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This thesis is an investigation of numerical methods for approximating solutions to fluid
flow problems, specifically the Navier-Stokes equations (NSE) and magnetohydrodynamic equations
(MHD), with an overriding theme of enforcing more physical behavior in discrete solutions. It is
well documented that numerical methods with more physical accuracy exhibit better long-time
behavior than comparable methods that enforce less physics in their solutions. This work develops,
analyzes and tests finite element methods that better enforce mass conservation in discrete velocity
solutions to the NSE and MHD, helicity conservation for NSE, cross-helicity conservation in MHD,

and magnetic field incompressibility in MHD.
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Chapter 1

Introduction

The incompressible Navier-Stokes equations (NSE) are the standard model for simulating
free flows in computational fluid dynamics. Although they are one of the most investigated mathe-
matical equations [53, 54, 30, 23, 26, 21, 24, 5, 22, 49, 14], obtaining accurate and reliable numerical
solutions for them remains a significant challenge, making new methods and strategies for their so-
lution the subject of frequent study. The difficulty in obtaining accurate numerical approximations
for a flow is often due to the high number of degrees of freedom (dof) required to resolve velocity
fields asociated with high Reynolds numbers (Re) [30]. The situation becomes even more complex
for flows with electric charge, which are governed by the nonlinearly coupled NSE and Maxwell
equations, which is known as magnetohydrodynamic (MHD) flow. This thesis is a study of new
numerical methods and improvements to existing methods for improving the accuracy for computed
solutions of the NSE and MHD.

A widely held belief in computational fluid dynamics (CFD) is that with greater fidelity
to a physical model comes greater numerical accuracy, especially over longer time intervals. Con-
servation of physical quantities is an integral component to the physical fidelity of the NSE, and
also MHD. Despite the relationship between physical fidelity and numerical accuracy, most schemes
ensure only the conservation of energy because typically it is not easy to devise such a scheme. In
this thesis we look to further the development of dual-conserving schemes which conserve at least

a second integral quantity along with energy. Arakawa’s energy and enstrophy conserving scheme



[1] and related extensions for the 2D NSE [19], the energy and potential enstrophy conserving
schemes developed by Arakawa and Lamb as well as those of Navon [2, 41, 42] for the shallow
water equations provide support for conserving a second physical quantity in addition to energy is
worthwhile. The recent work of J.-G. Liu and W.Wang for the axisymmetric 3D NSE [36] and most
recently L. Rebholz for the 3D NSE [47] suggests that physical fidelity can be improved thru the
conservation of both energy and helicity. Dual conservation of physical quantities usually comes
with an additional computational cost forcing those who implement enhanced physical schemes to
weigh the trade-offs between fidelity and computational cost.

Scott-Vogelius (SV) elements create such a dilemma in that SV elements guarantee pointwise
mass conservation but at the cost of mild-mesh restrictions, a more costly linear solve, and the
required use of higher order elements in 3D. In Chapter 2, we provide a review of SV elements and
compare them to the popular Taylor-Hood (TH) elements. Additionally we will propose methods
which have the promise of improving mass conservation for TH elements at a lower computational
cost as well as approaches for reducing the additional cost of SV elements.

Chapter 3 introduces an extension of the 3D NSE energy and helicity scheme [47] for use
outside of the periodic setting. It exhibits properties that can reduce the effect that Bernoulli
Pressure, P = %|u|2 + p, has on the error in the velocity approximation, uy. For common element
choices the a priori error estimate for the velocity error contains the term 1 = CV_; hlél(g . lp — anll,
however when p is replaced with P, 1 can become poorly scaled when the kinematic viscosity,
v = Re™!, is very small and the velocity contains boundary layers [21, 34], diminishing the quality
of uy. To improve the scaling of 1, we introduce YV (V -u) into the momentum equation. Known to
many as grad-div stabilization [10, 31, 37], we compare two grad-div stabilizing terms and analyze
how they effect the error estimate as well as the dual conservation of energy and helicity. Numerical
experiments conducted using the Ethier-Steinman problem suggest that the proposed alternative
grad-div stabilizing term is a slight improvement over the usual term with respect to velocity and
helicity error, but either is a dramatic improvement over a direct, energy-conserving-only scheme.

While the incompressibility condition is important to the NSE it is doubly important to the

field of magnetohydrodynamics (MHD), where there is not only the familiar continuity equation



for velocity, V - u = 0, but also a solenoidal condition on the magnetic field, V- B = 0. The
study of MHD pertains to the interaction of fluid flow and magnetic fields which are often used
to heat, pump, stir and levitate liquid metals in the metallurigical industries [11]. In order for
the interaction of the fluid and magnetic field to be substantial the fluids in question must be
conductors and non-magnetic, which includes liquid metals, plasmas and strong electrolytes. At
one time MHD was perhaps best known for its association with colossal failures in power generation
[11], however in the last 30 years MHD has been found to be pertinent to the flow of liquid sodium
coolants in fast-breeder reactors, and the confinement of hot plasma thru magnetic forces during
controlled thermonuclear fusion. Via the extension of the philosophy of enhanced physics, we were
able to develop a numerical scheme for MHD flows which possesses both dual-conservation, energy
and cross-helicity, and enforces pointwise incompressibility ||V - uy|| = |V - B|| = 0.

This thesis is arranged as follows. Chapter 2 provides an introduction to the Scott-Vogelius
elements and some preliminary comparisons of results against Taylor-Hood elements. Chapter 3
presents the extension of the energy-helicity conserving scheme to the case of wall-bounded flows.
In chapter 4, we study the SV elements for approximating solutions to the NSE, and establish an
important connection between these solutions and those found using Taylor-Hood elements and
grad-div stabilization. Chapter 5 derives and analyzes a new scheme for MHD flows that conserves
energy and cross-helicity globally, and enforces incompressibility of the magnetic and velocity fields

pointwise. A rigorous stability and convergence analysis of the scheme is presented.



Chapter 2

Scott-Vogelius Elements

Our interest in the Scott-Vogelius elements stems from the property, for (X, Qr) = (Pg, Pglff)
with k& > dim, and if the mesh is constructed as a barycenter refinement of a quasi-uniform mesh,

this element pair is LBB stable and satisfies
VX, V. (2.1)

As aresult of (2.1) when we consider the weak formulation of the incompressibility condition

(q}u V- uh) =0,

we can select our test function, gy, such that
2
an =V -up = |[V-uy " =0.

In general, a naive selection for the discrete pressure space can introduce numerical insta-
bility into the approximation. More specifically if @)y, is chosen too large in relation to the discrete
velocity space, such that if H%h denotes the L? projection operator into @Qy,, the discrete divergence
operator divy, : X;, — Qp with divyvy, 1= H%ﬁ is not surjective and equivalently LBB is not satisfied.
The absence of LBB removes the usual stability condition on the pressure permitting erroneous

oscillations to appear which ultimately diminishes the quality of uy. The idea of using (Py, P,Sff)
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as an element pair is first attributed to [52], recent extensions of SV elements in [58, 34, 6] to Stokes
flow, Steady NSE equations and Oseen equations support our investigation into the merits of SV
element approximations for the time dependent incompressible NSE equations.

We note that Scott-Vogelius elements are implemented using a Clough-Tocher macro-
element to tessellate all of 2. This is usually done by taking an existing quasi-uniform conforming
mesh and creating a Clough-Tocher macro-element out of each element in the tessellation. In prac-
tice we have not found this to be a considerable hurdle, while there does not appear to be any
commercial software which explicitly offers a barycentric refinement we feel that the majority of
scientists will be able to implement the mesh restriction fairly easily. The barycentric refinement
is necessary to ensure LBB holds [34, 58], in fact any refinement in which a 4-way split is achieved
will have the property of LBB stability, refining about the barycenter helps to ensure a balanced
mesh while also simplifying the proof given in [58].

Pointwise mass-conservation for the NSE has also been achieved with Discontinuous Galerkin
(DG) schemes such as those in [8, 9]. We note that these proposed DG schemes make the assumption
that u € H(div) as opposed to H!'(2) and often utilize a post processing routine to achieve point-
wise mass-conservation. Furthermore DG methods are often difficult to extend to existing legacy
codes for the NSE where as SV elements have the promise of obtaining pointwise mass conservation
without the headaches of extending existing routines to DG. Results for similar element pairs that
satisfy LBB and V - X, C @}, are presented in [59, 60]. We feel SV elements are advantageous to
the element pairs proposed in [59, 60] as “serious” computing is going to be done with triangles and
tetrahedra opposed to quadrilaterals and parallelepipeds, while the Powell-Sabin splits proposed in
[60] enforce a stricter mesh restriction and have yet to be extended to three dimensions.

In the sequel, we will compare SV elements to TH elements. These elements differ in
structure only in that the pressure space for TH elements is continuous, although the TH element
has less restrictions in order to be LBB stable. Hence, on the same mesh, the X}, space is the same
for both elements, but @, is not, and so will be labeled with superscripts to distinguish. Moreover,

the subspace of discretely divergence free functions in Xj, called V}, and defined by

Vy={vpeXy : (V-vi,qn) =0Vq, € Qn},
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will also differ and be similarly labeled.

An unanticipated advantage to utilizing QEV is competitive assembly despite the increase
in dim(Qp), which can be attributed to the lack of dependence SV elements have on neighboring
elements when the B block is assembled. Assembly can also be improved in the A block as
we can handle the nonlinearity more efficiently due to pointwise mass conservation. For high-level
computing assembly is usually deemed negligible with respect to computational cost when compared
with the cost of the linear solve. With the dim(Q3") > dim(QZ*) SV elements require a significant
bump in computational cost on equivalent meshes. The extent of the additional cost in the linear
solve is being actively studied, however we do not think it is unreasonable for preconditioners
similar to those presented in [3, 39, 4, 13, 15] to reduce the additional cost as the A block is
identical for both SV and TH elements. In addition to computational cost there is also a concern

for the resulting velocity error as

dim(Vy,) = dim(X},) — dim(Qp).

Figure 2.1: (LEFT) 2D and (RIGHT) 3D Clough-Tocher macro-element, shown with dashed lines
representing barycenter refinements

2.0.1 Preliminary numerical experiments

In the forthcoming numerical experiments for Stokes Flow and the time dependent incom-
pressible NSE we attempt to compare (P, P;_1) elements with (Py, P&5). When constructing

these experiments we wanted to highlight the advantages of SV elements and the low quality of

6



Standard 2x2 Mesh 2x2 wiBarycenter Refinement

Figure 2.2: (LEFT) 2D conforming mesh and (RIGHT) mesh resulting from barycentric refinement.

the enforcement of mass conservation seen in TH element approximations. For the Stokes Flow
experiment we attempted to compare SV elements with TH elements when similar total dof are
used. The time-dependent examples for both two and three dimensional flow compare results for
the same mesh. Despite the advantage in the total dof since va - VfH , SV elements are already
at a competitive disadvantage with respect to L? error on the same mesh. With that said, one
should not come away from the forthcoming comparisons with the impression TH elements are

incapable of resolving the velocity field for a comparable total dof.

2.0.1.1 Stokes Flow

We first consider the Stokes Equations on Q = (—1,1)3:

—vAu+Vp = f| (2.2)



We can form a finite element scheme for the solution of the Stokes problem:

find (uhvph) € (Xquh) s.t. (24)
v(Vuy, Vvy) — (V- vy, pp) = £, Vv, € Xy, (2.5)
(V-up,qn) = 0, Vgp € Qp. (2.6)

Choosing u = [cos(N7z),sin(N7z),sin(N7x)] and p = cos(Nw(z +y)) gives us a nontrivial
Stokes problem and helps us illustrate how poor mass conservation can be when using Taylor-Hood

elements.

Table 2.1: Sample Problem Velocity Error, v = 1.0..

Elem. | N | dim(V},) | L? Error | H! Error | ||div uyl|
TH32 | 2 31620 0.0058 0.1914 0.1549
SV32 | 2 8511 3.89e-4 0.0071 5.151e-14
TH32 | 8 31620 0.0678 1.4555 0.4165
SV32 | 8 8511 0.1021 2.029 4.795e-14

The results from Table 2.1 suggest that Taylor-Hood elements can have respectable velocity
error for a simple flow while doing a poor job of conserving mass. For the N = 2 case, the Scott-
Vogelius solution has better L? and H'! velocity errors. However, for N = 8, Taylor-Hood solutions
have slightly better errors. Although not shown, from the table the H(div) norm can be calculated,
and the Scott-Vogelius solution would be better in this norm for N = 8.

We now consider the Stokes problem with pressure stabilization

Vpe —vAu, = f, on €, (2.7)
divu.+epe = 0 on Q. (2.8)
(2.9)



which has the following weak formulation,

find (uhvph) € (Xquh) s.t.

Table 2.2: Sample Problem Velocity Error, v = 1.0. w/Pres. Stab., e = 1.0e-6.

—(pe, V- qn) + v(Vue, vy)

div ue + epe

f, Vv;, € X},

0,Vqn € Q-

Elem. | N | dim(V},) | L? Error | H! Error | ||div uy|
TH32 | 2 31620 0.0058 0.1914 0.1549
SV32 | 2 8511 3.890e-4 0.0071 | 2.1391e-6
TH32 | 8 31620 0.0678 1.4539 0.4165
SV32 | 8 8511 0.1022 2.0298 1.971e-6

(2.10)

(2.11)

The Stokes results in Tables 2.1 & 2.2 were computed for (P, PSis¢) elements on a 4 x 4 x 4

mesh with barycenter refinement resulting in 39,231 total dof, 23,871 velocity dof and 15,360

pressure dof. (P3, P») results were generated on a 6 x 4 x 4 mesh with barycenter refinement giving

us 39,486 total dof, 23,871 vel. dof and only 3,933 pres. dof. These results suggest that Scott-

Vogelius elements drastically improve mass-conservation for similar computational cost, while also

improving the conditioning of the linear system in the presence of pressure stabilization. Pressure

stabilization does require additional assembly and storage of another matrix block but relative to

the assembly of the A block the extra work is not significant. Additionally pressure stabilization

allows us to drop the condition on the pressure nodes (i.e. Dirichlet, [p dz = 0). The results

for Stokes Flow further support the concept that we cannot expect Scott-Vogelius elements to

provide an improvement in error in the L? or H' norms, even when the total dof are comparable

as dim(Vy®") < dim(Vy"H). However, we can expect improvement in error in the H(div) norm.



