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Theoretical and numerical stability for the reduced MHD
models in the JOREK code.

Emmanuel Franck*l Matthias Holzl¥ Alexander Lessig? Eric Sonnendriicker*

August 9, 2014

Abstract

In this paper we present a rigorous derivation of the reduced MHD models with and
without parallel velocity that are implemented in the non-linear MHD code JOREK. The
model we obtain contains some terms that have been neglected in the implementation but
might be relevant in the non-linear phase. These are necessary to guarantee exact conservation
with respect to the full MHD energy.

For the second part of this work, we have replaced the linearized time stepping of JOREK
by a non-linear solver based on the Inexact Newton method including adaptive time stepping.
We demonstrate that this approach is more robust especially with respect to numerical errors
in the saturation phase of an instability and allows to use larger time steps in the non-linear
phase.
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1 Physical context and resistive MHD

1.1 Physical context: ITER and ELM’s simulations

The aim of magnetic confinement fusion is to develop a power plant that gains energy from the
fusion of deuterium and tritium in a magnetically confined plasma. ITER, a tokamak type fusion
experiment currently being built in the South of France, is the next step towards this goal.

In order to achieve a reasonable lifetime of first wall materials in ITER and future fusion
reactors, plasma instabilities like edge localized modes (ELMs) [17], [18] need to be well controlled.
Numerical modelling can help to develop the necessary understanding of the relevant physical
processes. A physical model well suited to describe those large scale instabilities is the set of
magneto-hydrodynamic equations (MHD) or the simpler reduced MHD model.

1.2 Resistive MHD

We begin by introducing the resistive MagnetoHydrodynamic (MHD) fluid system in 3D. x € R3
is the spatial component. We note p the mass density of the plasma, v the velocity, T the
temperature, B the magnetic field, J the current and E the electric field. The evolution of the
plasma can be described by the following MHD model

Op+V-(pv)=0

pov +pv-Vv+V(p)=J xB+vAv
Op+v-Vp+pV-v=0
B=-VxE=Vx(vxB-nJ)

VxB=1J

V-B=0

with v the viscosity coefficient, n the resistivity coefficient. The pressure is given by p = pT.
Now we consider the ideal MHD (without viscosity and resistivity terms). The total energy for

the ideal MHD is given by
. T
—r 2 Ty 1P
with p = pT and v = g The total energy is given by the sum of the kinetic energy, magnetic

energy and internal energy. The conservation law for the total energy is given by

[\ 2y _ _
OGE+V.|vip 5 +7_1p +|B|*v—(v-B)B| =0

If the unknowns are equal to zero at the boundary, using the flux-divergence theorem we obtain
the total energy conservation

d

— / E=0.

dt Jq

This result comes from the flux divergence theorem and the assumptions on the boundary condi-
tions. We consider the energy conservation important for the numerical stability.



1.3 Reduced MHD models

The reduced resistive MHD models are designed to reduce the CPU cost by making assumptions
reasonable for the tokamak configuration. For the magnetic field we consider that it is much larger
in the toroidal direction than the magnitude in the poloidal plane. Consequently we consider that
the magnetic field is constant in time in the toroidal direction and depends on the poloidal flux
function ¥. The magnetic field is given by

o

B=B¢+Bpol: R

1
ey + va X €4.
The velocity field depends on the electrical potential in the poloidal plane and the parallel velocity
(parallel to the magnetic field). It is given by

V = Vpo + V|| = —RVu x e4 + v B.

If the parallel velocity is equal to zero the term which depends on the electrical potential is
nearly incompressible. This potential formulation allows to reduce the number of variables and
filter the fast magnetosonic waves of the MHD for nearly incompressible flows. The full MHD
system with all waves is a very stiff problem with restrictive CFL stability conditions or bad
conditioning for the numerical methods. Consequently eliminating these waves allow to obtain a
less stiff problem which is easier to solve. To obtain the final reduced models we plug the potential
formulations in the full MHD model and use projections to obtain the equations on u and vj|.
For the electrical potential equation we project by applying the operator e, - V x (R?....) to the
momentum equation. To obtain the equation on vj| we project by applying the operator B - (...)
to the momentum equation. In the following sections we derive exactly the reduced MHD model
used in the JOREK code and prove that this model satisfies the energy conservation law. Indeed
the energy conservation is a very important property to ensure the numerical stability of the time
method for nonlinear models.

1.4 JOREK code

The non-linear JOREK code [7], [15] solves the reduced or full MHD equations in realistic three-
dimensional tokamak geometry. The spatial discretization is given by isoparametric Bezier finite
elements in the poloidal plane and a toroidal Fourier decomposition. As a first step in a simulation,
the Grad Shafranov equation given by

dp oF
A =—R*L _F_—
Ve Ty
with A*y = R% (% %) + g;ﬁ, F = RBy, p the pressure and B, the toroidal magnetic field,

is solved on an initial grid (Fig. 1, on the left) to calculate the plasma equilibrium and again
on a grid aligned to the equilibrium magnetic flux surfaces (Fig. 1, on the right in blue). This
second grid is used during the following time integration as well, in which the (reduced) MHD
equations are solved by a fully implicit method (Crank-Nicholson or Gear scheme). The resulting
large sparse matrix system is solved using the iterative GMRES method with a physics-based
preconditioning during which the direct sparse matrix solver Pastix is employed. JOREK is im-
plemented in Fortran 90/95 and uses a hybrid MPI plus OpenMP parallelization suitable for large
scale simulations on supercomputers. The realistic treatment of the tokamak geometry including
the plasma region, separatrix and X-point, as well as scrape-off layer and divertor region makes
the code suitable for simulations of many different types of plasma instabilities.

