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Abstract

We propose, analyze, and test a new MHD discretization which decouples the system into
two Oseen problems at each timestep yet maintains unconditional stability with respect to the
time step size, is optimally accurate in space, and behaves like second order in time in practice.
The proposed method chooses a parameter 6 € [0, 1], dependent on the viscosity v and magnetic
diffusivity v,,, so that the explicit treatment of certain viscous terms does not cause instabilities,
and gives temporal accuracy O(At? + (1 — 0)|v — v, |At). In practice, v and v, are small, and
so the method behaves like second order. When 6 = 1, the method reduces to a linearized
BDF2 method, but it has been proven by Li and Trenchea that such a method is stable only
in the uncommon case of s < VL < 2. For the proposed method, stability and convergence
are rigorously proven for approprlately chosen 6, and several numerical tests are provided that
confirm the theory and show the method provides excellent accuracy in cases where usual BDF2

is unstable.

1 Introduction

Recent advances in algorithms, large scale computing, and understanding of fluid flow phenom-
ena has made it possible to consider the simulation of multiphysics flow problems which couple
the Navier-Stokes equations (NSE) to conservation laws and constitutive equations for additional
physical phenomena. Our interest herein is with magnetohydrodynamic (MHD) flow, which is im-
portant in various applications including astrophysics and geophysics [21, 28, 15, 12, 4, 7], liquid
metal cooling in nuclear reactors [3, 18, 30], and process metallurgy [10]. The MHD system of
equations is created by nonlinearly coupling the NSE to Maxwell’s equation for magnetic fields,
and is given in a convex domain by [24, 6, 11]

u+ (u-V)u—s(B-V)B—vAu+Vp = f, (1.1)
Vou = 0, (1.2)
Bi+(u-V)B—(B-V)u—vnAB+VA = Vxg, (1.3)
V-B = 0 (1.4)

Here, €2 is domain of the fluid, u is velocity, p is a modified pressure, f is body force, V x g is a
forcing on the magnetic field B, s is the coupling number, T is the time period, v is the kinematic
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viscosity and v, is the magnetic diffusivity. The conservation of linear momentum is enforced by
(1.1) and the conservation of mass by (1.2). Equation (1.3) represents the induction equation for
the magnetic field B, and is accompanied by the solenoidal constraint on the magnetic induction
as (1.4). Equation (1.4) ensures that there are no magnetic monopoles, which are hypothetical
elementary particles with an isolated magnetic north or south pole. The modified pressure p is
related to the fluid pressure, ps, via p = ps/p + B - B/2, where density is denoted by p. The
magnetic diffusivity v,, is defined by v,,:= Re,! =1/(uo), where y is the magnetic permeability of
free space and o is the electric conductivity of the fluid. An important property that determines
the behavior of the MHD equation is the ratio between the viscous and magnetic diffusion rates,
the magnetic Prandtl number Pr,, = Re,,/Re = v/v,,. This ratio is crucial for the stability of our
scheme, as it is used to determine a key parameter. The artificial magnetic pressure A is a Lagrange
multiplier, introduced in the induction equation to enforce the divergence free constraint on the
magnetic induction equation within a variational context. In the continuous case, the magnetic
pressure vanishes.

Since the nonlinear system (1.1)-(1.4) typically requires a very large number of degrees of
freedom (dof) to resolve numerically, it is critical to split the system into smaller, more easily
solvable pieces to avoid having to solve very large, coupled nonsymmetric linear systems. Even
for the NSE alone, the development of fast, robust, linear solvers is very much an open research
problem, although some excellent strides forward have been recently made [5, 13, 23]. Thus solving
the coupled block linear systems that arise at each time step of an MHD simulation will generally
be computationally infeasible.

A breakthrough for efficient MHD algorithms was recently made by C. Trenchea in [31], where
he showed that if the MHD system is rewritten in Elsésser variables [14] instead of primitive
variables, then the MHD system can be decoupled in an unconditionally stable way into two Oseen
problems at every time step. This idea was further explored in [26], and shown to work very
well. To describe the method, we first recall the Elsisser variable reformulation of MHD: define
v=:u++sB,w=:u—+/sB, fi = f+s(Vxg), fo:=f—+s(Vxg),q:=p+ s\ and
r:=p — +/sA. This changes (1.1)-(1.4) to

V+VUn

ve+w-Vu+ Vg — Av — Aw = fi, (1.5)
Vv = 0, (1.6)
wt+v-Vw+Vr—V+VmAw—V_VmAv = fo, (1.7)
V-w = 0. (1.8)

The above system can be easily transformed to the case of B = By + b, where By is a known
uniform background magnetic field and b is fluctuations in it. For simplicity of analysis, however,
we will assume By = 0, since adding this term would not change the main ideas or results. We note
also that certain physical phenomena for MHD turbulence can be more easily described using the
Elsésser formulation [9], and that the velocity v and magnetic field B are easily recoverable from
simulations using Elsésser variables.

The decoupled and unconditionally stable first order timestepping method of Trenchea has the
form



First order decoupled method of Trenchea [31]:

Ait(v”le — ™) 4w - Vo 4 vt — MAU""'I Ly N ol
Voottt = 0,

é(wwrl —w") 40" - VT 4 vt - HT%Aw"“ — %Av" = fot
vV.ow"t = 0.

