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Abstract

This thesis studies regularization models as a way to approximate a flow simulation at
a lower computational cost. The Leray model is more easily computed than the Navier-Stokes
equations (NSE), and it is more computationally attractive than the NS-« regularization because it
admits a natural linearization which decouples the mass/momentum system and the filter system,
allowing for efficient and stable computations. A major disadvantage of the Leray model lies in its
inaccuracy. Thus, we study herein several methods to improve the accuracy of the model, while still
retaining many of its attractive properties.

This thesis is arranged as follows. Chapter 2 gives notation and preliminary results to be
used in subsequent chapters. Chapter 3 investigates a nonlinear filtering scheme using the Vreman
and Q-criteria based indicator functions. We define these indicator functions, prove stability and
state convergence of the scheme to the NSE, and provide several numerical experiments which
demonstrate its effectiveness over NSE and Leray calculations on coarse meshes.

Chapter 4 investigates a deconvolution-based indicator function. We prove stability and
convergence of the resulting scheme, verify the predicted convergence rates, and provide numerical
experiments which demonstrate this scheme’s effectiveness. Chapter 5 then extends this scheme to
the magnetohydrodynamic equations. We prove stability and convergence of our algorithm, and
verify the predicted convergence rates.

Chapter 6 provides a study of the Leray-af model. We prove stability and convergence
for the fully nonlinear scheme, prove conditional stability for a linearized and decoupled scheme,
and provide a numerical experiment which compares our scheme with the usual Leray-a model.
Specifically, we show that choosing § < a does indeed improve accuracy in computations.

Chapter 7 investigates the Leray model with fine mesh filtering. We prove stability and

convergence of the algorithm, then verify the increased convergence rate associated with the finer
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mesh, as predicted by the analysis. Finally, we present a benchmark problem which demonstrates

the effectiveness of filtering on a finer mesh.
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Chapter 1

Introduction

Understanding and predicting fluid flow is an integral part of science and engineering. Mod-
eling fluids is essential to applications in climate modeling, blood flow in arteries, and nuclear
reactors. Despite having practical applications in many different areas and disciplines, it has been
primarily only in the last century that computational fluid dynamics (CFD) has become a field of
interest, and there is still much that has yet to be learned. Central to CFD are the Navier-Stokes
equations (NSE), which describe the evolution of incompressible, Newtonian flows, which include

water, oil, and air at low speeds. The NSE are given by

u+u-Vu+Vp—vAu = f (1.1)

V-u = 0, (1.2)

where u denotes velocity, p pressure, v kinematic viscosity, and f body forces.

These equations were derived in the nineteenth century, but despite intense study since
that time, there still remain many difficulties surrounding them. Analytically, the NSE have an
incomplete solution theory. It is not known whether strong solutions exist, and although we know
weak solutions exist, we are still unable to prove their uniqueness. Computationally, simulating
the NSE remains difficult for many flows. The Reynolds number, denoted Re = %, is a parameter
that can be used to determine the smallest active length scale of a flow, which is O(Re=%/*) from
Kolmogorov’s 1941 theory [31]. Hence, the number of mesh points necessary to resolve a flow is

O(Re%*). Since Re for a car is =~ 10% and Re for a submarine is ~ 10%, the mesh points needed for



a resolved simulation lead to a need to solve non-symmetric, ill-conditioned linear systems of size
10'® x 10'® at each time step, which will not be computationally feasible in the foreseeable future.
But even when it is, there will be bigger problems we wish to solve.

Regularization models are one way to approximate a flow simulation at a lower computa-

tional cost. In particular, we consider the Leray regularization model [39], which is given by:

wAu-Vu+Vp—vAu = f (1.3)
Vou = 0 (1.4)
—a?Au+u+VN = u (1.5)
Vea = 0, (1.6)

where o > 0 is considered to be the filtering radius, and A is a Lagrange multiplier corresponding
to the divergence constraint. This model is known to be well-posed for positive a, and maintains
many attractive properties of the NSE. The Leray model was originally proposed by J. Leray in
1934 as a perturbation of the NSE that was well-posed [39]. In his model, the smoothing was
done by convolution with the Gaussian. Here, we follow [11] and use the a-filter, which is an O(a?)
approximation to the Gaussian [18], but still smooths enough to provide well-posedness, and is much
more attractive computationally. The Leray model conserves energy and enstrophy [25] and is more
easily computed than the NSE [11]; in particular, it can be resolved with O(Re”/®) mesh points.
Moreover, it is more computationally attractive than the NS-« regularization because it admits a
natural linearization which decouples the mass/momtentum system and the filter system, allowing
for efficient and stable computations.

A major disadvantage of the Leray model lies in its inaccuracy. At best, the model is O(a?)
accurate, and it has a tendency to over smooth solutions and distort laminar flows [5]. One common
fix is to add van Cittert approximate deconvolution to the regularization, to approximately unfilter
the filter. This has been shown to yield more accurate computations when used with the a-filter
[34, 5]. However, higher order elements are necessary to see gains in accuracy from deconvolution,
and it requires additional linear solves at each time step. Part of this thesis concerns improving this
model in computations by using an incompressible filter.

As an alternative to deconvolution, we also study nonlinear filtering. This is based on

indicator functions, with the idea being to filter “intelligently”, by leaving resolvable regions alone



(e.g. laminar areas and coherent structures), and smoothing un-resolved scales. We use the following

as a filter:

—a?V - (a(v)VD) + 7 = v, (1.7)

where a(v) satisfies,

0 < a(v) <1 for any fluid velocity v(z,t),
a(v) =~ 0 selects regions requiring no local filtering,

a(v) ~ 1 selects regions requiring O(«) local filtering.

We formulate an a such that ¢ ~ 0 in smooth regions and coherent structures, and a ~ 1 where
unresolvable scales exist. Our approach leads to unconditionally stable numerical algorithms that
lend themselves to natural linearizations, which allows us to decouple the filter operation, giving
efficient computations. Unlike deconvolution, we need not use higher order elements to see gains in
accuracy, and we show this through several numerical experiments.

We employ the concept of localized filtering in several ways. First, we consider an a(u) based
upon physical phenomenology. In particular, we adapt Vreman’s criteria [52] and the Q-criteria of
Hunt, Wray, and Moin [26] to fit our needs for such a function. Vreman found a gradient-based
formula, which he showed vanishes for 320 different type of laminar flows, and we transform it for
use as an indicator function. The Q-criteria is based upon the deformation and spin tensors, using
the assumption that spin dominates deformation in a coherent structure. The criteria gives an
operator which is positive where spin is dominant and filtering is not necessary. This is rescaled and
shifted using the arctan function to give a suitable indicator.

Although these functions are intuitively a good fit, and turn out to be computationally
promising, they present an analytical challenge. Thus, we also use the following as an indicator
function:

apy (u) = |u—D1’§,th\, (1.8)

where @ is the discrete Helmholtz filter, and Dy represents N-th order discrete van Cittert decon-

volution, defined by



where Fu := u. Here, the idea is that when u is smooth, we expect no regularization is necessary
and u =~ Djh\,ﬁh. This indicator function does allow for mathematically rigorous analysis, though
proving optimal convergence of the numerical method is quite challenging.

The use of an indicator function also extends to coupled systems. The magnetohydrody-
namic equations (MHD) model the evolution of electrically conducting fluids. The equations are a
combination of the NSE and Maxwell’s equations. MHD can be regularized in a similar manner to

the NSE. The Leray-MHD model, studied in [53], is given by

u+u-Vu—vAu—sB-VB+Vp = f (1.9)
By + Re,)AB+u-VB—-B-Vu—-V\A = Vxgyg (1.10)
V-u=V-B = 0, (1.11)

where V x g is forcing on the magnetic field, B, Re,, is the magnetic Reynolds number, and s is the
coupling number. We can use our local filtering approach to filter both v and B, and as before we
can linearize and decouple the system in an unconditionally stable way to allow for more efficient
computations, and the analysis which applies to the deconvolution-based indicator function can be
extended to MHD.

Another approach to improving the regularization models is through dissipation scale mod-
eling via the “f method”, introduced by Fried and Gurtin [16]. The model was proposed as a way
to capture the separation between the inertial range (modeled by «) and the dissipation range scales
(modeled by 0 < 8 < «). In other words, the model can better predict some “lost” subgrid scales.

The Leray-a/3-deconvolution model is given by

ug + Dyt -Vu+Vp —v(l — B2A)Aa = f (1.12)
V-u = 0 (1.13)

—?Au+a+VA = u (1.14)

V-a = 0. (1.15)

Here, Dy represents N-th order van Cittert deconvolution, defined above. Note that when 8 = «,
this reduces to the Leray-a-deconvolution model.

At first glance this appears to be a fourth order model, which is unattractive because it



would require C! finite elements. However, we use the following identity to reduce the viscous term:

(1 - B2A) Al = —v (1 - 0‘2;262) Au—v (%ﬁ) A (1.16)

We thus have a second order system that can be linearized and decoupled in a stable way with a
mild timestep restriction for stability (which we prove).

Yet another method of improving the Leray model is through fine mesh filtering. Here, we
will filter on a finer mesh, which will cause less damping of coherent flow structures, and provide
a localized effect of the filtering. In contrast to deconvolution, our method avoids regularity issues
on the boundary, and does not introduce extra computational cost. As before, the filter system
is decoupled from the mass/momentum system, and even though it is solved on a finer mesh, the
filter solve can be considered as equivalent to a well conditioned (shifted) Stokes problem, and
moreover, we are using the same matrix at every timestep. Although our analysis shows that using
(Ps3, Py) elements on the coarse mesh is necessary for optimal accuracy, we are able to filter with
(P2, P1) elements and still achieve optimal error estimates. Our numerical method for the model is
unconditionally stable and optimally convergent, with element choice and filter radius guided by the
analysis.

This thesis is arranged as follows. Chapter 2 gives notation and preliminary results to be
used in subsequent chapters. Chapter 3 investigates a nonlinear filtering scheme using the Vreman
and Q-criteria based indicator functions. We define these indicator functions, prove stability, and
state convergence of our scheme to the NSE, and provide several numerical experiments which
demonstrate its effectiveness over NSE and Leray computations on the same meshes.

Chapter 4 investigates the deconvolution-based indicator function. We prove stability and
convergence of our scheme, verify the predicted convergence rate, and provide numerical experiments
which demonstrate this scheme’s effectiveness. Chapter 5 then extends this scheme to the MHD
equations. We prove stability and convergence of our algorithm, and verify the convergence rate
predicted by the analysis.

Chapter 6 provides a numerical study of the Leray-af8 model. We prove stability and
convergence for the fully nonlinear scheme, prove conditional stability for a linearized and decoupled
scheme, and provide a numerical experiment which compares our scheme with the usual Leray-a

model. Specifically, we show that choosing § < a does indeed improve accuracy in computations.



Chapter 7 investigates the Leray model with fine mesh filtering. We prove stability and
convergence of the algorithm, then verify the increased convergence rate associated with the finer
mesh, as predicted by the analysis. We then present a benchmark problem which demonstrates the
effectiveness of filtering on a finer mesh.

Finally, chapter 8 provides a summary of the work presented in this thesis.



Chapter 2

Preliminaries

We denote by  C R? (d=2 or 3) an open, simply connected domain with piecewise smooth
boundary. The L?(2) norm and inner product will be denoted by ||| and (-,-). For simplicity of
the presentation, we assume no-slip boundary conditions, but extension to other common boundary
conditions would be done in the usual way. In this setting, the appropriate velocity and pressure

spaces are defined as

X = (Hy()?, Q= L§(Q).

Note that the Poincare inequality holds in X: For v € X,
[o]l < Cp[[Vvl], (2.1)

where Cp depends only on the size of the domain. We use as the norm on X | ||v||x = ||V e,
and denote the dual space of X by X*, with the norm || - ||x. The space of weakly divergence free
functions is given by

Vi={veX: (V-v,9) =0 YgeQ}.

We denote conforming velocity, pressure finite element spaces based on edge to edge trian-

gulations (tetrahedralizations) of 2 (with maximum element diameter h) by

Xp C X, QhCQ.



We assume that Xp, Q, satisfy the usual inf-sup stability condition [21]. The discretely divergence-

free subspace of Xy, is given by

Vh = {’Uh (S Xh, (V . 'Uh,,qh) == 0 vl]h S Qh}

For our computations, we use Taylor-Hood (TH) and Scott-Vogelius (SV) element pairs (in
the appropriate setting), both of which are known to satisfy the inf-sup condition [8, 54, 2].

On a triangular (tetrahedral) mesh 7,, TH elements are defined to be the mixed pair
((Py)?, Py—1) and SV elements ((Py)?, PH5¢), where Py, denotes element-wise polynomials of de-
gree k. SV elements provide V - X}, C @y, and thus V}, contains only functions which are pointwise
divergence free (choose g, = V - v). SV elements have recently been used to successfully compute
approximations to the NSE and related models [9, 40, 10, 42, 29]. The LBB stability of SV elements
requires some restrictions on the mesh and polynomial degree, as without any, LBB requires k& = 4
in 2D and k = 6 in 3D [51, 50, 56]. If a barycenter-refined mesh is used, for example, then only
k = d is required [45, 54] for LBB. Requiring a mesh be a barycenter refinement of a regular mesh
is only a mild restriction, and we use this mesh condition for our computations. Even lower order
elements can be LBB stable, but at the expense of using more complex mesh structures [55, 57].

Both element pairs satisfy the following approximation properties [8, 19, 54]:

inf |Ju—oul| < CR*ulpyr, we (H(Q))Y, (2.2)
vREX

inf |lu—only < Ch*ulgir, w e (HMH(Q)), (2.3)
Vh h

inf p—rl < Ch*[ple, p€ HYQ). (2.4)
ThEQR

We will assume the mesh is sufficiently regular for the inverse inequality to hold with C; ~
O(1):
|Vun|| < Cih™up|| Yun € Xp.

It will be notationally convenient to define a discrete divergence-free Laplace operator (i.e.,
a discrete Stokes operator) Ay : X — V0 Given ¢, € V3, find Ap¢ € V), satisfying (Apo,vp) =
—(V¢, Vvh) Yo, € Vi [22].



Lemma 2.0.1. For ¢ € H*(Q)N X,

Al < [[Ag]]. (2.5)

Proof. We start by writing
18] = (Ane, An).

By the definition of Ay, Green’s theorem, and Cauchy-Schwarz, we have
(And, Ang) = —(Vo,VAL)

= (A9, An9)
A2l Anell,

IN

which implies the result. O

Denote u(t"t1/2) = u((t"*' + t™)/2) for continuous variables and u"+1/2 = (u"+! 4 u")/2
for both continuous and discrete variables.

We use the skew-symmetric trilinear form to ensure stability of the numerical method.

Definition 2.0.2 (Skew Symmetric operator b*). Define the skew-symmetric trilinear form b* :
XxXxX—=Ras
1 1
b* (u,v,w) := §(u -V, w) — §(u - Vw, v) (2.6)

There are several important estimates for the b* operator that we will employ in subsequent

sections.

