 = f(x), xo =

f(z1), ..., f(x,) = f(zn_1), then x, — xy as n — oo.
Proof. Classic result. Theorem and proof can be seen in Naylor and Sell [24]. O

We will next show that this iteration converges for small €. The iteration was
constructed so that its fixed points are steady solutions of (38), so this convergence

of the scheme gives existence of solutions. We state this result as a theorem:

Theorem 2 (Convergence of Steady Solutions to the Boussinesq Navier-S-
tokes equations). The iteration defined in (39) and (40) converges to unique solu-

tions for small forcing and Dirichlet boundary conditions.

Proof. We begin by stating a definition from Brezis [25] and two lemmas which assist

in our analysis:

Definition 1 (Sobolev Spaces). Let @ C RY and let p € R with 1 < p < oo. If

m > 2 is an integer, then the Sobolev space W™P(82) is defined for all a with |a| < m,

Wme(Q) = {u € LX(Q) : Igo € L(Q) s.t. /

uD%p = (—1)l / Jop Ve € CZ(Q)},
Q

Q
(41)
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where we employ the multi-index notation o = (aq, g, ..., ay) such that

N
ala@
= @y D% = o 42
a ;O‘ 7 e 0ng 05 (42)

We assign the g, = D%u. The space WP () equipped with the norm

lullwme =D 1Dz (43)

laf<m

is a Banach space and we define the space
H™(Q) = W™2(Q). (44)

Lemma 1 (H*® is an algebra). Let Q) C RY. Suppose sq, s > s and 51+ 59 > s+d/2.

Then w € H*(QQ) and v € H**(Q) gives that (uv) € H*(R?), and that

[wvll s < M|ul

Hs1 ’U| Hs2

where M depends only on si, Sy and d.
Proof. Standard result. See [26] for proof. O
Lemma 2 (Elliptic Estimate). If F' € LP(Q) such that || F|| o) < oo then there
exists a unique solution to

Au=F x € Q=1la,b] X [c,d]
with

uloo =0,

And that solution satisfies ||u|lw2r) < C||F|r) where C = C(a,b,c,d,p) is a
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positive constant.

Proof. Standard result, see [27] for proof. A similar result also exists for inhomoge-
neous and Neumann boundary conditions for boundary data which satisfy compati-

bility conditions as described in [28] and [29]. O

We now introduce the small amplitude assumption on the dynamics, where each

u, 0, P, T is represented by a perturbation from the resting fluid case:

U = ceu, (45a)
v = ev, (45b)
p =ep, (45c¢)
T =eT. (45d)

The main work of the proof is to construct the equation for the difference between
u, and u,, (and similarly v, and v,,, p, and p,,, T,, and T,,) by applying the repre-

sentation in (45) and subtracting (39) at these two indices:

Au, —u,)
(46a)
= Re(e(u,—1 - V)u,_1 — (W1 - VU1 — V(pp — ) — Ri(T,, — Trn)e2),
A<pn - pm)
(46b)
=V-(e(up_1-Vu, 1 —e(uy_1 - Vu,_1 — Ri(T, — T,n)e2),
A(T, —Ty)
(46¢)
= €P€((un_1 : V)Tn_l - (um_1 : V)Tm_1>
We proceed by investigating the form of equation (46¢) first. Define
Fr(n,m) =ePe((up_1-V)Th1 — (W1 V)T1) (47)
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where we expand out the gradient operators and manipulate the form of the equation

such that:

FT(TL, m) = 8P€((un_1 : V)Tn—l - (um_1 : V)Tm_l)

- p 8T;L—l + a,T’n—l N a,-Z—'m—l . aT;n—l

B ox Un-t ox tm=1 ox Um=1 ox

. ePe 8Tn_1 8Tm_1 8Tn_1 8Tm_1

T2 [(u”_l ~ tm-1) ( Ox i Ox > F (U1 o+ ) ( dr Oz
aT‘n—l 8Tm—1 GTn—l aTm—l

¥ (s = on) ( dy oy ) F ot o) ( dy )] '

(48)

We now prove that the function Fr(n,m) € L*(Q) such that the norm || Fr||12(q) < oo

by showing that each T}, pp, un, v, € H*(Q) for n,m > 0.

Lemma 3 (Sobolev Inclusion). If the normalized laser forcing f(x,y) € L*(Q),

then for n,m >0, each Ty, pp, tn, v, € H*(Q) and Fr(n,m) € L*(Q).

Proof. Suppose that f(z,y) € L?(Q2). By recalling the initialization (40), we apply
Lemma 2 to see that Ty € H?*(Q2). By the definition of the Sobolev space (41),
it follows that DTy € L?*(2) and thus by applying Lemma 2 again it follows that
Py € H?*(). A similar argument holds for uy and vy. We now hypothesize for
induction that each T, p,, u,, v, € H?(Q). The base case was just shown. Based on

the iteration (39) and by applying the small amplitude assumption (45), we see that

AT, = Pe(e(u, - V)T, — f).

Since u,, and T,, € H*(f)), we apply Lemma 1 with s = s; = 0 on the T}, derivatives
and s = 2 on the u,,v, functions to see that the right hand side is an LZ(Q)
function such that T,,,; € H*(Q2). A similar argument holds for each p,y1, Un 11, Vni1

so we conclude that T, p,, un,v, € H?*(2). Based on this Sobolev inclusion, we

34

)



may again apply Lemma 1 to the terms in the expression for Fr(n,m) to see that

Fr(n,m) € L*(Q). n

We now apply the triangle inequality to the norm of the expression (48) which

yields,

Ox Ox
aT‘n—l 8Tvm—l
T
o7, - OT),—
R
aTnfl aTmfl
)l

e+ o) (Tt =

ePe oT,_1 0T,,_1
Il < Z5° It = ) (520 + 25

(49)

Recall that we can define the Sobolev space
H*(Q)={f e L*(Q): D*f € L*(Q)V|a| < 2}.
The norm for f € H*(Q) is then

| fllz20) = Z 1D fl22(0)-

o] <2
By this definition, it then follows that

airn—l 8Tm—1 aT‘n—l air’m—l
or = 0xr = Oy = Oy

€ L*(Q).

Hence, by applying Lemma 1 with s = s; = 0 and sy = 2, we can establish the

following inequalities on the norms:

aTn—l a,-Z—"rn—l aTn—l aT"rn—l
n—1"Um— 2 SM n—1"Um— 2 2(Q)>
=) (Z2 + 22 Y oy < Ml st | 2+ 2
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aTn—l aiTm 1 aTn—l aTm—l
_ _ — 2 <M 2 — 2
unrtm2) (T = T2 iy < Mol b | 5=~ 25
aTn—l aTm—l aTn—l aTvm—l
n—17" Um— < M n—17UYm—
I00-1=0m0) (2524 S22 ey < Mlnes=v Dl 5+ 2
oT,,— OT,— 0T, 1 0T,
H(Un—l‘l'vm—l)( ayl_ By 1>||L2(Q)SMT”(Un—l‘I'Um—l)”HZ(Q)H ayl_ aylnLQ(Q)

Note that by definition of the norm (43) in the Sobolev space H?(f2) for some u €

H?(Q), we can establish the inequality

ou ou

5 iz, yllm ) < 2@

Finally, by applying Lemma 2 to the equation (46¢), we see that for
HFT(’N, m)||L2 <oo,T,—1T, € HQ(Q> with HTn_TmHHQ(Q) < C||FT||L2(Q) We now
establish the inequality on |7}, — 15, #2(q) by:

€P€CMT

9 (H(Un 1~ Umn— 1)”H2 Q)H( n—1 4+ T 1)HH2(Q

”Tn - TmHH2(Q) <
A+ [[(tn-1 + 1) 2@ [ (Th-1 — Ton—1) | 52(0)
() (50)

+ [[(vn—1 = Vm-1)lm2 @) |(Tr-1 + Tt || H2(0)

+ [[(vn-1 + V-1 |2 (Tr-1 — Tt 5202 )

With a similar approach, we provide the equivalent inequalities for p,u,v, where

M = sup{Mr, M,, M,, M,}:
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190 = Pl r2() < 26CM (Jtin—1 — 1 || 2 (@) [Un—1 + tm—1]| 520

+ an,1 - UmfluHQ(Q)Hunfl + umfluHQ(Q)

+ an,1 + Umfl”Hz(Q)Hunfl - umfl”HQ(Q) (51)
+ an,1 + UmleHQ(Q)H/Unfl - /UmleHQ(Q))
+ CRIl|T, — Tl 200
[ttn = tml g2(0) < eReCM (||tn-1 — Um—1ll g2 | ttn-1 + Um-1 ] 52(0)

+ 5”%—1 - Um—1HH2(Q)HUn—1 + Um—1HH2(Q)

! (52)
# plouns + tca o1 = sl
+ ReC||pn — pmlm2@)-

1
o — vy < eReCM <§||un_1 — et 120 [0 + Vs 120
1
+ §||Un—1 + U1l m2 @) V01 = V-1l 520
(53)

+ lvn—1 = Vm-1llm2@)l|vn-1 + Um—lHH2(Q))
+ ReRZCHTn — TmHHQ(Q)-
Next we show that for small enough e the entire sequence stay in a small ball.