2.0.2 Time Dependent NSE results

For time dependent flow we use the following Crank-Nicholson Galerkin temporal-spatial

discretization,

find (uh,ph) S (thQh)a

(W), vi) + (N V-vy) + (V-ud, qn) = (ng, vi), Vv € Vi, (2.12)
1 n+1 n ”+% nJr%
E(uh —uy,vp) —(p, >, V-vy)+v(Vu, *,Vvy)
-V Eva) 5 (Vw2 ) = (8772, v), Vv, € X, (2.13)
ntl
(thvuh 2) = 07 \V/Qh € Qha (214)

where n =1,2,...,M =T/At.

2.0.2.1 Time Dependent Flow around a cylinder

2D flow around a cylinder is a well studied benchmark problem [29, 31, 27, 50]. In this
experiment (2 is defined by (0, 2.2) x (0,0.41) representing a thin channel with flow in the positive x
direction with a circle of radius 0.05 centered at (0.2,0.2). No-slip boundary conditions are applied
on the top and bottom of the channel along with the boundary of the cylinder.

The time dependent inflow and outflow profiles are enforced on the left and right boundaries:

U(O,y,t) = u(2727y7t) =

6
WiE [sin(7t/8)y(0.41 —y),0], 0 <y <0.41. (2.15)

The forcing is set to zero, f = 0 and the viscosity, v = 0.001 proving a time dependent
Reynolds number, 0 < Re(t) < 100. The initial condition is u’ = 0, while we approximate up to
T = 8 with a time step of At = 0.01.

An accurate prediction of the velocity field will predict a vortex street forming behind the
cylinder at t = 4 and a fully formed vortex street by ¢ = 7. We note that in addition to the velocity
field we will be measuring the quality of div up. We compared Scott-Vogelius and Taylor-Hood

elements using the mesh depicted in Figure 2.3 resulting in 6,578 velocity dof for each element type
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with 4,797 pres. dof for SV elements and only 845 pressure dof for TH elements. A plot of the
velocity results for each element choice at ¢t = 7 is presented in Figure 4.2, where we see the vortex
street start to breakdown when TH elements are used. Figure 4.3 illustrates that even with the a
proper velocity field, TH elements are doing a poor job of conserving mass as time increases. The
performance discrepancy displayed in this experiment is indicative of the lack of dof used for the
TH elements but also the lack of fidelity to incompressibility. We point out that for similar dof
on more refined meshes we were able to ascertain the proper velocity profile using TH elements

however the quality of the mass conservation remained poor.
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Figure 2.3: Shown above is the mesh used for the flow around a cylinder computations in this
experiment.

2.0.2.2 Time Dependent Flow over a Step

Channel flow over a 2D backward and forward facing step has been studied extensively in
[10, 23, 28, 31, 33]. 2 = (0,40) x (0,10) with a 1 x 1 step removed at the z = 5 coordinate. No-slip
boundary conditions are applied to the step as well as the top and bottom walls of the channel.

On the inflow and outflow faces of the channel a parabolic condition is enforced

u= %[y(lo—y)70]-

We employ a viscosity of v = 1/600 and simulate the flow by initializing without the step
and then inserting the step into a smooth flow and run until 7' = 40 with a time-step of At = 0.01.
The mesh used to compute the solution is shown in Figure 2.6 and provides 7,414 velocity dof with

5,418 and 951 pressure dof for SV and TH elements respectively.
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Velocity field streamlines with speed contours are shown at 7' = 10, 20, 30 and 40 for the
SV element solution in Figure 2.7 and for TH elements in Figure 2.8. The SV element solution
forms and sheds eddies, has a smooth velocity profile, and in general agrees with the “true” solution
found in [32], which utilizes 27,228 total dof. The TH element solution is observed to be slightly
underresolved. Although it forms and sheds eddies, by T' = 40, the eddies behind the step appear
to be stretching instead of detaching. Moreover, the velocity field is developing oscillations evident
in the speed contours. Figure 2.9 displays a poor quality of mass conservation for TH elements

comparable to what we have observed in the previous experiments.

2.0.2.3 3D Lid -Driven Cavity

The Lid-driven cavity problem is a popular benchmark problem described in greater detail
within [57, 44]. Q = (—1,1)3 with no-slip boundary conditions applied to all of the walls except on
the boundary where z = 1, the lid. The lid has a profile of [1,0,0] which is imposed on u at the
boundary. Viscosity at ¥ = 1/50, yields a Reynolds number, Re = 2 - 50 = 100 while we impose
that u® = 0. The mesh for this experiment is displayed in Figure 2.10 and has 57,804 velocity
dof with 6,360 pressure dof for TH elements and 37,840 pressure dof for SV type. The problem
is solved directly for the steady solution with a Newton iteration taking 7 iterations to converge
to a tolerance of 107!° for each element type. Figures 2.11 and 2.12 display vector fields which
closely resemble those in [57, 44] while Figure 2.13 supports a near-accurate flow for both elements.
However, as we have seen in the previous experiments the mass conservation for TH elements,

depicted in Figure 2.12, is poor especially in the corners for each midplane.

2.0.3 Discussion of Results

The numerical results appear to support the use of SV elements because of their ability
to provide pointwise mass conservation. However, TH elements were underresolved in some of
the experiments and not incapable of resolving the velocity field on fine meshes for comparable
computational cost, still the concern with implementing TH elements comes from the low quality

in mass conservation even when the velocity field appears to be correct as we saw in the driven cavity
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experiment, thus how can any u; approximation be expected to have any physical meaning when
the quality of mass conservation is so poor. Furthermore, we feel these experiments support the
philosophy of enhanced physics as early on TH elements perform at a reasonable level with respect
to the velocity profiles for both the 2D cylinder and 2D step problem but ultimately breakdown as
time increases despite the fact that dim(VF#) > dim(V7V).

We feel there is promise in extending the preliminary convective SV results given in this
section to not only rotational NSE schemes but any FEM scheme which enforces incompressibility.

Additionally we are interested in comparing the mass conservation results obtained thru
SV elements with those obtained for TH elements with grad-div stabilization in the momentum
equation on a barycenter-refined mesh. If a relationship between these basis functions can be
established it could aid greatly in reducing the computational cost of improved mass conservation
for NSE computations.

Finally we mention that we are interested in expanding on the physical problems presented
in this section (i.e. channel flow and two faced step problems). The current computer codes being
used to generate the results given in this report will be extended to parallel routines that will
allow for us to test our analytical results in a more efficient fashion and comment on existing
preconditioners for the NSE and their ability to offset the computational costs associated with SV

elements.
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Velocity Field

Velocity Field

Figure 2.4: Shown above are the t=7 velocity fields, speed contours, and pressure contours plots
for solution obtained using Scott-Vogelius elements (top) Taylor-Hood elements (bottom).
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Cylinder problem, v=1/1000

3 T T T T
_ — Scott-Vogelius
e ™. |~ = Taylor-Hood
2.5¢ ’ “ .
’ s
l’ Al
s, s
4 Y
2 ) Y i
’ A Y
= s A
c : “
35 4
> / N ’
© ,' ‘\
= ’ A
1r :' * §
' 4 A Y
s .
4 A
/ AN
0.5f J “{
4 «
4
'l
]
16_13 | | | | | | | |
0 1 2 3 4 5 6 7 8
time

Figure 2.5: Shown above are the plots of ||V - uj|| vs. time for the SV and TH solutions for the
2D cylinder problem.
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Figure 2.6: The barycenter-refined mesh used for the 2D step computations
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T=3O T:40

Figure 2.7: For SV elements the flow profile appears to agree with the “true” solution|[32].
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T=10 T=20

Figure 2.8: For TH elements the velocity field is underresolved and fails to shed eddies at T' = 40.
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Step problem, v=1/600
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Figure 2.9: Shown above are the plots of ||V - u}}|| vs. time for the SV and TH solutions for the 2D
step problem.
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Figure 2.10: The barycenter-refined mesh used for the 3D lid-driven cavity problem.

Midplane Velocity Fields and Divergence Contours for Scott-Vogelius Element Solution
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Figure 2.11: 3D lid-driven cavity results with SV elements. Note the small scale next to the color
bar.
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Midplane Velocity Fields and Divergence Contours for Taylor-Hood Element Solution
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Figure 2.12: 3D lid-driven cavity results with TH elements. Note the scale next to the color bar
and the contours in the corners of each midplane.

Centerline x velocity for Re=100 driven cavity steady state
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Figure 2.13: 3D lid-driven cavity results compared to “true” solution on centerline.
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Chapter 3

Stable computing with an enhanced
physics based scheme for the 3d

Navier-Stokes equations

3.1 Introduction

This chapter extends the methodology of the enhanced-physics based scheme for the 3D
Navier-Stokes equations (NSE) proposed in [47] (defined in Section 2) from its original derivation
for space-periodic problems to a more general class of problems. This scheme is referred to as
enhanced-physics because it is the only scheme that conserves both discrete energy and discrete
helicity for the full 3D NSE. The key ingredient for the dual conservation scheme is using the
rotational form of the nonlinearity with a projected vorticity, which allows the discrete nonlinearity
to preserve both of the quantities. Since the (continuous) NSE nonlinearity conserves both energy
and helicity, and jointly cascades them from the large scales through the inertial range to small
viscosity dominated scales [7, 12], if the discrete nonlinearity does not also conserve energy and
helicity it will introduce numerical error into the cascade, and bring into question the physical
relevance of computed approximations.

It is a widely held belief in computational fluid dynamics (CFD) that the more physically
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correct a numerical scheme is, the more accurate its predictions will be, especially over long time
intervals. In systems of conservation laws for fluids there is typically a second integral invariant
in addition to energy, and its accurate treatment in a numerical scheme generally produces more
accurate simulations than do schemes that do not specifically conserve this quantity. Beginning
with Arakawa’s energy and enstrophy conserving scheme for the 2D NSE [1] and related extensions
[19], to energy and potential enstrophy schemes pioneered by Arakawa and Lamb, and Navon,
[2, 41, 42], and most recently to an energy and helicity conserving scheme for 3D axisymmetric
flow by J.-G. Liu and W. Wang [36], enhanced physics based schemes have provided more accurate
simulations, especially over longer time intervals.

The fundamental challenge in extending the scheme of [47] to non-periodic problems is to
avoid the large errors often present when the rotational form of the nonlinearity and the Bernoulli
pressure is used. In the usual a priori error analysis for the velocity approximation for the NSE, a
consequence that the discrete divergence free velocity is not exactly divergence free, is a pressure

error contribution

C

— inf - , 3.1

~ inf p—al (31)
where v = 1/Reynolds number denotes the kinematic viscosity [21, 34]. For problems whose

pressure gradients are small this term is often negligible. However, using the rotational form of the
NSE, and introducing the Bernoulli pressure p+ %|u\2 can bring prominence to this term, since the
gradient of the Bernoulli pressure may be large due to boundary layers in the velocity field.

Following recent work in [31, 37, 10], a natural way to mitigate the pressure’s error influence
on the velocity approximation is to introduce grad-div stabilization. As we show, this reduces the
effect of the Bernoulli pressure error. In the interest of physical fidelity, we also introduce a
modified grad-div stabilization having the same effect on the error, but with less impact on the
energy balance. Computational results show a slight improvement when this alternate stabilization
is used instead of usual grad-div stabilization.

This chapter is arranged as follows. Section 2 presents mathematical preliminaries and
notation, and defines the scheme studied in the remainder of the chapter. Section 3 is a study

of stability and conservation laws for the scheme, and Section 4 presents a rigorous convergence
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analysis. Section 5 shows a numerical example which clearly illustrates the advantage of the scheme.

Concluding remarks are given in Section 6.

3.2 Mathematical Preliminaries

We assume that Q denotes a polyhedral domain in R®. The L?(Q2) norm and inner product
are denoted by ||| and (-, ). Likewise, the LP(£2) norms and the Sobolev Wlf”(ﬂ) norms are denoted
I llz» and || -[lyyx, respectively. For the semi-norm in WE(Q) we use |- - H¥ is used to represent
the Sobolev space W§(Q), and | - ||, denotes the norm in H*. For functions v(x,t) defined on the

entire time interval [0,7], we define (1 < m < c0)
T 1/m
oo = esssup ot ), and ol = ( / |rv<t,~)|r?dt)
0

07

For the analysis, we assume no slip (i.e. homogeneous Dirichlet) boundary conditions for

velocity and therefore use as our velocity and pressure spaces
X = (Hé(Q))dv Q= Lg(Q)v

where @ is denoting the mean zero subspace of L?((2).
We use as the norm on X the H! seminorm which, because of the boundary condition, is a
norm, i.e. for v € X, ||v||x := ||[Vv|. We denote the dual space of X by X*, with the norm || - ||4.

The space of divergence free functions is defined by
Vi={veX: (V-v,9)=0 VqgeQ}.

We denote conforming velocity, pressure finite element spaces based on a regular tetrahe-

dralization, 75, of Q (with maximum tetrahedron diameter h) by

X, C X, QhCQ.
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We assume that Xj, @y, satisfy the usual inf-sup condition necessary for the stability of the pressure,
ie.

inf sup 7(Qh7v'vh)

. (3.2
QhththXh th” ||vhHX )

Specifically, we assume that (Xp, Q) is made of (Pg, Py—1), k > 2 velocity pressure elements. Thus

we have, for a given regular tetrahedralization 7p,

Xp, = {vp s vple € Py(e), Veer,, vi € [CO(Q)]*, vplon = 0},

Qn = {aqn : anle € Po-1(€), Veer,, an € C°(Q), qn € L§(Q)} .