Lemma 2.0.3. For u,v,w € X, and also v € L*(Q) for the first estimate, the trilinear term

b* (u,v,w) can be bounded by

i 1
" (w,v,w) < S (JullliVollosllwll + [[ulllv]loo I Veoll) (2.7)
b (u,v,w) < CQ)|ul 2 Va2Vl V], (2.8)
b*(u,v,w) < CQVull[Vol[[[Vw]. (2.9)

Proof. The result of the first bound follows immediately from the definition of b* and Holder’s



inequality. The second follows from Holder’s inequality, Ladyzhenskaya inequalities, and the Sobolev
Embedding Theorem [33]. The third follows immediately from the second, due to the Poincare

inequality. O

Lemma 2.0.4 (Discrete Gronwall Lemma). Let At, H, and ay, by, cp,dy, (for integers n > 0) be

nonnegative numbers such that

l -1 l
al+Athn§AtZdnan+Athn+H for 1>0. (2.10)
n=0 n=0 n=0

Then for all At > 0,

l -1 l
a+ Aty by <exp (AtZdn> (Athn—i—H) for 1> 0. (2.11)

n=0 n=0 n=0

Proof. The result can be found in [23]. O

2.1 Filtering and deconvolution

We define the discrete incompressible a-filter with a standard finite element implementation
of (1.5)-(1.6), as in [43, 41, 12, 5]. We will assume the following definition of the filter unless otherwise

noted:
Definition 2.1.1 (Discrete differential filter). Given u € (L%*(Q))?, for a given filtering radius
a >0, " = Fyu is the unique solution in X, of: Find (", \y) € (Xn, Qp) satisfying

Q2 (Va", Vop) + (@, vp) — A, V-op) + (V- @, mh) = (w,0n) Y(vn, ) € (Xn, Qn). (2.12)

Although mathematically the filtering radius a needs only to be chosen positive for the
continuous model to be well-posed, in the discrete setting choosing a << O(h) leads to negligible
effects of the filter, and thus the choice of & = O(h) is much more common, and we will make this

choice throughout this work. Recall also that F}, is both a self-adjoint and positive operator [47].

10



We define the norms || - ||z and || - ||c by

(6,812, (2.13)
(Vo,Vg")V2. (2.14)

[l
1]le

That these operators are norms follows from the operator Fj being positive and self adjoint. The
following result proves norm equivalences and inequalities for these norms. These results are proven

in [29], and are important in the convergence analysis.

Lemma 2.1.2. For ¢ € X, we have the following inequalities

18" 1< lole <ol (2.15)
IVE' < lelle < [Vel (2.16)

Furthermore, with o < O(h) and ¢, € Vy, the reverse inequalities hold up to a constant which is

independent of h. Thus the the following norms are equivalent in Vp:

. —h

i) |onll, llon[l; and |¢nll e

.. —h

it) [[Vonll, [Vén I, and |||l

The following lemma describes the filtering error, and is proven in [34].

Lemma 2.1.3. For ¢ € X and A¢ € L*(Q),
Q?[[V(6 = ")+ |l¢ = "> < CLa®h**|9[ 41 + P2 |gl31 1} + Call|Agl . (2.17)

The next lemma is fundamental to establishing convergence rates.

Lemma 2.1.4. For ¢ € X N H%(Q), and any v, € Vj,,

(V(@" — 6),Von) = (Brd" — And,vn)- (2.18)

Proof. We begin by noting that the continuous Laplacian commutes with the discrete filter, in a

weak sense, due to Green’s theorem, the definition of the discrete Laplacian, and the commutation
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of the discrete Laplacian with the discrete filter, via

(AF" o) = (And",on)
= (Brd",vn)
= (Ano,T")
= (Mg, ")

= (&', vn) Yo, € Vi. (2.19)

For (4.1.7), use the definition of the discrete Laplacian followed by the fact that discrete filtering

commutes with the discrete Laplacian to get

(V@h —¢),Vu,) = (Ah$h — Apg,vn)

= (Brd" — Ang,un).

O
Lemma 2.1.5. Given a filtering radius o > 0, and 8 < a,
2 2 2 2
9 o a”—f a”—p3°
—v(l = p*A)Au = —v ((1 R ) Au + o Au) . (2.20)
Proof. This is shown in [29]. O

We now define the continuous and discrete Helmholtz filter.

Definition 2.1.6 (Continuous Helmholtz filter). Let ¢ € L?(2). Then the Helmholtz filter of ¢ is
the solution 5 € X of

a?(V, V) + (¢,0) = (¢,v) Yo € X. (2.21)

It will be notationally convenient to denote this filter also with F, with F¢ := ¢7 Discrete

Helmholtz filtering is defined in an analogous manner.

Definition 2.1.7. [Discrete Helmholtz filter] Let ¢ € L*(Q). Then the discrete Helmholtz filter of

¢ s the solution 5}‘ € Xy, of

a® (V" Vxn) + (0", xn) = (6, xn) Yxn € X (2.22)
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We will also use the notation F} to denote this filter, and define it by Fp¢ := quSh.

Next, we define discrete and continuous van Cittert deconvolution.

Definition 2.1.8. The continuous and discrete van Cittert deconvolution operators Dy and D%

are defined by
N N

Dy:=>» (I-F)", Dy:=)Y (I-F)" (2.23)

n=0 n=0

From [13], we know that Dy acts as an approximate inverse to the filter F' in the following
sense:

¢ — Dng = (—1)NH2NF2AN+IpN+1 (2.24)
For the discrete deconvolution accuracy, we will utilize the following result from [34]:

Lemma 2.1.9. For ¢ € X N H?N*T2(Q) N HF1(Q),
~. N ~
l¢ — D o[l < C ((Oéhk +hMH (Z |F"¢|k+1) + 042N+2|FN+1AN+1¢||> : (2.25)
n=0

Remark 2.1.10. The dependence of the terms |F"$|k+1 on the right side of (2.25) on « is partially
an open question. However, it is known from [34, 37] that in the periodic setting or if Al =0 on
0N for 0 < j < [F] —1, they are independent of o. Otherwise, there exist C;’s independent of o

satisfying

HFQ(b”m S 02||F¢||m m = Oa 1727374

HF3¢”m < C3||F2¢Hm m= 07 1a273>47576

and so on. Thus for k > 2 and for any N > 0, the loss of a power of a cannot be ruled out.
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Chapter 3

Improving accuracy in
regularization models via adaptive

nonlinear filtering

This chapter is a result of the work in [7]. We study a modification of the Leray—« model
that employs a nonlinear filter. The filter we consider herein was first proposed in [38], and is based
on the phenomenological idea that in laminar regions or where coherent structures persist, little or
no filtering is needed because these regions are resolvable. This idea is implemented as the nonlinear
filter (1.7).

The function a(u) is meant to indicate where filtering should be applied, and thus we
will refer to it as an indicator function. Herein we will study several possible choices of indicator
functions, which were mentioned in the introduction, but will be precisely defined in this chapter. In
[38], nonlinear filtering was used as part of an ‘evolve, then filter, then relax’ approach to evolution
equations, and successful numerical results were shown for some small 2D problems. We extend

the use of this type of filtering for use with the Leray regularization, and give several 2D numerical
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examples to demonstrate its effectiveness. The system we study takes the form

v+0-Vo+Vp—vAv = f (3.1)
Vo = 0 (3.2)

—a?V - (a(v)VT) +T+ VA = v (3.3)
V-t =0 (3.4)

We will present a numerical algorithm for the system (3.1)-(3.4) that decouples the conser-
vation system (3.1)-(3.2) from the incompressible filter system (3.3)-(3.4), and provides an efficiently

computable, well-posed, discrete system.

3.1 Indicator functions

Given an indicator function a(-), a fluid velocity v € X, an averaging radius « (possibly
varying with ), we redefine the filtered velocity %" using a selected indicator function, a(-), as the

solution of: Find (@", \y) € X, x Qy, satisfying

& (a(w)Va", Vu,) + (@, vn) — M, V-op) = (u,v,) Yop, € X, (3.5)

(V-7",q) =0 Vg€ Qn. (3.6)

As discussed in the introduction for the continuous case, the Lagrange multiplier term Ap
allows the solenoidal constraint to be enforced. Note that if the chosen element pair is used whose
weak enforcement of mass conservation does not provide ‘good’ mass conservation, e.g. Taylor-Hood
elements [10], then grad-div stabilization should be added to (3.5) to improve mass conservation and
overall accuracy [36]. Consideration of mass conservation is particularly important in regularization
models, where coarse meshes are used, and thus relying on global mass conservation may not be
sufficient to provide physically relevant solutions.

When v € X is given input for the filter system (3.5)-(3.6), nonlinear filtering is made a

linear problem. It is shown in [38] that solutions exist uniquely, and satisfy
2/ o?a(w)|Va"2dz + |[@"]|* < |Jul)?. (3.7)
Q
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Error in discrete filtering is also considered in [38] and the following result is proven, which shows
that what is lost through this discrete filtering is due only to discretization error and the filtering

radius.

Theorem 3.1.1. Consider the discrete nonlinear filter @ given by (3.5), with u € X. We have

/ 02a(w)|V(u — 7 2dz + |Ju — 7|2
Q

< C inf {/Qa2a(u)|V(u —0)|2dx + ||u — ﬂ||2} + Ca|V - (a(u)Vu)||?.

ueXy
We consider the following indicator functions, for use with the filter (3.5)-(3.6).

1. The Q-criterion based indicator

The most popular method for eduction of coherent vortices is the Q criterion, which was

developed in [26], and is defined as follows. Define deformation and spin tensors by

Viu := (Vu + Vut’“) and V*%%u := (Vu — Vu”) )

DN =
N —

A persistent and coherent vortex is found at regions where spin (local rigid body rotation)

dominates deformation, i.e. where
1
Q(u,u) := B (V¥u : V¥ — Viu : Vu) > 0.

It is a necessary condition (in 3D) and both necessary and sufficient (in 2D) for slower than

exponential local separation of trajectories.

We define a Q-criterion based indicator function so that Q(u,u) > 0 implies a(u) ~ 0 (we note

there are many ways to do this, and this way is certainly improvable), and is given by

1 Q(u, u) ) .

() L arctan (a~!
a u):= — — —arctan | «
@ 2 7 |Q(u, u)| + o2

2. Vreman’s eddy viscosity based indicator
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In [52], using only the gradient tensor, Vreman constructs an eddy viscosity coefficient formula
that vanishes identically for 320 types of flow structures that are known to be coherent (non

turbulent). Define

ou; Oou; Ou;
2 iV 5. i Ouy
|VU|F - - Z ) (8.’1,‘1) )ﬂlj . Z 81‘771 axma and
4,7=1,2,3 m=1,2,3
B(u) : = B11Pa2 — Bl + P11Bss — Biy + B2z — B35

By construction, B(u) = 0 for different laminar flows. Since 0 < B(u)/|Vul} < 1 we take as
B(u)
RS

Given indicator functions a;, constructing synthesized indicator functions can be easily done

an indicator function,

3. Synthesized methods

via
1/2
aij(w) := (ai(was(w)'/?. (3.8)
With this method, combining two indicator functions that have different selection criteria can

produce a better indicator. In our numerical experiments, best results are usually obtained

with a synthesized indicator. We note this was an idea of John Burkardt.

3.2 Numerical algorithm for nonlinear Leray model

We propose the following finite element algorithm to compute solutions to the Leray regu-

larization model with adaptive nonlinear filtering.

Algorithm 3.2.1. Given a forcing function f € L°(0,T; H=1(Q)), initial velocity ug € V, timestep
At > 0, endtime T and integer M satisfying T = MAt, define u;l = u) to be the L? projection into

Vi of ug. Then for a fixed constant « chosen of the order of the mesh width, and given indicator
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function 0 < a(-) <1, find (uy,p}) € (Xn,Qn), n=1,2,..., M satisfying, ¥Y(vn,qn) € (Xn, Qn),

1 n n Th n %
Kt(vhﬂ — vy, Xn) + (Uh -Vvh+ ,Xh)
(A ) (Vo TR V) = (FETE) ) (3.9)

(V-vpttgn) = 0 (3.10)

where U == 301t — 2vp ™" and ™ is defined by (3.5)-(3.6).

Remark 3.2.2. An initial pressure is not needed, provided the first step is taken using a backward

Euler type temporal discretization. Otherwise, pressure is solved for at half-time levels.

Remark 3.2.3. If a choice of (Xp,Qr) is used that does not provide pointwise divergence-free
solutions to the filtering problem (e.g. Taylor-Hood), then the nonlinear term in (3.9) should be

skew-symmetrized as in [84], and grad-div stabilization should also be added to (3.9).

There are several important properties of this discretization. By using a Crank-Nicolson
temporal discretization and linear extrapolation of the filtered term, formal second order temporal
accuracy is retained while decoupling the filter from the conservation law system and linearizing
filter computations; hence at each timestep, two linear solves are needed. Moreover, this scheme is

unconditionally stable with respect to timestep, as stated in the next lemma.

Lemma 3.2.4. For any choice of time step At > 0, solutions to Algorithm 3.2.1 satisfy

M-1
[ 1 + vat 3 [Vop 22 < C(data). (3.11)
n=0
Proof. Choose xp, = UZ'H/ ?. The nonlinear term(s) vanishes, due to skew symmetrization or directly,

if the filtered extrapolated velocity is pointwise divergence-free. The pressure term vanishes since

we can choose g, = p;'t! in (3.10). This leaves

1 n n n+1/2 n+i n+i
gz (R = o) + vV 202 = (£ )07 2).

Applying Cauchy-Schwarz and Young’s inequalities to the right-hand side, multiplying through by
At, summing over time steps, and using the smoothness assumptions on the problem data gives the

result. O
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Remark 3.2.5. Since the filter system is linear (since u}, u;fl are known) and stable, the result

(3.11) is sufficient to show that Algorithm 3.2.1 is well-posed.

For simplicity in stating the following convergence theorem, we summarize here the necessary

regularity assumptions for the solution (u(z,t),p(x,t)) to the NSE

u € L0, T; H*1(Q)) N L>=(0,T; H*(Q)) (3.12)
uy € L2(0,T; HY(Q)) (3.13)
ugy € L2(0,T; L2(2)) (3.14)
Auyy € L2(0,T; L*(2)). (3.15)

Since the adaptive filter differs from the a-filter only by the indicator function which satisfies
0 < a(-) < g, solutions from Algorithm 3.2.1 must have consistency to the NSE at least as good as

Leray-a solutions (i.e. when a(-) = 1). We have the following convergence result for the algorithm:

Theorem 3.2.6. Let (u,p) € (V,Q) be a smooth NSE solution on Q@ x (0,T] for a given set of
data f, ug, v. Then if (un,pn), n=0,1,..., M is the solution to Algorithm 3.2.1 using (P, PZ¢)

Scott-Vogelius elements, for At > 0, the velocity error satisfies

M-—1
[u(T) —ud? |2+ vat S IV (u(E+2) — w22 < O (At + 1+ at) (3.16)

n=0
where C' is a constant dependent on data and the true solution.

Proof. This result follows the convergence proof for the usual Leray-a model given in [34, 5], but

using the filter error result from Theorem 3.1.1. [

3.3 Numerical Experiments

In this section, we present several numerical experiments that illustrate the effectiveness of
our proposed approach, in giving good coarse mesh approximations of incompressible flows. In par-
ticular, we will show this approach gives much better results than for the usual Leray-a model, and
gives good approximations on meshes where the NSE is significantly underresolved when computed

directly.
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3.3.1 2D channel flow over a step

NSE, Mesh 1 (1,762 dof)

OB NWABONDOO

a0

OB NWADAND OO

OB N OO ONBDOOD

o s ETe) =5 =0 EL) a0

NSE, Mesh 4 (16,600 dof)

OB NWABONDOO

OB NWARONDOO

Figure 3.1: Shown above are the velocity solutions at T" = 40 for 2D flow over a step, found by
directly computing the Navier-Stokes equations (i.e. no filtering), on different meshes. Only the
finest mesh correctly predicts the true solution.

Our first experiment is for two-dimensional flow over a forward and backward facing step.
The domain is a 40 x 10 rectangular channel with a 1 x 1 step five units into the channel at the
bottom. We assume no-slip boundary conditions on the top and bottom boundaries, a parabolic

inflow profile given by (y(10 — y)/25,0)T, and a zero-traction (do-nothing) outflow. The correct
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behavior is a smooth velocity field away from the step, and for eddies to periodically form and shed
behind the step.