Lemma 4 (Bounded Sequence). There exists 1 > 0 and R(e1) < oo for which

the sequence is bounded in a ball for all n.

Proof. We seek to show by strong induction that the sequence is bounded by the ball
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By(R) centered at zero with radius R. Hence, let R(e1) be defined such that

R
WToll, 731l Wipolls llpl, ol el lwolls [lonll < <

where we say
R = 2max{||To[|, | T3[], lpoll, [lpall, lluoll, [[urll, [[voll, [loall, 1}

to keep R sufficiently large such that each norm is measured in the H?(§2) space. This

establishes the base case for induction. Now, we hypothesize by induction that each

sl 1Tl s llpmall llpnall, o lnall, flun—all, s lon sl [lon—2ll, ... < R

where we seek to show that || T, ..., ||vn]] < R. Thus, by the above inequalities, it

follows that,

ePeCM
1T = Thll = ——— (l(un-1 = wo)[[[(Ta—1 + To)|

+ [ (un—1 + wo) [[ (T2 = To) | (5)
+ [ (wn1 = o) [[[[(Th1 + To) |

+ [ (wn-1 + o) [[I[(To1 = To)l]) -

By applying the definition of R and the inductive hypothesis it follows that

Jtn—1—uo|| < 28, lup—1tuol < 28, Jon_1—vo < 2B, Jon_1+uo|| <28, | T —Tol| <

3% and ||T,—1 + To|| < 2E. Hence, we can apply the inequality

i1, < L (4 (30 (31
2 2 2

38



where we select e such that for e < e, ||T;, — T || < £. Hence, let

1
 9PeCMR

Er

and it follows that if |7, — T1|| < £ then by the reverse triangle inequality

R
[Tl = 1Tl < T = Tl < 5

SO

R
ITall < 5 + 11Tl < R.

We now proceed by finding the terms ¢, €,, €, such that each respective term stays

within the ball of radius R. From the pressure inequalities:

1P = prll < 26CM (f|un-1 — to[[[un-1 + uoll
+ [lvn—1 = voll[|ttn—1 + ol
+ [lvn—1 + voll [lun—1 — ol (55)
+ [[vn—1 + voll[|n-1 — vol|)

+ CRi||T, — T4

We recall that || T, — T3 || < w and again apply the triangle inequality to each

norm to obtain:

9e PeC' M R?
|pn — p1]| < 18R*CM + C’Ri%.
To force ||p, — p1]| < &, we then pick
1
ep = '
"7 (36CM +9C?RiPeM)R
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For the u velocity inequality, we have:

[tn — ur[| < eReCM ([Jttn—1 — ol |un—1 + uoll
1
+ §||Un—1 — v ||| tn—1 + uo|
1
+ §||Un—1 + vo ||| tn—1 — uo|

+ ReCllp, — p1l.
So by a similar procedure, we obtain:

1

Eu —

Finally, For the v velocity inequality, we have:
[vn — v1]| < eReCM ([[vn-1 — volll[vn—1 + vo|

1

+ §||Un—1 — vol[[|tn—1 + uol|
1

+ §||Un—1 + vo | [lun—1 — wol|

+ ReC|pn, — p1|

+ ReRiC||T,, — T1||.

And by the same procedure, we obtain:

1

(9ReC'M + 36 ReCM + 9ReC3RiPeM)R’

Ev =

We now let e = inf{er, £, €4, €, } where for all € < ¢,

ITall, lpnll llunll, lonll < B

40

(9ReC'M + 36 ReCM + 9ReC*RiPeM + 9ReRiC2PeM)R’
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so we conclude by induction that there exists €; such that the sequence remains

bounded in a ball of radius R. O

Theorem 3 ( Contraction Mapping). The iteration defined by (39) and (40) is a

contraction mapping.

Proof. From the above lemma, we establish by the triangle inequality that each

| T + Tl “pn ‘|‘pm”7 | + um||7 v + v < 2R.

Hence, by the inequality (50) for ||7,, — T,,||, we have:

| Tn—Tm| < ePeCMR||ty—1—tp—1||[+ePeCMR||vy—1—vm-_1||+26e PeCMR|| Ty, —1—Tm—1]|-

Similarly, we see that for the other variables:

|Pn — Pl < eR(BCM + C*RiPeM)||ty_1 — Up—1]|
+ eR(8CM + C?RiPeM)||vn_1 — Uy

+ 26 RC*RiPeM||T—y — T,

|tn — U || < eR(BReCM + 8ReC*M + ReC?*RiPeM)||ty—1 — Up_1|
+ eR(ReCM + 8ReC*M + ReC?RiPeM)||v,_1 — 1|

+ 2e R(ReC*RiPeM)||Ty—y — Th1]|,
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vy — V|| < eR(ReCM + 8ReC*M + ReC?RiPeM + ReRiC*PeM)||tup_1 — 1]
+eR(3ReCM + 8ReC?*M + ReC?RiPeM + ReRiC*PeM)||vn_1 — V1|

+ 2e R(ReC*RiPeM + ReRiC*PeM)||T,—1 — Tin_1]|.

We now consider the product space S = H?(Q) x H*(Q2) x H*(Q) x H*() consisting
of 4-tuples X = (X1, Xy, X3, X4) of H?(Q) functions with metric defined by:

d(X,Y) = X0 = Vill + [ Xy = Yol + | X5 = V5[ + [[Xa = V4] VX, Y € 5.

Thus, for our set of fluid variables, we establish a new inequality for the sum of

differences of index:

1T = Tl + 1Pn = Pl + [t = || + [[vn — v <
eRCM (2Pe + 2CRiPe + 4ReC?RiPe + ReRiC Pe)|| T, — Ty ||
+eRCM (Pe + 8C + CRiPe + 4Re + 16 ReC + 2ReC? RiPe + ReRiC Pe)||up_1 — 1]

+eRCM (Pe +8C + CRiPe + 4Re + 16 ReC + 2ReC? RiPe + ReRiC Pe)||v,_1 — V1.

Now, define

A =sup(2Pe + 2CRiPe + 4ReC*RiPe + ReRiC Pe,

Pe +8C + CRiPe + 4Re + 16 ReC + 2ReC? RiPe + ReRiC Pe)

such that

1T = Tonll + |pn = Pl + [ — | + [|on — v <
3A€RCM(HT7171 - Tmflu + Hpnfl _pmfll‘ + Hunfl - umle + H/Unfl - /Um71H>
(58)
where we note that A < ReRiPe. Setting ¢ < sypr; and defining F : § — S by
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F(X(n-1)) = X(» for functions X € S then ensures the Lipschitz condition such that

for Xy = (T, pu i, va):

d(F(X(n—l))7 F(}/in—l))) = d(X(n)7 if(n)) < d(X(n—l)y }/En—l))- (59>

Hence, the iteration is a contraction mapping. O

By a compactness argument, since S is a product space of complete metric spaces
it follows that S itself is complete with the metric defined above.
Further, since F' : S — S is a contraction mapping, we thus conclude by the Ba-
nach fixed point theorem that F' converges to a unique fixed point X* such that the
sequence Xy, X(1), ..., X(ny — X*. It then follows that this X* is the steady solu-
tion to the Navier-Stokes equations for small amplitude forcing and the theorem is

proved. O
We now note that since the sequence X(g), X(1), ..., X(n) is a convergent, Cauchy
sequence, it follows that the inequality of the form (59) is equivalent to the inequality

d(X g1y, X*) < d( Xy, X7) (60)

which implies linear convergence to the unique solution X* for € which satisfies the
Lipschitz condition. From this result, we conclude that the iteration defined by (39)
guarantees linear convergence for a sufficiently small amplitude forcing. We now
consider a lemma which describes the asymptotic size of solutions as a function of

the Re, Pe, and R: numbers.

Lemma 5 (Asymptotic Size of Solutions). Let || - || be the H*(2) norm and let
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f be normalized such that || f||z2 = 1. If Re > Pe, then forn > 1,

oa]| = O (ReQ"H_lPeQ"Rz'Q"sQ"_l) , (61a)
|IT,| = O (Re Pe Ri*"~'e*" 1) (61Db)
where X
gn = —n + ”i on=i
j=0
and

n:1+n+§n:2”‘j.
j=1

Similarly, if Pe > Re, then

o] = O (ReQnPGQHH’lRiQnEQn’l) ) (62a)

70| = O (R&"*Pe?"“*132'2”*%2“*1) . (62b)

Proof. We proceed by induction. Let X <Y indicate that X < CY for some constant
C'. By recalling the initialization (40) and applying the small amplitude assumption,

we establish through Lemma 2 that
ITo|| < Pe,

Ipoll < Ril[Tol| < RiPe,
luoll < Rellpol| < ReRiPe,
[voll S Rellpoll + Bil[ Tol| < ReRiPe.