Although a successful breakthrough idea, a drawback to the scheme is that it is limited to first
order temporal accuracy. In a followup work, Li and Trenchea studied the following second order
extension:

Second order decoupled method of Li and Trenchea [25]:

1
A7 (3,Un+1 — 4"+ vnfl) + (2wn _ wnfl) . V,Un+1 + vqn+l
YT —'_;m At _ T _2VmA(2w” —w™ ) = et
v.oottt = o,
1
A7 (3wn+1 — 4"+ wn—l) + (2vn _ ,Un—l) . vwn—I—l + VTn—H
SEEEm At S PR - ) =
V-w™t = 0,
and found it was unconditionally stable only under the restriction 3 < Pry, = -~ < 2. In [1]

Um
this bound was shown to be sharp, and thus there is a serious restriction on its applicability in

practice for many problems. For example current estimates suggest Pr,, ~ 107° in the Earth’s core
(Re ~ 10, Re,, ~ 103, see [22, 27]). We prove herein (in the appendix) that the above second order
method can be stable without the restriction on Pry,, = ;= if a timestep restriction of At < O(h?)
is satisfied. Note that this condition is also often not practical.

The purpose of this paper is to propose and study a decoupled, unconditionally stable and
higher order accurate scheme that has no restriction on v and v,,. By careful consideration of the
analysis in [25, 31], we identify the ‘problem terms’ that lead to the restriction are the (v — vy,)
terms. In the first order case, these can be handled, but in the second order case, a restriction on
the data becomes necessary. Thus, we propose a method that treats the (v — v,,) terms as a lin-
ear combination (i.e. a 8-method) of the first and second order schemes above, which takes the form



Proposed decoupled 8-method:

1
E@v”-ﬂ — 4"+ 0" + (20" —w™) - VT 4 Vgt
I A g A — ) — (1 - 0) S A =
v Un—i—l — 07
1
S Bu™ b (207 — ) Vg
N L LN YU W B Ly N R S
2
V . wn+1 = 0

For this method, we prove unconditional stability of the method for any v and v,,, provided 6 is
chosen to satisfy % < - < %ﬂ, 0 < 6 < 1. This can be achieved for any -, because the
bounds tend towards negative and positive infinity for § going to zero. We also prove this scheme
has temporal accuracy O(At? + (1 — 0)|v — v,,|At). Even though the method is not second order
unless § = 1 (the case where the BDF2 scheme is stable), in practice v and v,, are typically small,
and thus the method will typically behave like a second order method. To return to the example
of Earth’s core, there |V — vy,| is in the order of 1073. We also note that the two decoupled Oseen
problems can be solved independently, allowing for a parallel solution approach if desired.

We study the new decoupled #-method in a fully discrete setting, using a finite element spa-
tial discretization. After providing some necessary notation and mathematical preliminaries in
Section 2, we prove the proposed scheme is unconditionally stable (with correct choice of ), well-
posed, optimally accurate in space, and with temporal accuracy O(At? + (1 —0)|v — vy, |At), without
any restrictions on v and vy, (see Section 3). The proposed method is the only unconditionally
stable, decoupled method for MHD with general v and v, that is better than first order accurate
in time, and thus could represent a potentially significant step forward for MHD flow simulations.
In Section 4 we perform several numerical experiments that both validate the theory and show the
method is very effective on some benchmark problems where the full second order method of [25]
is unstable.

2 Notation and Preliminaries

Throughout this paper, we assume that Q C R% d € 2,3, is a convex polygonal or polyhedral
domain with boundary 0€2. We denote the usual L?(2) norm and its inner product by || - || and
(+,-) respectively. All other norms will be clearly labeled.

For X being a normed function space in Q, LP(0,¢; X) is the space of all functions defined on
(0,t) x Q for which the norm

t 1/10
lullr0.x) = ( [l dm) pell )

is finite. For p = oo, the usual modification is used in the definition of this space.
The natural function spaces for our problem are

X = H}(Q)? = {v e (L*(Q)?: Vv e L*(Q)™% v =0 on 90N},



Q:=L3(Q) ={qgec L*Q): / g dz =0}.
Q

The results of this paper also hold in the periodic setting.
The Poincaré-Friedrichs’ inequality will be used frequently throughout our analysis: For v € X,

loll < C[Voll, € =C(Q).
The space of divergence free functions in X is given by
Vi={veX:(V-vq) =0,Vq€Q}.

For f an element in the dual space of X, its norm is defined by

1l i= sup L0

veX HVUH '

We define the trilinear form b* : X x X x X — R by
1
b* (u, v, w) = 5((u -Vo,w) — (u- Vw,v)).

Note that b*(u,v,w) is skew symmetric, b*(u,v,v) = 0, and if |V - u| = 0, then (u- Vo,w) =
b*(u,v,w). Also, b*(u,v,w) satisfies the following bound [16]:

0% (u, v, w)| < QI Vull[[Voll[[Vw], for any u,v,w € X. (2.1)

2.1 Discrete setting

We will assume conforming finite element spaces X, C X and @ C ) which are LBB stable in
the sense of

. (qn, V - vp)
inf sup ——————= >3>0, 2.2
0 €Qn vuex, lanllll Vol 22

where [ is independent of h.