We first present the results of computing the NSE directly. Computations were made on
five successively finer meshes, using At = 0.01 and v = 1/600, and Taylor-Hood elements. Solutions
at T' = 40 are shown in Figure 3.1 as velocity streamlines over speed contours, and we observe only
the finest mesh gets the correct solution, comparing to [34]. The solution is very under-resolved on
the coarsest two meshes, and on meshes 3 and 4, the predicted solution captures the eddy formation
and detachment, but oscillations are still observed in the speed contours.

We test the proposed model with Algorithm 3.2.1 on the two coarsest meshes, using the same
parameters as for the coarse mesh NSE computation, and using indicator functions a(u) = 1, av, aq,
and ayg. Results for Mesh 2 (which provides 4,989 dof) at 7' = 40 are shown in Figure 3.2. All
four filters found a smooth flow field, but the Vreman filter and VQ-filter also capture the correct
eddy detachment behind the step. Contour plots of the different indicator functions at T' = 40 are
shown for these computations in Figure 3.3. For this example, we see the V' and V@ indicators have
expected behavior in that little or no filtering is required away from the step. These two indicators
suggest filtering is needed near the center of the channel, and we believe this to be a result of the
laminar profiles predicted by NSE and regularization models to be slightly different [5], and so a
mixing of the two could cause numerical artifacts. The @ indicator plot is quite different. It finds
near the step areas to filter and not to filter, which is expected, but throughout the rest of the
channel it gives values near 0.5. From the definition of our filter, the values near 0.5 correspond
to Q(u,u) = 0, and so this suggests additional tuning of ag could be helpful (for this particular
problem). We also present a plot of the velocity solution obtained using the VQ-filter on Mesh 1,
in Figure 3.4. Here, with only 1,762 dof, a good approximation that predicts eddy detachment is

found.

3.3.2 2D Flow around a cylinder

Our next numerical experiment is for two dimensional under-resolved channel flow around
a cylinder, a well known benchmark problem taken from Shéfer and Turek [48] and John [27]. The
flow patterns are driven by the interaction of a fluid with a wall which is an important scenario for
many industrial flows. This simple flow is actually quite difficult to simulate successfully by a model

with sufficient regularization to handle higher Reynolds number problems.

21



Leray, a(u) = 1 Mesh 2 (4,989 dof)

n
ENO MO ONDOO

OF NGAMOMDONODOO

=0 =5 =0 =5 2o

N
o s 10 1S

B

0O H NWAMOONOGOO

n
ENO MO ONDOO

Figure 3.2: Shown above are the velocity solutions for 7" = 40 for 2D flow over a step, for the Leray
model with the usual Leray-o model (top) and several choices of indicator functions, on mesh level
2.

The domain for the problem, illustrated in figure 3.5 is a 2.2 x 0.41 rectangular channel with
a cylinder of radius 0.05 centered at (0.2,0.2) (taking the bottom left corner of the rectangle as the

origin). The cylinder, top and bottom of the channel are prescribed no slip boundary conditions,

and the time dependent inflow and outflow profile are

u1(0,y,t) = u1(2.2,y,t sin(mt/8)y(0.41 — y),

) = 6
- 0.412
'U/Z(Ovyat) = U2(2.2,y,t) =0.

The viscosity is set as v = 1073 and the external force f = 0. From time t = 2 to t = 4, the correct

behavior is for two vortices to start to develop behind the cylinder. They then separate into the
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0.06

0.04

o.02

Figure 3.3: Contour plots of the Vreman Filter (top), Q-Filter (middle) and VQ-Filter (bottom),
mesh 1, T' = 40.

Leray, a(u) = ayg(u), Mesh 1 (1,762 dof)

OFNUADONDOOD

Figure 3.4: Shown above are the velocity solutions at T' = 40 for 2D flow over a step, for the Leray
model with the V@ indicator function, on mesh level 1.

flow, and soon after a vortex street forms which can be visible through the final time 7' = 8. A plot
of the resolved t = 6 solution is shown in Figure 3.6.

We compute solutions to Algorithm 3.2.1 with Taylor-Hood elements on a triangular mesh
providing 14,446 total degrees of freedom, with time step At = 0.001, and filtering radius « chosen
to be the average mesh width, with varying indicator functions. These simulations are all under-
resolved; fully resolved computations of the Navier-Stokes equations use upwards of 100,000 degrees
of freedom and even smaller time steps. Thus we do not expect exact agreement with solutions of
Algorithm 3.2.1 with the true solution or lift and drag reference values. However, we do expect
answers to be close, if this model/algorithm is to be considered useful.

To evaluate the solutions, we compute values for the maximal drag cgmar and lift ¢; maq
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2.2

I\
“015 L 0.1 0.41
v

Figure 3.5: Domain for the 2D flow past an obstacle.

coefficients at the cylinder, and for the pressure difference Ap(t) between the front and back of
the cylinder at the final time 7" = 8. Lift and drag coefficients (using the one dimensional method
described by V. John [27]) for fully resolved flows will lie in the reference intervals ([48])

el €[2.93,2.97, ' €047, 049], Ap"® €[-0.115, —0.105]

Cd,ma:r: cl,mar

We test Algorithm 3.2.1 with indicator functions a(u) = 1, av, ag, and ayg. The plots
of velocity field and speed contour, figure 3.7, show that using a(u) = 1 does not capture the wake
expected behind the cylinder, but a(u) = ayvg(u) does. We saw very similar results for ag and ay
(not pictured). The maximum lift and drag coefficients and pressure drop for the simulations are
given in Table 3.1, and we see that our algorithm performs well with all three nonlinear filters, but
is much less accurate when the linear filter is used. Even on a finer mesh with 56,477 the linear filter

(i.e. usual a-filter) still does not perform as well as the nonlinear filters on the coarser mesh (Table

3.1).

Indicator dof Cd.maz Cl max Ap

a(u) =1 14,446 2.2844 0.0176 -0.1267
ay (u) 14,446 2.8472 0.4010 -0.1138
ag(u) 14,446 2.8574 0.4019 -0.1134
ayvo(u) 14,446 2.8628 0.4051 -0.1135

a(u) =1 56,477 2.6682 0.2879 -0.1067

DNS Reference Values | >100,000 | [2.93,2.97] | [0.47,0.49] | [-0.115,-0.105]

Table 3.1: Lift, drag and pressure drop for the flow around a cylinder experiment with varying
indicator functions used in the filtering.
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Resolved NSE solution at t=6

(
-

Figure 3.6:

Shown above are the (top) velocity field, (middle) speed countours, and (bottom)

pressure contours for the resolved ¢ = 6 solution to the 2D channel flow around a cylinder problem.
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Leray, a(u) =1, 14,446 dof
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Leray, a(u) = ayg(u), 14,446 dof
0.4 : il
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Figure 3.7: Shown above are the velocity field and speed contours for the Leray model with a(u) =1
(top) and a(u) = ayg(u) (bottom).
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Chapter 4

Numerical study of a regularization
model for incompressible flow with
deconvolution-based adaptive

nonlinear filtering

This chapter is a result of the work in [6]. We consider deconvolution-based indicator func-
tions together with adaptive Leray regularization models, which were originally proposed and tested
in [7], as stated in Chapter 3. These models use nonlinear filtering with indicator functions to
identify regions where regularization is needed, and locally vary the spatial filtering radius accord-
ingly. It is the purpose of this work to extend this methodology by i) developing a better indicator
function which is based on mathematics instead of physical phenomenology, ii) providing a rigorous
convergence theory to verify the robustness of the method, and iii) further numerical testing.

The purpose of a theory for any numerical method (i.e. proofs of stability and convergence
rates) is to provide some sense of robustness for the method, and thus an expectation that it will
work in more than only some specific, well-chosen, situations. In [7], simulations with (3.1)-(3.4)
using physical phenomenology-based indicator functions were found to be quite successful, however

it does not seem that any of those indicator function are able to be rigorously analyzed. This is not
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to say that physical-phenomenology-based models are not good or accurate, instead we are simply
saying that it is preferable to have a rigorous mathematical proof of accuracy. With this in mind,

we propose herein a new indicator function defined by
h ~h
aDN(u) = |u - DNu |a

where " denotes discrete linear Helmholtz filtering of u and D%, denotes order N van Cittert
approximate deconvolution with the discrete linear Helmholtz filter (Definition 2.1.7). The accuracy
of this indicator function is rooted in the accuracy of Richardson extrapolation, and we note the
idea of using van Cittert approximate deconvolution in fluid models to increase accuracy is well
established and mathematically grounded [1, 49, 13]. The main idea behind this indicator function
is that, for continuous-level filtering and deconvolution, ¢ ~ Dch where ¢ is smooth. Hence, if we
consider ¢ as a velocity field, then if ¢ is smooth, we expect no regularization is necessary in regions
where ¢ =~ D ng. However, an implementation of this idea must use discrete filtering and discrete
approximate deconvolution, and so it turns out the analysis to prove convergence of the resulting

numerical method is quite challenging.

4.1 Preliminaries

Definition 4.1.1. We define as an indicator function
apy (u)(z) := |u(z) — DRa" (z)|- (4.1)

Remark 4.1.2. The function ap, cannot be expected to exactly satisfy ap, (x) < 1, although in
our experience, for flows which are normalized to have a characteristic velocity of 1, this relation has
always been true. Due to the imprecision of a, it is not problematic for a flow to have a mazimum

apy (u)(x) slightly larger than one. Still, if it is not, an indicator of the form

o ()] e —_ODx ()

- max{1, 2[|ul[ Lo (0,7;1) }

could be used instead, and all the theory provided herein will still hold. Hence, without loss of

generality, we will assume ap, (z) < 1.
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Adaptive filtering with the deconvolution based indicator function is defined as follows.

Definition 4.1.3 (Adaptive filtering using the deconvolution-based indicator function). Given u €
L?(Q) and an averaging radius o > 0, we define the adaptively filtered velocity T" € Vi, to be the
solution of

o?(ap, (w)Va", Vo) + (@, vn) = (u,v) Yop € Vi,. (4.2)
The next lemmas prove bounds on adaptively filtered variables.

Lemma 4.1.4. Forue X,

1.
20°||Vap, (W)VE"|* + [@"|| < |ful. (4.3)

2. If L: X — Vy is a linear operator such that

(Lw,vp) = —(apy (uw)Vw, Vo) Yo, € Vp, (4.4)
then
20| Lu"||? + ||/ ap, (w)VE" | < [|[Vul®. (4.5)

Proof. For the first inequality, let v, = @" in (4.2), then apply Cauchy-Schwarz and Young’s in-
equalities on the right hand side.

For the second estimate, in (4.2), choose v, = Lu" to get
a?(apy (u)Va", VL") + @', Lu") = (P&, u, L"). (4.6)

Simplifying and using (4.4), we have

—a?| L)% = (apy () VA", Va") = (VPE u,ap, (u)Va"), (4.7)
and thus
|La" |2 + |[v/apy @) VE"|? < lap,, (u)VPE, u, Va"|. (4.8)
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Now using Cauchy-Schwarz, we get

2
202(|L7"||* + ||[Vapy (w)VE"* < [V apy (W) VP, ul?

2
IVPg, ul?

IN

IA

C||Vul?. (4.9)

A key step in the convergence analysis of the method we propose in Section 4 is to bound
|lu —@x"||. The next two lemmas accomplish this, but in two separate steps, then bring the results
together with the triangle inequality. First, we define an intermediate filtering procedure ‘between’

the function and its adaptively filtered representation, to make for a cleaner analysis.

Definition 4.1.5. For ¢ € L?(Q), uj, € Vy, qAbuh € Vy, is defined to be the solution of, Yvy, € Vp,
o* (apy (un) V"™, Vou) + (6" vn) = (¢, 0n). (4.10)

Lemma 4.1.6. Foru € VNH*Y(Q)NH3(Q), and 0% satisfying (4.10) with o = O(h), we have

?|[Vapy (un)V(u=a"")|*+[lu—a""|* < C(a®h* +a?||apy (u) |* +h*F2)+ Ca?u—uy|*. (4.11)

Proof. Let u** satisfy (4.10). Add o?(ap, (un)Vu, Vo) to both sides, and denote e := u — a%" to
get
*(apy (up)Ve, Vop) + (e,v,) = o*(ap, (up)Vu, Voy,). (4.12)
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For arbitrary U, € V},, denote e = u — Uy, + Uy, — u%" := 0+ ¢p,. Choosing v, = ¢y, gives

o?|Vapy (un)Veull® + [16nl> = (Papy (un)Vn, Von) + (0, ¢n) + o (apy (un)Vu, Vor)

< [[Vapy (un) V[V apy (un) Véu|l + 0]l
+a?[lapy (un) Vull[[Vén||
o? a? 1
< S IVany ) Vull + 5 1Vany @) Vonl® + 5 )l

1
+§||<25h||2 +a?|lapy (un) Vull[[ V|- (4.13)

Next, we reduce, and for the last term on the right hand side, we apply the inverse inequality and

that « = O(h) to get

a? 1 o?
I ap ) Vonl? + 5 16nlP < S-1Vapy () Vil

1 1
+ 5 Inl* + Callapy (wn) Vull® + Zlénl®. (4.14)

This reduces further using that ap, (-) < 1 and the assumptions on the smoothness of u, yielding

a?[Vapy (WVeR|* + lénll* < o®||Vapy (wn)Vall? + 0* + o [lap, (un) Vul|?
< Ca?llapy (un)|ZNV0l? + Inll* + Co?llap, (un) [*[ Vull%,
< o[Vl + [0l + Co?llap, (un) 1.

Finally, we write ap, (un) = apy (u) + ap, (e), and using that ||ap, (e)|| < C|le|| [37], we obtain

A

o?|[Vapy (WVen* + llenll* < o[ Vnl* +[Inl* + Ca®llapy ()| + Ca®lap, (¢)]*

< C(a®h® 4+ b2 4 02|lap, (0)]]?) + Co?|lu — up ). (4.15)

Reducing and applying the triangle inequality finishes the proof. O

Lemma 4.1.7. For u € V and up € Vy,
[t — " || < Jlu— - (4.16)

Proof. Let % satisfy (4.10). Then for @," defined by (4.2), subtract the filter equation and denote
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e =u— up to get, Yo, € Vy,

a®(apy (un) V(@™ —ay"), Von) + (@ ", vn) = (e, vn).

Choosing vj, = u%" — up," gives

o?|Vapy (un) V(@ —a™)|* + [[a* — @ |* = (e, —up").

This implies

fa — ") (e, " — ")

IN

IN

lelll@™ — "I,

which proves the result after reducing and substituting in the definition of e.

(4.17)

(4.18)

(4.19)

O

Remark 4.1.8. Combining lemmas 4.1.6 and 4.1.7 provides the result: For v € V N H*1(Q) N

H3(Q), up, € Vi, and assuming o = O(h),

lu =" || < flu—a || + @g" = @[] < C (Ju— unll + ah* + allap, (w)l]) -

4.2 Scheme and Stability

We now define the numerical scheme studied herein, and prove it is well-posed.

(4.20)

Algorithm 4.2.1. Given a kinematic viscosity v > 0, an end-time T > 0, a timestep At chosen

so that At < T = MAt, f € L>(0,T; H-*(R)), initial conditions ugl =) € Vj, filtering radius

« S O(h); .ﬁnd (uZapZ) € (Xhth) fO?” n= 1a27 »M satisfy’mg, v((Uhaqh) € (Xhth)a

h

1 3 1
Kt(uz-‘rl - U;LLv’Uh) + b* <2UZ - 5“2_1 ,UZ+1/2,Uh> - (p;;+1/27 V- Uh)

(VU ) = (Y2 ), (4.21)

(v : uZ+17qh) =
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Remark 4.2.2. The filtered terms are treated explicitly in this timestepping scheme, so at each
timestep one needs to perform one adaptive filter solve and one mass/momentum system solve.

Note also that, in practice, one solves directly for pZH/Z, and so no initial pressure is required.