For the n = 1 case, we apply the iteration (39) with the small amplitude assumption
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and Lemmas 1 and 2 to find
1T < ePe (luolll|Toll + looll | Toll) S eReRiPe?,

psl < & (lluol* + Nuollllvoll + llvoll*) + Rill T3],

lo1]| S eRe([Jvoll” + l|uoll[|voll) + Rellp1|| + ReRi|| Ty ||
eRel|vo||? + ReRiPe| ||| To||

< eRe(ReRiPe)? + eReRiPe(ReRiPe)Pe.

Thus, if Re > Pe, we see that ||v1]| = O (Re®*Pe? Ri*e) and if Pe >> Re then ||v;]| =
O (Re*Pe®Ri*e). Hence, the base case is verified. Now, suppose that Re > Pe.
Observe that, due to the additional temperature term in v,, the asymptotic solution
size of |lu,|| may be bounded by ||v,|. Now, by applying the inductive hypothesis
(61b), we find that

[Toiall S €Pe (l[unlHITnll + lloallIT]])
S ePe0 (Re? 1P Ri%' e 1) O (Retm Pel R 12 1)

_0 (ReQPeMRian_lsQnH_l) ,

where
n—1 n
Q — 27'L+1 -1 _n+Z2n—] — _(n+ 1) +Z2n+l—j
Jj=0 §=0
and
n n n+1
M:Q"—}—l—i—’ﬂ—i—ZQn*J — (1+n)+22n*j _ 1+(n+1)+22n+17j
J=1 =0 =1
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so the inductive result for ||7,,|| holds for £ = n+1. Further, by applying the inductive

hypothesis on ||v, 11| we see that

[varall S eRellvall* + eReRiPellva ||| T
1 n n n 2
< eReO (RGTHr ~1pe?” Ri% & _1)
+ eReRiPeO (Re™™ 7 P’ Ri¥'e*' 1) (Rev Pt Ri® 1)

=0 <R62n+2_1P62n+1Ri2n+1€2n+1_1> Lo <R€2n+1+gnP62n+gnRZ,2n+1€2n+1_1) ‘
Now, since g, = O(2") and Re > Pe, we thus see that
|vnsall = O <R62n+2_1P62n+1Rz’znﬂsrﬂ_l) ,

verifying the inductive hypothesis.
Now, suppose that Pe > Re. By applying the inductive hypothesis (62b), we find

that

[Tosall S ePe (lunll| 7]l + llvalll[ 1)
< ePeO (ReQ"P&”“*lR@?”g?”*l) o (Re”*lpe?““*1R¢2"*152"*1)

= O (Re¥™ T pe R T 1 )

so the inductive result for ||7,,|| holds for £ = n+1. Further, by applying the inductive
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hypothesis on ||v,11]| we again find that

[ong1ll S eRellvn||* 4+ eReRiPel|v, ||| T,]]
ig ontl_1 5.on 9n_] 2
< eReO (Re Pe Ri* ¢ )
+ eReRiPe® (Re2” Pe2”“—lR@'2”g2"—1> O (Re2"—1pe2"“—le'?"—la?"—l)

n+1 n+2 _ on+1 n+1__ n+1 n+2 __ on+1 n+1__
=0 <R€2 P2 2R g2 1) +0 <R€2 P T TIRZT &2 1) )
Since Pe > Re, we conclude that
n+1 n+2 on+1 n+1l__
|vns1]] = O (R62 Pe* IR &2 1) :

thus verifying the inductive hypothesis and proving the lemma. O]

We now introduce a theorem which identifies the maximum laser amplitude as an

asymptotic of the Re, Ri, Pe numbers.

Theorem 4 (Maximum Laser Amplitude). If Re > Pe, then
Emaz = O (Re’QPe’lRi’ ) . (63)
Similarly, if Pe > Re, then
Emaz = O (Re’lPe’2Ri’1) . (64)
Proof. Recall from theorem 3 that for the fixed-point iteration to converge, we require
c<O(A'RY

for an R(e) such that the entire sequence of solutions stay bounded in a ball of size
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R. The maximum allowable laser amplitude, then, may be determined by finding the
smallest R such that the sequence of solutions stays bounded. This R,,;, will thus be
the largest solution in the H?(€2) norm for a given . Suppose that Re > Pe. Then
from the above lemma, we observe that the size of the nth iteration may be bounded

by the asymptotic O (ReQ"H_lPeQ" R@'Q"€2n_1>. Then for the maximum amplitude,

Emar = @ (A_lR;ﬁn)
1 n n n _1
= inf O (Re—lpe—lm—l (Re2"+ “1Pe*” Ri? s;a;1> )
ne
1 n n n -1
= inf O (Re?"+ P R “631(1;1)
ne

SO

max

2 =0 (Re‘QnHPe_Q”_le’_zn_l)
and thus

fmar = inf O (Re™2Pe 7 Ri™ ™o ) = O (R 2Pe ' Ri).

neN

Now, suppose that Pe > Re. By again applying Lemma 5, we observe that the size of
the nth iteration may now be bounded by the asymptotic O <R€2n Pe? IR s2n’1> .
Then for the maximum amplitude,

s = O (AL

min)

neN max

1 n on —1
—inf O <R61P61Ri1 (Re2nP62n+ “LRi?" 2 *1) )

—1
. n n+1 on n__
—info <R62 1 P2t 2" 412 1)

neN max

SO

2 0 (Re—2"—1pe—2”“—1Rr2"—1>

max
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and thus

emar = inf O (Re™ 7 Pe?Ri™ "5 ) = O (Re™'Pe 2Ri™) .

neN

O

In Chapter IV, we compare this analysis to numerical results for the maximum
laser amplitude in convergent iterations for homogeneous Dirichlet boundary con-
ditions. In the following section, we introduce the numerical techniques by which
we may develop numerical algorithms to take advantage of the convergence of the

fixed-point method.

3.2 Numerical Algorithms

In Section 2.2, we described the fundamental approaches to solving a Poisson
boundary value problem on a finite domain using numerical methods. In this section,
we describe the implementation of these numerical Poisson solvers to find convergent
solutions to the steady-state Navier-Stokes problem defined in (4). We then intro-
duce the approach to solving the same problem using a Newton’s method algorithm,
wherein we compare the merits of the two in computational cost and convergence rate.
Finally, we will describe a numerical continuation technique to increase the domain

of solutions which we can determine from both of these aforementioned algorithms.

3.2.1 Poisson Solver Implementation
3.2.1.1 Procedure

Recall that, as described in Chapter II, we may numerically solve a classical Pois-
son boundary value problem of the form (24), (26), (34) by discretizing the domain

2 into a grid of uniform spacing h and solving for the approximate values of the
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function u at each of the grid points. Define N = % + 1 to be the number of grid
points in one spatial direction and let £2p be the grid which is the discretization of
the domain ) as a function of the spacing h. We now suppose that each constant
arising in the iteration (39) Re, Ri, Pe,e, and ¢ are defined by the user based on
the laser and fluid properties and the normalized laser forcing takes the Gaussian
form f(z,y) = e~<@*+v*)  We further suppose that each fluid variable has associated
classical boundary conditions of the Dirichlet, Neumann, or mixed type. To begin
the process of computing numerical representations of the iteration (39), we begin by
computing the initial temperature Ty through the Poisson equation (40d) where f is
defined over the grid {2p. This is accomplished through the discrete Poisson solvers
described in section 2.2 according to the imposed temperature boundary condition
where Tj is a discrete vector representing the numerical solution over the grid Qp. We
then proceed to calculate the pressure py through equation (40c), where the derivative
term in temperature is a finite difference approximation of the y-direction gradient
component. This finite difference approximation is calculated through the use of a
discrete gradient operator D, which utilizes a centered difference approximation to
the derivative of the form (29) with a second order forward and backward difference
along the boundaries. A similar matrix D, is constructed for the x-component of the
gradient. With py determined, We then proceed to solve for uy and vy through the
equations (40b) and (40a) with the respective u, v boundary conditions.