For simplicity of analysis, we will further assume that Scott-Vogelius elements are used, i.e.,
(X1, Qn) = ((Pp)?, P,fisf) with appropriate macro-element structures so that LBB holds [2, 33, 29,
34]. The analysis can easily be extended to any LBB stable pair, e.g. Taylor-Hood elements, with
similar analytical results. However, strong enforcement of the V- B = 0 constraint is well known to
be critical in MHD simulations and thus it seems reasonable to assume the elements used strongly
enforce this constraint.

The space of discretely divergence free functions is defined as

Vi = {vh € Xy, : (V'UIth) =0, Vgn€ Qh}

We will formulate our equations in V}, formulation, and due to the LBB condition, this will be
equivalent to the (X, @p) formulation. As is commonly done, we analyze with the Vj, formulation
and compute with the (X}, Q) form.



With the use of Scott-Vogelius finite element pairs, V}, is conforming to V, i.e., V, C V and the
functions in V}, are divergence-free point wise in the L? sense:

Vi = {vn, € Xp, ||V - w]| = 0}.

We have the following approximation properties in (Xp, Qp): [8]

inf |lu — vp|| < CRF M ulpyr, vwe HFH(Q), (2.3)
v EXp
inf ||V(u—uwp)|| < Ch¥ulpyr, uwe HTHQ), (2.4)
v EXp
inf |p—qnll < CR*[pli, p € HQ), (2.5)
qn€Qn

where | - |, denotes the H" seminorm.
We will assume the mesh is sufficiently regular for the inverse inequality to hold, and with this
and the LBB assumption, we have approximation properties
\%
IV (u— Pl )| < ChMulisr, w € HF(Q), (2.6)
inf [|[V(u—vp)|| < CR*|ulpyr, ue HFL(Q),
v EVY

where PZQ (u) is the L? projection of u into Vj,.
The following lemma for the discrete Gronwall inequality was given in [20].

Lemma 2.1. Let At, H, a,, b,, ¢, d, be non-negative numbers forn=1,--- , M such that
M M-1 M
ap + ALY by SALY  dpan +AtY cn+ H for M €N,
n=1 n=1 n=1

then for all At > 0,

M M-1 M
aM—i—Athn < exp (At Z dn> (Athn-i-H) for M € N.

n=1 n=1 n=1

3 An efficient and stable #-scheme for MHD

We now present and analyze an efficient decoupled scheme for MHD. After defining the scheme,
we analyze its stability and convergence. The scheme is a generalization of a linearized BDF2
scheme applied to the Elsdsser MHD system, and differs in the treatment of the “=™ terms. As is
common with BDF2 schemes, we need two initial conditions; if only one is known, then a linearized
backward Euler method (i.e. the first order method of Trenchea [31]) can be used on the first step
without affecting stability or accuracy.

Algorithm 3.1. Given v and vy, choose 0 sufficiently small so that % < i < #, 0<0<1.
Let f1, fo € L>®(0,T; H-Y(Q)), initial conditions v°,w®, v',w' € V}, time step At > 0 and end
time T > 0 be given. Set M =T /At and forn=1,--- M — 1, compute:



Find UZ—H € Vy, satisfying, for all xp € Vp,:

V+Uny
2

ot — 47 4 Pt
( h h h (VUZH’ VXh)

o ,xh) 5 uf — w0 +
V— Uy

2
Find wZH € Vi satisfying, for all lp, € Vj:

(1 = O)Vwp + 0V (2wy — w1, Vxr) = (A1E), xn), (3.1)

V+ Vg

3 n+1 74 n+ n—1
< Ch S T (Vwp ™!, Vi)

* -1 +1
AL ,lh>+b(2vﬁ—v2 swp ™ ) +

V—Un
2

Remark 3.1. The key to the efficiency of the scheme is that the equations (3.1) and (3.2) are
decoupled; in fact, they could be solved simultaneously if the computational resources are available.
We prove below the scheme maintains stability despite this decoupling, provided 0 is chosen so that

[ v 140

Remark 3.2. Note that when 0 = 1, the above scheme reduces to a linearized BDF2 scheme studied
by Li and Trenchea in [25]. However, in [25] it was proven that this case is unconditionally stable
when % < o <2, and it was later verified in [1] that this bound is sharp. This lack of stability is
the motivation for the 8-scheme we propose above, since one cannot expect such a restriction on v
and vy, n general.

_|_

(1 = 0)Vop + 60V (2vp — vy 1), Vi) = (f(t"T), ). (3.2)

3.1 Stability analysis

We now prove unconditional stability and well-posedness for the Algorithm 3.1. To simplify no-
tation, denote o := v + vy, — |V — vy|(1 + 26), and note that by the choice of 6, it holds that
a > 0.

Lemma 3.1. Solutions to Algorithm (3.1) are unconditionally stable: for any At > 0,

M
A" 12 + 11208 = "M + w12 + 1208 — wp M7 + adt Y (IVop | + [Vwi]?)
n=2
< Jlopll? + [lwhl” + (1205, — vpll* + [|2w, — wh|®
+ (v A+ vn) A Vo | + [ Vg |1 + 2[Vop )1 + 2[ Yy [1?)