The discretely divergence free subspace of X}, is

Vie=A{vn € Xp,: (V-vp,qn) =0 Vgp € Qn}.

We also use a more general space for the discrete vorticity space. Even though the velocity
satisfies homogeneous Dirichlet boundary conditions, it is believed to be inappropriate to enforce
homogeneous Dirichlet boundary conditions for the vorticity. A more physically consistent bound-
ary condition is instead a no-slip boundary condition along the boundary, and hence we define the
space

Wy, = {Uh Ivp € [CO(Q)]B,VBGTh(U}l)‘e S Pk(e),vh X n|aQ = 0} D Xy
We use t" := nAt, and for both continuous and discrete functions of time

TS S v((n+1)At) + v(nAt) .

2

3.2.1 Enhanced-physics based numerical schemes

We study three variations of the enhanced-physics based scheme of [47] extended to homo-
geneous Dirichlet boundary conditions for velocity. The first is a direct extension of the scheme
to homogeneous boundary conditions. The second scheme adds usual grad-div stabilization (see

[46]), that is, it adds the term (V- (u]™! +u?)/2,V - v),) to a Crank-Nicolson scheme. This term
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is derived from adding the (identically zero) term —yV(V - u) at the continuous level. Discretely,
this term penalizes for lack of mass conservation, and is known to reduce the effect of the pressure
error on the velocity error for large Reynolds number problems [31, 37, 46]. In finite element com-
putations of rotational form models the (Bernoulli) pressure error tends to be the dominant error
source because it is as complex as the velocity but is approximated with lower degree polynomials,
and its effect on the velocity error is amplified by the Reynolds number. The potential downside
from using this stabilization is a change in the energy balance. However, in practice this tradeoff
is worthwhile.

In the interest of physical fidelity to the energy balance, in the third scheme we introduce an
alternative stabilization that provides the same effect on reducing the effect of the pressure error on
the velocity error, but with minimal impact on the physical energy balance (Section 3). The added
stabilization term arises by adding the (also identically zero) term —yV(V - u;) at the continuous
level, leading to the term y2;(V - (upt™ — ), V -vp,) in the FEM formulation. The computational
results (Section 5) from using this stabilization show an improvement in accuracy over the usual
grad-div stabilization for our test problem. However, we note that for steady problems this term
will not have a stabilizing effect since it will be trivially zero.

There has been recent work done to optimally choose the constant « that scales the stabi-
lization term. Herein, we simply choose v = 1 in the computations, which the analysis suggests is
an appropriate choice. However, one could also choose this parameter element-wise, which would

lead to better results [43]. We leave optimal parameter choice for these schemes as an interesting

topic of future study.

Algorithm 3.2.1 (Enhanced-physics based schemes for homogeneous Dirichlet boundary condi-
tions). Given a time step At > 0, finite end time T := MAt, and initial velocity u?l e Vi, find

wg e W), and )\2 € Qpn satisfying Y(xn,n) € (Wh, Qn)

(w27Xh) + ()‘27 V. Xh) = (v X u?m Xh)7 (33)

(V-wp,rp) = 0. (3.4)
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Then forn=0,2,....M — 1, find (uZH,wZH,pZH,)\ZH) € (Xp, Wh, Qn, Q) satisfying

Y(Uhs Xn > ) € (X, Wh, Qn, Qn)

ul Tt — 1
(hTth’”h) + STAB— (pyt,V - vp)
n—&-% n—&-% n-‘,—% nt+i
)T T ) 4 (VT V) = (P, ) (35)
(V-up™gn) = 0 (3.6)
n+% )\n+1 . _ n+%
(w, %xn) + (N Vexn) = (Vxu, 2, xn) (3.7)
1
(V-w, 2,7) = 0. (3.8)
where
0 Scheme 1
1
STAB = YV - uz+2 ,V o) Scheme 2

(V- (uptt —ul),V -vy)  Scheme 3
Remark 1. We have found it computationally advantageous to decouple the 4 equation system
(3.5)-(3.8) into a velocity-pressure system (3.5)-(3.6) and a projection system (3.7)-(3.8), then
solve (3.5)-(3.8) by iterating between the two sub-systems. This typically requires more iterations
and linear solves to converge than solving the fully-coupled system using a Newton method. However
the linear solves are much easier in the decoupled system. Note also that for the decoupled system
the work required is only slightly more than a usual implicit Crank-Nicolson method (i.e. without
vorticity projection) since the extra work is (relatively inexpensive) projection solves. Moreover, for
nonhomogeneous boundary conditions, this decoupling leads to a simplified boundary condition for

the vorticity: wp, = In(V X up) on the boundary, where Iy, is an appropriate interpolation operator.

3.3 Stability, conservation laws, and existence of solutions

In this section we prove fundamental mathematical and physical properties of the 3 schemes:

unconditional stability, solution existence and conservation laws. We begin with stability.

Lemma 3.3.1. Solutions to Algorithm 3.2.1 are nonlinearly stable. That is, they satisfy:
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Scheme 1:

M-1
HuhMH2 + VAL Z Vuz+ < — Z 17112 + | h” C(data) . (3.9)
n=0
Scheme 2:
— |2 e |F) At
[N QWHV-uh . —l—V'Vuh ? — Z 112 + ||ul||* = C(data) . (3.10)
n=0 n=0
Scheme 3:
2 2 = 2
Hu,]yH + v HV . uhMH + vAt Z Vu n+2
n=0
= 012 0
<— ST + [[ud]|” +~ ||V - uh]| = C(data). (3.11)
Schemes 1,2,3:
M-1 L2 M-1 L2
At Z w;LH_i < At Z VUZ+5 = C(data) . (3.12)
n=0 n=0
Schemes 1,2,3:
M
At (IIphl? + IXI1?) < C(data) (3.13)
n=1

C(data) is a constant dependent on T,v,, f,u) and (2.

1

Proof. To prove the bounds on velocity for each of the schemes, choose v, = UZ+2 in (3.5). The
nonlinear and pressure terms are then zero. The triangle inequality, and summing over time steps
then completes the proofs of (3.9),(3.10),(3.11).

To prove (3.12) choose x, = wZJr% in (3.7) and 7, = A} in (3.8). After combining the

equations we obtain

2
n+3 n+i  ntl ntl n+l
Hwh N =(Vxuy, >w, ?) < HVth 2 'wh 2
2 2 2
1 n+i 1 n+i n+i 1 nti
2 2 2 2
< 2HV><uh —1—5 wy, < ||Vu, —|—§ wy,

Rearranging, and summing over time steps we obtain (3.12).
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To obtain the stated bound for A}, we begin with the inf-sup condition satisfied by X}, (C

W},) and Qp and use (3.7) to obtain

1 1
1 ALV - 1 qun_ﬁ, — wn_§,
< L s QY L, (V0 2w (0, T
ﬁ XnEXn Hxh”X /8 XnE€EXh HXhHX
1 n—4i n—i 2 n—i n—1
sﬂ<||wuh 4 2||> sﬁ(nwh 4 2||).

1

1 nl
Using the bounds for VuZ+2 (see (3.9)-(3.11)) and wh+2 (see (3.12)) we obtain the bound for A}.

The bound for the pressure is established in an analogous manner. O
Lemma 3.3.2. Solutions exist to each of the three schemes presented in Algorithm 3.2.1.

Proof. For each of the schemes, this is a straight-forward extension of the existence proof given for
the periodic case in [47]. The result is a consequence of the Leray-Schauder fixed point theorem,

and the stability bounds of Lemma 3.3.1. 0

We now study the conservation laws for energy and helicity in the schemes. It is shown
in [47] that, when restricted to the periodic case, the non-stabilized scheme of Algorithm 3.2.1
(Scheme 1) conserves energy and helicity. In the case of homogeneous boundary conditions for
velocity, this physically important feature for energy is still preserved. However, as one might
expect, the stabilization terms in Schemes 2 and 3 alter the energy balance. Lemma 3.3.3 shows
these energy balances.

The energy balance of Scheme 1, the unstabilized scheme, is analogous to that for the
continuous NSE. However, for Scheme 2, we see the effect of the stabilization on the energy balance

1
n+j

in the term yAt er\fz _01 V-, on the left hand side of (3.15). For most choices of elements,

one may have that each term in this sum is small, but over a long time interval this sum can grow
to significantly (and non-physically) alter the balance. The energy balance for Scheme 3 differs
from Scheme 1’s energy balance in the addition of only two small terms, instead of a sum. Hence
this indicates that the modified grad-div stabilization, for problems over a long time interval, offers

a more physically relevant energy balance than the usual grad-div stabilization (Scheme 2).
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Lemma 3.3.3. The schemes of Algorithm 3.2.1 admit the following energy conservation laws.

Scheme 1:
1 2 N ntt])? iy 1. n+i, 1 2
§HuhMH —i—I/AtZ Vu, * :AtZ(f(L”H?),uh 2)+2||u?LH . (3.14)
n=0 n=0
Scheme 2:
1 ) M-1 L2 M-1 ik M-1 ) 1 1 )
S bl ["+wat Y Vw2 Aty IV = ALY (F(EE) ) + 5 [luR]]”
n=0 n=0 n=0
(3.15)
Scheme 3:
Lo, w2 M2 g [ ey ntly n+d
LU Rl AT )+ vAE D (Va2 =AY (f(E2),u, 2)
n=0 n=0

1
5 (bl A1V -af]) . (3.16)

1
Proof. The proofs of these results follow from choosing v, = “Z+2 in Algorithm 3.2.1 for each of
the schemes. The key point is that the nonlinear term vanishes with this choice of test function,

and thus does not contribute to the energy balance equations. O

We now consider the discrete helicity conservation in Algorithm 3.2.1. We begin with the
case of imposing Dirichlet boundary conditions on the projected vorticity, i.e. W, = Xj,. Although
this case is nonphysical, analysis of it is the first step in understanding more complex boundary
conditions.

In this case, the schemes’ discrete nonlinearity preserves helicity, however the stabilization
terms do not. We state the precise results in the next lemma. Denote the discrete helicity at time

level n by H}' := (u},V x uj). Note that from (3.6),(3.7), H}} := (u}},wp).
Lemma 3.3.4. If W}, := X}, the schemes of Algorithm 3.2.1 admit the following helicity conser-
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vation laws.

Scheme 1:
M-l el M—1 ) il
HY +20At Y " (Vuy, 2, Vw, %) =20At > (f(t"2),Vuw, 2)+Hy. (3.17)
n=0 n=0
Scheme 2:
M-1 1 1 M-1 1 1
HM + 2vAt Z(VuZ 2 Vw, ?)+ 2vAt Z(VUZ 2 V-w, ?)
n=0 n=0
M-1 ) 1
=2At Y (f(t"12),Vw, 2)+Hj. (3.18)
n=0
Scheme 3:
= n+z n+z = n+3
HM + 2vAt Z(Vuh 2, Vw, ?)+ 2y Z (V- (uptt =), V-w, ?)
n=0 n=0
M-1 ) 1
=2At Y (f(t"F2),Vw, 2)+Hp. (3.19)
n=0

1
Proof. Choosing vj, = wz 2 elimates the nonlinear term and the pressure term from (3.5) for each

of the 3 schemes, and reduces the time difference term to

Kt(”hﬂ —up,w, *) = Kt(uh+1 —up, VX u, ?)
1
= @ ((UZJFl,V X uZJrl) + (uZJrl’v % UZ) . (UZ,V % UZJrl) o (UZ, V x uZ))
1 n "
= oa; HIT - HR) (3.20)

as, for v, w € H}(Q), (v,V x w) = (w,V x v).
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Using (3.20) Scheme 1 becomes,

1

(B — HP) + o(Vul 2, Vol ) = (£ ), 0l ?) (3.21)
2AL h h h h s Yh :

Multiplying by 2At¢ and summing over time steps completes the proof of (3.17).
The proofs of (3.18) and (3.19) follow the same way, except they will contain their respective

stabilization terms. O

Lemma 3.3.4 shows that if we impose Dirichlet boundary conditions on the vorticity, then
the nonlinearity is able to preserve helicity. Hence for Scheme 1, we see a helicity balance analogous
to that of the true physics. However, the stabilization terms do not preserve helicity, and thus
appear in the helicity balances for Schemes 2 and 3.

Interestingly, if the term ~(V - wﬁ“, V - xp) is added to the left hand side of the vorticity
projection equation (3.7), one can show that Scheme 3 conserves both helicity and energy. This

results from the cancellation of the stabilization term in Scheme 3’s momentum equation when vy,

is chosen to be wZ+% and xy, is chosen as uZH and ujy respectively. However, computations using
this additional term with Scheme 3 were inferior to those of Scheme 3 defined above.

Similar conservation laws for helicity, even for Scheme 1, do not appear to hold for the
nonhomogeneous boundary condition for vorticity, i.e. X # Wj. Due to the definitions of these
spaces, extra terms arise in the balance that correspond to the difference between the projection of
the curl into discretely divergence-free subspaces of W, and Xj. These extra terms will be small
except at strips along the boundary, but nonetheless global helicity conservation will fail to hold.
However, more typical schemes, e.g. usual trapezoidal convective form or rotational form [30],
introduce nonphysical helicity over the entire domain and thus the schemes of Algorithm 2.1 still

provide a better treatment of helicity than such schemes.

3.4 Convergence

Three numerical schemes are described in Algorithm 2.1. We prove in detail convergence

of solutions of Scheme 3 to an NSE solution. Convergence results for Schemes 1 and 2 can be
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established in an analogous manner.

We define the following additional norms:

- e —-1/2
lollloos = mass 0" loyalllooge = | max o2l
M 1/m M 1/m
Holllme = <Z|U”||?At> ; Hviy2lllme = (ZHU”_I/Ql?N) :
n=0 n=1

We also let Py, : L? — V}, denote the projection of L? onto V}, i.e. Py, (w) := sp, where

(sn,vn) = (w,vp), Yo € V.