With the initialization to the iteration now fully determined, we proceed to calcu-
late each of the numerical approximations to the fluid variables (T, pp, tn, v,) as de-
fined in the iteration (39). The second derivative approximation matrices are denoted
D,y, Dyy, Dy, = D, where they utilize a second-order centered-difference formula as

described in (22). By defining the operation [*] to be pointwise multiplication, the
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discrete version of the iteration (39) then becomes

Au, = Re (Up—1 % Dytiy—1 + U1 * Dyuy—1 — Dypy) (65a)

Av, = Re (up—1 * Dyvy_1 + vy % Dyvy 1 — Dyp, — RiT),) (65Db)

Apy, = Up_1 * Dygtt—1 + (Dyty—1) * (Dyttn_1) + Vp—1 * Dyytiy_1 + 2(Dyvp_1) * (Dytty_1)
+ Up—1 * Dypy_1 + U1 * Dyyvy 1 + (Dyvn—1) * (Dyv,—1) — RiD,T,, (65¢)

AT, = Pe(up—1* DTy 1 +v,_1x DT, —€f). (65d)

By applying this discrete iteration, we are thus able to calculate the numerical fluid
variables over the grid €2p at each step n. To determine if a fixed-point solution is
reached, we establish a stopping criteria ¢ such that if the Cauchy error of each fluid
variable falls below ¢ then we claim that the algorithm converges. Since H?(Q) is a
complete metric space, the Cauchy error must therefore tend to zero for a convergent

solution. We thus check to see if the product space metric satisfies

HTn - jjnleH2 + Hpn _pnleH2 + Hun - un71HH2 + H/Un - /UnleHQ <9 (66>

and if so, we claim that the variables (T,,, pp, un, v,) represent the unique steady-state
solution. For the discrete variables (T),, p,, Un, v,), We approximate the H? norm by
taking the vector 2-norm in R™+Y? If this stopping criterion is not satisfied after
a predetermined number of iterations, then we claim that the iteration diverges for
the chosen laser amplitude €. The exact values of 9 and the maximum number of
iterations depend on the desired accuracy of the solution and an analysis on the

numerical speed of convergence.
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3.2.1.2 Computational Complexity

At each step in the discrete iteration (65), we perform a series of four Poisson
solves for the fluid variables over the grid 2p. In analyzing the total computational
cost of the procedure, we are interested in determining the asymptotic as function of
the grid spacing h. During each substep, we must account for the cost of evaluating
the right hand side over 2p in the discrete Poisson solver along with the cost of
solving the linear system Aup = f which represents the discrete Poisson boundary
value problem. By observing the calculations in the iteration (40), we see that the
matrix-vector computations in the sparse discrete gradients cost the number of non-
zero elements which come in at O(N?) and the pointwise-matrix products in the fluid
variables also cost O(N?). Further, since the N? x N? A matrix for the linear system
defined for the discrete Poisson problem is a banded matrix, the cost to populate it
is at worst O(N?). To solve a linear system of the form Aup = f with a N? x N?
matrix, the canonical Gaussian elimination algorithm costs O(N°) to compute. We
now take advantage of the sparsity property of the A matrix wherein algorithms exist
to solve sparse linear systems for as low as O(N?log N?). We thus compare three sep-
arate algorithms for solving sparse linear systems: MATLAB’s midivide, MATLAB’s
mldivide for sparse matrices, and a fast Poisson solver developed by Langston [30]
which uses FFT methods in a sparse LU decomposition to solve the linear system.
MATLAB determines which sparse matrix factorization algorithm to use based on
the matrix properties [31], where an optimal solver will cost O(N?log N?). Figure 5

compares the time to run for these three algorithms as a function of the grid size.
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Figure 5: A comparison of the timing cost for three different algorithms in computing
a Poisson solver for Dirichlet conditions. The MATLAB sparse solver appears to be
the fastest as the grid size grows asymptotically large.

This figure indicates that the MALTAB sparse matrix algorithm performs the
Poisson solve the fastest for asymptotically large N and we thus use this algorithm
in the Poisson iteration scheme. In order to estimate the asymptotic of the com-
putational cost, Figure 6 provides a plot of the sparse algorithm’s timing for both
Dirichlet and Neumann problems versus an O(N?log N?) asymptotic. Based on the
O(N?1log N?) convergence observed in Figure 6, it then follows that the overall com-
putational complexity comes in at approximately O(N?log N?) which includes each
of the steps in the numerical iteration. This is significant since we now have an avenue
to compute solutions to a system of nonlinear pdes by a convergent iteration which
asymptotically costs the same as an inexpensive matrix inversion algorithm. The
next subsection explores the implementation of a Newton solver approach, where we
compare the computational cost between this iterative algorithm and the Newton’s

method algorithm.
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Figure 6: A log-log plot of the timing cost as a function of matrix size M = N2
for the MATLAB sparse solver in a Dirichlet and a Neumann problem. The timing
asymptotic is compared to a O(N?log N?) asymptotic where they agree as M grows
asymptotically large.

3.2.2 Newton’s Method Implementation

Recall that in Section 2.2, we determined how Newton’s method can be applied
to solve nonlinear algebraic systems of equations. With the method itself cannot
be directly used to solve systems of partial differential equations, we may apply a
discretization to the derivative terms which transforms a system of pdes to a system
on nonlinear algebraic equations. Therefore, we suppose that we apply the same finite
discretization Q2p to the solution domain. The governing steady-state equations (4)

then take on their discrete analog where each differentiation operator takes on the
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form D,, D,, D,x, D,,, D,,, respectively. Let the vector x € R*" ’

represent the collated fluid variables over the discrete grid. At each grid point, there
exists a governing equation for the finite difference discretization of the system of
coupled Poisson equations (4). By following the grid enumeration presented in Figure
3, we let the vector F(x) € R ’ represent these governing equations in the discrete
Poisson formulation where each of the four Poisson equations are stacked in a vector

format. To perform the Newton step, we now have to consider the Jacobian matrix

OF,  OF, _OF,
ox1 Oxo T (9)(41\,2
0F2 ..
xy . Ce
j—| o . (68)
OF N2 OF N2
ox1 T 8x4N2

Based on the finite difference discretization for the Poisson equations discussed previ-
ously, each Fy, is a linear combination of the discretized fluid variables x. By employ-
ing the numerical Poisson solvers, we can therefore determine this linear relationship
between the governing equations and the fluid variables in the finite difference for-
mulation. Once these linear coefficients are extracted, they populate the Jacobian

matrix as defined in equation (68). The Newton solver then makes the iteration

Xk+1 = X — J_lF(Xk)
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where, in practice, the inverse Jacobian isn’t directly computed and we instead uti-
lize a linear system solver. In populating the Jacobian, we require O(N*) function
evaluations. Further, applying canonical Gaussian elimination on the Jacobian lin-
ear system requires O(N°®) operations. While the Jacobian is inherently sparse, it
loses the banded structure that the Poisson solver matrices contain. Consequently,
a sparse solver on the Jacobian won't yield nearly as optimal a computational cost
as a similarly sized banded matrix would. The best estimate for the factorization
of a nonbanded, sparse matrix would be O(N*) [32]. Therefore, we conclude that
the Newton’s method iterations cost between O(N*) and O(N®), indicating a much
higher computational cost as compared to the fixed-point solver. A sparsity pattern of
the Jacobian for N = 51 with homogeneous Dirichlet boundary conditions is provided

in Figure 7.

Sparsity Pattemn of Jacobian Matrix
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Figure 7: A sparsity plot depicting the nonzero elements of the Jacobian matrix for
h=1/50 and homogeneous Dirichlet boundary conditions. Due to the coupled nature
of the governing equations, the Jacobian loses a banded structure and it thus more
computationally complex to invert in the Newton iteration compared to the Poisson
solvers in the fixed-point iteration.
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3.2.3 Numerical Continuation

In attempting to find an iterative solution to a nonlinear system of equations,
we are often faced with an inability to find a sufficient initial guess which leads to
a convergent solution. By applying the process of continuation, however, we are
able to successively solve easier problems which lead to the solution to the original
problem. As described in Novak [33], we illustrate this by supposing that we seek
to find the root x* to the function f(x). We are unable to directly find the root
with our currently employed method, but we are able to find the root x for a simpler
function g(x). Then, if the two functions are homotopic, there exists a homotopy
h(x) which continuously deforms g(x) into f(x) within the same topological space.
By tracking the values of the homotopy, we are able to start with the solution to the
easier problem and end with the solution to the desired problem.

Numerical continuation offers a simple yet practical procedure of the same nature
which can be applied to the iterative Poisson solver and Newton’s method algorithms
discussed previously. Let X,, = (T, Pn, Un, v,) be the nth iteration of the fluid vari-
ables defined in the Poisson iteration (65). We then suppose that we seek to find the
fixed point X* for the laser forcing amplitude €. If, given an initialization X, the
iteration is unable to converge, we then apply a numerical continuation procedure.
Further suppose that we know the initialization X, converges to the solution X* for
a different laser forcing amplitude €. The continuation procedure then introduces
a 0¢ parameter which is added to the known solution amplitude ¢y to define a new
problem with amplitude € = ¢y + de. We then assign the initialization for this new

problem to be the known solution to the previous problem. That is, we assign

Xo— X* (69)
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to be the initialization for the problem with laser amplitude ¢ and repeat the proce-
dure with another de step until the initialization X, leads to the solution X* for the
problem with amplitude €. This procedure thus operates by successively improving
the iteration’s initialization until it falls within a convergent region.