In this paper, we provide a rigorous algebraic derivation of the reduced MHD equations that
are implemented in JOREK from the full MHD equations (Sections 2.1-2.3) and investigate the
energy conservation properties of this reduced MHD model (Section 2.4). In Section 3, we de-
scribe an approach of introducing a non-linear time solver based on inexact Newton iterations into
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Figure 1: Initial grid (grey) and flux aligned grid (blue) used in JOREK X-point simulations
(shown with reduced resolutions).

JOREK in order to increase the robustness and performance of the code in highly non-linear stages.
Numerical tests of the non-linear time stepping are presented in Section 4 and brief conclusions
of the work are provided in Section 5.

2 Derivation of the models

The derivation of the reduced MHD models is not a new topic of research. We can find the
derivation of the model with parallel velocity for small curvature in the Tokamak in [13], [6]. This
derivation is based on an asymptotic analysis with the small parameter € which correspond to the
curvature. In this type of derivation some terms are neglected. In our case we use an algebraic
derivation. Using the same assumptions for the magnetic field and the velocity field as in [13]-[6].
We can find the same method and the same type of calculation in the works of R. Sart and B.
Després in [1], [3]-[13]. In these papers the authors propose two methods to derive the reduced
MHD in the low § case where § is the ratio between plasma and magnetic pressures (which
correspond to p << |By|?) for general density profiles. In this work we use the same technique
as the first paper, but we apply this method to obtain the more complicated models used in the
JOREK code. So far, no rigorous derivation existed for the reduced MHD models implemented
in JOREK. For this reason we give these proofs and identify previously neglected terms in the
reduced MHD physics models.

2.1 Notation

The fundamental coordinate system used in JOREK is the cylindrical system (R, ¢, Z) illustrated
by the Fig. 2. The connection to Cartesian coordinates is given by

X = Rcos¢
Y = —Rsin¢ (2)
Z =17

We define eg = VR, %eas = V¢ and ez = VZ with R, ¢, Z functions of (X,Y,Z). By definition
of the basis we have er X ey = —ez, e, X ez = —er and ez X eg = —ey.
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Figure 2: Illustration of the cylindrical coordinate system used in JOREK.

The domain is defined by (R,Z,¢) € Q = D x [0,2n[. To finish we define the different
differential operators used for the calculation:

V= On(fen+ 10s(es +0z(fez

Vporf = Or(f)er + 0z(f)ez

V-f= %OR(RJCR) + }%%(ﬁﬁ) +0z(fz)

Vot = 0tz = 028y ) en+ Oafn — Onfz)es + 4 (OnlRSs) - Ozfr)ez

1

N'f=R*V- (R2

vt f> = ROR <%6Rf> +0z2f

1
Apol =V-(Vf)= EGR(RaRf) +0zzf
[CI,, b] =€y (Va X Vb) = 8Ra82b — azaaRb.

The variables associated to the reduced MHD models are the poloidal magnetic flux v, the elec-
trical potential u, p the density, T' the temperature and v the parallel velocity. To avoid high
order differential operators we introduce two additional variables: the toroidal current j defined
by j = A*y and the vorticity w defined by w = Ap,u For the integration we note dW = RdRdZ
the cylindrical measure and dV = dRdZ. When no measure is given explicitly, dRdZ is used.

2.2 Derivation of the model

To derive the model we begin with the following resistive MHD model

Op+V-(pv)=0

pov+pv-Vv+Vp=J xB 3)
Op+v -Vp+4pV -v=0

0B =V x(vxB-nJ)



2.2.1 Magnetic poloidal flux equation

To begin we note that, since V- B = 0 and 0;Fy = 0 we get 9;B = 04 (FO ey +V x (%we(ﬁ)) =
V x (8t(%1/1e¢)) Consequently the equation on the magnetic field in (3) becomes

1
V x (@(Rw%)) =V x(vxB-nJ) 4)
with J =V x B. The equation becomes
1
O (Rz/)e¢> =vxB-nJ+VV (5)

with V' a potential. We begin by estimating the term v x B. Since B x B = 0 we obtain
vx B = (—R>V x (fuey)) x (fee, + V x (f1ey)) which gives

Fi
vxB= Vpol X B= (—R@ZueR + R&'Ruez) X Eoe,z)

1 1
+ (—Raz’u,eR + R@Ruez) X (Raz¢eR — R6R¢ez>

=Fy (3zuez + aRUeR) + [1/),u]e¢

Now we study the term J =V x B.
J =V x (FyVe)+V x (Vi x Vo).
Since Fy is constant, using the properties of curl and gradient operators we have V x V¢ = 0. So
1 1

V x (Vi x Vo) =V x <Rﬁzweg — RaRweZ> .

Since Vxer=VxVR=0and V xez =V xVZ =0 we have
1 1
X (Vl/) X ng) =V <Raz77/}) xXer—V <R6R’l/)) X ez.

Therefore developing the gradient for each component we obtain

V x (Vi x Vo) = —*azzil)% + = R2 0p(0z7)ez — Or(— 8R1/J)e¢ + = RQ 0y(Orv)er,
and using the definition of Grad-Shafranov diffusion operator we have
V x (Vi x Vo) = —*A veg + o3 Rg 05(0z¢)ez + —5 R2 04(OrY)er

We plug together all the terms to obtaln
1
O <R1/)e¢) =+F (8zuez + 0RueR) + [w,u]e¢

04(0z70)ez + —5304(OrY)er| + VV

R2

1

Now we write the equation on V:

OrV = —Fydru + %awﬂb

(6)
07V = *Foazu =+ %64521/}

Consequently V = —Fyu + n%;;w and VV - ey = ——3 u+ naww This definition of V' gives the
final result. Dot
Ortp = R[,u] + 12" — Fodgu + 1= (7)

with j = —RJ - e4 = A* the toroidal current.