For simplicity in stating the a priori theorem we summarize here the regularity assumptions

for the solution u(z,t) to the NSE.

u € L2(0,T; H*1(Q)) N L>®(0,T; HY()), (3.22)
u(-,t) € HE(Q), V xue L*0,T; H*1(Q)), (3.23)
ug € L2(0,T; H*1(Q)) N L0, T; H*(Q)), (3.24)
uy € L2(0,T; H*1(Q)), (3.25)
uyy € L?(0,T; L*(Q)) (3.26)
(ux (V xu))y € L*(0,T; L*(Q)) . (3.27)

Theorem 3.4.1. Foru, p solutions of the NSE withp € L*>(0,T; H*(2)), u satisfying (3.22)-(3.27),
[ € L*0,T; X*(Q), and ug € Vi, (W}, w}l) given by Scheme 3 of Algorithm 2.1 forn = 1, ..., M

and At sufficiently small, we have that
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M—1
Hu(T) - uiij + HV (u(T) — uhM)H + (VAt Z

n=0

1
V(u”+% - UZ+2 )

o\ 1/2
) <

ok + B[l 2,641

C(v, T,v=>,u) (thU(T)Hk:-i-l + h¥lfullz e + Rl
+ Bl lloopsr + R¥[uellloon Mulllzpsr + (A2 R*luselloprr + (A8 [Jusulls g

+ (A1 [lusellay + (A [|(u x (V x w)atllyg + B ullloon 1V % ull 251 ) (3.28)

Proof of Theorem. Since (u,p) solves the NSE, we have Vv, € X, that

(et 2),08) — (u(t™2) x (V x u(t™2)),0) — (p(¢"2), ¥ - vp)

+u(Vu(t™ ), Voy) = (F(£"72), ). (3.29)

Adding (“ni;“n,vh) and u(Vu"Jr%, Vuy,) to both sides of (3.29) we obtain

é(u"+1 —u", vp) + ((V X u(t"*é) X u(t”Jr%)),vh) - (p(t’”%), Vo) + V(Vu”+%,Vvh)

1_un

— e+ (1

e ut(t”+5),vh> +u(Vu"tz — Vu(t"T2), Vo). (3.30)

Next, subtracting (3.5) from (3.30), label e" := u" — v}, and adding the identically zero

un+1 —umn

term y(V - (*—x7), V - vy) to the LHS gives

1 1
Kt(e"+1 —e" ) +v(Ve"2, V) + Alt(v (" — e,V -up))

1 1
=— (V X u(t"+%) X u(t"+%),vh> + <wZ+2 X uZ+2,vh> + (p(t”*'%) —pZH,V . vh>

n+l _ ,n

We split the error into two pieces ®p, and n: " = u"—u} = (u"—=U")+(U"—u}) := n"+ D},
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where U™ € V},, yielding

1

n + n n n n
At(q) o vh)—i-l/(V(I) 2 Vvh)+E(V~(<I>h+l—¢h),V-vh) :—E(n 1y , UR)
— (V"R Vo) = (V- (7 = ), V) = (VX u(™8)) x u(t™3), v,
n+l _ . n
+ (thrg « uh+2 "Uh) + (p(tn+%) _pz-&-l’ \vaR "Uh) + (uAtu _ Ut(thré),Uh)
+u(Vu"tz — Vu(t"T2), Vo). (3.32)
. n+% .
Choosing v, = ®, * yields
1 n+1 n+ R n+1

o (e = 1) o [wor |+ 2 (1ot = 19 o)

1 n+1 n n+3 n+i n+3 Y n+1 n n+3
:—E(’r]—‘— _77’(1)}1 2)—V(v77 +27v¢h 2)—At(V(7]+ _n),v(bh 2)
1 n+1i n

- (v X u(t"2) x u(t"+%),<1>§j+2) bt T M) g (p(ntE) — it v et

uth— 1, ontd 1 1 +3
i <At — uy(t7F2), ) > +v(Vu'te = Vu(t"t2), Ve, (3.33)

We have the following bounds for the terms on the RHS (see [16]).

2
(Vnn+2 vq)nJrQ) < qu)n+2 +3VHV77n+% (3.34)
2 2
Lol nognts 1|t = 1| n+l
= _grettry < S| L 2|t
AL e t) S o | T A T
2
1 ¢n+1 1 n+l 2
= = dt | dQ2 ¢, *
(G ) w3
1 tn+1 ) n+l 2
< = dt | o ot
<5/ ( [ k) aa+ g
1 tn+1 1 _'_l 2
- i /t e it +2Hc1>” : (3.35)




Similarly,

n+1 2
+3 2 ’
L(V-(n"“n"),v-@z 2> < AV EHT + 7/ IV el it + HV "
tn
(3.36)
n+l _ ., n 1 1 n+l _ . n 2 1 1 2
(St - wehar) < J T w4 g e
(Ar)3 [ 1] ot
= 360 /.. el dt + = ||}, (3.37)
n+i n+3 nt3 n+15 n+i 2 nt3 ?
p(VumtE — V() vaertr) < 31/Hvu - vu(erth)| "+ |y (3.38)
v(Ar3 v ns1]?
ST /tn [ Vugl? dt + o P, 2 (3.39)
1
For the pressure term, since (IDZJFQ €V, for any qp € Qp,
(" 3) — V- @) = (1) — 1, V-2, (3.40)
which implies
n+l n+1 """2 1 . n+ n+2 2
(b5 — g™ V@) < o inf ot —qhH + V.o (3.41)
h h
Utilizing (3.34)-(3.41) we now have
R +
o (1927 1080?) + 5% (19 07 19 - a1?) + % ol
n+s 2 v n+1 i o 1 nt+i 2
<[V 3 | IV g [ IV el e g ng o)
tnt+l ¢n+1 2 2
+1 1 1
+C(1+V)At3 (/ ||utttH2 dt + / ||Vutt||2 dt) + v 9 H(I)ZJ'_Z +’YHV(I)Z+2
t’VL t7L
ntg ot gty ot l nply antd 11t
+(wy, * xu, *,®, %)= [ (Vxut""2)) xu(t""2),®, +§E lme]|= dt . (3.42)
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For the nonlinear terms we have

1 1 1 1 1
<w2*2><uZ*2,@Z*2>—-(<V7x/ua”+%>>X/uaﬂ+é>,¢z*2) +—<(V7x un+é>><un+5,¢g+z)

1
- <(V X w2 x u”+5,¢2+2>
1 1 1 1 1
= ((wZ+2 -V x u"Jr%) X u”+57<1)2+2) + (w2+2 X (“Z+2 —u”+%),<I>Z+2>
1
+ ((V X u"+%) x u'ts — (V x u(t"*é)) X u(t”*é),(I)Z+2
1 1

_ nts n+3 ntl g3 nts n+i "tz
—<(wh -V xu""2) xu""2,®, —|w, *xn""2,0,

n+i
+ ((v ) u"2) X u"E — (V x u(t™2)) x u(t™ ), <1>h+2) (3.43)

We bound the second to last and last terms in (3.43) by

1 ) ) 1
ittty <oyt e e
1% n+i 2 1 n+l 2 L2
ST ’W’h o I HW"*? (3.44)
n+ n+z n+ net n—&-%
(W(t™3) x (V x u(t™3)) — w3 x (V x u"*3), 817 7)
2 2
v n+i 2 3 ¢t
< 1 ‘V(I)h 2+ 481/_1(At)3/ H(u . (V % U))ttH2 dt. (3'45)
tn

1
n+3

For the first term in (3.43), we first need a bound on ||V x uts — w),

’ . This is obtained

1

by restricting xj to V3, in (3.7) and then subtracting (V x u™ "2, x},) from both sides of (3.7), which

gives us

1 1
(Vxu™z —w 2 x,) = (Vx (@2 —u, ) xp)

1
— (VX" )+ (V@) 2 ).
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By the definition of Py, ,

1 +3
aXh) = (vxun+2 7102 QaXh)

1 +3
= (V x (u"2 —uZ %), Xn)

= (V X 77n+%7Xh) (v X (anrQaXh)

1
(Py, (V x u2) —w) 2

1

Choose xp, = Py, (V x u”+%) — wZ+2 we obtain

12 2 12
‘th(vXu"+%)—wZ+2 gz(anwé —|—HV<I>Z+2 ) (3.46)
. . . . n+i nt+l .
Now using (3.46) and, from Poincare’s inequality, |®, | < C' V&, 2|l we obtain
1 1
<<th<v xumE) —wy 7)) uta, @Z”)
1 1 nt n+i|l2 nt+i %
< O vurts || Py (v x wrtd) — w2 o) vyt
1 1 2 3
chvu“% (ann+é quﬁi*? +H<I>Z+2 vt )
v n+i 1 nt ]| nt ] n+i _3 w2 |14 ] nt 2]
<= | ven ey |t ||| Vo, ey |3 2p
(3.47)
Also, we have that
1
<(v x u"z — Py (V x u"t2)) x UN+§,<1>Z+2)
1
SCHvXun+%—PVh(vXu"+z ‘Vu””'% V(I)Z+2H
2
% ‘V(I) +0Hvu"+z HVXU — Py, (V x u™ )‘ (3.48)

1 1
Combining (3.48) and (3.47) we obtain the required bound for ((wzJr2 -V x u”*’%) X umt s, <I>Z+2).
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Noting that

n+j
]mh

<1/2(||v- <I>"+1H + ||V - ®7||*), substituting the bounds derived
n (3.44), (3.45), (3.47), and (3.48) into (3.42) yields

1 n 2 n Y n n+3
57 (1o * = 1271?) + 5 (17 - o5 * = 1V - @317) + 5 | vy ™

)|

—|—i inf Hp (" QhH +CV“V77”+2

nti 2
2
d,

2
< (” ;4 +Cv 8 vt 2 (Iv- o + v - 231?)

2
+ |V ()|

27 qneQn
1 2 2 11 [t
s e N e R | I e ) R DT R
tn+l tn+l tn+1
M/ IV - nue|? dt + CAE (/ g ||® dt + / Vg2 dt)
tn tn tn

tn+1

2 2
+ Cu—l(At)S/ Hv x ™3 — Py (V x u™3) ‘

tTL

(u x (V x w))e|2dt +C Hvu%%

(3.49)

Next multiply by 2At¢, sum over time steps, and using the Gronwall inequality (from [25])

yields
M-—1
@M 47 ||V - @p|* +var Y Ve
n=0

2

4
+Cv3 HVu”+

M—-1
v n
< Cexp (MtZWr > <Atzvq1&f)h Ip(¢") — qnll?
n=0

M M M-1 1
+ AtZVHVn"HQ + AtZwHVnt(t”)HQ + At Z v wZ 2 ‘Vn’”%
n=0 n=1 n=0
tn+1

2 ann'i‘%

Z/ I dt+AtZ/ IV -l

+ (A ez + (A [[Vuulls g + (A [ (wx (V x w))ell5
2
(3.50)

M—1 )
+ At Z v1 HV’LL”+§
n=0

M-1 2
+ Ay Hw’”a
n=0

HV Xyt — Py, (V x u’”%)
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Recall the approximation properties of U™ € V3, g, € Qp, and Py, [30]

: k11— _
JnE ), € ORI u(E)l s 5 = 0,1, and

inf |lp(t") —qnll < CH*|p(t™),
an€Qn

lw™ = Py, ()| < CR* w1y -

N

Estimate (3.50) then becomes

M-—1 2
@M )7+~ |V - @) |* +var S vqﬁf%
n=0

M1 1/2 +4 1
< Cexp | 2At Z v+ 5 +Cv3 HVu”+5
n=0

4 1
7h2k 2
) (5 sl

k k - k
+ v ull3 ey + v Bl uell3 a0 + v R el

[lll3 541

+ Aty B llugell3 gy + B a3 pgn + (A unellz + (A" [ Vuellz

M-1 2
Z +3 _

+ (At)4 ”(’LL X (V X U))tt”g’o =+ (VAt ’wZ 2 > v 2h2k|||ut”|207k;+1
n=0

+ W2 [l |31 11V % u|||§,k;+1) - (351)

1
n+3

Finally, from the boundness estimate for vAt Zi\f:_ol wy,

from (3.12), and an applica-

tion of the triangle inequality we obtain (3.28).

O]

Remark 2. As expected, if (Xp,Qp) is chosen to be the inf-sup stable pair (Py, Px—1), k > 2, then
with the smoothness assumptions (3.22)-(8.27) and p € L*(0,T; H*(Q)) the H' convergence for the
velocity is

[Ju — uplll21 < C(AL? + ) (3.52)

Remark 3. The significant computational improvement of Schemes 2 and 8 over Scheme 1 is
somewhat masked in the statement of the a priori error bound for the velocity (for Scheme 3)

given in (3.28). For Scheme 1 the pressure contribution to the bound is C/v||p — qn||, whereas for
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Schemes 2 and 3 the pressure contribution is given by C' ||p — qp||, see (3.41). The presence of v in
the denominator for Scheme 1 suggests a superior numerical performance of Schemes 2 and 3 if a

large pressure error is present.

3.5 Numerical Experiments

Figure 3.1: The velocity solution to the Ethier-Steinman problem with ¢ = 1.25, d=1att =0
on the (—1,1)3 domain. The complex flow structure is seen in the streamribbons in the box and
the velocity streamlines and speed contours on the sides.

This section presents two numerical experiments, the first to confirm convergence rates, and
the second, over a longer time interval, to compare the schemes’ accuracies against each other and a
commonly used scheme. For both experiments, we compute approximations to the Ethier-Steinman
exact NSE solution on [—1,1]3 [17], although we choose different parameters and viscosities for the
two tests. We find in the first numerical experiment that the computed convergence rates from
successive mesh and timestep refinements indeed match the predicted rates from Section 4. For
the second experiment, the advantage of using the stabilized enhanced physics based scheme is
demonstrated.