In practice, the continuation step size de usually varies as a function of the pre-
vious step sizes. For example, we may select de such that the next amplitude is a
10% increase from the previous step until the desired amplitude is reached. A more
effective approach, however, is to allow the step size to adapt based on the success or
failure of the previous solution attempt. This is referred to as adaptive continuation.
If the previous initialization led to a convergent solution, the next continuation step
size de is increased by some factor (e.g. 2). If the previous initialization failed to lead
to a convergent solution, the step size then decreases by a factor (e.g. 1/2). With
this adaptive continuation approach, the step size effectively corrects itself to grow
or decrease depending on the difficulty of finding a sufficient initialization to lead to
a solution. By picking some amplitude g7 which has an initialization leading to con-
vergence and some initial step size dey, we are thus able to determine solutions of any
amplitude € assuming a homotopy exists between the initial and desired solutions. In
the following chapter, we will see examples of this continuation approach leading to
previously unknown solutions, as well as examples in which continuation fails to find

a solution of a desired amplitude.
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IV. Results and Analysis

In the previous two chapters, we have introduced the necessary theory and method-
ology by which to achieve informative numerical results for laser-fluid interaction.
This chapter therefore serves the twofold purpose of providing these numerical re-
sults and elucidating their mathematical and physical significance. In the following
sections, we will describe the solution profiles for a homogeneous Dirichlet, exper-
imental Dirichlet, and slip boundary value problem; the relationship between the
fluid constants Re, Ri, Pe and the maximum calculable laser amplitude; and the bi-
furcation diagrams for convergent solutions in the fixed-point and Newton’s method

solvers.

4.1 Solution Profiles

We now seek to understand the physical nature of the steady-state solutions de-
fined in the iteration (39) for different boundary conditions on the fluid variables. To
begin, we consider the various fluid and laser constants which are required to simulate
solutions. For a characteristic length scale L, characteristic velocity scale U, force due
to gravity g, kinematic viscosity v, and thermal diffusivity p, the Reynolds, Peclet,

and Richardson numbers are respectively defined as

UL UL L
=2 (70)

Akers and Reeger [34] provide a discussion on the relationship between these parame-
ters and the laser beam characteristics. In practice, the person running the simulation
specifies these constants based on the laser and the fluid it propagates through. In
these results, we set the Peclet number Pe = Re equal to the Reynolds number, and

we set the Richardson number Ri = 10Re to be an order of magnitude larger than
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the Reynolds number. For the normalized laser forcing f(z,y) = e we pick
¢ = 50 to represent rapid Gaussian decay from the origin. This parameter, however,
can also be changed based on the exact laser specifications. A surface plot of the

1

normalized laser forcing is provided in Figure 8 for a grid spacing of h = £;

Nommalized Laser Forcing Normalized Laser Forcing
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Figure 8: A surface plot of the laser forcing across the domain. The grid spacing is

h = 5—10. The forcing rapidly decays from the origin in a Gaussian shape.

We now introduce the solutions for the fluid variables (7', p,u,v) over the finite

grid for three different boundary value problems.

4.1.1 Homogeneous Dirichlet

The first boundary value problem we consider is the simplest. In the homogeneous
Dirichlet case, each fluid variables takes on a value of zero along the boundary such

that

(

T(x,y) =0, (z,y) €09,
p(r,y) =0, (x,y)€ 09,
u(x7y) = 07 (x7y) e aQ?

v(z,y) =0, (x,y) € 09.

\
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To simulate this boundary value problem, we assign Re = Pe = 100 and Ri = 1000

with a grid spacing of h = 5—10 and a laser amplitude of ¢ = 1077, These values are
selected based on the convergence properties of the iteration, which will be discussed
in Section 4.3. Figure 9 provides a streamline plot and Figures 10-13 provide the

steady-state solutions for each of the fluid variables.

Homogeneous Dirichlet Streamlines

5 04 03 02 -01 0 0.1 0.2 0.3 0.4 0.5

Figure 9: Streamline plot for the homogeneous Dirichlet boundary condition. We
observe that the fluid tends to move upward until reaching a stopping point along
the boundary. Further, solutions tend to move towards the edges of the domain as

they travel vertically.
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Dirichlet Temperature x107 Dirichlet Temperature
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Figure 10: The temperature defined over the grid for homogeneous Dirichlet boundary
conditions. We observe that the temperature exhibits a similar shape as the laser

forcing, where the boundary conditions induce symmetry over the domain.
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Figure 11: The pressure defined over the grid for homogeneous Dirichlet boundary
conditions. We notice the odd symmetry across the x-axis where a pressure buildup

forces the vertical velocity to zero along the boundaries.
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Dirichlet u Velocity x107% Dirichlet u Velocity
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Figure 12: The x-direction velocity u defined over the grid for homogeneous Dirichlet
boundary conditions. Based on this profile and the streamlines, we observe that the
u velocity induces fluid movement from the edges of the domain to the center of the
domain towards the bottom, and it induces movement toward the edges near the top

of the domain.

Dirichlet v Velocity Dirichlet v Velocity

Figure 13: The y-direction velocity v defined over the grid for homogeneous Dirichlet
boundary conditions. This velocity takes on a similar shape to the temperature,

where the fluid moves upward with highest velocity near the laser in the center.

These results provide an insightful understanding of the fluid behavior within
the domain €2 for this specific boundary value problem. While the homogeneous

Dirichlet case isn’t necessarily a physically valid boundary condition, we can infer
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general trends in the fluid variables. We notice immediately that the temperature
and vertical velocity are strictly positive on the interior of the domain with decay
from the origin towards the boundaries. Further, based on the streamlines, we notice
that the fluid tends to move towards the center near the bottom boundary, and
towards the edges nearer the top boundary. Thus suggests some prognostication of
circulatory flow within the domain, which may inform the behavior of more physical

boundary conditions.

4.1.2 Slip Boundary Conditions

We now consider the more physical boundary value problem consisting of slip

boundary conditions. We restate these conditions described by equation (20) as

.

U(iC, y) =0, auéz,y) =Y (I, y) S aQtop U 9 ottom;
u(z,y) =0, % =0, (x,y) € 0et U OQyight,

T(x,y) =0, (z,y) € 09,

P(z,y) =0, (z,y) € 0N
\

Recall that in our discussion in Section 2.2 we described the physicality of the slip
boundary condition in modeling a closed box. Figure 14 provides a streamline plot
and Figures 15-18 provide the steady-state solutions for the fluid variables in the slip

boundary value problem.
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Slip Streamlines
051

h K M
0.4
03r
0.2
01

> 0r
01r
0.2

D3r

-D4r

a5 . . . . . . 1 . . |
05 04 03 02 -0 0 0.1 0.2 0.3 0.4 0.5

Figure 14: Streamline plot for the slip boundary condition. We see that the fluid

tends to move upward before coming into contact with the boundary.

Slip Temperature x107 Slip Temperature %107

4 18
. i 14
12
4
/ 08
i 06
02
04
03
02 02
04
0 05 o

-0.1
0.5 0 0.5
X

Figure 15: The temperature defined over the grid for Slip boundary conditions. Based
on the symmetry and the zero boundary values, the temperature again exhibits a

similar shape to that of the homogeneous Dirichlet boundary value problem.
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Slip Pressure x108
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Figure 16: The pressure defined over the grid for slip boundary conditions. We notice

that the pressure is large towards the center where the vertical velocity is highest.
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Figure 17: The x-direction velocity u defined over the grid for slip boundary condi-
tions. Based on this profile, we observe that the u velocity induces fluid movement
from the edges of the domain to the center, albeit at a much lower magnitude com-

pared to the vertical velocity.
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Slip v Velocity x 103 Slip v Velocity %10
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Figure 18: The y-direction velocity v defined over the grid for slip boundary condi-
tions. This velocity is symmetric about the y-axis, suggesting a steady-state velocity

which is independent of horizontal position relative to the laser.

These results endow several notable fluid behaviors in the slip boundary value
problem. Due to the underlying physical assumption inherit to the slip condition, no
fluid is allowed to escape the box such that the normal velocity to each boundary
surface is zero. This leads to a tendancy for the fluid to move towards the top of the
domain before stopping. We note that the vertical velocity v reaches its maximum at
a vertical location slightly above the origin. This is due to the gravity effect implicit in
the Richardson number, which skews the velocity away from the center. Overall, these
results suggest a movement of fluid towards the top boundary where the horizontal

and vertical velocities both tend to zero, similar to a no-slip condition.

4.1.3 Experimental Boundary Conditions

We now recall the brief discussion contained in Chapter II surrounding the possi-
bilities of implementing an experimental boundary value problem such that the fluid
is now able to escape out of the top and bottom boundaries. That is, we may specify
some specific Dirichlet profile for the velocity along the top and bottom boundaries

such that the fluid is free to move into and out of the domain. Determining adequate
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boundary profiles to represent a physical solution is a difficult problem, and likely
requires experimental data to inform on such a boundary condition. We now offer a
superficial construction of an example experimental boundary value problem. Sup-
pose that each fluid variable’s boundary value is of the homogeneous Dirichlet type
except for the top and bottom of the temperature, vertical, and horizontal velocity.
We then assume that the temperature and vertical velocity take on a sinusoidal profile

along the top boundary of the form

g(x) = acos(mx) (72)

for some positive constant «. This form is selected to ensure zero values at the corner
points such that the boundary conditions are continuous from the sides to the top.
We then set the vertical velocity along the bottom to be equal to the top boundary
condition such that an equal amount of fluid enters and leaves the domain. To induce
a circular motion of fluid into and out of the domain, we pick the horizontal velocity

at the top and bottom boundaries to take on the value

gu(x) = £Fsin(27x) (73)

for a positive constant 8. In establishing a boundary of this type, we further assume
that the experimental setup allows for the boundary temperature to remain in a

steady-state. Then, by picking f = a, = eReRi and ar = € based on the governing
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steady-state equations (4), we obtain the experimental boundary conditions