2.2.2 Poloidal momentum equation

To obtain an equation on the electric potential we apply the projection operator ey -V x (R2 ..... )

in the poloidal plane to the momentum equation. The equation obtained is
ey V x [R*(poyv=—pv-Vv—Vp+JI xB)|. (8)

We begin by considering the first term of (8): ey -V x (R?pd;v). Using the definition of v, we
obtain
V x (R?p0yvpor) = V x [—pR*07(du)er + pR*Or(Oru)ez]

and
es -V x (Rzpatvpol) =0y (pRgaz(atu)) + Ogr (pRB(?R(atu)) )

By definition of the gradient and the divergence we obtain
ey V x (R?p0yvyer) = RV - (pR*V p0104u). (9)

We consider the term associated to the time derivative of the parallel velocity e, -V x (R2p8tv‘ )=
ey -V x [Rgpat (UHB)]. Developing B we obtain

9] 0 F
R Y ey s |

Some computations give
ey -V X (RQpatVH) = -0z [Rpat<v|‘az’t/1)] —0gr [Rpat(vHaRw)] =—RV - [pat(’ljuvpoﬂb)] . (10)

Secondly, we study the current term e, -V x (R*(J x B)). To begin we define the toroidal current
j = A*1. By definition of the magnetic flux density B = % (Foey + 0z10er — Orpez) and using
the definition of the curl operator we obtain

J=VxB= 3R¢”(/}eR — Rje¢ + 824)1/}62) . (].].)

1
72 (
So, using (10) - (11) we have

1 . .
R?J x B =+ — [(—RjorY + Fodz4)er + (—RjOzv — Fydrgtb)ez]

+

=vl iy

[—((OrY)(ORrg¥) + (029)(0z4¥))eg] -
Applying the operator e, - V x (R?...) we obtain

L
R

Fy

€y - V x (RQJ X B) =40y (]831/)) — 0z ( 6z¢’d)) —0gr (]82’(/)) —0gr ( R 8R¢’(/)> .

The final calculation gives the following result
eV x (BT x B) = [b,J] = 20,070 = 4] 0. (12)
For the pressure term, trivial computations allow to obtain the following result
V x (R*Vp) - ey = —9r(R*)dzp = —[p, R?] = [R?, p]. (13)
The last term considered is eg - V x (R?pv - Vv). Firstly we study the part which depends only
%n_t};%;p)olgi)dal velocity: eg -V x (Rvapol -Vvpo1). To begin we note & = —ROzu, 8 = ROgu and

Vpo = e + fez and vy - Ve = (a0ra + B0za)er + (aOrf + B0z8)ez.



To estimate this term we propose the following decomposition
VX (DVpol + VVpol) - €5 = (PV X (Vpol * VVpor) + VP X Vol - VVpor) - €5 = A+ B. (14)
One has the identities
A= —p[0z(adra+ BIza) — Or(adrB + BOzB)],

and
A = —padr(0za — OrB) + BOz(0za — OrB) + (Ora + 0z3)(0za — OrB)] .

Using (0za—0rf) = —RApoiu = —Rw and p(0ra+0z8) = —p[R, u] we obtain A = —Rp[Rw, u]—
Rpw[R,u]. In a first time we propose to estimate the term B. The definition of the vector product
gives

B = —[0z(p)(adra + BOza) — Or(p)(adrB + B0z p)]

which we can rewrite in the following form
R 1, 1., . 1, 1,
B =—{0z(p) |9r(50" + 58°) + B(9za — Orf) | — Or(p) |0z(50° + 57) — aldza — Orf)
Using 0za — Ogrf8 = —Rw, we obtain the final writing of the term B:
1 s . R 1 -
B= —§[R2|Vpolu|2,p]—aZ(P)ﬂ(aza—aRﬁ)_6R(P)O‘(320‘_8Rﬂ) = —§[R2|Vpozu|2ﬂ—R2w[p> ul.
To finish we sum A and B to obtain
. 1 —~ .
V X (pVpol - VVpor)€p = —§[R2|Vpolu|2,ﬁ] — R[Rpw, u] — Rpw[R, u].
Therefore

—~ 1 ~ ~
V X (DVpol - VVpor )€y = _§[R2|Vpolu‘2ap} - [Rpr7u]. (15)

At this moment of the derivation we have obtained the equation on w implemented in the code.
Now we propose to derive the terms neglected in the code which correspond to the following cross
terms between the parallel and poloidal velocities

ey V x R%p (8tVH + V- V) 4+ V) - Vo + Vior - VvH) . (16)
Firstly we consider the term ey -V x (Rzva -Vv|). We begin by splitting the term into two parts
A= ﬁv X (UHB . V(’UHB)) - €y and B = Vﬁx (UHB : V(’UHB)) “ €y

and we define v|B = vjaer + v bez + v||ce, with a = 62%, b= _é%w and ¢ = %, consequently
c c
B- V(UHB) =+ [aaR(aUH) + baz(aUH) + ans(cw”)] er + [a@R(va) + b@z(va) + E&ﬁ(bvu)} ey