M
+ %At Z(||f1(tn)||2_1 + ||f2(tn)||2—1)

n=1

Remark 3.3. Since Algorithm 3.1 is linear at each timestep and finite dimensional, the stability
bound above is sufficient to provide well-posedness of the scheme. Uniqueness follows due to lin-
earity, since the bounds on the difference between two solutions follow exactly as for the stability
bound, but with a zero right hand side. Since the scheme is finite dimensional and linear at each
time step, uniqueness implies existence, and thus solutions to Algorithm 3.1 must exist uniquely.
That the unique solutions are bounded continuously by the data is given in the stability bound above.



Proof. Choose xp, = vZH € Vpand ), = wzﬂ € Vi, in (3.1)-(3.2). Then the trilinear terms vanish,
leaving

2At(3vn+1 4Uh +vn 1 Z—H)_‘_ V+Vm HV n+1||2 5 ((1+9)th _vaz 1 VUTH-I)
= (A", opt)
and
1 'm
S (Bup ! = dwf ) 4 ”” Vw12 + T((H@)wh oV vt

= (f(t" ), wi ™).
Adding these equations and using the identity
a? + (2a — b)? B b2 + (2b — ¢)? n (a—2b+c)?

3a — 4b = 3.3
(30— b+ c.0) : ’ R (33)
we obtain
: At(u "+1u2 lof I + e+t - vzuz ~ 20} - H2+ Hw”“H? Jah 2 + 20— wp
+
+ V_Vm((1+9)th oV w”“) v- ”m((1+6)wh —ovop? Vw"+1)

2 2

= (A, op ) + ("), wpth). (3.4)

Applying Cauchy-Schwarz and Young’s inequalities to the (v—u;,) terms and dropping non-negative
terms from the left hand side provides the bound

g O P e P20 e P 2o P o P e P 22— 2
vV+v v,
I e 2 g 2) < () (1 4+ 9 4 I + V)
.
+ 2= Inl g a2 4 o2 4 o2 + 9wt R)

+ ||f1(tn+1)||71||VvZ+1|| + ||f2(tn+1)||71||VwZ+l||,

Next, we apply Young’s inequality using a with the forcing terms, rearrange, and noting that o > 0
by the assumed choice of 6,

4At(H v TP =R P20y o 1P = 1205 — v = Pl P = lwh P+ l[20p ™ —w) |~ [|2w] —wy

V+Un

n n |V_Vm| n n
+ (Vo1 + [ Vwpt?) < — 4 0)(IVwil® + [ Vor|?)

a+ v —uvpy|(1+20)
4

(Vo P + [Vt 1%)

(LA E D=+ 2] -1) -

g a2 4 ) +

Q\*—‘

)

)



Hiding terms on the left hand side, and adding and subtracting terms appropriately, we obtain

4At(” o2 = Rl 4 11200 — opll? = 1207 — op 7P+ lwp 1P = (lwpl? + (2wt — wit?
_ V+v,
— ll2wp — wp ) + 1 (Vo2 = IV op ) + (IVwp P = ([Vwp]?)
VA Uy — [V —vp|(1+0) 1
+ - 1 - (VORI = 170 =P + IV wp]* = [Vwp )
VA Uy — [V —vp|(1+ 260) _ _ 1
O T (92 + [ P < — (LA DI+ LREIR) . (35)
Now multiplying both sides by 4At and summing over time steps n =1,--- ,M — 1, we get
M
M- M—
loat 171208 o 1P+ lwh |2+ 12w —wp P +adt Y S (IVopl P+ Vwpl®) < lop >+ [lwh]?
n=2
02 0112 2 2 02 02
+ 1120, — opl1? + [12wh, — WP 4+ (v + vin) ALV, P + | Vw12 + 2 Vop|1? + 2[ Vwp[?)
M
VAN "
LY UAEIE + 1R, (36)
n=1
which finishes the proof. O

3.2 Convergence

We now consider convergence of the proposed decoupled, unconditionally stable scheme. Since the
method departs from a second order framework when 6 > 1, we do not expect a second order in
time result. However, we are able to prove the method is nearly second order in practice; that is,
in the typical case that v and v, are small, the second order temporal error will be the dominant
source of temporal error. Spatial convergence is found to be optimal.

Theorem 3.1. For (v, w, p) satisfying (1.5)-(1.8) with reqularity assumptions v,w € L>(0,T; H*T1(Q)),
Vg, Wi, Ve, Wy € L°(0, T3 HY(Q)), and vy, wy € L¥(0,T; L?(Q)), then the solution (vy,wy) to the
Algorithm (3.1) converges unconditionally to the true solution: for any At > 0,

M 1
[o(T) =" || + llw(T) = wp | + 2088 Y (IV(0(t") = vi)|* + [V (w(t") — wi)[?)?

n=2
<C (h’“ + (At +(1—0)|v — Vm|At>

Proof. We start our proof by obtaining the error equations. At time level t"T!, the continuous
variational formulations of (1.5) and (1.8) can be written as

Sv(t" ) — 4o (t) + (") VA Uy ()