T(x,y) =0, o(xy) =0, (2,y) € IDen U N ign,
T(x,y) =0, (2, ) € 0ottom,

T(xz,y) = —ecos(mx), (z,y) € 0Q4op,

v(z,y) = —eReRicos(mx), (z,y) € 0op U O pottoms
u(z,y) = eReRisin(2rx), (z,y) € 0Q4op,

u(z,y) = —eReRisin(2rx), (z,y) € 0Npottom,

U(l‘, y) = Oa (l‘, y) € 8gzleft U 8gzrighta

P(z,y) =0, (z,y) € 0%

Figure 19 provides a streamline plot and Figures 20-23 provide the solutions for each

of the fluid variables in the experimental boundary case.
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Figure 20: The temperature defined over the grid for the experimental boundary con-
dition. This temperature maintains a profile along the top boundary which matches
the vertical velocity such that the fluid moving the fastest out of the domain is also

the highest temperature.
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Experimental Streamlines
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Figure 19: Streamline plot for the experimental boundary condition. We notice
immediately that the fluid enters and leaves the domain in a circular fashion. This
suggests a tendency for the fluid to move upward and to the sides of the domain in
the steady-state.
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Figure 21: The pressure defined over the grid for the experimental boundary condi-
tion. Notice that the pressure is largest in magnitude towards the upper half of the

domain where fluid circulates outward.
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Figure 22: The x-direction velocity u defined over the grid for the experimental con-
dition. Notice the odd symmetry across both axes which induces the fluid movement

seen in the streamline plot.
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Figure 23: The y-direction velocity v defined over the grid for the experimental
boundary condition. This vertical velocity maintains even symmetry in both the x

and y directions and reaches a maximum along the top and bottom boundaries.

Based upon these results, we can infer that the fluid moves in a superficially similar
fashion to the homogeneous Dirichlet case, but manifests a circulatory movement out
of the top of the domain and upward from the bottom of the domain. In the steady-
state, this allows for a constant fluid volume within the domain. Accordingly, it may

better approximate a physical solution to the governing equations for a free-space
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laser-fluid interaction. This is just a single example of an experimental boundary
condition, and there are a multitude of possibilities for developing boundary value
problems which represent a certain physical setup. In Chapter V, we discuss several

alternatives to this approach due to the ambiguity inherent in this procedure.

4.2 Maximum Laser Amplitude

We now reconsider Theorem 4 which described the maximum laser amplitude as
an asymptotic of the Re, Ri, Pe numbers. Recall that it stated that if Re > Pe, then
Emaz = O (Re™2Pe 'Ri™') and if Pe > Re, then g,,,, = O (Re"'Pe 2Ri~'). Based
on these relationships, we expect the maximum allowable amplitude in the numerical
iteration to comport with an asymptotic relationship in these parameters. By consid-
ering the homogeneous Dirichlet boundary case, we run the algorithm for increasing
laser amplitudes until the iteration diverges to determine the max amplitude within
an error of 1%. Figures 24 through 28 provide these numerical results as compared

to the expected asymptotic relationship.
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Figure 24: log-log plot of maximum amplitude as a function of R = Re = Ri = Pe.
Based on the asymptotic relationship, we expect the max amplitude to scale by R~%,
which is seen here.
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Re=Pe, Ri = 100 max Amplitude
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Figure 25: log-log plot of maximum amplitude as a function of R = Re = Pe,
Ri = 100. Based on the asymptotic relationship, we expect the max amplitude to
scale by R~3, which is seen here.
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Figure 26: log-log plot of maximum amplitude as a function of Re with Pe = Ri =
100. Based on the asymptotic relationship, we expect the max amplitude to scale by
Re™! when Re < Pe and Re™2 when Re > Pe. This is observed in the plot as the

asymptotic relationship changes when Re ~ Pe.
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Figure 27: log-log plot of maximum amplitude as a function of Pe with Re = Ri =
100. Based on the asymptotic relationship, we expect the max amplitude to scale by
Pe! when Pe < Re and Pe~? when Pe > Re. This is observed in the plot as the

asymptotic relationship changes when Pe ~ Re.
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Figure 28: log-log plot of maximum amplitude as a function of R: with Re = Pe =
100. Based on the asymptotic relationship, we expect the max amplitude to scale by

Ri~! which is observed in this plot.
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From these results, we observe that the convergence analysis performed in Chapter
IIT gives accurate predictions for the maximum laser amplitude as computed in the
numerical algorithm. This is significant, since we see that the maximum allowable
laser amplitude scales by the inverse square of the Reynolds number or Peclet number
depending on their relative size. Hence, finding convergent solutions for both large
amplitude laser forcing and large Reynolds and Peclet numbers is very difficult. In
the following section, we apply a continuation scheme to see if we can modify the

initialization of the algorithm to find solutions at higher laser amplitudes.

4.3 Bifurcation Analysis

Recall that in the proof of Theorem 2 for the existence of steady solutions to the
Navier—Stokes equations, we assumed that each fluid variable can be represented as
a small perturbation from a resting fluid case on the order of the laser amplitude
e. Further, we showed that these steady solutions are only guaranteed to exist for
¢ sufficiently small with respect to the domain size and the fluid variables Re, Rz,
and Pe. We are therefore interested in determining the amplitude values which allow
for a convergent iteration in the fixed-point scheme (39) for fixed Re, Ri, Pe values
in a specific boundary value problem. The fluid variables (T, p,u,v) lie within an
infinite-dimensional dynamical system as solutions to a system of pdes. Since these
solutions represent a steady-state solution to a dynamical system, we may employ
a bifurcation analysis to determine how these steady solutions change with respect
to different parameters of the system. In this analysis, we restrict our focus to the

existence of steady solutions with respect to changes in the laser amplitude €. By
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observing the linearized version of the steady-state Navier-Stokes equations

Au = —Re%, (75a)
0
Av = —Re (—p+RiT), (75b)
dy
oT
Ap = —Ri— 75
AT = —Pe(ef), (75d)
we notice that each variable scales with the constant parameters by
|u|lo o< eReRiPe, (76a)
lv]lco o eReRiPe, (76b)
[Pl o< eReRi, (76¢)
[Tlloe oc ePe, (76d)
so we seek to find the relationships between ¢ and R'Lﬂ;]‘;e, RH;}!;’I‘;&, !ﬁ‘é";, and Hq;‘;",

respectively. When calculating the numerical solutions in the previous section, we
found that the iteration (39) only converged for every boundary case with a suffi-
ciently small £ < 10~7. Due to this phenomenon, we are fundamentally interested in
understanding how different initializations come to converge or diverge as € increases.
In the following subsections, we introduce a bifurcation analysis for various bound-
ary value problems including some discussed in the previous section. We employ an
adaptive continuation technique to determine solutions for higher ¢ values, and we
compare bifurcation diagrams for the fixed-point iteration and the Newton’s method

iteration.
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4.3.1 Homogeneous Case

We first consider the simplest boundary case of homogeneous Dirichlet on each of
the fluid variables. For fixed Re = Pe = 100 and R: = 1000 constants, we begin by
determining approximately the largest possible € value such that the initialization (40)
converges to a steady solution. This is accomplished by progressively increasing € until
the the iteration diverges for the standard initialization (40). For the constant values
defined above, this maximum amplitude took on the value €,,,; ~ 107°. Once the
standard initialization becomes insufficient to reach convergent solutions, we employ
an adaptive continuation scheme. We set deg = €,,42, then check to see if the iteration
with amplitude €,,,, + de¢ converges. If so, we assign de = 20gy. If not, we assign
e = %(550 and repeat the process until either the desired amplitude €* is reached or the
maximum number of continuation steps is met. We perform the same continuation

process with Newton’s method. Figure 29 provides a bifurcation diagram for the

normalized fluid variable norms in relation to the amplitude e.
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Figure 29: Bifurcation Diagram for Newton’s method and the fixed-point iteration
with homogeneous Dirichlet boundary conditions. There appears to be a linear re-
lationship between ¢ and the normalized function norms in this boundary condition.
Newton’s method is able to continue to slightly higher amplitudes than the fixed-point

iteration before reaching a stopping point.

There are three eminent characteristics of this diagram worth exploring. We first
note that £ appears to have a linear relationship with the normalized fluid vari-
able norms, suggesting that a small amplitude assumption would work well for this
boundary condition. Secondly, we notice that, at the at the conclusion of the adaptive
continuation scheme, the buildup of solutions on the bifurcation diagram indicates a
stopping point in the dynamical system. This implies that a continuation in the am-
plitude € can no longer lead to new solutions. Therefore, we require a more advanced
continuation scheme which accounts for the other relationships between parameters.
This is unfortunately beyond the scope of this research, but we discuss these impli-

cations further in Chapter V. The final component in the bifurcation diagram worth
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discussing is that the Newton’s method approach was able to continue further in e
than the fixed-point method. While this may suggest algorithmic supremacy, we note
that, due to the linearity of the solutions, Newton’s method is optimized for finding
these kinds of solutions. Therefore, we can solve for amplitudes within the range of
the fixed-point solver and then apply a Newton continuation step for larger magnitude
E.