+ [adr(ev) + b0z (cvy) + £ (cuy)] es - 2¢ + (vt 5a)
aopr CUH A C’UH R () CUH €y UHR eRr ’UHRa €yp.
The term B can be decomposed as B = C' + D with

C= (8Rﬁ) [CL’UHaR(bUH) + b’lJHaz(b?}Hﬂ - (8zﬁ) [CwHaR(CwH) + bUHaz(C(,UH)] y

and
_ . revy N \, 9C?
D = +(9rp) [T% 3¢(bvll)] (0zp) [T% 3¢(G’UH)} +5Z(P)(UH*R)

R _ W3S
= 280 (Voo 050 Vo)) + 02(7)(vff 35)-



We rewrite the term C' to obtain
~ 1 ~ 1
C:+8R(p) 82( ”UH(I + ’UHb )+av|8R(va)av8z(av)} 782(;7) {83( vHa + ’UHb )+va82(avH)—va8J

which is equal to

2| Vpath
¢ = oo Vot

We remark that dz(av))) — Or(bv)) = %A*w + £ (Vo)) - Vport). Using this result we obtain
the following expression for B:

’U||8R(f)\)a(az(av||) - aR(va)) - UHaz(ﬁ)b(az(a’UH) - 8R(b’l)||)) (].7)

2

1 R R

B =+ 5[5, [Bpull’] - RQJ[p U] 2 (Tporvy  Vyh) 5,4
2
RS””(Vpolﬁ' (v Vporth)) + 8Z(ﬁ)(vﬁ%)7

with By = £V X e4.

Now we study the term A = pV x (v B - V(v B)) - €4 which is equal to

A=—poy {av|6R(av)+bv||8Z(av||) ((w”) UR]
+ pOg [avH[)R(va) + b’tiuaz(bvn va :|

We split these terms into two terms A = A;+A; defined by A1 = —pdz(av) Or(av))+bv 0z (av)))+
ﬁ@R(avnaR(va) + b’l}“az(bvn)) and Ay = —f)\az(%aﬁ(cwu)) + ﬁaR(%%(va)) — ﬁaz(’uﬁ%)

Factorizing the term A; we obtain

Al =— Z)\[avnaR(az(aUH) — 83(1711“)) + b’U”az(az(aUH) - 8R(bv|‘))]
— ﬁ[(@R(avH) + az(b't}n))(az(a’t}u) — (93(()1)“))] .

Using that 0Z(av||) — aR(va) = %A*TZ) -+ %(Vpolv” . Vpoﬂ/)) and aR(avH) -+ 8Z(bv||) = [%, 1/)] we
obtain

Ay == P ) P 9 - Tyt
pg‘ [ng]_*( polV|| * vpol¢)[ ;7/)]

The properties of the Poisson bracket allow to conclude

v
= -l RQJ, ¥ = Pl (Vporv - Viorth), ¥ (18)
For the term As, some computations allow to obtain the result
Fy Fy F?
Ay = —RpV - U|\3¢(U||Vpol¢) + p0y U||8R(7f’) + p0z 73 =5 (19)

At the end using Poisson bracket properties and V - (fg) = fV-g+ V[ - g we obtain

. 1
e -V x (R*pv - Vv))) = =[pvf4, 9] — [pv)) (Vporv)| - Viporth), ¢] + i[p;vH|Bpol|2]



F F2
—RV - (PR(;UH‘%(UIVpolw)) + POy ( UaR(z/})) + pOz ( U)
To finish the derivation associated with poloidal velocity, we study the last term ey - V x (pVpor -
Vv + pv| - VVpa). Firstly we note
c c c
v B - Vvpe =1 [aaRa +bdza + E&ba} er + v [aBRB + bz B + E%ﬁ} ez + vHEaed)
and
Vpol'V(’UHB) = [a@R(avH) + ﬂaz<a’l)”)] eR—i—[a@R(va) + Baz(bvn)] eZ—i—[a&R(ch) + ,Baz(C’UH)] e
The term ey - V X (pvpor - V(v B) + pv B - Vvy,e) can be split into two terms
(A) = VﬁX (Vpol . V(q)HB) + UHB . vaol) "€y
(B) = ﬁV X (Vpol . V(UHB) -+ ’U||B . VVpol) © €4
Using our notation we obtain that (4) = (A1) + (A2) with
(A1) =—0zp [v||a6Ra + a@R(avH) + va&Za + Baz(a’UH)]
+ Orp [Uubazﬂ + 582(1)”0”) + ’UHaaRﬂ + aaR(va)] ,

and
(A2) = ~97p R Loga + Onp ”3456

Straightforward calculations show that the term (A2) is equal to (A2) = %’UH(Vpolﬁ' Vot (Oput)).
Now we consider the term (A1) which can me rewritten in the following form

(Al) = —0z(p ) [aR(aUHOz + b’UHB) — U||baR[
+ Or(p) [0z (avja + by B) — v)jadza — adz(av)|) + adr(bv)|) + vjjadrB] .

Using the definition of the different coefficients we obtain that (A1) = —[p, v)|(Vpat) - Vporur)] +
(A3) + (A4) with

(A3) = =0z(p)v)|(=bOrS + bOzar) 4 Or(P)v) (—adza + adrf3)

(A4) = =0z (p)(—BOr(v)b) + BOz(av)|)) + Or(p)(—adz(v)a) + adr(bv)))).