For chosen parameters a, d and viscosity v, the exact Ethier-Steinman NSE solution is given
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—vd?t

up = —a(e®sin(ay + dz) + € cos(ax + dy)) e (3.53)
up = —a(esin(az + dz) + e cos(ay + dz)) eVt (3.54)
ug = —a(e*sin(ar + dy) + e® cos(az + dz)) e vt (3.55)
p = —(122(62‘” + €2 4 %% 4 2sin(ax + dy) cos(az 4 da)e? V)
+2sin(ay + dz) cos(ax + dy)e®+?)
+2sin(az + dx) cos(ay + dz)e“(x+y))e_2”d2t (3.56)

We give the pressure in its usual form, although our scheme approximates instead the Bernoulli
pressure P = p + %]uﬁ This problem was developed as a 3d analogue to the Taylor vortex
problem, for the purpose of benchmarking. Although unlikely to be physically realized, it is a
good test problem because it is not only an exact NSE solution, but also it has non-trivial helicity
which implies the existence of complex structure [40] in the velocity field. The ¢ = 0 solution
for @ = 1.25 and d = 1 is illustrated in Figure 3.1. For both experiments below, we use u’ =
(u1(0),u2(0),u3(0))T as the initial condition and enforce Dirichlet boundary conditions for velocity

to be the interpolant of u(t) on the boundary, while a do-nothing boundary condition is used for

the vorticity projection. All computations with schemes 2 and 3 use stabilization parameter v = 1.

3.5.1 Numerical Test 1: Convergence rate verification

(7 [ At [flu—usillly [ vate [ Ju—ussllly | vate | [Ju— usall; | rate ]
1 0.001 0.01560 - 0.01556 - 0.01579 -
0.5 0.0005 0.00390 2.00 0.00391 1.99 0.00395 2.00
0.25 | 0.00025 0.000979 1.99 0.000979 2.00 0.000984 2.01
0.125 | 0.000125 0.000245 2.00 0.000245 2.00 0.000246 2.00

Table 3.1: The |||unse — unl|ly; errors and experimental convergence rates for each of the three
scheme of Algorithm 3.2.1.

To verify convergence rates predicted in Section 4, we compute approximations to (3.53)-

(3.56) with parameters a = d = m/4, viscosity v = 1, and end time T" = 0.001. Since (Ps, P;)



elements are being used, we expect O(h? + At?) convergence of |||luysg — up|l[y for each of the
three schemes of Algorithm 3.2.1. Errors and experimental convergence rates in this norm are

shown in Table 3.1, which match those predicted by the theory.

3.5.2 Numerical Test 2: Comparison of the schemes

For our second test, we compute approximations to (3.53)-(3.56) with a = 1.25, d = 1,
kinematic viscosity v = 0.002, end time T' = 0.5, using all 3 schemes from Algorithm 3.2.1. We use
3,072 tetrahedral elements, which provides 41,472 velocity degrees of freedom, and 46,875 degrees
of freedom for the projected vorticity since here there are degrees of freedom on the boundary. It is
important to note that due to the splitting of the projection equations from the NSE system in the
solver, as the projection equations are well-conditioned, the time spent for assembling and solving
the projection equations is negligible.

In addition to the 3 schemes of Algorithm 3.2.1, for comparison, we also compute approxi-
mations using the well-known convective form Crank-Nicolson (CCN) FEM for the Navier-Stokes
equations [30, 23, 26]. We run the simulations with timestep At = 0.005. Results of the simulations
are shown in Figures 3.2 and 3.3, where L?(Q) error and helicity error are plotted against time. Is
clear from the pictures that the enhanced physics based scheme is more accurate than the CCN
scheme, and its advantage becomes more pronounced over longer time intervals. Also it is seen how

the stabilizations of the enhanced-physics scheme improve the accuracy of the approximations.

3.6 Conclusions and future directions

We have extended the methodology of the enhanced-physics based scheme of [47] to a
more general set of problems. This extension required the use of grad-div type stabilizations since
the scheme uses a Bernoulli pressure which can be a dominant source of error in finite element
computations. Additionally we proposed an alternate grad-div stabilization to the usual grad-div
stabilziation, but provides a more physical solution by not altering the energy balance. We also
provided numerical computations that illustrated the advantage of the enhanced physics based

scheme as well as the modified grad-div stabilization that we introduced.
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L2 Error vs Time
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Figure 3.2: The plot above shows Ly error of the velocity vs time for the four schemes of Test 2. We
see in the plot that the stabilizations add accuracy to the enhanced-physics scheme, and that the
alternate grad-div stabilization gives slightly better results than the usual grad-div stabilization.
It can also be seen that the enhanced-physics scheme is far more accurate in this metric than the
usual CCN scheme.
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Helicity error vs Time
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Figure 3.3: The plot above shows helicity error vs time for the four schemes of Test 2. We see in
the plot that helicity is far more accurate in the enhanced-physics scheme, and even better with
stabilizations, than the usual CCN scheme.

As discussed in the Introduction, with the rotational form of the NSE and introduction of
the Bernoulli pressure, the pressure term in the a priori error estimate for the velocity approximation
can have a significant impact. An alternative to a grad-div stabilization method may be to choose
the approximation spaces (Xp,Qp) so that the pressure term does not appear in the a priori
error estimate for the velocity approximation. Recently stable approximation spaces (Xp,Q@p),
Scott-Vogelius elements [58] (see [56, 55, 51, 52] for  C R?), have been introduced for which
[V - Xp] C Qp, which guarantees that discretly divergence free approximations for the velocity
are also L? divergence free. These elements require a special mesh, and are higher order (at
least) Ps(e) — (discontinuous) P (e) compared to the commonly used Taylor-Hood elements Ps(e) —
Pi(e). Future work will include a comparison of the stabilized methods investigated above with

approximations using Scott-Vogelius elements.
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Chapter 4

Improving mass conservation in FE
approximations of the Navier Stokes
equations using CV velocity fields: A
connection between grad-div
stabilization and Scott-Vogelius

elements

4.1 Introduction

This chapter studies two finite element methods for approximating solutions to the Navier-
Stokes equations (NSE), that use continuous velocity fields and provide accurate approximations as
well as excellent mass conservation. Under the restriction that the mesh be created as a barycenter
refinement of a triangular/tetrahedral mesh and that the degree k of approximating polynomial

for velocity be chosen at least as large as the dimension of the problem, k > d, the ((Pg)¢, P3*¢)
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pair (called the Scott-Vogelius (SV) pair), has recently been shown to be inf-sup stable and admit
optimal approximation properties [60, 58]. Moreover, it has the fundamental physical property that
since V - (P)? C P,fisf, the weak enforcement of mass conservation imposed by the usual Galerkin
finite element method for Stokes or the NSE actually enforces strong (pointwise) conservation of
mass. A minor result of this chapter is the presentation of the first numerical tests of the Galerkin
method with SV elements for the time dependent NSE; the results were excellent.

The second method studied herein is the Galerkin method for the NSE with Taylor-Hood
(TH) elements and grad-div stabilization (with parameter ), but restricted to the case where SV
elements are inf-sup stable and have optimal approximation properties. This method is well studied
in the general case [45, 46, 20, 46, 31, 20|, and it is well known that the stabilization improves
mass conservation and relaxes the effect of the pressure error on the velocity error. However
when restricted to this setting, other special properties can be found. Specifically, we show the
solutions corresponding to a sequence of parameters 7, — oo converge to the SV solution. This
provides theoretical justification that one can choose 7 significantly larger than O(1), which is
often a good choice in the general setting [20], and still obtain an accurate solution with excellent
mass conservation. Roughly speaking, in this special (although not very restrictive) setting, one
has mathematical justification that raising v past O(1) by several orders of magnitude will not
“destroy” the momentum equation, although care for numerical roundoff error still must be taken.

Although the incompressible NSE are one of the most investigated mathematical equations
[53, 54, 30, 23, 26, 21, 24, 5, 22, 49, 14], their numerical solution remains a difficult challenge, and
new methods and strategies for their solution are regularly proposed. Nevertheless, even in the
case of laminar, single phase Newtonian fluids, some aspects of their numerical approximation were
sometimes underestimated, such as the importance of mass conservation [46, 18, 38, 20, 43, 34, 35].
It is well-known that mixed finite element discretizations of the incompressible NSE are prone to
different kinds of numerical instabilities, when one combines a certain discrete velocity space X in
a naive way with a discrete pressure space Q5. The violation of discrete inf-sup stability [5, 21, 49]
is the classical example for when the discrete pressure space is too large in relation to the discrete

velocity space. The opposite extreme is when the discrete pressure space is too small. In this case
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the approximation does not adequately satisfy the conservation of mass equation, thereby giving
a poor approximation to the physical solution. It is this second problem that is the motivation of
this work.

There are a number of strategies for avoiding poor mass conservation: several element
choices are known provide pointwise mass conservation [60, 58], discontinuous Galerkin methods
admit local mass conservation [48], penalization techniques such as grad-div stabilization discussed
herein reduce global mass conservation error, and a posteriori methods can be used to enforce the
conservation of mass on already computed solutions [41]. For each technique, there are naturally
both good features and drawbacks, and therefore a determination of which method is “best” is
certainly problem dependent.

Still, in most cases, the use of TH elements with grad-div stabilization is one of the easiest
to implement. For many years TH elements have been a popular choice of approximating element
in fluid flow simulations, with most downloadable finite element packages have some TH elements
implemented. Hence getting a TH code and adding grad-div stabilization is typically convenient
and simple. However, until now, it was believed that the improvement in mass conservation using
grad-div stabilization, although sometimes significant over usual TH solutions, was limited to an
O(1) choice of the stabilization parameter. With this limitation, one had to decide whether the
provided mass conservation was good enough, or instead if a different element choice or DG should
be used instead. Hence this work provides a simple solution to correct for poor mass conservation
in existing codes, and therefore may lead to TH elements being a good choice on a much wider set
of problems.

This chapter is arranged as follows. In Section 2, we give notation and preliminaries,
including a brief discussion of the SV element. Section 3 proves that on barycenter refined meshes
and k > d, grad-div stabilized TH solutions of the NSE converge to SV solutions as the grad-div

parameter tends to co. Section 4 presents numerical experiments that illustrate the theory.
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4.2 Preliminaries

We will represent the L2 norm and inner product by ||-|| and (-,-), respectively. All other
norms used will be clearly denoted with subscripts.
Recall the time dependent incompressible NSE on a polygonal (2d), or polyhedral (3d),

domain €2, and for simplicity with homogeneous Dirichlet boundary conditions:

w—vVu+u-Vu+Vp = £, inQx (0,77, (4.1)
V-u = 0, in Qx (0,77, (4.2)

u(x,0) = wug, inQ (4.3)

u = 0 on 90 x(0,T7. (4.4)

Here, u represents velocity, p the (zero-mean) pressure, f an external force, and v the kinematic
viscosity.

Throughout the report, (Xp, Q) C (HL(), L(Q)) will denote either the Taylor-Hood or
Scott-Vogelius element pair. Due to the assumptions that the approximating polynomial degree
k > d and the mesh be constructed by a barycenter refinement of a quasi-uniform mesh (details in
the following section), (Xp, @p) will be inf-sup stable.

The following lemma will be used in the analysis that follows.
Lemma 4.2.1. There exists a constant C*(Q2), dependent only on the size of Q, that satisfies

Vu,v,w € H}(Q),

|(w- Vo,w)| + (V- wyv,w)| < C||[Vul [ Vol | Vw|[V? [[w]"/? (4.5)

IA

IN

|(u- Vo, w)| + (V- u)v, w)| C [Vl Vol |Vl (4.6)

Proof. The first inequality follows from Holder’s inequality, Ladyzhenskaya inequalities and the
Sobolev imbedding theorem. The second follows directly from the first with the Poincare inequality

in HL (). O
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4.2.1 Scott-Vogelius and Taylor-Hood elements

The SV element pair is not yet very well known, and so we now give a brief description of
it. In essence, the SV pair is the same as the TH pair except that
(i) k > d, where d is the space dimension,
(ii) the pressure space is discontinuous, and
(iii) the mesh is required to be a barycenter refinement of a regular mesh.
That is, polynomials of degree k£ and k — 1 are used to approximate the velocity and pressure spaces
respectively, with k& > d (which is only a restriction in 3d compared to TH), and the mesh 7},
that is used must be derived from a regular triangularization (tetrahedralization) of 2, where each
element is refined by connecting its barycenter to the vertices. An illustration of such a refinement
is given in Figure 4.1. With such a mesh construction and k > d, it was proved by Zhang in [58]
that the SV elements are LBB stable under these restrictions. It is well known that the TH pair is

LBB stable for this case [21].

Figure 4.1: (LEFT) 2d and (RIGHT) 3d macro-element, shown with dashed lines representing
barycenter refinements

We now formally define the element pairs. In space dimension d, for both Taylor-Hood and
Scott-Vogelius elements we define Xp to be the space of continuous element-wise vector functions

of polynomial order k > d on 7,

X)) = {vh € [C): viyr € [Pe(T))% for all T € Ty, , vj, = 0 on aQ} .
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For Taylor-Hood, we define
Q.= {qh € LXQ) N C(Q): quyp € Py_y,for all T € Th} :

while the pressure space of the Scott-Vogelius element is only different from Taylor-Hood’s in that

its pressures are discontinuous:
QY .= {qh € L3(Q): qup € Py, for all T € Th} .

Note that the dimension of the pressure space for SV elements is significantly larger than that for
TH elements. This creates a greater total number of degrees of freedom needed for linear solves
using SV elements, however it is not immediately clear whether this will lead to a significant increase
in computational time if preconditioners such as Augmented Lagrangian type are used [4]. The
authors plan to consider this questions in future studies.