Lemma 4.2.3. Solutions to Algorithm 4.2.1 exist uniquely.

Proof. Observe that at each timestep we solve two finite dimensional and linear problems. It is clear
that the filter system is well-posed, and so we consider only the momentum mass system. Assuming

two solutions at timelevel n + 1, (u1,p1) and (usg, p2), if we define e := u; — us we have that

7h
1 1..(3 1 v
—At(e,vh) + 5b <2u;; - §ug ! ,e,vh> — (p1 —p2, V- vp) + 5(ve, Vuy) = 0. (4.23)

Now choosing v, = e vanishes the pressure and trilinear terms, which yields
1 2 vV 2
—le —||Vel|* = 0.
el + Vel

Thus ||Ve|| = |le|| = 0, and since e is finite dimensional, u; = uz. Using this and the LBB assumption
immediately shows p; = po. We have proven that solutions are unique at each time step, and since
the problem is finite dimensional and linear, this implies solutions must exist as well. Since the
chosen timestep level was arbitrary, and we started with a unique initial condition, the stated result

follows. O
Next, we prove that these solutions are bounded by the problem data.

Lemma 4.2.4. Solutions to Algorithm 4.2.1 satisfy

M-—1
a2 + At 37 [V 22 < Clo, fou0,T). (4.24)

n=0

Proof. Choose vy, = UZ+1/ % in (7.1). The trilinear and pressure terms vanish, leaving

1 n n n+1/2 n n+1/2
s (i 1P = ) + vV 2 = (2, )

A

1 n v n+1/2
ol SN T (4.25)
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which reduces to

1 n n v n+1/2 1. ..
s (02 = g2 + 2V 22 < 2 (4.26)

Summing over timesteps and multiplying by 2At gives

M-1 M-1
ld! |2 + At > [Vup 22 <wmtAE ST 22 (4.27)

n=0 n=0
which finishes the proof. O

4.3 Convergence

This section is devoted to proving convergence of the numerical scheme. For simplic-
ity in stating the following theorem, we state here the regularity assumptions on the solution

(u(z,t),p(z,t)) of the true Navier-Stokes solution, which we denote (u,p):

we L0, T; H Y Q) nH3(Q) N V) (4.28)
uy € L*(0,T; HY(Q)) (4.29)
ugy € L2(0,T; L2()) (4.30)
pe L>0,T; H*(Q)). (4.31)

We will denote U := 3uf! — Luj ™" and U™ := 3u(t") — Ju(t"1).

Theorem 4.3.1. Let (u(t),p(t)) be a solution of the NSE satisfying no-slip boundary conditions,
and (4.28)-(4.31), with given f € L>(0,T; H*(Q)) and ug € Vj,. Let (ull,p}), n=1,... M be the
solution of Algorithm 4.2.1, using (P, Py—1) Taylor-Hood or (Py, P{*¢) Scott-Vogelius elements in
a setting where they are LBB stable, and o < O(h), and without loss of generality o < 1. Then for

any At > 0, the error in the discrete solution satisfies
M—1
() = up! |2 + At D v V@2 — w212 < O(At + 0?h + o?llap, (u)]|? + h?),

n=0

where C' is independent of h,«, At, but depends on the data and NSE solution.
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m

Remark 4.3.2. If we assume Alu =0 on 8Q for 0 < j < [5]—1, or periodic boundary conditions,

then the result becomes
M-1

[u(T) —ud? |2+ At 3 ||V (@2 —up T2 |2 < O(AE + a?h 4 o VO 4 a2y,

n=0

Proof. The NSE at time ¢ = ¢"1t1/2 after denoting u"1/2 := w, satisfies for all v, € Vj:

tn+1 _ Tk ~Ur
<u( )At u( ),vh> + V(VU"H/Q,VU;,,) +b* <U" " ,u"H/Q,vh)

- (p(tn+1/2)7 V- Uh) = (f(tn+1/2)a Uh) + G(u7 n, Uh)a (432)

where

n+1y _ n
G(u,n,vp) = (W - ut(t"+1/2),vh> + (VT2 — u(t"TV2)) vy,) (4.33)
+ b (EZU’L ,un+1/2,vh) — b* (w(t"TY2), w(tTY2), o). (4.34)

Take vy, € V}, in (4.21), which vanishes the pressure term, and subtract the equation from (4.32) to

get

1 — —~Up
Kt(enJrl o en’vh) +b* <U£h7uz+1/2’vh) bt <Un h 7un+1/2’vh>

+ V(ven+1/2a vvh) = (p(tn+1/2)7 = Uh) + G(U, n, Uh)'

Rewriting the nonlinearity gives

1 . . _ynr
Kt(6n+1 —e",up) + b (U;Llh, 6n+1/2,1}h) + b (U}yzh _yn " ’un+1/2, Uh)

+ (Ve 2 V) = (p(t" T2,V - up) 4+ Glu, n, vp).
Decompose the velocity error term as

e = (u(t") — P (u(t™)) — (uff — PE (u(t™)) =: 0" — 6},

35



1
then choose vp, = ¢Z+2 to get, Vg5, € Qn,

n n n n n « (73 n n
S IR = I6RI) + vV /22 = (v 102, Vg /%) — o (T o102, 172)

_ —~ U
- <U£hUn hountt/z gt/ ) + (p(tV2) — g, V- 00T 4 Gy, g ).

Applying Cauchy-Schwarz and Young inequalities yields

n+1)2 || 4n 2 n+1/22 - n+1/2)2 1 inf . 2
2At(llszﬁ * = llerll®) + IIV¢> |7 < Cv|[Vn I+ cv inf i —an

— —~Ur
+b* (U,?h,r]"ﬂ/2 ¢n+1/2> + 0 ( U e ,u”+1/2,¢z+1/2> + G(u,n, ¢n+1/2). (4.35)

We now bound the first trilinear term, using Lemmas 4.2.4 and 4.1.7, Poincare’s inequality, and

decomposing Uy’ and U™.

* Th /?LUTL n n Th n n
b (Uh — " +1/2,¢>h“/2> < ONTT" - T3 || Vur 12 o
< Cl|lUp — U™ |[u+ V2|5 Ve

n+1/2 — n n n— n n—
HV¢ 2 o 2B 2 + R el + o) (436)
We bound the remaining term using Remark 4.1.8 as follows:

b* (Wh’nn+l/27¢z+1/2> - (UT:‘h B Un’nn+l/27¢’z+1/2) + b (Un7nn+1/2,¢z+1/2)

IN

CITE" = U (V252 oo + 7219652 10)

+O|VU [V 2|V o2

< ClIW U2 RV 4 S 2
7||V¢n+1/2||2+CV—1HVUnH2”Vnn+1/2H2

< \|V<z5n+1/2||2 + Cv T — U P(hP uf2 ) + Com [Vt 2 2

< HV<25”+1/2||2 + O R P A ™02+ o+ Rl

+a2h2k + a?||ap, (w)||?) + Cv= |V t1/2) 2. (4.37)

We next bound the terms in G(u, n ¢"+ /2 ) following [33]. For the last two terms, we add b* (U", ut1/2] ¢Z+1/2>
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to the first one and subtract it from the second one. The second term is then bounded using Cauchy-

Schwarz and Young inequalities and Lemma 4.1.6,

_yr
bR - U a2, gty

—~ U}’ n n n+1/2
< ClT» " — U Va 2 lop
v 1/2 1. Uy n
< VR ot RO - o
v n+1/22
< —
< Ve

+Ov " M2 (0PR + o lapy (W) + B2 o2 (P 12+ o2+ lon]1®).

Combining the above estimates, summing over timesteps, multiplying by At, noting that ||¢9| = 0,

and applying regularity assumptions (4.28)-(4.31) yields

M—-1 M—-1 M—1
a2 + At > v Ver 22 < c(<1 +a)AL > v lgp2 + A > vVt
n=0 n=0 n=0

+ At* + a®h® + o®||lap, (u)]|* + h2k+2>. (4.38)

Assuming (Pg, Py—1) Taylor-Hood elements or (Pg, PF¢) Scott-Vogelius elements, and applying

Gronwall’s Lemma, for any At > 0 we get

M—1
lon' > + At Y~ v[Ve T2 < C(AE + a*h? + ?lap,, (w)|[* + h**). (4.39)
n=0
Applying the triangle inequality to (4.39), we get the stated result. O

4.4 Numerical Experiments

In this section we present numerical experiments which demonstrate the effectiveness of our
approach. The first experiment confirms the convergence rates predicted by our analysis in the
previous section. In our second two experiments, channel flow around a step and channel flow with
two outlets and a contraction, we show our results are a significant improvement over those of the
usual Leray-a model and give much more accurate results on coarse meshes than computing the

NSE directly.
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4.4.1 Convergence rate verification

Our first numerical experiment is to verify the rates predicted in the previous section for

Algorithm 4.2.1. We compute approximations to the chosen solution

ui(z,y,t) = (14 0.01t)sin(2my)
us(z,y,t) = (1+0.01¢)cos(2mx)
plz,yt) = z+y

on = [0,1]%, T = 0.01, and At = 0.001. Here, the question we address is whether the spatial
convergence is of order h¥~1/2 or h¥. To isolate the spatial error, we take a small end time and time
steps to make the temporal effect on the error small.

We choose v = 1, calculate f from the NSE and the chosen solution, and choose u$ to be the
L? projection of u(0) into V},. Then, using Algorithm 4.2.1 with both (P3, P») and (P, P;) elements,
we compute solutions on five successive mesh refinements using o = h and N=0 (our analysis shows
that for these element choices, choosing N > 0 does not improve asymptotic accuracy over the N=0
case). Our analytical results predict, with a(u) = ap,, a rate of 2 for (Py, P;) elements, and 3 for

(P3, Py). Table 4.4.1 shows our calculated errors and rates, and we do observe optimal convergence.

h HU*’U,52||2_’1 Rate ||U7u53||271 Rate
1/4 5.58e-02 - 5.63e-03 -
1/8 1.43e-02 1.962 8.06e-04 2.805

1/16 3.60e-03 1.990 1.17e-04 2.783
1/32 9.02e-04 1.998 1.42e-05 3.042
1/64 2.26e-04 1.999 1.72e-06 3.044

Table 4.1: L2?(0,T; H'(Q)) errors and rates found with a(u) = ap,(u). With (P, P;) elements
(LEFT), we observe a rate of 2, and with (Ps, P») elements (RIGHT), we observe a rate of 3.

4.4.2 2D Channel Flow

Our next numerical experiment is the benchmark 2D channel flow problem over a forward-
backward facing step. The domain is a 40x10 rectangle with a 1x1 step five units into the channel
at the bottom. We assume no slip, no penetration boundary conditions on the top and bottom, and
parabolic inflow and outflow conditions given by (y(10 — y)/25,0)T. The correct physical behavior

with f = 0 and v = 1/600 is well known to be a smooth velocity profile with eddies forming and
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shedding behind the step [34]. A resolved NSE solution is shown in figure 4.1, which requires 21,593

degrees of freedom to fully resolve with (P, P;) Taylor-Hood elements.

o s 70 s 20 25 30 a5 a0

Figure 4.1: NSE fine mesh solution.

Figure 4.2: Coarse mesh used in computations for experiment 2.

Coarse mesh computations were made for the NSE (i.e. no model), Leray-a (i.e. a(u)(x) :=
1), and Leray with nonlinear filtering and indicator functions ap, and ap,. Due to the success of
the proposed model with the Vreman-based indicator function in [7] (which is based on an idea of

A. Vreman from [52]), we also compare solutions to Leray with nonlinear filtering and indicator

_ [
W= oE

where | - | denotes the Frobenius norm, and B is defined by

function ay defined by

6ij = !
m§,2,3 0% OT o,
B(u) = piiPaz — By + B11Bss — Biz + B8535 — Bas-

On a coarse mesh that provides 4,603 degrees of freedom (dof) using (Ps, P;) Taylor-Hood
elements, using no numerical stabilization, v = 1/600, At = 0.01, f = 0, and o = 0.365, we compute
solutions using the proposed algorithm (and appropriate modifications for NSE (i.e. no filtering step

reduces the algorithm to the well known linear extrapolated Crank-Nicolson method). Solutions at
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Figure 4.3:

No model

Leray-a (a=1)

9 s ) 15 20 25 30 55 a0

o s T 15 20 25 30 ED) a0

Leray with a = ap,

o s 10 15 20 25 ER) ES 20

Leray with a = ay

function ap,, ap,, and ay.

T=40 for each of the models is shown in figure 4.3 as velocity streamlines over speed contours. We

observe the NSE solution (i.e. no model) is incorrect, as it exhibits significant oscillations. The

40

Velocity solutions of coarse mesh simulations for 2D flow over a step at T=40, from
top to bottom, for NSE (no model), Leray-«, and Leray with nonlinear filter that used indicator



a = ap,

20 25 30 55 Z0

a = ap,

25 30 35 20

Figure 4.4: Contour plots of the indicator functions a(u) for the 2D flow over a step test problem,
at T=40.

usual Leray-a solution finds smooth channel flow but fails to capture eddy detachment. However,
when our nonlinear filtering scheme is used, both with N = 0 and N = 1, we find smooth channel
flow and eddy detachment. The nonlinear filter scheme with the Vreman indicator also correctly
predicts smooth channel flow and eddy detachment. Figure 4.4 shows contour plots of ap,, ap,, and
ay at T=40 in their respective simulations. We observe each indicator provides a = 0 in most of the
channel away from the step, which is what is desired. However, the ay indicator gives large values
of a near the center of the channel, which does not fit the intent of the indicator function, since
the flow is laminar there. The deconvolution-based indicator functions are nonzero mainly near the

step, which is exactly what is desired.

4.4.3 Channel flow with two outlets and a contraction

Our next numerical test is for a benchmark channel flow problem with a contraction, one

inlet on the left hand side, and two outlets, at the top and at the right hand side. A diagram of the
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#(t)=n-n/14, y(t)=1+cos(n+n/14)/6-t/6 Dlagram WIth StaCk x(t)=n+n/14, y(t)=1+cos(n-n/14)/6-(1-2t)/6

-1sts1 “(®)=2n-t, y(©)=1 0sts1

\'n/mstsmnﬂ/
/6-1/6 ®(t)=1-t, y(t)=1+cos(t)/6-1/6

#(t)=1-t, y(t)=1+cos(t) .
n+n/14<t<2n Ostsn-n/14

1-t
@)=

=0, y(t)=
Oxt<1

15350

I=@)A ‘T=

x(t)

x(t)=t, y(t)=1/6-cos(t)/6
0sts2n

Figure 4.5: Shown above is a diagram of the domain for test problem 2.

flow domain is shown in Figure 4.5.

This problem was first studied by Turek et. al. in [24], and subsequently in [32]. We enforce
no slip boundary conditions on all walls, a parabolic inflow profile with max velocity "% =1 at
the center, and for the outflows, zero traction is enforced (with the ‘do-nothing’ condition). This
flow has no external forcing (f=0), we set the kinematic viscosity v = 0.001, start the flow from rest,
and ran the simulation to T=4.

Plots of the resolved NSE solution’s speed contours are shown in figure 4.6 for T=1, 2, 3,
and 4. This solution was found by computing the NSE directly using a timestep of At = 0.01 and
grad-div stabilized (Ps, P;) Taylor-Hood elements (see, e.g. [44])on a triangular mesh that provided
260,378 degrees of freedom.

We next test the NSE and the proposed method on a much coarser mesh that provides 18,076
velocity degrees of freedom, o = 0.075, now using Taylor-Hood elements without any stabilization.
Velocity solutions for each of the models is shown in Figure 4.7. The NSE coarse mesh solution is
clearly incorrect. With the Leray-a model, we see a smooth solution, but appears to be oversmoothed
and delayed in its development compared to the true solution. The solutions using the deconvolution-
based indicator function nonlinear filtering performed better, yielding results quite similar to the
DNS solution. The model with the Vreman based indicator also finds a good solution.