We now consider a bifurcation analysis for the slip boundary condition. By apply-
ing the same continuation process described above, Figure 30 provides the bifurcation

diagram for the slip condition.
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Figure 30: Bifurcation Diagram for Newton’s method and the fixed-point iteration
with slip boundary conditions. There appears to be a nonlinear relationship between
¢ and the normalized function norms in this boundary condition as € grows larger.
Newton’s method is able to continue to much higher amplitudes than the fixed-point

iteration before reaching a stopping point.

We see in this figure that Newton’s method converges for much higher amplitudes
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than for the fixed-point method. This suggests that the Newton algorithm may be
better suited for continuation with homogeneous boundary conditions. As such, we
may use the fixed-point solver for lower laser amplitudes and then apply a Newton

continuation scheme to solve for larger laser amplitudes if needed.

4.3.2 Inhomogeneous Case

In the previously presented bifurcation diagrams, we considered homogeneous
boundary conditions where the Newton solver algorithm was able to continue fur-
ther than the fixed-point algorithm. We now consider an inhomogeneous boundary
condition with represents a partially insulated box. If we suppose that the bottom
and side boundaries are insulated and the top boundary is open, then we may rep-
resent the temperature and velocity boundary conditions as a mixed type. That is,
we assign the top temperature and vertical velocity boundaries to a Dirichlet func-
tion, and we assign the normal derivative of the horizontal velocity to be a Neumann

function along the top. This boundary condition thus takes the form

T(Zt,y) - gT(x)7 (l’,y) € 8Qtop7

g_i£ =0, (2, ) € 0ottom U Oesy U O yight,

B h(),  (1y) € 0%

g_z =0, (2,y) € 0ottom,

W) =0, (5.y) € 0% U0, 0

U(I,y) = gv(LF), (x7y) € aS2t0p7

U(I, y) =Y (510,?/) € 8gzbottonn
% = 07 (LE, y) € aneft U agzright;
P(z,y) =0, (x,y) € O

80



for the functions gr(z), hy(z), go(z). By picking gr(z) = €, hy(z) = —cReRize ™",
and g,(z) = eReRie™" for the same constants as in the previous subsection, we apply

an adaptive continuation scheme to achieve the bifurcation diagram in Figure 31.
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Figure 31: Bifurcation Diagram for Newton’s method and the fixed-point iteration
with experimental insulated boundary conditions. There is now a nonlinear rela-
tionship between the amplitude and the normalized function sizes. The fixed-point
method is able to continue to slightly higher amplitudes than the Newton iteration

before reaching a stopping point.

From this diagram, we notice immediately that the normalized fluid variable norms
take on a nonlinear relationship with €. This suggests that the interaction between
the fluid variables cannot assume a linear model for this specific boundary condition.
Moreover, in the bifurcation diagram we notice that the fixed-point iteration can
continue further than the Newton iteration in €. Since Newton’s method is optimal
for find roots to approximately linear problems, this may indicate that the fixed-

point scheme converges more optimally for problems which are nonlinear in nature.
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Unfortunately, due to the stopping point, we are unable to explore the majority of
the nonlinear regime as ¢ increases in size. This presents a fundamental roadblock in
our pursuit of a methodology which models laser-fluid interaction. Without a more
robust continuation scheme, we are left with only finding convergent steady-state
solutions for low amplitude laser forcing. In Chapter V, we discuss this phenomenon

as it relates to future research opportunities.
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V. Conclusions

This research has provided a fixed-point method to numerically solve the 2D
steady-state Navier-Stokes equations as approximated by a buoyancy-driven, Boussi-
nesq flow. The necessity of this solution method was driven by the desire to quickly
determine the steady-state dynamics of a laser-fluid interaction within a finite do-
main. By posing the governing equations as a system of coupled, nonlinear Poisson
partial differential equations, we introduced a fixed-point iteration which exhibits
convergence for small amplitude laser forcing. Within the numerical computation of
this iteration, we leveraged the optimal properties of sparse matrix solvers to reduce
the overall computational complexity of the algorithm to O(N?1log N?) for solutions
over a discrete grid of size N x N. When compared to a classical Newton solver of
complexity at least O(N?), this represents a considerable improvement. In pursuit of
physically informative solutions, we examined the implementation of various combi-
nations of classical boundary conditions in the Dirichlet, Neumann, and mixed type.
Chapter II described the process of determining which boundary conditions would be
the most appropriate. In our attempt to model free-space laser-fluid interaction, we
found that, due to the nature of the fundamental solution to the Poisson equation in
2D, solutions tend towards infinity as they grow further from the origin. Accordingly,
we thus considered only those finite boundary conditions which assume some sort of
physical imposition on the fluid dynamics within the domain. When calculating the
shape of solutions of these boundary value problems, we found that the boundary
construction can drastically change the characteristics of the steady-state fluid flow.
With the homogeneous Dirichlet and slip conditions, the streamlines of the steady-
state indicated a nearly uniform movement of fluid from the bottom of the domain
towards the top. With a careful construction of an experimental boundary condition,

however, we were able to generate a steady-state which drove a circulatory motion of
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flow into and out of the domain.

By analyzing the convergence properties of the numerical solutions to these bound-
ary value problems, we found that convergent solutions to the iteration only exist for
sufficiently small amplitudes ¢ relative to the flow constants Re, Ri, Pe based on an
established asymptotic relationship. The bifurcation analysis of the dynamical system
represented by the steady-state solutions to the governing Navier—Stokes equations
revealed that convergence properties depended on boundary conditions and chosen
iteration schemes. In systems with a more linear relationship between the size of so-
lutions and the amplitude €, Newton’s method was able to continue to higher £ values
within the adaptive continuation scheme. Between all the boundary conditions and
schemes, however, were the existence of stopping points within the bifurcation analy-
sis of the system. Consequently, we were unable to find steady-state solutions past a
certain e threshold with the current continuation approach. Since these ¢ thresholds
represent a very low-powered laser, the domain of problems which can be physically
modeled are severely diminished. Aside from this obstacle, however, we found that
the numerical fixed-point method converges asymptotically to steady-state solutions
in an especially quick manner. Moreover, in boundary conditions which produce a
more nonlinear relationship between ¢ and the size of solutions, the fixed-point al-
gorithm could continue further than the Newton scheme. From these observations,
we’ve found that we accomplished each research objective outlined in Chapter I es-
pecially with regards to the numerical results. We now consider the possibilities of

future research to develop the approaches introduced in this thesis.

5.1 Future Work

Throughout the course of developing the necessary theory, methodology, and anal-

ysis needed to procure this research, we identified several noteworthy opportunities for
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further development in future research. The most prominent findings can be itemized

as follows:

develop an open boundary condition for the fluid domain,

modify the iteration scheme to fit a 3D problem,

utilize a more effective continuation scheme to move past stopping points in the

Bifurcation diagrams,

couple fluid solver with an appropriate laser beam propagation model.

When researching the imposition of boundary conditions on the fluid domain €2, we
found that, in an attempt to model circulatory flow of the fluid in and out of the
domain, we would have to rely on experimental results to impose boundary condi-
tions which accurately describe the physical nature of the problem. Instead of this
approach, it would be beneficial to implement an open boundary condition which
allows for fluid movement across the domain. Fornberg [22] and Morrill [15] describe
the process of implementing one such boundary condition for a 2D fluid dynamics
problem. While this approach will likely produce solutions which are more physically
accurate, the computation of the boundary condition itself presents a challenge when
we are attempting to develop a scheme which optimizes speed of convergence. Thus,
it would be beneficial to research alternative open boundary conditions in the pur-
suit of finding the most physically accurate solutions while also maintaining the low
computational cost of the iteration.

A second ambition for future research is to convert the operation of the fixed-
point scheme from a 2D to a 3D domain. Since fluid dynamics fundamentally occur
in three dimensions, this approach would be the most useful for characterizing physical

phenomena such as thermal blooming. In pursuing this goal, however, the problem of
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finding steady-state solutions grows vastly more difficult. Based on the coupling effect
of laser interaction with the fluid in a 3D domain, we require an in-depth treatment
on the feasibility of converting the fixed-point scheme to run in 3D. By expanding this
domain of operations to three dimensions, we are much more likely to find steady-
state solutions which lead to useful insights for understanding how lasers influence
their surrounding mediums during propagation.

In the bifurcation analysis presented in Chapter IV, we found that we were unable
to continue to find steady state solutions past a certain amplitude threshold. This all
occurred, however, in a single adaptive continuation scheme solely for the variable €.
In order to move past this stopping point in the bifurcation analysis of the dynamical
system, it would be worthwhile to explore alternative continuation schemes such as
those presented in Allowgower and Georg [35]. Since this stopping point occurs for
rather small £ values, a more versatile continuation scheme may allow us to explore
the nonlinear dynamics which occur at high laser forcing amplitudes.