Although the velocity spaces of the TH and SV elements are the same, the spaces of dis-

cretely divergence free subspaces are different, and will be denoted by

VeV = v e Xy (Vevian) =0Vg, € Q7Y

VhTH = {vpe Xy :(V'VM%)ZOV%GQZ}CH}-

The SV element is very interesting from the mass conservation point of view since its discrete

velocity space and its discrete pressure space fulfill an important property, namely
VX, QY. (4.7)
Thus, using SV elements, weak mass conservation via
(V-up,qn) =0 Vg, € Qn
implies strong (pointwise) mass conservation since we can choose the special test function ¢, = V-uy,
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to get
IV - upl? = 0.

In general, the same pressure test function cannot be used in the Taylor-Hood case, since V- X, ¢

Q}:H. Hence the Taylor-Hood element only delivers discretely divergence-free approximations uy,.
The temporal-spatial discretization we study, for either TH or SV, is the Crank-Nicolson

Galerkin method, given in skew-symmetrized form by:

Find (uj, p) € X, xQp with Qp, € {Q}:H, Q,SLV} such that ¥ (vp, qn) € XpxQp forn=1,2,..., M =

T/At,

1 n+1 n n—l—% ”+% n—l—%
At (uh — Up, V) - (ph Vo Vh) + V(vuh ,VVh) + 7(v “u, , Vo Vh)
n+i n+i 1 . on+lo o opal 1
+(uh+2 ) Vuh+27vh) + 5((dlvuh+2)uh+27"h) — (fn+§,vh) (4.8)
(V-uptl ) = 0. (4.9)

For the discrete initial velocity, u?l we impose zero pointwise divergence for the initial condition for

both SV or TH elements: ¥(vp,qs) € (X5, Q7Y),

(u%, Vh) + (Ah, V . Vh> + (V . u%, qh) = (uo,vh) . (4.10)

This condition is necessary for TH elements due to the Crank-Nicolson temporal discretization and
our enforcement of discrete mass conservation (4.9). For the backward Euler method, this would
not be necessary. However, it is easy to implement.

Note that for SV elements, the term arising from skew-symmetrization vanishes, and is not

necessary to use in computations.
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4.3 A relation between the Taylor-Hood and the Scott-Vogelius

element

Section 2 shows the Taylor-Hood and the Scott-Vogelius element are not unrelated to each
other, as they only differ in their pressure space. But it turns out that much more can be said.
For example, it is relatively easy to show that the H! projection of the TH solution to the Stokes
problem into the space of divergence free functions is the SV solution of that Stokes problem
(independent of grad-div stabilization). However, it is the results for the NSE are much more
interesting.

We prove that as 7 — oo, the TH solutions to (4.8)-(4.10) converge to the SV solution.
Roughly speaking, this result can be understood in the following sense. Under the mesh restriction
discussed above and with k > d, the grad-div stabilized solutions “lives between” the TH and SV
solutions, which are both LBB stable and have optimal approximation properties. Thus, raising ~y
significantly larger than O(1) in TH computations can provide excellent mass conservation without

“destroying” the solution.

Theorem 4.3.1. For At small enough, using a mesh constructed as a barycenter refinement of a
reqular mesh and k > d, any sequence {up}~, of TH solutions to (4.8)-(4.10) converges to the SV

solution as the grad-div parameter y; — oo.

Remark 4. The restriction that At be small enough arises from the discrete Gronwall inequality

in exactly the same way as for convergence theories of finite element methods for the NSE.

Proof. We begin by noting the a priori bound on the SV and TH solutions, which can be found by

choosing the test function v, = uZH/Q in (4.8): For 0<j <M

Huﬂ)? N Atjzl< Hvunﬂ/zH ‘*’QVHV un+1/2
n=0

2
f”“/?H_lJrH“?LHQ = C(data), (4.11)

)
S?,;\

where || - ||« denotes the norm in X*, the dual space of X = H} endowed with the norm |v||x :=
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|IVv]|. (For the SV solution HV . unH/QH .) This bound is sufficient to show, using the
Leray-Schauder fixed point theorem, that solutions to (4.8)-(4.10) exist for either element pair [30].
Since the timestep and mesh are fixed, uniqueness follows from the boundedness of solutions shown
above.

In addition, by assumption of the existence of the SV solution (which is independent of )
and LBB stability we have the SV pressure is bounded independent of +. In particular we have
that for2<j < M

”“/QH < C(data) . (4.12)

AtZ‘

Note that from (4.11) it follows that as v — oo, V - unﬂ/2 —0forn=0,...M — 1. Also,

as V- uh =0, then V- u”Jrl — 0 forn=0,... M — 1. In addition, as Hu{lHQ is uniformly bounded,
then the terms HVuﬂLH2 and HV . U{LHQ are also uniformly bounded. In these later cases the bound
will depend upon the mesh parameter h. However, as we are discussing convergence on a fixed
mesh, this dependence is not important.

Let e := ugy — ury € VhTH, where (ugy,psy) and (urgy,pry) denote the SV and TH
solutions respectively. (For convenience, in this proof we suppress the dependence on h.)

For v € V;'H | we have that (pTH ,V-v) =0 and thus that

1

n+1
Are

1
—e",v)— (pg—‘t2 ,V-v)+ V(Ve"+%,Vv) +(V- e”+% V-v)

n+3 n+3 ntl n42 1 n+i. nt+i
+(ugy,? - Vugy,?,v) — (upy” - Vugp,”,v) + 2((d1vuSV Jug,”, V)

1 n
—5((divuTLQ)uT;av) = 0, (4.13)

which can be written as

1

E(e"“—e”,v) + I/(Ve"'%,Vv)+7(V-e”+%,v'v)
n+1 n+l 1 n+1
= (@YUt v) — (ugg Vet v) - ((dive T )ugy® )
1 ntl ntl
—5((divuT;2 )" 2 V) + (par?, V- v). (4.14)
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With v = e”*é, the identity

n+

1 1
(uT ven+1/2 et %)+§((divu;';2)en+1/2ven+%) =0,

and using Lemma 4.2.1, equation (4.14) becomes

1
2AL

1 1 1 1
- _5((dive”+%)u7§$2,e”“/2) — ("3 - V2, e"?) 4 (par?, V- e/

L AR s T AR |

n+2

IN

el a4 s

1
Since the mesh is fixed, uniform boundedness, finite dimensionality of ug;;z , and Young’s inequality

imply

1 ) 2
E(Hemﬂ“z — e +v HVe”H/2H + v HV . en+1/2H

K I

n1/2 H (4.16)

With ||€°|| = 0, subtracting 3 ||V - e”“/ZH2 from both sides of (4.16), then summing from n = 0

toj—1,2<j <M, we have

o + a5 (2w e )
0

J
<oary e + Aty Z\
n=0

n+1/2H 4 17

The discrete Gronwall inequality [25] then implies that (for At sufficiently small)

ol + a5 (v o o o) <
n=0

n+1/2H

Hence, as v — o0, HejH —0,5=12,...,M,ie urg — ugy.
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4.3.1 A connection for the steady NSE problem

An analogous result as proved above holds for the steady NSE. Consider the usual skew

symmetrized finite element scheme for the NSE [30]: Find (up,pn) € (Xpn, Qn) satisfying ¥ (v, qn) €
(Xh7 Qh)

v(Vuy, Vvy) = (pr, V- vi) + (V- up,, V- vy) + (up - Vg, vp)
1
+§((divuh)uh,vh) = (f,Vh), (4.18)

(V - Up, qh) = 07 (4.19)

where )y, is either va or QTH . Note if Qp, = QEV, then trivially %((divuh)uh, vp) =v(V-up, V-
vi,) = 0. It is not hard to show that solutions to (4.18) exist with the Leray-Schauder fixed point
theorem, and under the small data condition C*v =2 ||f||_; < 1 (where C* = C*(Q) is from Lemma

4.2.1), solutions are also unique [30].

Theorem 4.3.2. Suppose the data in the problem (4.18)-(4.19) satifies o := C*v=2||f||_; < L.
Then for any sequence of grad-div stabilization parameters v; — 0o, the corresponding TH solutions

converge to the SV solution.

Proof. Proceeding in an analogous manner as in the proof of Theorem 4.3.1, note that by choosing
Vp = up

vIIVup|? + 27|V - wp > < v |E, = C(data). (4.20)

From (4.20) we have uniform boundedness of u;, (with respect to v) by the Poincaré-Friedrichs
inequality, and thus uniform boundedness of ey,.

Following similar to the time dependent case, we have that e, satisfies

2 2 2 Y 2 1 2
v|Vel+v|IV-e| < C*||Vugy| ||Vel|” + §HV'9H + %HPSVH

IN

. — 2 Y 2 1 2
CrvH £l Vel + S IV -el” + gllpsv\l : (4.21)
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and thus

. o 1
(v —C* v H[E]|_y) [ Vel” + 5 IV -e|? < 2 Ipsv | (4.22)

Using the small data condition, this reduces to
C
IVe|? < S Ipsv|®, (4.23)

which implies e — 0 as v — oo.

4.4 2D Numerical Experiments

In this section we investigate the convergence theory of the previous section and the theory
that NSE approximations using TH elements with large grad-div stabilization parameters will
provide both good mass conservation and accurate solutions (when the SV solution is accurate), if

k > d and with the mesh restriction discussed in Section 2. Indeed we find this is the case.

4.4.1 Numerical Experiment 1: 2d channel flow around a cylinder on a barycen-

ter refined mesh

The benchmark problem of 2D channel flow around a cylinder has been studied in numerous
works, e.g. [50, 27, 29, 31], and is well documented in [50]. The domain is the rectangle [0,2.2] x
[0,0.41] representing the channel with flow in the positive x direction, with a circle radius 0.05
centered at (0.2,0.2) representing the cylinder. No slip boundary conditions are prescribed on the
top and bottom of the channel as well as on the cylinder, and the time dependent inflow and outflow

velocity profiles are given by

T
sin(rt/8)y(0.41 —y), 0| , 0<y <0.41.

6
u(0,y,t) =u(2.2,y,t) = WIE

The forcing function is set to zero, f = 0, and the viscosity at v = 0.001, providing a time dependent

Reynolds number, 0 < Re(t) < 100. The initial condition is u = 0, and we compute to end-time
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T = 8 with time-step At = 0.01.

An accurate approximation of this flow’s velocity field will show a vortex street forming
behind the cylinder by ¢t = 4, and a fully formed vortex street by ¢ = 7. However, there is more
than one way to measure accuracy. That is, even if the vortex street forms and the velocity vector
field “appears” correct, if the velocity field does not conserve mass, then for many applications the
solution may be unacceptable.

Solutions are computed for (P, P#*¢) SV elements and for (P, P;) TH elements with
~v =0, 1, 100, 10,000, all on the same barycenter refined mesh. This provides 6,578 velocity
degrees of freedom and 4,797 pressure degrees of freedom for the SV pressure, and 845 pressure
degrees of freedom for the TH simulation. Results of these simulations are shown in Table 4.1, and

Figures 4.2 and 4.3.

v HVU%H(t:'U—VuS\/(t:?)H
0 5.7086
1 0.7616
100 7.9856e-3
10,000 8.5311e-5

Table 4.1: The table above shows convergence of the grad-div stabilized TH approximations to the
SV approximation for numerical experiment 1.

Table 4.1 shows convergence of the TH approximations to the SV approximation as v — oo.
This agrees with the theory of Section 3. Figure 4.2 shows the plots of the velocity field, speed
contours and pressure contours for SV and TH approximations with v = 0, 1, 100, 10,000. The
convergence as v gets large of the TH approximations to the SV approximation is clear. We note
the dramatic improvement for the TH approximation from changing v = 0 to v = 1, continuing
to raise v increases the accuracy further, until by v = 10,000 when a very good approximation is
found.

The benefit to mass conservation of increasing «y is shown in figure 4.3. Here we see with
~ = 10,000, excellent mass conservation is achieved. Also we note that for the unstabilized TH

approximation, ||V -up| = O(1).
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Figure 4.2: The t=7 velocity fields, speed contours, and pressure contour plots for approximations
obtained using TH elements without grad-div stabilization (top), TH elements with v = 1 (second
from top), TH elements with v = 10,000 (third from top), and the SV element approximation
(bottom), on a barycentric mesh and k£ = 2. Convergence to the SV approximation as 7 increases
is clear. The SV and TH with v = 10,000 appregimations are nearly indistinguishable and agree
well with known results [50, 27, 29]. Some slight differences with these and the plotted solution
for TH elements with v = 1 can be seen in the speed contours, and the v = 0 solution is clearly
underresolved.



L2 norm of divergence of computed velocities against time
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Figure 4.3: Shown above are the plots of ||V - u}!|| vs. time for the SV and TH approximations for
numerical experiment 1, with varying ~.

4.4.2 Numerical Experiment 2: The 3d driven cavity

In 3d, SV elements require k£ > 3. Here we compare the (Ps, PQdisc) SV approximation with
that obtained using by grad-div stabilized (Ps, P») TH elements.

We consider the benchmark problem of the 3D lid-driven cavity. This problem has been
well-studied, [57, 44], and the description is as follows. The domain €2 is the (—1,1)3 cube, for
boundary conditions the top of the box (lid) is prescribed the velocity u = [1,0,0]7 with the
velocity on the the sides and bottom set to zero (u = 0), and the viscosity v = 1/50, giving the
Reynolds” number Re = 2 -1 -50 = 100. We compute with a barycenter refinement of a uniform
tetrahedral mesh (as discussed in Section 2), consisting of 51,119 total dof for the TH elements
(46,038 velocity and 5,081 pressure) and 76,038 total dof for SV elements (46,038 velocity and
30,000 pressure). The problem is solved directly for the steady state approximation with a Newton
iteration, using as the initial guess u(x) = 0, x € €. Five iterations were required to converge to a
tolerance of 1071V for each of the tests. We compare the SV approximation and TH approximations

with stabilization parameters v = 0, 1, 100, 10,000. Plots of the approximations are presented in
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Midplane velocity fields and dlvergence contours for Scott—Vogelius elt solution
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Figure 4.4: We see the expected velocity profiles for the lid-driven cavity problem with div uy, close
to machine epsilon.