Figure 4.8 shows the contour plots of the indicator functions at T=4. The results are as we
would hope for the deconvolution based indicators, in that ap,, (u)(x) 2 0 in the smooth flow regions,
and ap, (u)(x) > 0 in the regions which appear less smooth, particularly near the contraction. The
Vreman based indicator finds large a values in the middle of the channel, before the contraction,

which is not a region we would expect to need filtering.
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DNS, T=3

e —

DNS, T=4

2.5
2
1.5
1
0.5
o

The fine mesh used for DNS

Figure 4.6: Shown above are contour plots of the speed of the resolved Navier-Stokes velocity
solution at T=1,2,3,4, order from top to bottom.
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No model

Figure 4.7: Velocity solutions of coarse mesh simulations for 2D flow with two outlets and a contrac-
tion at T=4, from top to bottom, for NSE (no model), Leray-«, and Leray with nonlinear filtering
that use indicator functions ap,, ap,, and ay.
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o.2
0.1
0.1
o.1.
o.1:
0.1

o.o:
0.0«
o.o-
o.o:

Figure 4.8: Contour plots of a(u) in coarse mesh simulations for 2D flow with two outlets and a
contraction at T' = 4.
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Chapter 5

Improving accuracy in the Leray
model for the incompressible

magnetohydrodynamic equations
via adaptive deconvolution-based

nonlinear filtering

Computations with the MHD equations can be very difficult. They are derived by coupling
the Navier-Stokes equations (NSE) with Maxwell’s equation. The NSE are currently unable to be
resolved using direct numerical simulation (DNS) for complex flows, so the nonlinear coupling with
Maxwell’s equation makes DNS of the MHD equations even harder.

Regularization models are one way to approximate these equations at a lower computational
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cost. The Leray-MHD equations are given by

u +%-Vu—sB-VB—Re 'Au+Vp = f, (5.1)
B; — Re,)AB+u-VB—B-Vu = Vxug, (5.2)
V-u=V-B = 0, (5.3)
where @ and B solve
—?’AT+T=u, —o’AB+ B=B, (5.4)

and « > 0 is the filtering radius. This model has been studied by Yu and Li [53], and shown to be
well-posed, and convergent to the MHD, analogous to Leray’s original result in 1934 [39].

We extend the work from the previous chapter by applying the nonlinear filter to the Leray-
MHD model. The analysis performed on this indicator function with the Leray model can be easily

extended to the MHD case.

5.1 Numerical Scheme

We now define the numerical scheme studied herein, and prove it is well-posed.

Algorithm 5.1.1. Given an end-time T > 0, a timestep At chosen so that At < T = MAt, f €
L>(0,T; H1()), initial conditions ul, B € Vi, filtering radius o < O(h), find (ull,p?, B, A7) €

(XhaQ}uXh?Qh) fO’F n= 1727 7M satz'sfying, V(Uhthth,Th) S (Xh7QhaXhth)7

1 n n
(@ =l o) + Re (VU2 V) — (02 V)

At

3 T, 3 I
v (z“Z—Quzl ,UZH/Q’”’L) o (232—2321 ,BZ“/Q’“) = ("), (55)
(V-upttqn) = 0. (5.6)

1 n n

A BT = Bl + Rep (VB2 W) + (29 )
- ——h - ——h
* 3 1 n— n * 3 n 1 n— n n

- <232—2Bh 1 7uh“/2,><h> +b <2uh—2uh 1 ,Bfl/z,xh) = (Vx g™ 2 xAT)

(V-B'r,) = 0 (5.8)

47



Lemma 5.1.2. Solutions to Algorithm 5.1.1 satisfy

M—-1 M—-1

lan [P+ AtRe™ Y Va2 s B P+ AtsRe,! VBT
n=0 n=0
M-1 M-—1
< ReAt Y |[f"TVR2) 4 sRew A Y IV x g" Y22+ Jlug P + s BR?
n=0 n=0
< C(Re,Rep, f,uo, Bo, T). (5.9)
Proof. In (5.5), choose v, = uZH/Q and in (5.7), choose x;, = sB"+ /2. Several trilinear terms and

the pressure terms vanish, leaving

n — +1/2
2At(ll F2 — (lup?) + Re ™Y Vup T2
3 1 4
sb( By — 5By~ ! ,BZ“”,%“”) = (2T (5.10)
n — n+1/2
2At(IIB’ T2 IBRI?) + sRe;, |V B2

—h
3 1 n n n
—sb (23,1; - 5B ,uh+1/27Bh+1/2> = s(V x g"t1/2 prtt/2) (5.11)
Adding these together, we get

n — n+1/2 n — n+1/2
g (1P = g7 + Be IV 202 4 S (1B = IBRIP) + sRey IV B, 2P

2At 2At

= (frHV2 TR 4oy (W x g2 BT (5.12)

Using Cauchy-Schwarz and Young’s inequalities we have

n R n
22 |WB“%F

S (I = g ) +

At(HB”“HQ 1B71I%) +

2A 2

n sRep, n
s;m*mﬁﬁ—2|ng“%%.@ﬂ>

Summing over time steps and multiplying by At yields

b |2 + s|| BM|? + AtRe™! Z IVup 2|2 + AtsRey)! Z VB2

n=0 n=0
M—1 M-—1
< ReAt Y |[f"2)2) 4 sRen A Y|V x g™ V22 A+ ([uf 1 + s BRJP. (5.14)
n=0 n=0
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Lemma 5.1.3. Solutions to (5.5)-(5.8) admit the following conservation laws
1. Global energy conservation

M—-1

1 S\ n _ 1/2 - n+1/2
Sl I2 4+ SIBEH Y2 4+ At Y7 (R~ [Vup 2|2 + ke [V B, 1)
n=0
M-1
1 1 n 14/2 n 1+/2
= SR + SUBRI2 + At 37 (£ 72, up %) 4+ 5(V x g7 /2), B 2)) L (5.15)
n=0

2. Global cross-helicity conservation

M-1
(U;];/[7B,JLW) + At Z (Re_l + Rer_wzl)(vu2+1/2, VB2+1/2)
) M-1
n n+1/2 n n+1/2
=, BY) + S ((FEY2), BT 1 (V x g7 2),un ). (5.16)

n=0

Proof. To prove 1, choose vj, = uZH/Z in (5.5) and x5 = sBZH/2 in (5.7). This leaves

—h
n * 3 1 n— n n
P2 g |?) + Re ™[V 212 — sb (B;:—Bh ! ,Bh“/z,uh“”)

L
DN 2 2

= (f(" Y)Y (5.17)

- h
5 n n - +1/2 [ 3pn 1 on +1/2 pntl/2
27At(||3h+1||2 —|BRI?) + sRep [V B2 )12 — sb <2Bh — 5Bk RNV ;A >

= s(V x g(t"t1/2), BM /%) (5.18)

Adding the above together, the two remaining nonlinear terms vanish, leaving

1 n
S P = ) +

S

n — n+1/2 — n+1/2
S IBE 2 = IBRIP) + Re [ Va2 + sRey, [ VB2 P

— (FETY2), w2 4 5(V x g(¢7 ), BP?). (5.19)
To finish the proof, we multiply by At and sum over time steps. To prove the second result, choose
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v = BZ+1/2 in (5.5) and x, = UZH/Q (5.7), which gives

S— .
1 n — n n % 3 1 n— n n
A7 (uZJr1 up, Bh+1/2) + Re 1(Vuh+1/2, VBh+1/2) +b <2u2 iuh 1 ,uh+1/2, Bh+1/2>

= (f(t"tY/?), B2 (5.20)

1

7]1
n L2 _ n+1/2 n+1/2 « (3 1, n+1/2  n+l1/2
~ (B - Bl Y+ Re; {(VBITY2 vt ) b < n_ _ypol g2 />

2" 2

— (V x g(t"T/2), T, (5.21)
Adding the above together cancels the remaining two nonlinear terms, leaving

1 n u 1/2 1 n 1/2 — — 1/2 +1/2
Al B b (B = Bt (Re o Rey)(Vu T2 VBT

= (F"Y2), BPTYR) 4 (W x gt 2), up TR (5.22)

We can rewrite the first two terms as

1 n n n
@((UﬁﬂvBZH — (up, By))

n ’fl 1 n n n
Bt uptt = (B ) — 5o (B uf — (BRui ™),

L nt1_n n1/2) 4

1 nt1/2
At( h T Unps DBy 7(B;,L+1 Bhv i )_

At

1
uz+1a BZL - (U’Z7 BZ+1)) +

+E(( 2At((

(5.23)

which reduces to

Ait((uz+1’BZ+1 _ (usz;;)) + (R -1y Re*l)(vun+1/2 VBn+1/2)

= (F"Y2), BPTYR) 4 (W x gt 2), up TP). (5.24)

Multiplying by At and summing over time steps completes the proof. O
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5.2 Convergence

This section is devoted to proving convergence of the numerical scheme. For simplic-
ity in stating the following theorem, we state here the regularity assumptions of the solution

(u(z,t),p(x,t), B(z,t), A(z,t)) of the true MHD solutions:

u, B € L>®(0,T; H* ' nV) (5.25)
ugt, By € L*(0,T; H(Q)) (5.26)
e, By € L2(0,T; L (Q)) (5.27)
p, A€ L0, T; H*(Q)). (5.28)

We will denote U := 3uy — Iup™, U™ := 3u(t™) — Ju(t"'), By := 3By — 1By~!, and B" =

SB(t") — $B(t" ).

Theorem 5.2.1. Let (u(t),p(t), B(t), A\(t)) be a solution of the MHD satisfying no-slip boundary con-
ditions, and (5.25)-(5.28), with given f € L°°(0,T; H=(Q)) and ug, By € Vj,. Let (ull,pjt, BY, \%),
n=0,1,... M be the solution of Algorithm 5.1.1, using (Py, Px—1) Taylor-Hood or (Py, P#s¢) Scott-
Vogelius elements in a setting where they are LBB stable, and oo < O(h). Then for any At > 0, the
error in the discrete solution satisfies
M—1
lup! = (D) + s By = BT)? + At Y Re [V (2 — (/%))

n=0
M-1

+A1 S sRe, H[V(BT P -B )| < O(At4+a2h2k+a2||aDN (W) |+ [lany <B>||2+h2’“),
n=0

(5.29)

where C is a constant independent of «, h, and At.

Proof. The first equation of the MHD at time ¢ = t"*1/2, after denoting u"1/2 := w and

Brtl/2 .= w, satisfies for all v, € Vj:

tTL-‘rl _ tn /\Un
(’U,( )At U( );Uh> —|—Re_1(Vu”+1/2,Vvh) +b* <U" h 7u”+1/2,vh)

— By
— sb* (B” h,B"H/Q,vh) - (p(t”H/Q),V cop) = (f(t”H/Q),vh) + G(u, B,n,vp), (5.30)
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where

tn+1 _ t’n
G(u, B,n,vp) = (“()At“() - ut(t”+1/2),vh> + Re N (V (w2 —u(t"t/?)), 0p)
—~ U
+ b (U" h ’ u"+1/2,vh> _ b*(u(tn+1/2), u(tn+1/2)7vh)
— B},
— sb* [ Br B MY2 | 4 sb*(B(A"TY2), BtV Y2, v). (5.31)
Take vy, € V3 in (7.1) which vanishes the pressure term. Denote e} := uj — u(t") and e} :=

B} — B(t™) and subtract (5.30) from (7.1) to get

1 —h a —up (=h
R )+ (OF ) < (00 ) < (B 5 )

— By
+ sb* (B” } ,B”+1/2,vh> + Re_l(VeZ'H/Q,Vvh) = (p(t”+1/2),v ~op) + G(u, Byn,vp).  (5.32)

Rewriting the nonlinear terms gives

1 S _ /\Un
(et = et + 0" (TF et 0 ) + b (U;:h -’ ,u"+1/2,vh)

/,V\Bn ——h ——h
+ sb* <B” " By ,B”H/Q,fuh) + sb* <B” 767;-1/27%) + Refl(VeZH/z,Vvh)

= (p(t"*1/%),V -vp) + G(u, B,n,vp).  (5.33)

Decompose the error terms as
n n 2 n n 2 n n 3
e = (u(t") = P (u(t™))) — (uh — Py, (u(t™))) =213 — ¢u,

el = (B(t") — PE(B(t"))) — (B} — P& (B(t"))) =: ns — &',
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then choose v, = ZH/Z to get, Vg, € Qn,

1 _ e
(o2 = 121 + 07 (T o2 o (T = G a2, g

At
R et nt1/2 nt1/2 c (Bl 172 ng1)2 w (Bl 12 12
+Sb Bn _Bh aB a¢u +Sb B" 7773 a¢u +Sb B" a¢B 7¢u

+ReH [V ReT (Vi 2, Vo 2) = (p(8" ) = gn, V02 + G u, B, g H?),
(5.34)

Now, the second equation of the MHD at time ¢ = t"+1/2 satisfies, for all vy, € V3,

n+1y\ _ n U™
(B(t )At B(t )aXh) +R6;11(VBH+1/2,VX}1)+Z)* <U”U}L,Bn+1/27Xh)

— By
— b (B” h,u”+1/2,Xh> — A"V V) = (V x g(t" ) xn) + F(u, B,n, xn), (5.35)

where

Bt — Bt
F(u,B,n,Uh) — < ( )At ( ) . Bt(tn+1/2)aXh) +Re;n1(v(Bn+1/2 . B(tn+1/2))7Xh)
_Un"
+ b (U" hyB”“/Q’Xh) — b (u(t" ), B(t" %), xn)

— B!
b (B” ’ ,U”“/Q,Xh) U (BETY2),u(t2), ). (5.36)
Take vy, € V}, in (5.7) which vanishes the pressure term, and subtract (5.35) from (5.7) to get

1 ——h
(B — ) + Rep (Ve 2, V) + 57 (U;; 7BZ+1/2aXh)

In

« (aln pni1/e « (7l nt1/2 Y Rl n+1/2
-v*|U™ "B JXn | =0 | B Lu, JXr | +0 | B Lu Xk

= A"V V- xn) + F(u, B,n, xn).  (5.37)

53



Rewriting the nonlinear terms gives

1, - n « (77 n
S (e = ) + Rep (Ve v + 6 (T e )

+b* <Ul? —-un 7Bn+ / 7Xh> +b* <Bn ,GZJF / 7Xh) +b* B» 7B;LL 711‘71+ / y Xh
= (A", V- xn) + F(u, Byn, xn).  (5.38)

Decompose the error as above, and choose x, = S¢%+1/2, which yields, Vry, € Qp,

n — n+1/2 _ n+1/2 n+1/2 * N n+1/2 n+1/2
(0 2= 05 12) + s Rer Vo™ P4 Re (T2, Vo) s (T /2, 0572

—~Ur — —
+ sb* (U;;h -o ”,B”“/2,¢z“/2> + sb* (Bn ,n:;“/?,qbz*“) + sb* <Bn ,¢z“/2,¢%“/2)
=By —=h 1/2 n+1/2 1/2 nt1/2 n+1/2
+sb* | Br T — B w2 g = s(ANt"TV2) — 1), V- 52 4 sF (u, By n, ).