Now we consider the term (A3) which can be factorize in the following way

(A3) = (9z(p)v)|b + Or(p)v)ja)(—0za + Orf)

Using that (0za — OrfB) = —RApou we obtain that (A3) = vjw[p,+] and (A4) = —(9zpp +
8Rﬁa) (az(a’UH) — 6R(b’UH))

We known that dz(av)|) — Or(bv)) = ( pol¥ - Vporv)|) + 113”Hj’ consequently at the end we have
(A4) = [u, pl(Vpart) - Viporvy) + v)15) Wlth (0z(p)B + Or(p)a) = Rlu,p]. Putting all the terms
together we obtain that

(A) = —[U, //)\](vpolw . vpol’UH) - [’LL, ﬁ]’UHJ - [b\’ UH(valw : V;DOlu)]

Fi .
20 (VpotD * Vpor (D).

+ vjw(p, u] + R

Now we consider the term (B) = pV X (Vpor - VU B+ v B - Vvy) - €4 decomposed into two terms
(B) = (B1) + (B2) with

(B1) = —pOz [UHa@Ra +v)|b0za + adg(av))) 4 B0z (av )]
+ pOg [UHaaRﬁ + U||bazﬁ + adr(bv ) + B8Oz (v )]

10



and

. cv cv
(B2) = 7 (~02(-050) + Or(-065) ).
We consider the term (B1). We begin by expending (B1) and after rearranging terms we obtain

(B1) = — p [v)jadr(0za — OrfB) + v |bdz(0za — Orf3)
+a6R(8Z(aUH) - aR(bUH)) + 682(62(&’()”) — 8R(bv||))
+(8R(U||a) + 82(1)”()))(8204 — Orf) + (Ora + azﬂ)(ﬁz(avu) — 8R(va))] .

We use that (9za — Orf8) = —RApqu and 9z(av)) — Or(bv)) = “4j + £ (Vparth - Vporvy)). Using

Or(vjja) + 0z (v b) = [}, ] and (Orer + 8z8) = [u, R], we write the term (B1) on the following
form
(B1) = + 7o [Rw, 6] + pRu[-L, ] — Rpfu, L] - plu, R
RPIVT R’ "RY R’
PU | p
= — Rplu, E(vpolw : Vpolvll)] - %[u, R|(Vport) - vpolUH)

=+ ployw, ¢] = plu, vyg] = plu, (Vo) - Vporvy)]-

The term (B2) is equal to pRV - (R2 V)| Vot (Opu)), consequently we obtain

(B) = plvyw, ] — plu, vy 4] = plu, (Vparth - Vporv)))] + pPRV. ( 501 Vot (D)) (20)
All together we have derived the following term
€ - V X (DVpol + VV|| + pV| €0t Vvyor) = = [0, 0| (Vport) - Viporw)] + [pv)jw, ¥] — [u, pvy 4]

_ [u, ﬁ(vpoﬂ/} . Vpolv”)] + RV - ( R2 U||Vpol(8¢u)>

In this work we don’t derive the operator associated with the physical viscosity. We propose to
consider the term used in the code: Rv| VZw

2.2.3 Equation on p and T

For the thermodynamic equations 0;p = —pV:-v—v-Vp and Oyp = —ypV-v—v-Vp , we propose
to rewrite the equations in order to obtain a dependency on u and v||. We begin with

Vpol - Vp =+ (—RVu x ep) - Vp,
1
=+ (—R@ZueR + RaRuez) . 8RpeR + E8¢pe¢ + azpez s
= — R(0zu)(Orp) + R(Oru)(9zp) = —R|p, u].

Then we compute the second term pV - v,.
1
PV - Vpo = prBR(Rzazu) + pOz(RORu) = —2p0zu

Now we derive the term associated to the parallel velocity v = v B.

F 1 1
v B-Vp=uy foqu + *6Z¢9R - E@WEZ -Vp,

1
dpp + S v)il0, Y-

—’U||R2 R

11



The second term is
F 1 1
pV - (UHB) =pV- ’U||(§Oe¢ + *82@6]{ — EaR’L/Jez) ,

R[“H Y+ 2 &WH

Consequently we obtain
vy Fo gl p pFo
Oip = Rlp,u] + 2p0zu — iz Opp — E[pa Y] — E[Unﬂﬂ] - ﬁa¢v||a (21)
and P
v 0 ’U
o = Rlp, ] + 200 — U0 0,p — Wpy) - Ly g - g0, (22)

2.2.4 Equation on the parallel velocity

We consider the equation pdyv = —pv-Vv —Vp+J x B. To obtain the equation on v we project
the momentum equation applying the operator B - (...). Firstly we remark that B - (J x B) =
Det(B,J,B) = 0. Secondly we consider B - pd;(v|| + Vpo). Using the definition of B we prove
that the term B - pd; (v B) is equal to

1
p|B|28th + py)| ﬁvpoﬂ/} - Vot (041)).

For the poloidal term B - p(0;vpor), quick computations show that this term is given by B -
p(atvpol) = _pvpolw : Vpol (atu)

For the pressure term B - Vp, we obtain

F 1 1 1 F 1
B-Vp= (fo% + EazweR - EaRweZ)(aRpeR + R&zﬁpeqﬁ + 0zpez) = ngaqﬁp + E[p, Y] (23)

Now we consider the following terms (the four last terms which are neglected in the model imple-
mented in the code JOREK):

B.p (V” . VVH + v - VVpol + Vpol VVH + Vpol * vaol) . (24)

Firstly we study B - (pv|| - Vv||) = B - (pvB - V(v B)). For this we note v = v B = v)|(aer +
bez + cey) with a = %azw, b= 7%81%1/1 and ¢ = %. Using these notations we obtain

c c?
pvy - Vv = pyy (a@R(va) + b0z (v)ja) + E&b(”l\a) - vR> e
c
+ pY|| (a@R(va) + b@z(vnb) + E&b(va)) ey
c c
=+ py| (a@R(ch) + baz(vnc) + ang(vnc)) ey + Uuaﬁqu.
Now we rewrite the term as B - (pv| - Vv|) = Wy + Wy + W3, where W is given by

c
lepﬁ

2B2
F vj B
2 2 2 0 I

|| [a8¢(vHa) + b8¢(v||b) + 08¢(v||c)]

The term Ws is given by
Wy = bp’UH [a@z(vﬂa) + baz(vnb) + Caz(UHC)]

2 2
o L _ llid
= b[)aZ§ (’UHG +U||b +UHC ) = —E(’?Rw(’ﬂz < 5 .