+ % (") = 2w(t™) +w(E ), v, xp) + bF (2w(t”) —w( ), ("), xp)

i _2”’" (V(w(E™) = (14 0)w(t™) + fu(t™ ™), Vi) + =5 (L + ) Vaw(t") = 6V w(t" "), V)
vt 1y v (1" v n—1
= ()0 — (et - O ) e



and

3wt — dw(t") + w1 0 4 Y + Um
24t o

+ b (0" = 20(") + ("), wE™ ), 1) + bF (20(8") — o), w(E ), 1)
I () = (14 0)u(t") + 0u(t™)), Vi) + (14 0)Vo(t") — 6V(t"™), Vi)

2
n+1y _ w (™ w n—1
_ (f2(tn+1),lh) o (wt(tn—i-l) o 3w(t + ) 42A(1; )+ (t )alh> , (38)

(Vw™ ), Vi)

V— Un

_l’_

for all xp,ln € V4. Denote the errors by e} := v(t") — v} and e}, := w(t") — w}. Subtracting (3.1)
and (3.2) from (3.7) and (3.8) respectively, provides

n V—"Vn n n—
AT 5 (Velrtt, Vixn) + 5 (L +0)Vepr —0Vel ™, V)

+ 0% (26, — el o) xn) + b7 Qupy —wi T et ) = —Gilt v, w,xa), (3.9)

<3€Z+1 —4el + et h) LY + U

and

3entl —4en 4 en—t
2At
+ 0% (2el — et V() 1) + 05 (20 —vp Tt et ) = —Ga(t,v,w, 1), (3.10)

» W

,lh> + v 4‘2Vm (Veﬁ“, Vlh) + v _2Vm ((1 +0)Ve, — GVeZ_l, Vlh)

where

Gr(t vy, xn) = T (V™) = (L 0)w(t™) + ("), V)

b () = 2007) )0l ), ) + (e - SEL ) )
and

Ga(t,v,w, 1) == 2 (T (0™ — (14 0)v(t?) + Ov(t" 1)), Vi)

+b* (v(tn—H) - 2v(tn) + U(tn_l),w(tn+l)7 lh) + (wt(t”H) - 3w(t”+1) — 4w(t”) + w(tn—l) | lh) '

2At

Now we decompose the errors as

ey = v(t") — vy = (v(t") = ") — (v —0") ==y — &,

e = w(t") —wy = (w(t") — ") = (wy —@") = my — Py,

where 9" = P{}; (v(t")) € V}, and @™ = P{}; (w(t")) € V}, are the L? projections of v(¢") and w(t")
into V}, respectively. Note that (n)},vy) = (i, vp) = 0 Yo, € V3. Rewriting, we have for yy,

10



I, €V,

A+ )V — 0V V)

37’L+1_4n+ n—1 +m
(e ) s

2At 2
* n n— n * n n— (0 v+ Vm n
+0 (21/% _1/}}1 1,’1)(t +1)7Xh)+b (Qwh_wh 17¢h+17Xh) = 92 (vnv+17VXh)+Gl(t7U7w7Xh)
V — Vm n n— * n n— n * n n
g (L )V, = OV~ Vo) +b" (205 — ™ o(t" ), ) b7 (2wh — wi ™ my ™ )
(3.11)
and
3ptt — 4yt + ! v + Vi o ntl m n n-1
N n |+ (Vptt, Vi) + (L +0)Vey — OV, V)

V+Vm(

+ 0% (205 — A w (™), 1) + bF (20) — oLyt ) = Vit Vi) + Ga(t, v, w, 1)

Em (14 0) Vg — 0V, Vi) + b5 (200 — g w (), 1) + b (20 — o ).

(3.12)

_l’_

Choose xj, = ¢, Ij, = ¥ and use the identity (3.3) in (3.11) and (3.12), to obtain

V+Vm

Ior 12 = o> +11207 T = opll* = 1265 —dp P+ lof T =205 + 07 1*) + —— IV |12

i
< (00l (v | v, v+ 02 el (e W"“) |

2
V+Vn

(VU VI S (Vi Vo) 6 (20— ni o), 6|
67 (2uf = wp L ) [ 167 (205 — o), 6 |+ G (w6, (3.13)

and

V+v
HPP)+ mIIW"“H?

4At(llW“lF R P+ l120h = p 1P =120 =~ P+l =205+~

< 2 (O wu ) |+ 19k, vup 1)+ 0 (g vw“) |
(VS Vet + S (T ) |+ I (207 = w(e ), ) |
16 (208 — o) 16 (265 — én L w(E ) ) | (Gt v w ] (3.14)

We now turn our attention to finding bounds on the right side terms of(3.13) (the estimates for
(3.14) are similar). Applying Cauchy-Schwarz and Young’s inequalities on the first five terms results

11



in
@+ 0= i vorn) < @+ )P (e + vep).