(5.39)
Now add (5.34) to (5.39) to obtain

1

(a1 = l10G1®) + (Ilqzﬁ”“ll2 — 6% 17) + Re~ M|V 2|? + sRe, [ Vo™

— J— —~UP —~B)y  —nh
+b* (U#h,n3+1/27¢2+1/2)+b* (U}? —_Un h n+1/2 ¢n+1/2) +8b* (Bn h _ B}TIL 7Bn+1/2’¢z+1/2>
——h . _yr
* n n+1 2 n * n n+1 2 n+1 2 * wh - n n+1/2
+sb (B / ¢+1/2)+sb (T o )+ sb (Uh —gn "t B g /)

——h AB?
+ b (Bn "+1/2,¢”“/2) +sb' (Bn "B ,u"“/?,cé’;““) + Re (Vi H 2, vt

+ Re (vnn+1/2 v¢7£1}+1/2) — (p(tn+1/2) - q}hv . ¢Z+1/2) +S(>\(tn+1/2) . T’h,v . ¢7El;+1/2)

+ G(u, B,n,¢"'/?) + sF(u, B, n, ¢n+1/2). (5.40)
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Applying Cauchy-Schwarz and Young inequalities yields

1
At

- PR —~ U =
< b* (U’?h’n2+1/2’¢'z+1/2>+b* (UZLL _n h’un+1/27¢3+1/2)+sb* <Bn

a7 (a7 = lleull®) + (II(Jb”“II2 ¢ %) + ||V¢>"“/2||2 shey, |V

BZ B Eﬁ ’Bn+1/2,¢3+1/2>
L sb* <B~"h,ng+l/2v¢z+l/2) o ( ’,; o ?1/2,(1)%“/2) e (U;:h B ﬁ?LUﬁ’Bn+1/2’¢%+l/2>
+ sb* <Bnh "“/Q,QS"“/Q) + sb* (BnBﬁ B};h,u”+1/2,¢’,§+1/2> +CRe _inf |p(t""!/?) — gl
+Csken miélgh INEY2) |2+ Re[ Vit 2|2 + Rep [V 2 2

+ G(u, B,n, ") + sF(u, B,n, ¢ %), (5.41)

We now bound the nonlinear terms:

——h ~ U — Uy
4 (Ui? — Ut R gt ) <|[TF" =T " a2 oo [l
< U = U™ [[um 2| o |Vt

Re_l n n n n— n n—
?”V%H/ZHQ + CRellu™ 2|2, (Im P + = I+ loull® + o~ 1%)  (5.42)

« 7nh —~ U " . 771h /71Un n n
sb (Uh ~ 0" "B +1/2,¢;”2> < s|TF" =T " || B2 ol
n n n n+1/2
< sl|lUp — UM B*? | Ve

R n n n n— n n—
HW B2 4 Cs R | BT 212 (Il + I~ 12 + lenl® + llont %) (5.43)

b (B" ~ By B2 g ) <s|Br =B IBTH et

< s B" = BR[IB™ 2|l | Vo T2

< 5 IVOut 212 + Cs*Rel B™ 25 (Infs ) + lln 12 + 16817 + 1o 1%) - (5:44)
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n

fh /L\Bh fh
1/2 1/2
_B w2, gy ) <slB B e e

Sn 5n n +1/2
< s B — Byl [[u" 2| |V

n+1/2 n n n— n n—
||V¢ P22 4 C5*Rem [ 21 (B IR + g 12 + 0k + ek 7). (5.45)

We bound the remaining trilinear terms using Remark 4.1.8.

b (T i, )

sb* (TF"

1B

n+1/2
b

%H/z)

sb* (?ﬁh, g2, ¢>Z“/2)

sb* (37;”

e,

¢r];+1/2)

IN

IN

IN

IN

IN

IN

IN

b* (U—}?h B Un77777j+1/2’ ¢Z+l/2> e (Un,nz+1/2’ ¢Z+1/2)
CITF" — U™ (192 62 oo + 2V 052 |o)
+OVU [V 2 [Vt 2

CUTR" = U= O T2 2 22

= ||v¢>”+1/2|\2 - CRe|| VU |2V 2 2

Re~ 1 ) n "
ﬁ”wu*l”ll“CReHUz — U [P(h* uf} 1) + CRe|[ /212

—55 VLTI + CRe = (Il |12 + Ik 11” + 165717 + [l

+a?h?* + a?||ap, (u)|?) + C’Zi’eHVn”“ﬂH2 (5.46)

sb* (Wh _ U7L77’]%+1/27 ¢%+1/2> =+ sb* (U",T]g+1/27 ¢7];+1/2)

Re

1/2 — — —
n IVe5" 2 + CRems®h~H (In I? + I 11” + 1317 + 1 #%1°

+a2h2k + a?|lapy (u)]?) + CRepms? ||Vt /2)2 (5.47)

sb* <375h — B 52, ¢>Z“/2) 1 sb* (B", 2, ¢>Z“/2)

Re™! _ n— _
yHWﬁZ“/ZIIQﬂLCReth% HmEH P+ g2+ llon 12 + lonll?

+a?h?* 4 o®|lapy (B)|?) + CRes?|| V22 (5.48)

b (ﬁh = B ) st (B2, o)
Re

1/2 — n— n n— n
IV 2112 + CRems?h = (a2 + [z 12 + 16712 + o)1

+a2h2k + ®|lapy (B)||?) + CRep,s?|| V122, (5.49)
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Combining, we have

1
At

< CRe inf \|p(t"+1/2)—qh|\2+csz-zem inf H)\(t"“/Q) Th||2+R6||V77"+1/2H2+Rem||V77n+1/2||2
qn€Qn ThEQR

a7 (a7 = lleull®) + (II(Jb”“II2 ¢ %) + ||V¢>"“/2||2 shey, |V

+ CRella 22 (I + Il =117 + 1001 + o 11)
+ Cs®Rep || B* 22, (i ® + Il 112 + Nl + 1001
+ CsRel| B2, (IS 112 + Il 117 + 1051 + o 1%)
+ Cs® Rep |l 212 (I l1* + g~ 112 + 0117 + 0% 11%)

+ CReR™ (P + 12 + llon ™ IP + 05 1° + a?h? + a?[lap, (w)]|?)
+ CRems® WM ([l I + I l® + 6512 + 0511 + o®h** + o?llap, (u)]?)
+ CRes?h® (|l |17 + I 11> + o™ I” + 16417 + ah** + a?[lapy (B)]]?)
+ CRems” KM (=M + 12 + o I + 051 + a®h? + a®[lap, (B)]?)

+ G(u, B,n, ¢"V/?) + sF(u, B,n, ¢""/%).  (5.50)

We next bound the terms in G(u, B,n, ¢Z+1/2) and F'(u, B,n, ¢"+ /2 using the bounds in [33]. We

have

tn+1

w(t™ ) — u (" n n Lin 1,
(M w2, 012 < Gl 4 gt 4 O0° [ el 55)

tn

tn+1

n n ]' n
- Bt<t"+1/2>,¢;“2) Slos 1P + 3 lloB 17 + (A / | Buel*dt (5.52)
t’n.

B(t"+1) _ B(t")
("=

t1/2

—1
< S IV R 4 CReA0 [ [VuulPar (5.9

- tn

p(V ("2 — (i), )

gnt1/2

522 + CRep (A1) / IV By||?dt. (5.54)

tn

R

v(V(B"T? = B )), 65" <
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We add to b* (U”, un /2 ¢Z+1/2> to one of the terms and subtract it from another, bounding the

resulting differences as

* n n n * n n n Re_l n
b (U U +1/2,</>u+1/2) — b (T2 u (" 2), gn ) < = [V n+1/2||2
tn+1
+ CRe(A (||V (u(t™) + u(t"=))|[* + [ Vu"T2||*) + CRe(At)® / [Vug*dt, (5.55)

tn

and, using Cauchy-Schwarz and Young inequalities and Lemma 4.1.6,

— B,UT o
pr (@ U w2, g2 < O T - U [Tt o2
Re ! __hun
< WHV(ZSZ-i_l/QHZ + CR(:’HunJ'_l/Q”%HUn b Un||2
Hey n+1/22 nt1/2)2( .27 2k
< 3T\|V¢u > + CRel|lu I2(ah

+a?[lapy @)P + A2+ Q22+ P + s 1 + leull®))- - (5.56)

We now add to sb* (E”, B2, QSLLH/Q) to one of the terms and subtract it from another, bounding

the resulting differences as

-1
sb* (anBn+1/2?¢Z+1/2) _ Sb*(B(tn+1/2)7B(tn+1/2),¢z+1/2) < %||V¢E+l/2”2

tn+1
+ Cs*Re(ADY(IV(B(™) + B 1)||* 4 |[VB"T/2||4) + Cs*Re(At)? / |V By || dt. (5.57)

tn

and, using Cauchy-Schwarz and Young inequalities and Lemma 4.1.6,

/,.,\thﬁ /’V\h,BZ
b*(Bn _ Bn’Bn+l/27¢z+1/2) < CSHB" _ Bn”||an+1/2||oo||¢Z+1/2H
Re™!
< S5 VL2 4+ Cs*Re| B2 (07 h?"

+a?[lapy (B + 2242+ a® (I~ |17 + [In )1 + o~ I* + 10517).  (5.58)

Next, add and subtract sb* (U", BnHl/2) ¢%+1/2) to one of the term and subtract it from another,
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bounding the resulting differences as

7 (U, B G — s (U ), B2, 62 < S vt

gt

gt
4 CRep (A1)} <|v<u<t”> ()2 / IV Burl[“dt + [ B(+1/2) 2 / ||Vutt||2> ,
t’Vl t’VL

(5.59)

and, using Cauchy-Schwarz and Young inequalities and Lemma 4.1.6,

/\h7U7Z' /\h,UTLL
sb*(U™ o Un,Bn+1/27¢%+1/2) < C|un ho Un”||VBn+1/2||OO”¢%+1/2H
Re ! n
< ;én ||V¢B+1/2||2+CR€mHBn+1/2||§(042h2k

+a?[lapy (W)|* + A2+ Q2 (=2 + )7 + lon ™ 1 + leull®)- - (5.60)

Finally, add and subtract sb* (g”, unti/2] ¢>7]§+1/2> and bound the differences as

~ —1
sb* <Bn7un+1/2,¢’fé+1/2> i sb*(B(tn+1/2)’u(tn+l/2)7¢’ré+1/2) < %Hv(b%Jrl/QHQ

g+l g+l
+ CRep(At)? (IV(B(t”) + B(t"’l))ll2/ IVaee||*dt + HVU(t"“/Q)IIQ/ IIVBtt||2> :
t’!l t’n

(5.61)

and, using Cauchy-Schwarz and Young inequalities and Lemma 4.1.6,

Uy n n n+1/2
" UM IVBY e

—~ h,U" n n n —~h

sb" (O = U, B2 g ) < oo
Re ! n

< Sp- VoI 4 CRey | B2 (020

+a?[lapy @)II? + A2+ Q2P+ P + s I + leull®)- (5.62)
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Combining all these bounds with (5.50) and using regularity assumptions (7.7)-(7.10), we obtain

1 s Re ! sRe1
L ntl)2 || an|2 S n+l)2 || 4n |2 n+1/2(2 m n+1/2)2
S Uen 1P = 12 2) + o5 (16512 = 65]1%) + 5= IVen /2|2 + 25 V™2

< RV 4 e |95 22+ ORe (@212 4 o2, ()] + 12+
QP P P + )

CRew <a2h2k T 0 lapy (B + K%+ 4 (I 1P + Il + 632 + ||¢%||2>). (5.63)

Summing over timesteps, multiplying by At and noting that [|[u}|| = ||BY|| = 0 gives
M—1 M—1
lon' > + sloB I1” + At Y- Re™ [ Vg™ /2P + At Y sRe, ! |VoE™ )2
n=0 n=0
M—1 M—1
n 1/2
< ALY Re| Vit |P4AE Y Re ||V / ||2+C(a2h2k+a2|aDN(u)||2+a2||aDN(B)|2+h2k+2
n=0 n=0
M-1 M—1 M—1 M-—1
+ALY QPP+ ALY QPlen] + ALY QPP+ Ay 042||¢%||2>- (5.64)
n=0 n=0 n=0 n=0

Assuming (Py, P;—1) Taylor-Hood or (Py, P3¢) Scott-Vogelius elements, we have

M—-1 M-1

6212 + slloM 112 + At S Re Y |Vortl/2|2 + At Y sRe; V| Vo 2|2 < c<At4 T
n=0 n=0
M—-1 M—-1
+a?lapy (W) + o?llap, (B2 + h2* + At Y o?¢n]? + At Y a2||¢%||2). (5.65)
n=0 n=0

Applying Gronwall’s inequality yields

M-1 M-—1
163712 + slloB 12 + At > Re7Y|[Voi 22+ AL > sRey![Vopt |2
n=0 n=0

< C(At4 + a?h? + a?|lapy (W)|]? + 2|lapy (B)|]? + h%). (5.66)

Applying the triangle inequality gives the stated result. O
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5.3 Numerical Experiments

In this section we verify the rates predicted in section 5.2 for Algorithm 5.1.1. We compute

approximations to the chosen solution

ui(x,y,t) = (140.01¢)cos(y), Bi(z,y) = (1—0.01¢)sin(y)
us(x,y,t) = (140.01¢)sin(x), Ba(z,y) = (1 —0.01¢) cos(z)
p(x,y,t) = w+y

on Q= [0,1]2 and T = 1. We choose Re™! = Re,;)} =1, s = 1 calculate f and V x g from the MHD
and the chosen solution. Then, using Algorithm 5.1.1 with both (Ps, P») and (P, P;) elements, we
compute solutions on five successive mesh refinements using @ = h and N=0 (our analysis shows
that for these element choices, choosing N > 0 does not improve asymptotic accuracy over the N=0
case). Our analytical results predict that for (Ps, P») elements, with a(-) = ap,, a rate of 3 and
with a(-) = 1 (the usual Leray model), a rate of 2. Tables 5.1 and 5.2 show our calculated errors

and rates, and we do observe optimal convergence in both u and B.

h At | |lu —unll21 | Rate || ||[B— Bpll2,1 | Rate
/4| 1 1.49¢-03 - 5.86¢-04 -
1/8 | 1/3 2.16e-04 | 2.782 9.17e-05 2.676
1/16 | 1/9 3.15e-05 | 2.783 1.83e-05 2.327
1/32 | 1/27 5.18e-06 2.602 4.04e-06 2.177
1/64 | 1/81 1.04e-06 2.313 9.65e-07 2.066

Table 5.1: L2(0,T; H'(2)) errors and rates for u and B found with Leray. We observe a rate of 2.

h At ||u—uh| 2,1 Rate HB—Bh”Q’l Rate
1/4 1 1.60e-03 - 8.51e-04 -
1/8 1/3 2.15e-04 2.896 9.04e-05 3.234
1/16 | 1/9 2.73e-05 2.974 9.70e-06 3.219
1/32 | 1/27 3.45e-06 2.987 1.15e-06 3.075
1/64 | 1/81 4.28e-07 3.011 1.43e-07 3.014

Table 5.2: L?(0,T; H*(2)) errors and rates for u and B found with a(-) = ap,. We observe a rate
of 3.
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Chapter 6

The Leray-a(-deconvolution model

The work presented in this chapter is a result of [4]. Dissipation scale modeling in regular-
izations via the ‘S-method’ was introduced by Fried and Gurtin [15, 16, 17] for the Navier—Stokes-«
(NS-a) model, as a way to model the inherent separation between the inertial (modeled below with
the parameter «) and dissipation range scales (modeled below by the parameter 5). Numerical stud-
ies due to Kim et al. [28, 29, 30] demonstrated that introducing the dissipation scale 5 < « improves
accuracy of velocity scale prediction in the dissipation range for simulations of three-dimensional
isotropic turbulent flows with periodic and non-periodic boundary conditions. It is the purpose of
this paper to study analogous dissipation scale modeling in the context of the Leray-a model with
deconvolution for viscous and incompressible fluid flow.