12



The term W3 is given by
W3 = apy, [aaR(UH(Z) + baR(’U”b) + CaR(’U”C)]

2 2
1 v Bl

2

At the end we obtain

IBJ? F ikds

Now we propose to study the fourth term B (cdotpvpe - VVper). To estimate this term we define
a = —R0Ozu and 8 = ROgu. Using this notation we prove that

Vpol = QeR + 6eZ and Vpol ‘ vVpol == (aaRa + 582&)93 + (OZaRﬂ + 6826)9Z

Using the definitions of the coefficients we obtain

B (pvpor - VVpor) = %P (0z()(adra + BOza) — Or(V)(aOrB + BIzS3))

which is equal to

By V¥pa) = 1, (020)On(50” + 357) + 00~ 0r8) — On(1)P2(50° + 56°) ~ (o0 ~ )
to obtain

B- (pvpol ) vaol) [R2‘Vpolu|2 Y] + % [07(¥)B(0za — OrB) + Or(¥)a(0za — OrB)] -

2R

After quick computations we obtain
B (pvpor - VVpor) = %p[RﬂVpoluF,zb] + pRw[t, ul. (26)
Now we consider the term B - (pv,o - V(v B)). To estimate this term we define a = —R0zu,
B8 = ROru, a = %621&, b= —%8131# and ¢ = f" Consequently we obtain
Vpol = @€ + Bez, and v B = v||(aeg + bez + cey).
Using these notations we obtain
PVpol - V(v)|B) =+ pladr(v)ja) + B0z (v)a)ler
+ pladr (v b) 4+ B0z (v)b)]lez + pladr(v)c) + BOz(v)|c)|ey,
consequently
B - (pvpor - V(v B)) = + paladr(v)a) + B0z (v)a)]
+ pbladgr (v} b) 4 B0z (v b)] + pcladr(v)c) + BIz(v) c)].
Rearranging terms we obtain
B (pvpor - V(v B)) =+ p(a® + b* + ¢*)adgr(v))) + p(a® + b* + ¢*)BIz(v)))

1 1
+ EpavH(?R(aQ + b4+ + §Pﬁ0|\52(a2 + % 4 ).

Using that a2 + b2 + 02 =|B 2 we obtain that
g
| |2

B - (pvpor - V(v B)) = Rp[BP[u, vy] + Rpvy [u, = -].

(27)
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To finish we consider the term B - (pvB - V(vper)) = pv (B - (B - Vvyy)). We define vy, =
aer + Pez and B = aer + bez + cey. Using these definitions we obtain

2
& & C
B (B VVyu) = a [adpa + bdza + E(%a] +b [0S + b2 + E(‘w} + Sa,
be c?
Oga + E&i)ﬁ + EO&.

ac

R

Now we consider the first term A = a(aOra + b0za) + b(aOrB + b0z). For this we rewrite the
term in the following form

= aaOra + b0za] + b[adrf + b0z f] +

2 2
A = adg(aa +bB) + bdz(aa + bB) — a@R(%) - B@Z(%) — Badrb — abdza.

We define C' = adr(aa + bB) + b0z (aa + b3) and D = —a@R(g) - B@Z(%) — Badrb — abdza.
We can rewrite the term D in the following form

a’> b a’> b
D= —(a@R(? + 5) + 682(5 + 5) + Olb(aza — 8Rb) — Ba(é)za — 8Rb))
We obtain B2 ’
_ pol i

Quick computations show that C' = %[¢), (Vpoit) - Vo). The term A is given by A = C + D.
Now we consider the term B = Fdsa + %8(1)5 + %a and it is easy to prove that

B = —L8(Vyoth - Vpor(Opu)) — %ﬂzazu. At the end we obtain

2

B,
B - (pvB - V(vpa)) = —Rpy)[u, ‘pTl

] + PY|| %[Uv 1/’] + %[¢a (vpolw : vpolu)}

2

v Fi F,
= Sz (Voo Vor(0u)) = puy 75Oz

R2

2.3 Final Model

We define the magnetic and velocity fields by B = %e¢ + %V"l[) x ey and v = —RVu X e4 + v B.
Using all the previous results based on these definitions of the fields, we obtain the final reduced

14



MHD model with parallel velocity.