W= vl (g + e,
7(1+0)%(v
4oy

7‘92(1/— Vm)2 n—12
e 47

n n n 71/—|—ym n
(O, Tept) | < Z[wapHp + gy

V—I

5!
2

1+ 00y (v, o) | < S ver e+

|(v¢}7’lL 1 v¢n+1)‘ <0

2
V) P,

o=l (Ot v,

2
V+Vny
2

| A

(67
sl VoRI* +

Applying Holder and Young’s inequalities with (2.1) on the first two nonlinear terms yields

[b* (205 — mo o), @) | < ClV @2 — D IIVeE D IVeR
n c n n n—
< 28\|V<Z> P+ Vo™ DIV 20 = ne DI,
b* (2wl —wp ™ TR | < ClIVQuw) — wy )||||V77 “HIIW”“H
n+1(2 T~ n n+12
< QTSI+ T 2w — wf PNV

For the third nonlinear term, we use Hélder’s inequality, Sobolev embedding theorems, Poincare’s
and Young’s inequalities to reveal

| (up — o=t - Vo™ ), 07 ) | < Cll2yy — o Vo) | s llop | e
< Cl|2¢5 — LR @) || g2l o1V Vot M2
< Cll2¢p — Y @) | g2 |V

70 n n n—
< g —lw@E DI l12¢ — v

Using Taylor’s series, Cauchy-Schwarz and Young’s inequalities the last term is evaluated as

IVt +

|G (t,v,w, xn)| < CAL (low () + [V ()2 Vo (™ )]1?)
(v —vm)?(1 — 0)?(At)?
* 4o

with ¢, #** ¢*** € [t"~1 #"*1]. Using these estimates in (3.13) and reducing produces

IVawe ()1 + *IIW”“IIQ,

n n n n n— a+V+Un n — VUm
o (G PN P27 a6~ 12) + S Y g2 < o =Vl gy
[V — vl w2, TA+02 W —vn)? o TV —vm)® o (V+Vm) n+1(2
T T e e e
7C n n n n
v . 9w I o) e 20—
* *ok n 7V_Vm21_02A ok ok
A0 (o + IS I )+ PO 0PI, oy .

(3.15)
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Apply similar techniques to (3.14), we get

1 n n n— a+vV+vpy n |V_Vm| n—
rAt(||¢h“H2—H%Z)Z||2+||2¢h“—?/)2||2—||2¢Z—1!)h 1||2)+fllv¢h+lll2 SO0—— IV}, PP
V= vl o T+ 020 = v s TR0 —v)? oy T v
)l gy TV )y gy T 20y g T )y 2

IV PV @05 =y~ HIP+ IV @og =0y ™D IP V0l P4 — w1265 -5 11"

(v —vm)?(1 — 0)2(At)
4o

2
V70 ()17,
(3.16)

with s*, s**, s*** € [t"~1 "], Now add equations (3.15) and (3.16), multiply by 4At, use regularity
assumptions, ||d>2|| = ||¢2|| = |l¢3|l = |}|l = 0, AtM =T, and sum over the time steps to find

+ O(A)* (Jlweee ()P + Vo (s™) [P Ve (£ FH]1?) +

M
lon" 1> + 126" — dp" 1> + [l 17 + 120" — " 1% + 2088 > (IIVORI” + [VeR®)
n=2
M

< CAtY (I3 1P + IV mgl1?) + O (A1) + (v = vi)* (1 = 0)*(A1)?)
n=0

M-1
+OALST (I (2uf — wf ) IV 2 + 1V (208 — oY) IPIVRER)
n=1
M-—1
e I (e A e L A g )
n=1

(3.17)

Applying the discrete Gronwall lemma and bounds for ||Vn,|| and ||Vny||, we have for any At > 0
that

M
Il 12+l 12+2028 - (IVRIP + IVURI2) < € (B2 + (At + (v = v)2(1 = ) (A1)?)

n=2

Now using the triangle inequality completes the proof. O

4 Numerical Experiments

In this section we perform three numerical experiments: a test of stability with varying 6, a veri-
fication of convergence rates, and simulation of MHD channel flow past a step. For the first two
tests, we use the test problem with analytical solution

B < cosy + (1 +el)siny ) B < cosy — (1 +el)siny )

Y ¢
sinz + (1 +ef)cosx sinz — (1+ et) cosz p=-A=sin(z+y)(l+e),

on the domain Q = (0,1)2. The forcings fi and fo are calculated from the true solution, the values
of v and v,;,, and the initial conditions and boundary conditions use the analytical solution. All
simulations were run using the software Freefem++ [19], and (Ps, P{**¢) Scott-Vogelius elements
on barycenter refined triangular meshes.
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4.1 Numerical experiment 1: Testing stability versus 6

For our first numerical test, we consider stability of the proposed algorithm for varying 6, using the
test problem described above with v = 1 and v, = 0.1. We simulate until T=1 using Algorithm
3.1 with h = 1/64, At = 1/256, and three choices of #: § = 1 (the BDF2 case), # = 0.167 and
0 = Ocriticat = 0.111. Our theoretical results prove that the scheme is stable for 8 < 6..tical, and
suggest the scheme is unstable for larger 6.

Figure 1 shows plots of 1||Vu||? and 3||Vw}||? with time, for each of the @ values. The solution
norms remain stable for 8 = 0..;1;ca1 = 0.111. However, for both cases of 8 > 0.riticai, We observe
solution blowup / instability. In particular, for the BDF2 case (# = 1), the blowup occurs very
quickly.