From the computational point of view, Leray-type models are more attractive than NS-a
type models due to their ability to be linearized in time-stepping schemes without sacrificing uncon-
ditional stability with respect to time-step size [34, 35]. On the other hand, from the physical point of
view, NS-a type models are more attractive because they conserve helicity and are frame—invariant,
while Leray-type models are not [14, 20, 46]. However, we believe that computational advantages of
Leray-type models outweigh the advantages of NS-a type models, particularly when deconvolution
is used. This belief is founded on the observation that the consistency of the nonlinearity of (1.12)
to that of the NSE is O(a?V*2), and thus that the deviation of the model from frame invariance
and helicity conservation is also O(a?V*2). Moreover, since frame—invariance and helicity conser-
vation are not typically exactly enforced in computations (due to discretization procedures), the

greater physical accuracy of the NS-a type models over the Leray-type models may not be realized
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in computed solutions.

6.1 Numerical algorithms for Leray-af-deconvolution

The system (1.12)-(1.15) is a fourth order system, and so does not easily lend itself to

efficient computations. However, we can rewrite (1.12) by

AT = f, (6.1)

2 2 2 92
ut+DN(ﬂ)-Vu+Vp—y<1—a ﬂ)Au—ya b

a? a?
which is second order and thus can be computed with C° mixed finite elements. This section presents

and analyzes a finite element algorithm for our model.

6.1.1 A finite-element scheme for the Leray-a(-deconvolution model

We now present an algorithm for Leray-aS-deconvolution. The scheme uses a trapezoidal

temporal discretization.

Algorithm 6.1.1. Given a kinematic viscosity v > 0, and end-time T > 0, a time step At chosen

so that At < T = MAt, f € L>(0,T;(L*(Q))%), a solenoidal initial condition ug € X, parameters
7},‘ J—

a>B>0 witha <Oh), ug =u) € Vi, v = Fp(ul), find (uz7u2h,p2,)\ﬂ) € (Xn, Xn, Qn, Qn)

fOT n= 1727 7M satisfying, V(”h,wha%ﬂ'h) S (Xh7Xh7Qh7Qh)7

St = ag o) + (D V) (Y )
+v (1 - a20j252> (Vup 2 V)
o (SR T e = (e, 62
(V-upt qn) = 0, (6.3)
(VA V) + (@ wn) — (AL ) — (@ w) = 0, (6.4)
V- ) = 0. (6.5)

It will be notationally convenient to instead study the equivalent V}, formulation: Vv, wy, €
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Vh7

We now prove the algorithm is unconditionally stable with respect to the time step.

Lemma 6.1.2. Solutions to Algorithm (6.1.1) are unconditionally stable: for any At > 0, they

satisfy
M—1
[ud|? + vAt S [V 2|2 < C(data). (6.8)
n=0
Proof. We start the proof by choosing v, = uZH/ 2 n (6.6). This immediately causes the nonlinear

term to vanish, leaving

1 a? — B?
R = (12 220 )nwzz*”“

a2 n n
+”< )ll mEL/22 ((nd1/2 L2y ()

Using the identity

1 n n "+% 1 n n n n n
S =) = o g ) = s (R~ )
with (6.9), and Lemma 2.1.2, we get
n n+1/2 n+1/2
(a2 = 1) + wllup 202 < (P2 ). (6.10)

2At

Using Lemma 2.1.2 on the left hand side (i.e. the equivalence of norms), then majorizing the

righthand side with Cauchy-Schwarz and Young’s inequalities yields

n n+1/2 n n+1/2
xR = gI?) + ColFu 22 < L) | Vg2

n Chv n+1/2
Sz, DY ey (6.11)
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Reducing, summing over time steps and multiplying by At gives

M-1 M—-1
ld! 1>+ vat Y- [vup P < C ( ALY FETTA)E + IU?L|2> : (6.12)

n=0 n=0

which completes the proof. O

Remark 6.1.3. These bounds are sufficient to establish the existence of the solution at each time
step using the Leray—Schauder fized-point theorem [33]. Uniqueness of discrete solutions can be
proven in the usual way, but requires a data-dependent restriction on the timestep of At < O(v=3).
This restriction arises from the use of the discrete Gronwall inequality, and it is not believed to be

sharp.

6.1.2 Convergence Analysis

Theorem 6.1.4. Let (w(t),q(t)) be a smooth, strong solution of the NSE, additionally satisfying
w € L*(0,T; H**1(Q)) and the smoothness assumptions of Lemma 2.1.4. If (up,pn) is a solution to
Algorithm 6.1.1 with N =0 or 1, then for At sufficiently small, there is a constant C, independent
of h and At, such that

M—-1

+
lw(T) — uhM||2 + VAt Z A% ( w(t” +w (t" ) n+1/2||2
<

n=0

C(AtH + N+ L 2% 1202 — B2)?). (6.13)

Proof. At time t"*+1/2 the solution of the NSE (w, q) satisfies

n+l _ ., n h 2 _ P2

a2 — B2\ _———h
+v ( a26 ) (Vwntl/2" Vo) = (f(t”+1/2),vh) + Intp(w™,vp), Yo, € V, (6.14)
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The term Intp(w™,vy), given by

Intp(w”, Uh) — (W _ wt(tn+l/2)7 'Uh>
+v(V (W) — Vw(t"/?), Vuy,)
a? — B2 w(t™) + w(Ent) " w(t™) + w(t"t)
() (s
w(t) T wEE) " o () + w(t )
N BTN
+(DRw ™YY Tw(tH2), up) 4+ (FET2) — 2 ), (6.15)

collects the interpolation error, the filtering error, and the consistency error. The pressure terms
vanish since we are using SV elements that are pointwise div-free. Now, subtracting (6.2) from
(6.14) and letting e” = w(t") — u}, we have

1

- 5 nih
A (€ = o) — (DRen 12 w2 uy) 4 (DR 202 )

2 _ p2 2 _ p2 h
+v (1 _o b > (Ve /2 V) + v <O‘ b > (Ven+1/2" Vo) = Intp(w™,vy,). (6.16)

o? o?

Decompose the error as e = (w™ — U™) — (v} — U™) := ™ — ¢ where ¢! € V},, and U is the L?

projection of u in Vj,.

2 2 2 2 I
¢Z+1¢;},vh)+u(1o‘ af >(V¢Z+1/2,Vvh)+v(a b )(v P2 o)

~
At a2

1 —a" JUESYE
= g (" =) + (DR 2 VU ) — (DY P g2 )

———h ———h
_ (D]}{IUZJrl/Q . vnn+1/27vh) + (Djlifuz+1/2 . V¢Z+1/27Uh)

a2 — ﬂ2 . a2 — (32 ___n n
+V(1_ a? >(V77 *1/27Vvh)+”< aQﬁ >(V77”“/2 , Vo) + Intp(w", o). (6.17)
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Setting vy, = ZH/Z in (6.17), we obtain

1 n+12 7|2 a? — n+1/22 o —
AR 17 = llgnll™) +2 {1 Ve, 7" +v 5

2
8 ) ln 2

n h n n n n n
) 4 (DR U, ) (DR, g
2 _ 932
(DR ) (1 s )Wn"“/?,wﬁ“/Q)

2 52 N
+u(a 23 )(v,’,}n+l/2 7V¢Z+1/2)+Intp(w”7 ZH/Q)- (6.18)

The first term form the right hand side vanishes based on its projection definition. We bound the

rest of the right hand side terms as follows.

—h" n n n
(DR i2" gt 1/2 g2y < o DR | [V 2 o [l
n+1/2
< )™ 2| ™22 s [l T2
n+1/2 — n n
< Hw P2+ N 122 a2 2,

n+1 2 n n+1/2 n+1 2 n n+1/2
(Dlygr 2 wymt1/2, gt/ C|| Dl Va2 g2

IN

C(N)[u /2| s | g T2 )12,

IN

———F——h
n 2 n+1/2 v n 2 — n 2
(Dhup ™2 V2 g2y < IV 4 O [V R P g R

2 _ P2 2 92
y (1 _ (6% /8 > ( n+1/2 v¢n+1/2) g (1 _ « a2ﬂ ) ||V¢Z+1/2H2+

OCQ
B a2 7ﬂ2 N
cvt (1= ) o

and

2 2
v<o‘ i )(Vnnﬂ/?h,wz“”)

o

<

v {a? - n L (a? =52 n
<L (2 ivermp oot (S22 ) e
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Combine the above and use norm equivalences from Lemma 2.1.2 on the left hand side to obtain

n n+1/2 _ n
S (612 = I6517) + S IV 8212 < 0w w722
o+ O 2P 2 g+ o

+ v |22 |V YR 4 Clntp(w™, 67T, (6.19)

The interpolation error is bounded in the usual way ([34, 35, 29]), and using Lemmas 2.1.2 and 2.1.9,

and the regularity assumptions on the true solution, we find
[Intp(w™, ¢ /%) < C(ALY + o™V 4 b2 412 (a? = 52)) + o 12 + o7 |1 (6.20)

Summing over time steps, multiplying by At, using ||gz50 || = 0, then under regularity assumptions we

obtain

Atu nt1/2 . M M-1 )
oI+ =5~ Z IVor 21 < 01 +v)an Y g +C<At PR &

n=0 n=0

M—-1
+ A+ oV L R 2 (07 - B2)) + A Y vV ||vu”“/2||2>. (6.21)
n=0

Continuing to bound the right hand side terms,

M-1 M
CAw™' Y|V 2P < caw T Y vt
n=0 n=0
M
< CAw™ Y R (™) i
n=0
< Cr'h?k (6.22)
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Since we assume ((Py)?, P3¢) elements, then using the stability result gives

M-1

At Z 1||vun+1/2|| ann+1/2”2
n=0
M—1 ,
_ 1 n+1/22 . nt1/2y 2
= Atnz% [V, ™7 vilel{;hHV(u ) —on)||
M-1
< ALY vV CR )
n=0
M—1
— n+1/2
< OvT ALY || Va2
n=0
< Cv2n2k, (6.23)

Combining (6.21) with (6.22)-(6.23), and using (2.2) and (2.3) gives

Atu n
ot |12 + =~ Z IV t/2|2

M
SCA+v DALY [GplP + Cr2h* + At* 4+ N 4 h?* 12 (a® — 52)%). (6.24)

n=0

For At small enough, applying Gronwall’s inequality yields

M—1
At
IoA 12 + 5= D IV 22 < C(AH + 0¥+ 4 b 40202 = 82)7). (6.25)
n=0
Finally, applying the triangle inequality gives the result. O

6.1.3 Linearized Scheme

Algorithm 6.1.1 can be more efficiently computed in the following way, by linearizing through
time-lagging and extrapolation of the filtered terms, which decouples filtering and deconvolution from
the system. Although unconditional stability is lost, the resulting stability condition for the time-
step is mild, and easily justified by the gain in efficiency since the linear systems for the filtering

and mass/momentum are decoupled and need solved only once at each time-step.

Algorithm 6.1.5. Given a kinematic viscosity v > 0, and end-time T > 0, a time step At chosen
so that At < T = MAt, f € L>(0,T;(L?*(Q))9), the initial condition ug € V, parameters 0 < 3 <

a < O(h), first find uf) € Vj, to be the L? projection of ug into Vi, then find (uh,uh ) e (Vi, Vi) by
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linear two-step process, form =1,2,.... M

Step 1: For all vy, € Vy,

Step 2: For all wy, € Vj,
2 n+1h n+1h n+1
a”(Vup ™  Vwp) + (up ™ wp) — (up ™, wy) =0,

— -1._ .0
Forn=1, u, = u.

This scheme is conditionally stable, with a mild time-step restriction when 8 < «.

Lemma 6.1.6. For a given mesh and parameters, if the time-step satisfies

C2uh—2At o? — 82
_ Civ o 15} -0

1 2 a? ’

(i.e. At <O (h;)), solutions to Algorithm 6.1.5 satisfy

M-—1
b2 + vAt S [V 2|2 < C(data).

n=0

(6.27)

(6.28)

Remark 6.1.7. Since this scheme is linear, provided the time-step restriction, the stability result

implies existence and uniqueness of solutions, without any further assumptions. Also, a convergence

result similar to that proven for the nonlinear scheme holds for this scheme as well, but with the

At* term in Theorem 6.1.4 reducing to a v?At? due the time lagging in the viscous term. If an

extrapolation of this term was used instead, it would increase the accuracy, but currently we are

unable to prove a stability result of practical use for such an alteration.

Proof. Set v, = UZ+1/ % in (6.26). This vanishes the nonlinearity, and leaves

1 n n a? — 2 n+1/2
AL (e ™H> = luil?) + v (1 — ) IV 2|2

2 2 o
+ v (M) (Vu2h7vuz+1/2) _ (fn+1/27uz+1/2).

a2
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The third term in the left hand side of (6.29) reduces as

——F—Fh
(V" vupt?) = (v@hivu’;*”z ,vu;;““)
—F—h

n+1/2 n+1/2 n+1/2
= Ny T+ (Vi = VT v

. 1 .
= Ju +1/2||2 i(v n+1 vuzh,vuh+1/2)

1

n+1/2 n n

= [lup 22 - 7 FHE = i l?) (6.30)

with the final equality holding since the filter is self-adjoint in the L? inner product, and so we can

now rewrite (6.29) as

1 n n o? — 32 n+1/2
o (I +1||2—|uhz)+v(1— S5 ) v

a? — nt1/2 n n+1/2 va?— 52 n n
+u( )n 212 = (prr2 g2y 4 VOB e mg2y - (6.31)

4 o2 €

For the forcing term in (6.31), using Cauchy-Schwarz, Young and norm equivalences from Lemma

2.1.2, we have the bounds

1 nt3 n+3
(F" 2y ) < 2] Vg 2|

a? — 2 ot a? — B2 -1 ..
V(l_ a? )|V i ||2 1/(1_ o? ) IIf +2||2—1a (6.32)

[\

and

1 ntg n+3 n+3
2w ) < Il Ty 2 < Ol - 1||uh *le

ua2 et C? «a ntl
< P &SI, 639
Combining (6.31)-(6.33) provides
1 n n 2 ﬁ n+1/2 n+1/2
5 (2 = g ?) o (1= S22 Y vz o 2 e
va? - p? +112 ny2 Lontdy2 2 042*52 - o = p° -
< VO 02— R 2) + L2 mingo < ) (-2

(6.34)
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Note the min on the right hand side of (6.34) is bounded by 2C?, since the two numbers being
inverted are positive and sum to 1, so one of them must be bigger than or equal to 1/2. Thus we

have

a2 — 32 .
af) ||Vuh+1/2||2 +

2

1

o — 3° +1/2
a7 (P = ) v (1 A A

a?

n+1)2 ni2 202 n+i2
< (|| e =k 12) + ==l 121 (6.35)

I\D\t

Multiplying by At and summing over time-steps yields

M-1 2 2 2 2
a”—f n+1/2 o —B% ny1/2
(11 = ug 1) + vAt > ((1 — ) IV 22 + — [y ||§>

n=0

va?—p?
< VO N (2 - ) + 2 Z 1742 (6.36)

which reduces using Lemma 2.1.2 and the inverse inequality to

M-—1
M (|12 At 1 _ 2 ﬁ Vu n+1/2 2 n+1/2)2
lup||> +vAe > 70[ | I”+ || b

n=0
vAt a? 202 —~
<t B, h||2+—AtZ||fl+2||2 + )
VAta 202 MY el
< ||V wP+ —, At SRR + ()l
n=0
C2I/h 2Ata? — 902 N ntl
< Gt Z i + 2280 3 1 g (637
n=0

Taking with o = 3, or a > 8 with

2 h=2At 02 — 2
Civh ta®—pf -0

1—
2 a? ’

along with norm equivalences, completes the proof. O
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6.2 Finite Element Numerical Experiments

In this section, we present two numerical experiments on benchmark problems that illus-
trate the effectiveness of the proposed approach, in giving good coarse mesh approximations. All

computations are done using Algorithm 6.1.5.

6.2.1 2D Flow around a cylinder

Our first numerical experiment is for two dimensional under-resolved channel flow around
a cylinder, as described in chapter 3.