1 1 n (. Ops® 1

Eo

(B 0]+ l,] — 150

V- (ﬁvpolatu) -V. (pat(vvaolw)) R

2 2 _

+V. (Vperpvw) + %[pvﬁj, P+ %[pv\\(vpolv\l : Vpolw)vw} +V. (P%UH8¢(UHVP0I"/’))

1 1 1 1 1
+7[pa v||(vpoﬂ/} : vpolu)] - 7[P; vﬁ|Bpol|2] R[vaw 1/’] [u va]] R[“:ﬂ(vpoﬂ/) : vpolvH)]

R 2R
Fy F2

-V < R2 U||Vpol(a¢u)) 8¢ ( R5 U@R(Q/))) 82 < R4 U2)
w = Dpoitt
j=40"

vy Fo ull p pFo
Owp = Rlp,u] + 2p0zu — ?3@0 - ﬁ[ﬁ» Y] — R[Unﬂlj] - ﬁaﬁvn

vy Fi v F

Oip = Rlp.u] + 29p0zu — S 0up — Mlp,w] = oy, vl = 2205

v|2‘|B\2

p|B2|0wv| + pv) gz Voot - Vpor(011) = pVporth - Vpor (Oiu) = —%[p, ] — £89sp + &[0, 5]

2 2
By . (Bl ; Lk Byl
—§ma<2R> SRV ol ] — Bl ) — RplBP L, vy] = Rpvyfu, 5]+ Rou fu, =2

vy Fi F?
vy b, ] = T (ot - Vo)) + == (Vyarth - Vot (9) + vy 5 Oz

2.4 Energy estimate

For the full MHD model the total energy is conserved in the ideal case and dissipated in the
resistive case. To validate the derivation of the model, to validate the choice of the projection
operators and to obtain results of stability important for the numerical method we prove that the
reduced MHD model satisfies the same energy balance equation as the full MHD model [3]-[6] .

IB\

Lemma 2.1. We define the energy E = + plvl + ﬁp If n = v = 0 the total energy

satisfies
d/EdW— /REdV—O
dt

and ifn#,v+#0
d Dy
a/QEczwz—y/ w2dW — 77/w 2dW — n/ 1V poi ( 77 ) 2aw

15



Proof. To begin we compute dF = % fQ g + p@ + ﬁde. We obtain

- ‘vpole |V1f10l|2 | ||‘2
dE = | Oy—rs—dW + [ pOy—"—dW + [ pd; dW + (vH O Vpol + Vol - Opv)) ) AW

2 2
_|_/ Matde‘F/ |v||8tde+/(V -Vpol)atde—F/ atp dWw.
o 2 o 2 Q oy-—1

After quick computations we shows that the derivative of the energy is given by

IV port)|? / |V o] / 2o (Y0
dE = /(’%( o B2 dW + . PO, —a dW + Qp|B\ O 5 dW

+ RL'( gt - Tyt QAW = [ (Vg 040Vt )W = [ o1 (Tt 04(Vgar)}aW
Vport]® , viiBJ* 9
+/ Matde—k/ I atde /’UH poll * Vpoﬂﬁ)atde—l-/ P dw.
o 2 0 o1

2R?

2 2 * .
/Qat ('V;’;éf') dW:/Qat ('Vgﬁ") dvz_/QA %ﬂpdv_—/géamdw

Using an integration by parts we obtain also

The term [, &; <|vpo”p|2> dW is equal to [, ( v’“]‘élw -Vpot (0¢)))dW . Integrating by parts we obtain

o (1 Vportl?
[0 (Ip2zul> == [ V- (3V ot (00w)) uaW.
Q Q

Consequently we obtain
dE = / (3{(,[) dW / Z)\vpol 3tu)) . (p@t(vuvpolzb))) udW

+A (‘B|2atv|| + RQ( pol'll) vpol(atq/])) ( polw . at(vpolu))) UHdW

Voorul? . v} |BJ?
+/ %@deJr/
Q

I
Using 20zu = +[R?,u], we obtain

dW

)
BypdW — / 01 (V gttt - Vporth) D pd W + / - 2
-

CIR ] -

wko, vy

E
50— o] = Loy, vl = L2 o0

atp = R[pﬂ u] + R2 R

Before computes the energy estimate we give an equation on p. For p we multiply by R? the
equation on p. We obtain

8tb\ =R3 [p, u] + Qb\azu + R[w, p’UH] — F08¢(pv”)

=RI[pu] -

~

EIR? u] + 2007 + RIb, poy)] = Fod(puy).

Using that 2p0zu = %[R2, u], we obtain
op = R[p,u] + R, pvy|] — FoOg(pvy)),
which is equal to

Oip = Rlp, u] + Rplip, v))| + Roy [, p] — Fopdyv)| — FovyOgp.
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To compute dE we add to the final model three equations on the density :
vt B[ vt B[ vt B R vf[B[* 1
I Oip = I [5,u I 0 |
2 2R 77 2 2 R

T2 0s(pv))) —

= lpvy, ¥]

v =N F
)| (vpolu . Vpoﬂﬁ)@ﬂ = | (Vpolu : Vpolw)[pv ’U,] - v||(vpolu . Vpolw)Riga¢(pv||) - U||(vpolu Vpolqyb)

i
R

ivpolui2a ~_ |Vpolu|2
5 P 2
Now we compute

B = — / CIOF Jaw - / PV ot (Br0)) — V - (pOu(v))Vporth))) udW

|V;Dolu|2
2

- Voportt]?
R[p,u] - Fods(pvy|) — %R[pvna V]

+/Q (\B| 8tv||+R2( pot¥ + Vot (01))) = (V poz¢~8t(VpoZU))) v aW

Vot , ~ v Bl °
4 / %@pcﬂ” / S OpdW — / UHWPOW'VPOW)@MW*/ ST
A o o QY

The derivative in time dF can by writing as the sum of 17 groups of terms: dE = (E1)+...4+(FE18).
Now we propose to prove that each group of terms is equal to zero or negative.

(21) = = [ Floaidw = [ Zhodfud = = [ (@.uli + 0. 50V = o

(E2) :f/ﬂga (u )ydW+/ 228 (j )udW:/Q%(a¢(u)j+a¢(j)u)dvzo.