20

0, =1

1)2:1/6
/)3:1/9

Time Time

Figure 1: Plots of §||Vuy|/? and |[Vwy||? versus time, for numerical experiment 1. Only the case
of 0 = 0.riticar Temains stable.

4.2 Numerical experiment 2: Convergence rate verification

Next, we test the theoretical convergence rates predicted by the theory. Here, we use the same
analytical test problem as the first numerical example, but now with » = 0.001 and v, = 0.01,
0 = Ocriticar = %, and (Pa, Pflisc) Scott-Vogelius elements on barycenter refined triangular meshes.
Spatial and temporal convergence rates are calculated, and from the theory we expect O(h?+ At? +
(1 —0)|v — vy |At) convergence. For spatial convergence testing, we select a very small endtime
T = 0.001, fix At = %, and then compute on successively refined uniform meshes. For temporal
convergence, we fix h = 1/64, T =1, and compute with successively refined time step sizes.

Errors and rates are shown in table 1 for v, and we omit the w results since they are very
similar. From the tables, we observe second order spatial convergence as expected. For temporal
convergence, we also observe a rate near 2. We also compute errors and rates for usual BDF2
(0 = 1) as At is refined, and we observe from the tables that BDF2 error blows up as At — 0;
these terrible BDF2 results are expected since 1 > 0criticai-

4.3 Numerical experiment 3: MHD Channel Flow over a step

Our final experiment is to test the proposed method for MHD channel flow past a step. The
problem setup follows the classical NSE benchmark [17], using 2 = (0,30) x (0,10) with a 1 x 1
step placed five units into the channel on the bottom. We take T=40, At = 0.025, and full Dirichlet
boundary conditions corresponding to no slip velocity on the walls, u =< y(10 — y)/25,0 >T on

14



Temporal convergence (fixed h=1/64) Spatial convergence (fixed T=0.001, At = %)
0 = 1(BDF2) 0=1/9 0=1/9

At | |lv—wvpll2,1 | rate | |lv—wvpll2,1 | rate R | flv—onll21 rate
T 9.006e-2 7.410e-2 1 1.009e-4

T 3.625e-2 [ 1.31 | 2574e2 [ 1.53 |[ 1 2.538¢-5 1.99
L | 9.298e-2 - 7.668¢-3 | 1.75 || L | 6.363e-6 2.00
L | 4.995e+2 - 1.962e-3 | 1.97 || & 1.598¢-6 1.99
L | 5.217e+4 - 4.178e-4 | 2.23 || o | 4.014e7 1.99

Table 1: Spatial and temporal convergence rates for v = 0.01, v, = 0.001, using the critical § = %. Also shown is
the blowup of error as At — 0 when § = 1 (the usual BDF2 case).

the inlet and outlet, and B =< 0,1 >7 on all boundaries. The initial conditions corresponds to
no magnetic field and a parabolic velocity profile ug =< y(10 — y)/25,0 >T. A coupling number
of s = 0.01 is used in all the simulations, as is a Delaunay generated triangulation which provides
1,778,630 total degrees of freedom when used with (P, Pflisc) Scott-Vogelius elements.

We show results for two cases below, the case v = 0.001 and v,,, = 1 in figure 2, and v = 0.001
and v, = 0.1 in figure 3. For each case, we ran simulations with 6 = 0.,;4;cq1, @ somewhat larger 6,
and also # = 1 (BDF2). The figures show plots of streamlines over speed contours, and magnetic
field contours at T=40. Only the simulations with 0 = 0..;tcq1 remained stable and accurate to
T=40. The simulations with larger 6 are clearly very inaccurate, and exhibit spurious oscillations
and instability.

5 Conclusion and future works

We proposed, analyzed, and tested a new, efficient scheme for MHD, and rigorously proved its
unconditional stability, well-posedness, and convergence, under an appropriate choice of 6 (which
is made a priori, based on v and v,,). The proposed method may be an enabling tool for MHD
simulations, since it stably decouples the MHD system into two Oseen problems at each timestep
that can be solved simultaneously, converges optimally in space, and behaves like second order in
time when v and v, are small, all without any restriction on the time step size or on data v and v,
(which the full BDF2 method does require). The decoupling allows for the solving of potentially
much bigger problems than primitive variable MHD algorithms can solve, since schemes in primitive
variables require solving very large coupled linear systems (or excessively small time step sizes) for
stable computations.

In addition to the possibility of more easily solving bigger MHD problems with the proposed
method compared to fully coupled methods based on primitive variable formulations, it is worth
exploring if the proposed scheme can likely be combined with recent stabilization ideas such as
that in [32], for more accurate large scale simulations that don’t have sufficient resolution to fully
resolve all active scales.
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0= ecritical = 0.001

Figure 2: Velocity and magnetic field solutions at T = 40, for s = 0.01, v = 0.001 and vy, = 1.0, for varying 6.
For 0 = O.ritical, & stable and accurate solution is found, and unstable solutions are found for larger 6.
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0 = Hcritical = 0.0101

Figure 3: Velocity and magnetic field solutions at T = 40, for s = 0.01, v = 0.001 and vy, = 0.1, for varying 6.
For 0 = O.ritical, & stable and accurate solution is found, and unstable solutions are found for larger 6.
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7 Appendix

We prove here a conditional stability result for the full second order method, i.e. when 6 = 1,

2 e
which does not assume % < Pry,, < 2. The condition is that At < h (Vg l(’;’iu‘:l);mn, where C; an

the inverse inequality constant, and thus if v — v, is not small (which is equivalent to Pr,, near
1), this can be a severe timestep restriction when fine meshes are used.