Figures 4.4-4.8.

Comparing the plots of the midplane velocity fields (Figures 4.4-4.8) with the documented
solution [57, 44|, the approximations “appear” correct. As noted in the the 2d experiments, the
TH approximations with smaller v exhibit poor mass conservation. In Figure 4.4, as expected, we
see pointwise mass conservation for the SV element solution. In Figure 4.5 (y = 0), we observe
only O(10~!) mass conservation. Figure 4.6 shows that ¥y = 1 improves the mass conservation
to O(1072), and more grad-div stabilization (i.e. larger +) further improves mass conservation as
shown in Figures 4.7 and 4.8.

The convergence of the TH velocity approximations to the SV velocity approximation can

be seen in Table 4.2, giving verification to the theory of Section 3.
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Figure 4.5: For TH with v = 0, we see the expected velocity profiles for the lid-driven cavity
problem, with non-negligible error for div uy,.

v [[Vuiy = Vusv]]
0 1.0653
1 0.2093
100 0.0029
10,000 395105

Table 4.2: Convergence of the grad-div stabilized TH approximations toward the SV approximation
as v — oo for the Re = 100 3d driven cavity problem.

4.5 Conclusions and Future Directions

By proving (and then exploiting) a connection between Scott-Vogelius and grad-div stabi-
lized Taylor Hood approximations of the NSE, we have shown that under a mild mesh restriction
and by choosing the approximating polynomial degree k > d, grad-div stabilization can have a

much greater positive effect on Taylor-Hood approximations than previously believed. In this situ-
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Figure 4.6: For TH with v = 1, we see the expected velocity profiles for the lid-driven cavity
problem with non-negligible error for div uy,.

ation, we are able to raise the stabilization parameter larger than O(1), thus achieving much better
mass conservation.

We have also shown that Scott-Vogelius elements can be an excellent choice for approxi-
mating solutions to the NSE. To our knowledge, these are the first tests of this element pair on the
time dependent Navier-Stokes equation.

Due to the similarity of Taylor-Hood elements and Scott-Vogelius elements, many existing
codes using Taylor-Hood elements can be easily converted to use Scott-Vogelius elements (provided
the mesh is as specified above). Hence we believe this element may be of great interest to engineers

and fluid dynamicists interested in better mass conservation with reasonable development cost.
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Midplane Velocity Fields and Divergence Contours for TH y=100
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Figure 4.7: For TH with v = 100, we see the expected velocity profiles

problem with improved error for div uy.
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Midplane Velocity Fields and Divergence Contours for TH y=1 o*
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Figure 4.8: For TH with v = 10,000, we see the expected velocity profiles for the lid-driven cavity

problem with significantly improved error for div uy,.
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Chapter 5

An enhanced physics numerical

scheme for MHD

5.1 Introduction

The study of magnetohydrodynamics (MHD) pertains to the interaction of fluid flow and
magnetic fields. In order for the interaction of the fluid and magnetic field to be substantial, the
fluids in question must be conductors and non-magnetic, which leads to the fields of study being salt
water, liquid metals, plasmas and strong electrolytes. MHD is perhaps best known for its association
with colossal failures in power generation, however in the last 30 years, it has been found to be
pertinent to the flow of liquid sodium coolants in fast-breeder reactors, and the confinement of hot
plasma thru magnetic forces during controlled thermonuclear fusion. Furthermore, magnetic fields
are often used to heat, pump, stir and levitate liquid metals in the metallurgical industries [11].

The MHD conservation equations are given in magnetic field form by

ug + V- (wu®) — Re ' Au + ng -B)—-SV-BBT +Vp = f, (5.1)
Vou = 0, (5.2)

B+ Re')Vx(VxB)+Vx(Bxu) = Vxug, (5.3)

V-B = 0, (5.4)
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where u is velocity, p is pressure, f is body forces such as gravity, V x g is a force on the magnetic
field B, Re is the Reynolds number, Re,, is the magnetic Reynolds number, and .S is the coupling
number.

It is often the case that a careful treatment (or sometimes a clever trick) in the design
of a numerical scheme to simulate physical phenomena can provide more physically relevant and
accurate solutions. In particular, most schemes for fluid flow conserve energy, but there is often
a second fundamental integral variant that is ignored. However, when this second quantity is
accounted for in the design of the numerical scheme, the resulting scheme admits solutions with
greater physical accuracy. The improved physical accuracy may not be evident over small time
intervals but will ultimately manifest itself as time progresses. For example, Arakawas scheme
for the 2D Navier-Stokes equations(NSE) that conserves energy and enstrophy[l], Arakawa and
Lambs scheme for the shallow water equations that conserves enstrophy and potential enstrophy
[2] and those of Navon [41, 42], J.G. Liu and W. Wangs schemes for 3D axi-symmetric NSE flow
that conserves energy and helicity [36] and 3D axi-symmetric MHD flow that conserves energy and
cross-helicity, and most recently a scheme for full 3D NSE that conserves energy and helicity [47],
all exhibit better long time behavior than comparable schemes that conserve only energy.

This paper presents a study of a new Crank-Nicholson Galerkin finite element method
(FEM) for incompressible MHD in general domains. It is the first to accurately treat both energy
and cross-helicity, in the sense of global conservation, on general domains; as mentioned above,
a scheme for axi-symmetric MHD flow was created in [36]. Moreover, with a carefully derived
formulation and choice of finite elements, the scheme is also able to enforce pointwise mass conser-
vation and pointwise enforcement of the magnetic field’s incompressibility. Therefore, the proposed
discrete scheme has the potential for excellent physical accuracy of its discrete solutions and there-
fore for long-time accuracy. We formally prove the conservation properties as well as stability and
convergence for the scheme. Linearized extensions of the proposed scheme, which still preserve the
same quantities, are also discussed.

This report is arranged as follows. Section 2 presents notation and preliminaries, section 3

derives the numerical scheme and proves conservation properties for it. Section 4 presents stability
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and convergence analysis for the scheme, and section 5 discusses extensions of the scheme to a

linearized form that still admits the conservation properties.

5.2 Notation and Preliminaries

We consider a polygonal or polyhedral domain €2, with homogeneous Dirichlet boundary
conditions for both velocity and the magnetic field. Extension to periodic boundaries is trivial,
but requires the domain be a box, and extension to most other boundary conditions is done in the
usual way.

We will denote the L?(Q2) norma and inner product by ||-|| and (-, -), respectively.

We will utilize the Poincare-Freidrich’s inequality through our analysis: For ¢ € H}(€),
I8l < C(Q2) IVl .
The continuous function spaces natural for this problem are

X=H}(Q) = {veHYQ) : v=0o0n00}

2 . _
{qeLm)./Qq—O}

Q = L§(Q)

The following lemma for bounding the trilinear forms will be used heavily in our analysis.

Lemma 5.2.1. For u,v,w € X, there exists C = C(Q2) such that

(u-Vo,w) < ClVall Vol o] /2|0l (5:5)

(u-Vou,w)

IN

C [Vl [Vol[ [V (5.6)
Proof. These estimates follow from Holder’s inequality, the Sobolev imbedding theorem and Poincare-
Freidrich’s inequality. O

The finite element spaces used throughout will be the Scott-Vogelius pair, (X, Qr) =

(Pk,P,fisf), where it is required that k > dim and the mesh be constructed as a barycenter re-
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finement of a regular mesh. Under these conditions, it is known that this element pair is LBB
stable [58]. This pair will be used to approximate the velocity-vorticity pair, and the magnetic
field - lagrange multiplier pair. A fundamentally important property of this pair is that the usual

Galerkin weak enforcement of incompressibility of an element v, € X}, via

(V- v, qn) = 0Vq, € Qn,
implicitly enforces incompressibility pointwise since g can be chosen to be V - vy, which provides
IV-up?=0 = V-u,=0

This is important in our proposed numerical scheme for three reasons. First, mass conservation can
be enforced pointwise via the usual weak enforcement of incompressibility of velocity. Second, the
incompressibility of the magnetic field can be enforced pointwise in the same manner; the magnetic
field equation is derived from by taking the curl of the electric field, and since div of curl is zero,
enforcing this incompressibility is of fundamental importance. Third, in all of our trilinear terms,
skew-symmetry need not be enforced. This will lead to a cheaper assembly of linear systems.

Define the space of discretely divergence free function as

Vi ={vn € Xp, © (V-vn,qn) =0V, € Qn}.

Note that functions in V3, when using the Scott-Vogelius pair, are pointwise divergence free.
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5.3 Derivation of energy and cross-helicity conserving scheme

We begin with the formulation (5.1)-(5.4), expand the curl operator in the (5.3) equation

and use that V-u =V - B =0 to get

ut+u~Vu—Re*1Au+§V(B-B)—SB-VB—l—Vp = f (5.7)
V-u = 0 (5.8)

Bi+Re,'Vx(VxB)+u-VB-B-Vu = Vxg (5.9)

V-B =0 (5.10)

So that (5.10) can be explicitly enforced, the addition of a Lagrange multiplier to (5.9) is done by
adding the (zero) term V(V - B), then substituting A = V- B to get the new set of equations which

has four unknowns and 4 equations,

ut+u-W—Re—1Au+§V(B-B)—SB-VB+vp = f (5.11)
Vu = 0 (5.12)

B+ Re,'Vx (VxB)4+u-VB—-B-Vu+V\A = Vxg (5.13)
V-B =0 (5.14)

From here, we incorporate the homogeneous Dirichlet boundary condition into the function spaces,

and discretize with the Galerkin finite element method and a four-leg Crank-Nicolson temporal
1

discretization. We denote uZJrQ = %(“Z + uZH), and require the initial u) and B)) be in Vj,.

4l gl
Then Y(va, Xn, qh, ) € (Xny Xn, Qn, Q) find (uf ™, BRI p "2 N72) € (X, Xp, Qn, Qp) for
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1 1 n+i n+i 1 n+i
At(uzJr —up,vp) + (uh > Vuy, 2 op) + Re (V% u, *,V x vp)
BT BTV ) < s(B VB 0 = (Y e) = (F( ) m) (5.15)
(v-ug+1,qh) =0 (5.16)
LB B )+ Res (Y x BTV x ) — (BETE v )
At hs Xh ho Xh h ,Xh

n n l
VBT )+ 0TV ) = (VX g ), ) (5.17)

(V- B r)=0  (5.18)

Lemma 5.3.1. Solutions to the scheme (5.15)-(5.18) admit the following conservation laws:

e Mass conservation

V -up =0 (pointwise 5.19
h

o Incompressibility of the magnetic field
V- By =0 (pointwise) (5.20)

e Global energy conservation

1 2 g 2 = +1 2 + 2
(‘2uhM +2||B,]L\/[H>+AtZ<Re_l VXUZZ + sRe,,! V><Bn2 )
n=0
ey ntly ntd ntly pnth
(H ufF+ 2 HBhH )+Atz ((f(t 2),u, 2)+s(V x g(t""2), B, 2)) (5.21)
n=0
e Global cross-helicity conservation
M—-1 el il
(up', BY') + At Y ((Re—l + Re; ) (V x u,, 2,V x By, 2))
n=0
0 RO - N Ly pnts
— B+ 803 (7 g™+ (@5 2
n=0
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Hence for f = ¢ = 0 and Re = Re,, = 00, we have exact conservation of both energy and

cross-helicity.

Proof. First, we note that for Scott-Vogelius elements, we can choose g, = V - uZH and rp =

V- B;LLH. Hence we have that V - uZH =V B,’;H =0, and thus that V- u2+1/2 =V BZH/Q =0.
This proves the first two conservation laws, and moreover these results will be used in the proofs

of the other laws.
1 1

+3

. n+ n . .
To prove energy conservation choose vy, = u;, * and x;, = B),  * which vanishes the second,

fourth, and sixth terms in (5.15) and the fourth and fifth terms in (5.17), leaving

1 2 2 - n+s 2 n+i n+l ntl
sy (17 = ail?) + Re™ |V w2 || = s(By "2 - 9B 0y 2)
1
= (F(E" ), ), (5.23)
1 1?2 1 1 1
sz (1B P = 1BRI) + Rey? ‘v < BITE| (B wtE Bt
1
= (V x g(t"2), B} 2). (5.24)
ply " ‘ - .
Multiplying (5.24) by s, rewriting the nonlinear term in (5.23) as —s(B, > - VB, *,u, °) =
n+z n+i n+i
s(B, ?-Vu, *,B;, ?), and adding (5.23) and (5.24) gives
TN(H“ZHH — [luzll) + TAt(HBZHH —|BI%) + Re v x uy 2
+sRe; ||V x Bl 2| = (£ 2) 0 2) + 8(V x g(t"t2), B 2), (5.25)

Multipling by At and summing over timesteps finishes the proof of (5.21).
1 1
To prove cross helicity is conserved we choose vy, = BZ+2 in (5.15) and xp = uZ+2 in (5.17).
This vanishes the fourth, fifth and sixth terms in (5.17) and the third and fifth terms in (5.15),

leaving
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1 1 1 1 1 !
— (=, By ) 4 (uy 2V 2 By ) + Re T (V x| : 'V x By

At

— (F(t"+4), B} ),
1 n n 1 n 1 n n n
E(BZ-H By, u +2)+Re;}(vth+2,quh+2)+( +3 .VB *27 h+2)

= (V x g(t”+§),uz+2).

Adding (5.26) and (5.27) and noting that:

o (2 v By = ) BT
1 u n+3 1 n+1 nt2
At(uh+ h7 h 2)+E(B + Bh? 2)
1 n n n n 1 n n n n
YN ((uh+17Bh+1) - (Uhth» + IAL ((UthBh) - (Uh,BhH))
1 n+1 , n+l n ,n 1 n+1 n n+1
+TA1§ ((Bh+ 7uh+ ) — (Bhauh)) T oAt ((Bh+ B) — (Bhv * ))7
gives
1 n+1 n+1 n n —1 +2 n+2
E(( B — (upt, BYY) + (Re™ ' + Rep, ) (V xw, 2,V x B, ?)