In Chapter II, we imposed the assumption that the laser can be modeled as a 2D
Gaussian profile which is represented as an inhomgeneous forcing term in the steady-
state Boussinesq Navier—Stokes equations. In a simulation of laser beam propagation,
however, it is necessary to model the evolution of the laser in the direction of prop-
agation using a more appropriate physical model. Lax et al. [36] describe a paraxial
approximation to Maxwell’s equations which may be coupled with a fluid solver in
pursuit of a laser-fluid interaction for modeling beam propagation. Going a step
further, Deutsch and Garrison [37] establish a quantum version of this paraxial ap-
proximation. A multitude of avenues exist by which to couple laser-fluid interactions
for propagation; however, it would fruitful to pursue the computation of the steady-
state of this laser-fluid interaction with a paraxial laser model. This addition of a laser

propagation model, coupled with an expansion in 3D, will allow for greater accuracy
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in determining steady-state behavior of laser beam propagation.
Any future research endeavour should be focused on deriving more physically
insightful results with respect to the dynamics of laser-fluid interaction. Each of

these ambitions provide a conducive means toward achieving that end.
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Appendix A. Poisson Solvers Code

Dirichlet Solver:

function [u] = DPsolve (N, ,utop,ubot,uleft ,uright)

% this solves —Del™2 u = —f with dirichlet conditions

if length(utop) "= length(uleft)

uleft = [utop(1); uleft; ubot(1l)];

uright = [utop(end); uright; ubot(end)];

end

%% Start direct matrix building approach — let N = N+1 for
easier matrix

Y%9% building

h = 1/N;

N = N+1;

fvec = reshape(f' /N2 1);

bd = zeros(size(f));

bd(:,1) = uleft;

bd(:,end) = uright;

bd(1,:) = utop;
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bd(end,:) = ubot;
bdvec = reshape(bd' ,N"2,1);

e0 = ones(N"2,1);
el = zeros(N"2—-1,1);
eml = el;
eN = zeros(N"2—N 1) ;
emN = zeros (N"2-N 1) ;
b = bdvec;
for k = 1:N-2
e0 (k*N+2:k«N4N—1) = 4;
b (k*N+2:k*«N4N—1) = b (k*N+2:k«N+N—1)—h"2x fvec (kxN+2:k*N+N

1)
el (kxN+2:k«N+N—1) = —1;
em1 (kaN+1:ksNpN—2) — —1:
eN (k*N+2:k«N+N—-1) = —1;
emN ((k—1)*N+2:k«N—1) = —1;

end

A = spdiags ([[emN;zeros(N,1)] [eml;0] e0 [0;el] [zeros(N,1);
eNJ],[-N,—-1,0,1,N] ,N"2 N"2);

[ = A\b;

u = reshape(I ,N,N) ';
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end

Neumann Solver:

function [u] = NPsolve(N,f gtop,gbot, gleft ,gright)

%This function will solve Poisson with

n = N;
m = N;

h = 1/N; % x step
k = 1/N; % y step
lam = (h/k) "2;
mu = 2x(1+lam) ;

R = (n+1)*(m+1);

% rhs vector

fmat = f;

fnvec = reshape(fmat' ,R,1);
bn = zeros(R,1);

gmat = zeros(size (fmat));
,1) = gleft;

:,end) = gright;

g = reshape(gmat' R,1);
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Neumann bcs




% main diagonal band

el = zeros(R,1);

e2 = —lxones(R—1,1);

el ([1,n+1,Rn,R]) = 1; % corners

bn([1,n+1,Rn,R]) = —1/4«h"2xfnvec ([1,n+1,Rn,R]) +hxg([1,n
+1,R—n,R]) ;

el ([2:n,n+2,Rn—1,(Rn+1:R-1)]) = 2; % top.bottom boundaries
plus 2 side bd pts

bn([2:n,n+2Rn—1,(Rn+1:R-1)]) = —1/2«h"2xfnvec ([2:n,n+2,Rn
—1,(Rn+1:R—1)]) + h*g([2:n,n+2Rn—1,(Rn+1:R-1)]); %
CHANGE TO ACCOUNT FOR, TOP/BOT

el (n+3:(2*n+1)) = mu;

bn(n+3:(2+*n+1)) = —h"2xfnvec(n+3:(2xn+1)); %no g here since
interior

% —1 band

e2(l:n) = —1/2;
e2(Rn:R-1) = —1/2;

e2((n+1):(n+1):(Rmn)) = 0;

% —2 band
Q=Rn-1,

e3 = zeros (Q,1);
e3(l) = —1/2;
e3(2:n) = —lam;
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for j = 1:(m-2)
el ((j—1)*(n+1)+2¢(n—1)+4:(j—1)*(n+1)+2+(n1)45) = 2;
bn((j—1)*(n+1)+2%x(n—1)4+4:(j—1)*(n+1)+2+(n—1)4+5) = —1/2%
h™2xfnvec ((j—1)*(n+1)+2x(n—1)+4:(j—1)*(n+1)+2%x(n—1)
( (

+5)+h*g ((j—1)*(n+1)+2%(n—1)+4:(j—1)*(n+1)+2x(n—1)+5)

el ((j—1)*x(n+1)+2%(n—1)+6:(j —1)*(n+1)+2*(n—1)+6+(n—2)) =
bn((j—1)*(n+1)+2%(n—1)+6:(j —1)*(n+1)+2%(n—1)+6+(n—2)) =
—h"2xfnvec ((j—1)*(n+1)+2x(n—1)4+6:(j —1)*(n+1)+2*(n

—1)4+6+(n—2)); % no g here, interior

e3(j*(nt1):(j*(ntl)+1)) = —1/2;

e3(j*(n+1)+2:j*(n+1)+24n—2) = —lam;

end
e3(Q) = ~1/2
e3(Qm+1:Q-1) = —1
e3(Qn) = —1/2
e3(Qn-1) = —1/2
bn = bn—mean(bn); % discrete compatibility condition

An = spdiags ([[e3;zeros (R-length(e3),1)] [e2;zeros(R-length (
e2),1)] el [zeros(R-length(e2),1);e2] [zeros(R-length(e3)
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1)se3]], [~ (n+1),-1,0,1,(n+1)] ,R,R);
uvec = An\bn;

u = reshape(uvec,(m+1) ,(n+1)) *;

end

Slip Solver:

function [u] = SPsolvey (N, f utop)

%This function will solve Poisson with slip conds

n = N;

m = N;

h = 1/N; % x step
k = 1/N; % y step
lam = (h/k) "2;
mu = 2x(1+lam);

R = (n+1)*(m+1);
% rhs vector

fmat = f;

fnvec = reshape(fmat' ,R,1);

bn = zeros(R,1);

gtop = zeros(R,1);

% go through each row in the matrix

A = zeros(R,R);

93




for k = [1,n+1,Rn,R]

A(k,k) = 1; % four corners

end

bn(1l) = utop(1l); % specify dirichlet condition on top corners
bn(n+1) = utop(end);

Y

% A([2:n,(Rn+1:R-1)] ,[2:n,(Rn+1:R-1)]) = 2; % top,bottom

boundaries diagonal pts

for k = 2:n % fill out rest of top, bottom bds
A(k, k) = 1;
bn(k) = utop(1,k);

end

for k = (Rn+1:R-1)

% A([n+2,Rn—1],[n+2,Rn—1]) = 1; % first left + last right

A(n+2,n+2) = 2;
A(n+2,1) = —1/2;
A(n+2,n+3) = —1;
A(n+2,24n+3) = —1/2;

A(Rn—1Rn—-1) = 2;
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A(Rn—1l,end) = —1/2;
A(Rn—1,Rn-2) = —1;
A(Rn—1R-2%n-2) = —1/2;

for k = n+3:(2*n+1) % fill out rest of interior
A(k,k) = mu;
bn(k) = —h"2«fnvec (k) ;

= —lam;

( )
A(k,k+4) = —lam;

( )

( )

end
for j = 1:m-2
count = 0;

for k = (j—1)*x(n+1)+2x(n—1)+4:(j —1)*x(n+1)+2x(n—1)+5 % left

and right

A(k,k) = 2;
bn(k) = —1/2¢h" 2% fuvec (k) ;
if k— (n+l) > 0

A(k k—(n+1)) = —1/2;

end

if k+ (n+l1) < R+1

95




A(k,k+(n+1)) = —1/2;

end

else

A(k,k+1) = —1;
end
count = count—+1;

end

for k = (j—1)*(n+1)+2*%(n—1)46:(j —1)*(n+1)+2%(n—1)+6+(n—2)
A(k,k) = mu;
bn(k) = —h"2xfnvec (k) ;
A(k,k—4) = —lam;
A(k,k+4) = —lam;
Ak, k1) = —1;
A(k,k+1) = —1;

end

end

An = sparse (A);

uvec = An\bn;
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u = reshape (uvec,(m+1) ,(n+1)) *;

end
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Appendix B. Additional Results

. 106 Experimental Bifurcation Diagram
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Figure 32: Bifurcation Diagram for Newton’s method and the fixed-point iteration

with experimental Dirichlet boundary conditions.
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