Lemma 7.1 (BDF2Stability). Consider Algorithm 3.1 with 6 =1 (the full second order method).
If the mesh is sufficiently regular so that the inverse inequality holds (with constant C;) and the
time step is chosen to satisfy

R2(V + U — |V — Um])

Ci(v —vm)? ’

then the method is stable and solutions satisfy

At <

(V+ U — |V — v | )AL
loa"I1? + lwn" 1% + - - Z (Vo P + [V 1%)

n=1
S C(V7 Vm? Ug? U}L? w?L? w}L? f17 f2)'
Proof. Choose 0 = 1, x5, = v} € V}, and I, = w't! € V}, in Algorithm 3.1, (3.1)-(3.2). This
vanishes the nonlinear and pressure terms, and leaves

IV (2uwp - wi ), Vgt

2
= (o, (1)

v+
2At(30n+1 47}h—|—11n 1 Z+1)+Tm”vvz+l”2+

v + Um — Um,

v n+12
[V + 2

(V(2o; — v ™h), Va ™)

= (f3 T wpth. (7.2)

2At(3wn+1 4wh+wn 1,U)Z+1)+

Using the usual BDF2 identity on the time derivative terms and adding the equations yields

1 1 1
4At(H o PP = o1 + (12007 = opl? = 11207 — op P 4 lwp P = lwpl]? + 12wp = wi]?
_ v+
—[|12wh —wp M P+ Jop =208 +op P4 lwp = 2wh 4+ wp T HP) + m(IIV PP Vw7

V—Un

2

—Um

(V(2wp—w}! )WZ“)Jr 5

(V(2vp—vp ™), V) = < POt

(7.3)
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and then adding and subtracting the term “= (VUZH Vw”“) provides
4At(H ORI = o1+ 12057 = o 12 = N120f — o M2+ o TP = wp )+ ([2wp ™ = wp?

_|_
— [[2wp —w] )+ (I 2+ Ve )

TP+ Joptt =200 +op P+ [wp = 2w) +w)

VvV — U, VvV — U _
5 2(V (o) ntl_gpn 4 vy ),VwZ’Ll) - m(V(wZJrl — 2wy, + wy, ),VUZH)

n 1% 2Vm (vwz-i—l an+1)+

n+1 n+1 n+1

V—"Vm n n n
(Vo Tupt) = (£, o) 4 (F 0w, (7.4)

Using Cauchy-Schwarz and Young’s inequalities we have that

4At(H i TP = R 1P+ 1203 = ol = 1207 — o 7M1+ [l 7P = wh ]| + [[2wp ™ = wilf?

V+v
— 12wy, —wp, PP+ m(HV PPVt

TP+ Joptt =200 +op P+ [wp = 2w) +w)
vV — U
7W‘IIIV(U"+1 —20p + o |||Vt

14
W=l — 2uf g v+
(7.5)

<
+ v = o [V T IV o ]+ LA Vo 1wy -

Young’s inequality provides the following bounds on the last five terms in (7.5):

Vm|van+1H2+ ’V_Vm|vaZ+1”27

v = vl Vg < :
L e TETrLLE
L5l Ve < ”*”m;'”‘”m'uwg“w v+um—2|y_ym|\l w2
Wl gt — 2+ w9 < Yl g

e

AV 4 vy — [V — Unm))
— v, V+VUnp—|V—V
W=Vl g gt~ aup oy Tt < Y gy

(V*Vm)2 v 1 —1y(2
n—+ —_92 n n .
4(V+Vm—|V—Vm|)” ( Uh+vh )H

Combining, we now have that
(o012 = Nl 1P + 120 = ol = 1207 = o HZ + w12 = [lwp]l? + (12w = wp]]?
4At

= [|2wy -

VA4 Upm — |V — U
TP o™ = 208 o TP flwp T 20h +wp T 3 (Vo2

(v —vm)? n n n—
DIZ+ IV (wh™ = 2wp +wp ™))

+van+1” ) - 4(1/+7/m |V—7/m|) (HV( n+l_2v}?+v

2
|(Ilf”“|!21+|| %) (7.6)

vt vy — v —
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The inverse inequality provides the estimate
IV =22 + 27D < Gh 722 = 225 + 23717,
which allows equation (7.6) to be written as

1

1 1 -1 1
g (R I = Mol 4 1205 = R 1% = (1205 = op M1+ e 1P = Rl + [[2wp ™ = wi]®
o ||2wn o wn71||2) + 1 o (l/ - Vm)QCih72
h h ANt AV + vy — [V — )
1 — U )2Cih ™2
__mvm)G HUZH—QU;Z—FUZ
ANt AW+ — [V — Un))

gt = 2+ g

_ v+ v, —
P —

v = Vm|
s (Vo P+ Ve =)

+

2
TV Uy — |V — v

A2+ T2 - (7.7)
Now using the assumption on the time step size and applying standard techniques completes the

proof.
O
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