= (V x gty a2y 1 (e E), B2

Multiplying by At and summing over timesteps finishes the proof of (5.22).

5.4 Numerical analysis of the scheme

(5.26)

(5.27)

(5.28)
(5.29)
(5.30)

(5.31)

(5.32)

We prove that the scheme is both unconditionally stable and optimally convergent in this

section.

Lemma 5.4.1. Solutions to the scheme (5.15)-(5.18) are stable provided f € L?(0,T; H~
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g € L*(0,T; L*(Q)), and satisfy

n+%
V x B,

2
n+% -1
V x uy, + sRe,,

2 2 e 2
(e |* + 5 | BAT|*) + A (Rel )

2
‘ ) = O(data). (5.33)

Proof. We begin this proof with the energy conservation equality (5.21),

1 2 S 9 M-1 2 .
<‘ §uhM +§HB%| > +Atz (Re_l V xuy, 2| +sRe;t||Vx B2 )
n=0
Lyop2 S 0002 M-1 1. ntl .
= <2Huh” +§HBhH )+Atz ((f(tn+2)7uh 2)+S(VXg(tn+§)’Bh 2)) (5,34
n=0

The forcing term can be majorized with Cauchy-Schwarz and Young’s inequalities to get

2 -1 2
‘ 4 e Hwﬁ“”” : (5.35)

1, n+i R il
e ) < s+ =

and similarly for the magnetic forcing term,

2

—1
S(V x g(t"3), B"F) < SR;’” [atesh)|[" + SRgm VBt (5.36)
Using (5.35) and (5.36) in (5.34) gives
2 2 '« 1|2 1|2
(HU;YH +s||By| ) +AEY (Rel V xuy ?|| +sRe,! ||V x By E )
n=0
0112 0112 N nal 2 g1 2
< (l[uflf” + s | BR]") + At > (Re ||+ shen o) ) (5.37)
which proves the lemma. O

We now prove convergence of the scheme.

Theorem 5.4.1. Assuming the existence of a continuous solution, (u,p,B) to (3.5)-(3.8), then

under the specified conditions
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1. s s a positive constant,

2. Lemma 3.2 holds,

3. (Pg, PFsc) elements (SV elements),

4. Bi,up € L*(9,10,T7),

5. By,u € L*(,[0,T7),

6. B, ur € L2(Q,[0,T)),

7. B,u € L*(0,T; H™(Q), where m = max (3, k)

the solution to the discretized formulation, (up, pp, Br, An) converges to the continuous solution with
optimal rate

lu = wnllyy + IB = Bylly,y = O(AE + A).

Proof. Multiply the momentum and magnetic equations at t*1t1/2 by v, € V}, and xp, € Vi, respec-

k

tively, and integrate over the domain. Denoting e¥ = UZ —u®, e% = B,’f — B*, we get

(e (£772), vp) + (w(E™2) - Vu(t™2),v) + Re L (Vu(t™2), Vo)

— s(B(t"2) - VB(""2),V - vy) — g(B(W%) - B(t"2),V - vp) (5.38)

= (f(t"2),0p)

(Bi(t"2), xn) + Re; (B(t"F2), Vxn) — (B("F7) - Vu(t"2), xp) 539
+ (W2 - VB ) = (V x g(t"2), xp).

As usual, we will look to subtract the continuous formulation of the variational problem from

the discrete formulation. We start this process by introducing the following terms (5.40)-(5.44),
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which replace the terms in the left-hand side of (5.38).

n+i 1 n n = 1 n "
(ue(t"F2),0p) £ VALY Y —u(t"),vy) = VALY ) = ut"), vn) (5.40)

+ (g (£772) — {u(™TY) — wt) AL, vy).

(u(t™2) - Vu(t"2), ) + (W2 - VU3, 0,) = (u(t™2) - V(u("t2) —ut3), vp)

+ ((u(t”+%) — u"+%) . Vu’”%,vh) + (u”+% . Vu"+%,vh).

Re™! ((vu(t"+%), Vop) £ (Va3 wh)) = Re~Y(V(u(t™3) — u"3), Vop) + Re™ (Vi 3, Vuy,)
(5.42)

— S(B(E™2) - B("42), V- 0p) £ S(B™2 - B2,V uy) = S(BMFE - (BYTE — B(t"12)),V - wy)

1
+ ;((B"JF% — B(t"2))- B} "2,V -w,) — =(B""2 - B2,V vy)  (5.43)

il
2

—s(B(t™2) - VB(™2),vy) £ s(B""2 - VB2, vy) = s(B""2 - V(B""z — B(1"t2)), vp)
+s((B™T2 — B(t"T2)) - VB(t"2),vp) — s(B" 2 - VB 2 ).

(5.44)
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Now we can directly subtract (5.38) from (5.15),

1 1 1 1 1
E(eﬁ“ — el o) + Re_l(VeZ+2 ,Voup) + (uZJr2 . VeZJrQ,vh) + (eZJr2 : Vu”+%,vh)

n—&-% n+% n—l—%]

—s(B, *-ep *,v) — s(B,

n—i—% n—i—%

-Veg 2,v1) — s(eg VB”'%,vh)
= (up(t"3) — {u(t™1) — u(t™)}ALY op) + ReH(V(u(t™3) — u"F3), Vo)
() V(" 2) — ) o) + (a7 ) - VR vy
5 (BMTE (B = B("T2)),V ) + S((B™VE — B(")) - B("),V - wy)
1 s((B"™E — B(t"F2)) - VB 2),up) + s(B"T2 - V(B — B(t"F2)),vy) =: G1(t, B, u,vp)

(5.45)

Note that G represents terms associated with interpolation error and are introduced to
simplify the notation. Using the assumptions on the regularity of the solution, analysis similar to
that in Chapter 3 will show

Gl(t,B,u,vh) < CAtQHUhH. (546)

Similar to the derivation of (5.45) we introduce terms (5.47)-(5.48) to the left hand side of

(5.39) and then subtract from (5.17).

1

—(B(t™2) - Vu(t™2),xp) £ (B™2 - Va2, ) = (B(E"2) - V(U2 — u(t"t 1)), yp)
+ (B3 — B(t"7)) - Va3, xp)
— (B"2 Ve, ).

(5.47)

(u(t™F2) - V(B(t"2) — B"2),x) + (u™t2 - VB2, )
— (u(t"t2) - V(B(t"2) — B™2), yp) + (u(t"2) — u"t2) . VB 3, y)

+ (@I VB ) (5.48)
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(B, e

1 1
entt — e, xn) + Rezf(ve?? s Vxn) — -Veu %, xn)

At( B
1

— (e}?% . Vu"+%,>(h) + (u n+s Ve 2 xh) + (ez+% . VB”JF%, Xn)
= (B,(t"*2) — {B(t"*) - B(t")}At ™1, xp)
+ Re;{(V(B(t"2) — B"T2), Vyy)
+(BE™E) - V(@™ s —u(t"2)), xp) + (B™2 — B(t"7)) - Va2, xp,)
+ (" 3) - V(B(E"E) — B™3), xp) + ((w(t"7) — u"3) - VB, )
= Ga(t, B,u, xn)

(5.49)

Similar to G1, we bound G5 by
Ga(t, B, u,vp) < CAE||x]- (5.50)

Define ¢} = (up — U"™) and " = (u" — U") = e = ¢} —n, and analogously e}, =
(B — B") + (B" — B") = ¢ — k. Where U* € V}, and B* € Vj,. Substituting into (5.45) and
(5.49) results in:

+% n+i

]. _ n 1 n 1 n =
O = 6 ) + R (V6 Vo) + (Vg o)+ (6 vt )

1 1 1 1
_ %(B”+2 '@ZJ;ZH—Q,V‘U}L) _ S(Bn+2 .vw:"'z’vh)
— s(ty,
1 ntl

_ +3 +3
= A7 (g =) + Re 7 (Vi 2, Vo) + (uy, 2 Vi 2, op)

”+2 "+2

VB2 vh)—§(¢ B3,V )

(5.51)

1 1 1 1 1

+ (772_'_2 : vun—’_%avh) - S(BZ+2 ’ 772+27Uh) - S(BZ+2 ’ VW?QaUh)
1 S

syt VB ) = Sy B Y ) + Galtu, Byon)
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n n — n n+3 n+3 n+y n+i
(1/} + 1/1;17 Xh) + -Rem1 (th_'_la th) - (Bh ? V(b ? ) Xh) - (¢h > Vu +2)Xh)

1 1
+ (VR ) + (6 VBT )

1 n+1

n _ n-‘,—l n+
= ;7 — 0B xn) + Rep, (Vg 2, Vxs) — (B,

Vi ) (5.52)

n+i

1 1
T vt ) (W T ) + (T VBT )

+ GQ(t7 u, -87 Xh)

1 1

A second substitution of x;, = 1/JZ+§ and vy, = ¢Z+§ into (5.51) and (5.52) while also noting

1
(u-Vw,w) =0 and ¢Z+2 is divergence free, yields the following pair of inequalities:

2
‘¢n+1H ‘¢h” )+R€_1 V¢n+2 n+2 vun+2 ¢n+2)

el +@n

nti nt+i  n+l n+ n
_S(Bh 2V, 20y 2)_3(@% VB +3 a¢h )

Ln n 4 +3 - +3 +3 +1 n+i  nt+d
= O =y )+ RNV Ve ) (g VT g (5.53)

n+% n+2

TL+2 vun+2 (;5 ) S(Bh . 7¢7L+2)

+ (1

— 5(7];?2 VB2 ,¢n+2) + Gi(t,u, B q§n+2)

2

_(B”+2

V2 Vs W e IR VLS

2 n+ 1 n+1 n "'*‘% -1 ”"'% ”"‘%
+ (¢h VB 2, wh ) ( — B> wh ) + Rem (VT/B ) th )

1 1 1 1 1 1 1
'VWZ+277!)Z+2)_(”B 2 _vun—i-% ¢Z+2)+(un+% 'Vngﬂﬂﬁzﬂ)

(it

+ (Mu n+2)

VB Y 4 Gyt u, B,y TE) (5.54)

Using the inequality,

tn+l

1

= (gl ntg 1 nty
st - <o [

o 2| (5.55)

10l dt + - \
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along with Holder’s Inequality and (5.46),

eI = oy + 2 w4
<ot [ 1o aes 2l (B ot
+ |[Funtd ‘¢Z+5 L s(BIE L vyt gt +s||vBrth w,’fé'ch"“’
. .
Jrc*Hvu;”é e Hwﬁ"*? +HVu"+z ’773“ ‘ "+l Lo VB"“‘HW};*Z ‘w”“
volve| || |t |+ cae it o0

This reduces, with Cauchy-Schwarz and Young’s inequalities and the assumption of the

regularity of the solution, to

1 2 Re™1 nt1])? 1 i Re™! n+l)?
+1 2 2
TN(\W I = lerl™) + — Hwh 2 Sm/tn 106 () 1* it + { = n 2
nt 3 ntd|? 4 et || nt 12 nrtl? ntt |2 nt1]|?
+C(¢h2 +’¢h2 + At —|—‘1”u2 +‘vuh2 u2 Vth vnB2
2 n+1 2 nt+i
+ 87 ||Mp )+5( th 7¢h ) (5.57)
We now step back from (5.57) and return to (5.54), which implies
tntl
2 +1/2 2
g (o1 = ey + o w2 < ok [ iacaml? a
1 2 1 2
+;‘ "2l 4 Rep) Vn]’;“ + (B, B V¢"+2, ok +HVBn+2 ZﬂH‘w’%
2
+Hvun+% ‘ Z‘l‘% +CHVBH+2H H n+2 qu/}n-i-Q +CHV’UJH+% “Vng+2 ‘ ;H_%
o0 o0
1 1
+HVB”+§ ’77;”2 ¢Z+2 + CAt? 1/),2”2 (5.58)
o0

Under the regularity assumptions, Cauchy-Schwarz and Young’s inequalities, this can be
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reduced to

n m n 1 tn+1
a1 = 1R + Hwh“\\ < ox / |0u(e) |
n+i n+ n+ 2 n+i 2 nti 2
+117 +117 +3 + +3
+ Re VBZ 2 anz 2 )+( B2 V¢n 2’w" 2). (5.59)
Multiplying (5.59) by s and adding it to (5.57), and using that
R AN BN TR A
along with the Poincare inequality and reducing, we get
1 ntl ntl n+3 SRem n+1/2
sz It 17 = ehI®) + s (e I = vk 1) Vo, |ver H
1 tn i Re™ n+i _
<o [ 1P dt+2m/ I0tns) I dt+< ] e el
n—i—l n-l—l 4 n+i 2 ntl 2 ntt 2 n+ n+1 2
G R I B R g Y L s I A
n+i 2 n+i 2 n+i 2
+HVUB Il FRe(|VB, 2|l [[Vnu *| ) (5.60)
Multiplying by 2At and summing over timesteps now gives
n+2 n+2 2
oM | + s ||| * +Z (Rel O +sRe*1 Vi 2 )
T Ml n+i 2 n+z 2
< [ (10l +s1otme)R) ar+ crart s cae Y ([var |+ v
0 n=0
+1)? +1)? + +3 2 +11? +1)?
e I R e e

+CZ it I + i) (s.61)

n=1

Next we use approximation properties of the spaces and the stability estimate, which reduces
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(5.61) to

2
+ sRe,,)}!

1
n+3

Vo,

1
n+3

Vi,

M—-1 2
I s o P+ 3 (Rel )
n=0
M
< C(AH + %) + CZ(HgbZ“HQ + ot (5.62)

n=1

Applying the Gronwall inequality followed by the triangle inequality completes the proof.
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