For our models to be successful, they should be able to approximate the true solution well,
on a coarser mesh. Hence for these simulations, a barycenter-refined mesh providing 18,780 total
degrees of freedom with ((P3)?, P§¢) Scott-Vogelius elements, a time step of At = 0.001, and
filtering radius « chosen to be the average mesh width, is used. Results are shown at ¢ = 6 for
N =0, 1 and for 8 = a,a/2, in Figure 6.1. From these plots, we see that without deconvolution
or f-modeling (i.e. the Leray-o model), the simulation fails to predict the vortex street. With
either deconvolution or using 5 = «/2, improvement is seen, but the combination of deconvolution
N =1 and 8 = a/2 gives a result that matches well the DNS of Figure 3.6 in that the vortex street

continues to the end of the channel.

N 15} i el Ap
0 a | 2173 | 0.034 | -0.124
0 | @/2 | 1.950 | 0.182 | -0.114
1
1

o | 2,510 | 0.234 | -0.097
a/2 | 2.447 | 0.315 | -0.114

Table 6.1: Maximum lift and drag coefficients and pressure drop for four model settings on a coarse
mesh.
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Figure 6.1: Shown above are the velocity field and speed contours of the models’ computed solutions
at t = 6 for the channel flow around a cylinder test problem.
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Chapter 7

Numerical approximation of a
multiscale Leray model for

incompressible, viscous flow

The work presented in this chapter is a result of [3]. We study a modification of the
Leray-a model. We will filter on a finer mesh, which allows smoothing of the solution to be more
localized, causing less damping at coherent flow structures. The filter system is decoupled from
the mass/momentum system, and even though it is solved on a finer mesh, the filter solve can be
considered as equivalent to a well conditioned Stokes problem, as we are solving the same matrix at
every timestep.

We present an efficient numerical method for the model that is unconditionally stable and
optimally convergent, and which decouples the mass/momentum system from the filter system,

improving the efficiency of the system solves.

7.1 Scheme and Stability

Algorithm 7.1.1. Given a kinematic viscosity v > 0, an end-time T > 0, a time step At chosen so

that At < T = MAt, f € L=(0,T; (L2(Q))%), initial condition uo € X, filtering radius o < O(h),
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.ﬁnd (UZ>pZ) S (Xh7Qh) forn = 1727"'7M Sa/tisfying7 V(Uh7(Ih) € (Xh7Qh)7

1 eyl 0
A e = uhon) 07T o) = (Vo)
—I—I/(VUZH/Q,VWL) = ("2 ), (7.1)

(V-upt™ qn) = 0. (7.2)

Lemma 7.1.2. Solutions to Algorithm (7.1.1) exist, are unique, and satisfy

M—1
b (2 + At S v Vup V22 < O, £, T). (7.3)
n=0
Proof. Begin by choosing v, = uzﬂ/ % in (7.1). The trilinear term vanishes, leaving

1 n n n+1/2 n n+1/2 1y en v n+1/2
o (I P = ) 4V 202 = (2, 2) < cv e 2P v R, (1)
which reduces to

1 n n v n+1/2 —1y ¢n
oz e 2 = [lei 1) + S 1V, P2 < ov e, (7.5)

Summing over timesteps and multiplying by 2A¢ yields

M—1 M—1
|2+ A Y vV 22 < ot ST 2R 4 ). (7.6)
n=0 n=0

7.2 Convergence

This section proves convergence of the scheme to the NSE solution. The result gives guid-
ance in choice of parameter « to achieve optimal accuracy. For simplicity in stating the follow-

ing convergence theorem, we summarize here the necessary regularity assumptions for the solution
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(u(z,t),p(z,t)) to the NSE

u e L®(0,T; H*1(Q)), (7.7)
we L0, T; H*N+2(Q)), (7.8)
uy € L*(0,T; H(Q)), (7.9)
uge € L*(0,T; L2(Q)), (7.10)
pe L>®0,T; H*(Q)). (7.11)

Theorem 7.2.1. Let (u(t),p(t)) be a solution of the NSE satisfying no-slip boundary conditions,
and (7.7)-(7.11), with given f € L*>(0,T; H=(Q)) and ug € H (). Let (u}l,p}), n=0,1,... M be
the solution of Algorithm (7.1), using (Px, Px—1) elements. Then for At small enough, the error in
the discrete solution satisfies

M—1

[u(T) —ud? [+ At S vV (@2 —up V)12 < O(AE + 12 + ot + a?h?F 4 h22)

n=0

Remark 7.2.2. With a = O(iz) (which is believed to be the optimal choice [34],[47],[43],[41]),

estimate of the theorem reduces to

M-—1
[u(T) —ud? || + At S v V(@2 —up 2| < O(A8 + BF + h?)
n=0

Hence, using degree polynomial k = 3, h = O(h3/2) will provide optimal convergence.

Proof. We begin by multiplying the NSE at ¢ = s by vp, € V3. Then integrate to get, Yu, € Vp,

<u(t“+1) —u(t")

At a”h> — (p(t"T/2),V - vp) 4+ v(Vu" T2 Vuy)

———h
+ 0 (un /2 Y2 ) = (F(EVTYE) o) + Gu,ny ), (7.12)
where

n+1y _ n
G(u,n,vy) := (W — ut(t"+1/2),vh) + V(V(u”+1/2 — u(t"+2/2)),vh)

— h
O (U2 g2 gy b ((E Y2 (7Y 2) ). (7.13)
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Denote e™ = u(t") — uj and subtract (7.12) from (7.1) to get the error equation

1 Ryl ———h
E(en—i-l _ en’vh) + b*(uh+1/2 ,€n+1/2,’l}h) + b*(en+1/2 7un—!—l/2’vh)

+u(Ve" 2 Vu,) = (p(t"tY2),V - vp) + Glu,n,vp).  (7.14)
Decompose the velocity error as,

e = (u(t") = Py, (u(t"))) + (P, (u(t")) — up) = 0" + .

Expanding and choosing v, = qZ)Z“/ 2, and reducing by Cauchy-Schwarz and Young’s inequalities
gives
S (IR 12 = llonl?) + ||sz5"+1/2||2 <Cv|Vp PR et it lp - il
2At B ar€EQn

b <vw+1/2h,u"+l/2,¢>z“/ 2) b (d»"*” TN 2)

+b* <u;;+1/2 ”+1/2,¢"+1/2> +Gu,n, o7 ). (7.15)
We now bound the three trilinear terms using Lemma 2.0.3 and Young’s inequality:

— i
b*(WHﬁﬂ a2, Z“”) LIVt 212 4 Co VY22V () + u(E)|2. (7.16)

— 16

——h
N<ﬁ“”,m“ﬂwf”ﬁ Ve 2+ Co T O 2P v AP (7)
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———h
b* <¢Z+1/2 7un+1/2a¢z+1/2>

1 +1/2i‘ ntl/2 n+1/2 1 7+1/2i’ nt1/2  nil/2
—2<Z 'UJF/’}z -3 i Vo Lyt

n+1 2 n n+1/2 n+1 2 n n+1/2

< Ol Va2 o2+ Ot o ™2 | [V g2
n+1/2 n n n+1/2
< Ol 2 (IVa 2 o + T2 o) [V T2

n+1/2 n+1/2 n
< IV 2P 4 Ol Pt 2 (7.18)

n+1/2)

Using bounds on the three trilinear terms and the G(u, n, from [34] and [5], we get

L antL 2 an nt1/22 n+1/202 4 o1 gnf _ 2
a7 (1032 = IRIR) + v Vi 212 < Cul o212+ 0vt inf flp =l
o+ Cv VU R 4 Cu [V 2
tntt

+ Ol 2 a2 + C(At)3/ ueee | *dt

tn

gnt1/2

+ Cu(At)3/ Vg ||dt + Cr (A (|| Vu 2% + || Va2 |4
tn
tn+l

+ CvH(AL)? / [ Vug||dt + Cv=u" 2| gs (o + o2hF + h2F+2). (7.19)
t’n.

Summing over timesteps, multiplying by 2At, noting that [|¢?| = 0, and using regularity assump-

tions (7.7)-(7.11) yields

M-1 M—1 M—1
n+1/2 n+1/2 — n
|12 + At > vV 2|2 < C<At Sollen P+ A>T v ot
n=1

n=0 n=0
M—-1
+ A ot + W 4 B2 ALY vV T ||vnn+1/2||2>. (7.20)
n=0
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Assuming (P, Py—1) elements, the last term in (7.20) is bounded by

M—-1

— n+1/2 n
ALY v [V w2
n=0
M—-1 /
N -1 n+1/22 . £ /2y 2
g Ve 212 inf [V (u(t™t2) = 0a)]
M—1
< ALY vV TR ROR[ul? )
n=0
M-—1
< ORPFAE Y |V T2
n=0
< o2, (7.21)
Combining (7.20) with (7.21) gives
M-—1 M—1
n+1/2 n+1/2
lop 12 + At S v Ver 22 < one 3 oA
n=0 n=1

+ C(h?* + At* + ot + 0% + h2+2). (7.22)

For At small enough, applying Gronwall’s inequality yields
M-1
onl 12 + At S v Vop 2|2 < O(h%F + Att + o + a2k + h2FF2), (7.23)
n=0
Applying the triangle inequality to (7.23) yields
M-1

[u(T) —upl |2 + At S v V(uE2) —up ™22 < C(AE + B2 + ot + a?h?F + h2FH2). (7.24)

n=0

7.3 Numerical Experiments

In this section, we present several numerical experiments that illustrate the effectiveness of
our approach in giving good approximations of incompressible flows. In particular, we show that

using fine mesh filtering gives better results than filtering on the same coarse mesh.
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7.3.1 Convergence Rate Verification

h At h lu — upll21 | Rate
1/2 0.001 1/2 1.271e-02 -
1/4 | 0.001/3 | 1/6 | 1.683¢-03 | 2.916
1/8 | 0.001/9 | 1/18 | 2.177e-04 | 2.951
1/16 | 0.001/27 | 1/54 | 2.816¢-05 | 2.951
1/24 | 0.001/61 | 1/122 | 8.398¢-06 | 2.984

Table 7.1: L*(0,T; H'()) errors and rates found with (Xj,Q;) = (Ps, P») for experiment 1, with
h cut by 3 for each mesh refinement, as predicted by the analysis.

h=nh At llu — upll2,1 | Rate
1/2 0.001 1.271e-02 -
1/4 0.001/3 1.687e-03 | 2.914
1/8 0.001/9 2.334e-04 | 2.833
1/16 | 0.001/27 | 4.538e-05 | 2.363
1/24 | 0.001/61 | 2.001e-05 | 2.019

Table 7.2: L?(0,T; H*(Q2)) errors and rates found with (X;,Q;) = (Ps, P») for experiment 1, with
h = h for each mesh refinement. A lower rate of convergence can be observed compared to Table 1.

Our first numerical experiment is to verify the predicted convergence rates in Chapter 4 for

Algorithm (7.1.1). The test problem we choose is to compute approximations to the chosen solution

uy(x,y,t) = sin(27y)(1 + 0.01¢)
uz(x,y,t) = cos(2mx) (1 + 0.01¢)

plz,y,t) =2 +y

on 2 = (0,1)% and ¢ € [0,0.001]. We calculate f from the NSE, the initial condition ug = u(0), set

v =1, and use this data to compute solutions on five mesh refinements.

h At h HU7U}L”271 Rate
1/2 | 0.001 1/2 | 1.270e-02 -
1/4 | 0.001/3 | 1/6 | 1.684e-03 | 2.915
1/8 | 0.001/9 | 1/18 | 2.177e-04 | 2.951
1/16 | 0.001/27 | 1/54 2.816e-05 | 2.951
1/24 | 0.001/61 | 1/122 | 8.398¢-06 | 2.984

Table 7.3: L*(0,T; H'(Q)) errors and rates found with (Xj,Q;) = (P2, P1) for experiment 1, with
h cut by 3 for each mesh refinement, as predicted by the analysis.

The increased order of convergence for a (Ps, P3) filter can be seen in Tables 1 and 2. In
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h=nh At llu — upll2,1 | Rate
1/2 0.001 1.270e-02 -
1/4 | 0.001/3 | 1.686e-03 | 2.917
1/8 | 0.001/9 | 2.333¢-04 | 2.854
1/16 | 0.001/27 | 4.539e-05 | 2.362
1/24 | 0.001/61 2.001e-05 | 2.019

Table 7.4: L*(0,T; H'(Q)) errors and rates found with (X;,Q;) = (P2, P) for experiment 1, with
h = h for each mesh refinement. A lower rate of convergence can be observed compared to Table 1.

Table 1, where fine mesh filtering is used, we see O(h?) spatial convergence, whereas when finemesh
filtering is not used, (Table 2), the convergence order is decaying away from 3. We found similar

results when using a (P, Py) filter space (Tables 3 and 4).

7.3.2 2d Flow Over a Step

Figure 7.1: Fine mesh filtering with (Ps, P,) filter.

Our second experiment is for two-dimensional flow over a forward and backward facing step.
The domain €2 is a 40 x 10 channel with a 1 x 1 step five units into the channel at the bottom. We
assume no-slip boundary conditions on the top and bottom boundaries, and parabolic inflow and
outflow profiles, given by (y(10 — y)/25,0)7.

Figure 7.1 shows the T' = 40 solution using (Ps, P») elements on a coarse mesh of 8,023
degrees of freedom, and filtering with (Ps, P;) elements on a refinement of the coarse mesh, with
31,267 degrees of freedom. Figure 7.2 shows the T' = 40 solution using (Ps, P») elements on the
same coarse mesh of 8,023 degrees of freedom, and filtering with (P, P;) elements on a refinement
of the coarse mesh, with 12,969 degrees of freedom. In both cases, we see smooth channel flow, with

eddies forming and detaching behind the step.
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Figure 7.2: Fine mesh filtering with (P, P;) filter.
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Chapter 8

Conclusions

Chapter 3 proposed an unconditionally stable and efficient algorithm for computing reduced
order approximations to flow problems, by using adaptive nonlinear filtering with the Leray regu-
larization model. We found this method to be very effective, and to give much better solutions on
coarse meshes than either direct numerical simulations and the ‘usual’ regularization model using
linear filtering. Of the indicator functions studied, the best choice appears to be a synthesis of the
Vreman and Q-criterion based indicator functions.

In Chapter 4, we extended our work with adaptive nonlinear filtering to include a deconvolution-
based indicator function. To our knowledge, this is the first indicator function that has been explicitly
incorporated into a convergence analysis, where the convergence rate is rigorously shown to be in-
creased due to its use. This was possible because the indicator function was based on mathematical
approximation theory, instead of physical phenomenology. We have shown that the proposed method
is well-posed, unconditionally stable, efficient, and converges to an NSE solution with optimal rate.
We also provided benchmark tests which demonstrated the effectiveness of our approach over the
NSE and the regular Leray-o model on coarse meshes.

We further explored use of the deconvolution-based indicator in Chapter 5 by extending
our method to the Leray-MHD model. We proved unconditional stability and convergence of our
method to the MHD equations, and verified the convergence rate predicted by our analysis.

Our work in Chapter 6 shows that dissipation scale modeling can help in capturing more
of the effect of subgrid scales than Leray-a (even when enhanced by deconvolution). A finite ele-

ment stability and convergence analysis was presented and it is accompanied by computations on
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benchmark problems. The regularization the higher order Leray-a/-deconvolution model gives, has
remarkable and positive effects on the results of the computations, giving lower errors over larger
time intervals.

In Chapter 7, we developed, analyzed, and tested an efficient algorithm for approximating
Navier-Stokes solutions on coarser meshes than a DNS can be performed. We have shown our
algorithm to be unconditionally stable, and optimally convergent, using an element choice and
filtering radius guided by our analysis. Numerical experiments were provided confirming our analysis

and showing our schemes effectiveness.
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