These results are obtained by integrating by part. Now we study the term (E3)

(E3) = — /Q %[ﬁRQw,u]udW _ _/

[PR*w, uudV = / [u, u]pR*wdV = 0.
Q Q

The term (EF4) corresponds to the viscosity and resistivity terms:

(E4) —1// AporwudW — / AW —n 3¢>q11/f
o R

_ / WEW — / Law - n/ |Vpol<R2>|2dW

To obtain this result we use w = Apqu and a double integrating by part. Now we define the term
(E'5) which depends on the pressure.

GdW

1 1 %
E5 :/ —RQ,pudW—&—i/ Rp,udW—l—i/p@ udW.
(59) = [ i pluaw + [ Ripagaw + 275 [ o
Using 2pdzu = %[R?,u] and integrating by parts we obtain

1
(E5) :/[RQ,p]udv+— R2[p, ]dv+i p[RQ,u]dV.
Q v—=1Ja -1
1
(E5) = — /[ ulpdV — —— p[ L u]dV + L [RQ,u}dV —0.
Q —1 Y — 1

Now we study the terms (E6) and (E?) In these two cases using 1ntegration by part and the
anti-symmetric properties of bracket operator we conclude.

|vpolui2

1 ~ ~
(E6) = —/Qﬁ[RﬂVpoluF,p]udW—&— R[p, u]dW,

Q

1 u|?
:—/ 7[R2|Vpolu|2,ﬁ]udV—/u[ﬁ, Vot R*dV =0,
Q2 0 2

17
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1 .
:—i—/ﬂE[pvnw,w]udv—/Q%w[w?u]deW
——/ﬁva[u,w]dV—/ﬁw[w,u]UHdV:O.

Q Q

The term (E£8) correspond to the coupling between the pressure and the parallel velocity v). We

obtain
(E8) = — FOU”(a W——/ Wip law — 2 [ 52, Rlaw
~—1 24 y—1 rYR [l

0vll
- R2p 6¢vH dW / 8¢ dW /

7 and factorizing we obtain that (£8) = 0. The

Integrating by part the terms which depend on 1
term (FE9) is defined by

Boi|? vit Bpot|?
Ujj1Bpot pu Vi Brot
E9) = aw aw
(E9) 4’/Q 5 R[P\Hﬂ +QR[1/) 5
v} Bpall® F, U [Bpol |
[11Brotl” Fo 11Br
—/QT 596 (pv) )W — /RQPUH8¢ —— | W

Integrating by parts we obtain

2B " 2 2B o 2
(B9) =+ [ ([w, Bl 0Bt ,m) av

2 2 2 2

Fy UH|Bpol| Fy U|||Bpol|
+ —— | dV — — —— | dV =0.
/ pvlla¢ ( B o va8¢ 5 0

The term (E10) is defined by
Voportt
/ | pl ‘ [p’UH de / prH R |Vpolu| ]

(E10) =

We apply the classical integration to conclude. Now we study the term (E11)

1, P
(Ell):—/Qﬁ[umvw]udW—/QE[um(vpozvvpozvu)}udﬂf-

To conclude we use the integration by part and the fact that [u,u] = 0. The term (E12) depends

of the toroidal direction

(E12) = /V ( Ullvpol(5¢u)> aw — /'vml uf Fody(puy))

/ UH polu V;Dol(atbu dV / ‘VpOlm Fad’ (va)

2
&A%) and integrating by part the second term we conclude.

Using that (Vpet- Vo1 (Opu)) =
The term (E13) also depends on the toroidal derivative. It is defined by

Fy F
(F13) :—/ V- ( RQ’Uad)(vaoﬂ/J)) udW-i—/s)U“(Vpolu'Vpoﬂb)ﬁoa(b(pv“)dw

p’l)
+ / %F@ (vPol'(/J . Vpol(8¢u)) dw.
Q
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We integrate by part the first term and expend this term, we integrate by part the second one to
obtain

Fi F
(El?’) = /QpEOUH (5¢(Vpoz¢) : vpolu)dv + A PY|| Eo(vpolu : Vpolw)aqﬁ(vll)dv

Eypv £
_/Q oR Had)(’l)H(vPolu'VpOlw))dV+/ pRovﬁ( pot? - Vpor(9pu))dV.

: : Fopu]]
To conclude we expand the third term %&ﬁ(v“(vpolu - Vpott))) in two terms %@,(Vpolu :

Vparth) and %(Vpolu “Vpot¥)0g(v))). The sum of the five terms obtained is equal to zero. Now
we introduce the terms (E14) and (E15).

1. 1 ~
(F14) = —/ E[p,vu(vpoﬂp - Vporu) JudW —/ Ev“(vpolu Vo) [p, uldW,

(E15) = —/Q [vaA P, YludW — /va u, P]|dW.

A integration by part of the first term is sufficient to prove that (F14) and (E15) are equal to
zero. The term (E16) is defined by

(E16)—+/ L5 |]udW+/”2'B'2m]dW
- 2R P Il pol 0 2R P

B,/
/R;w” BE /va||R2[u v||dW+/va” | ”2” JdW.

The fourth term of (E16) is the toroidal part of the term Rp|B|*[u,v||] in the parallel velocity
equation. Now we split (E16) between two terms (E16a) and (F16b). (E16a) is defined by

1 o
(B160) =+ [ Slp ot Bludiv + [ ot et 5 i

B B2
/R | ”°‘| dW+/R ‘ p2°’| JdW.

This term is equal to zero (integrating by part the first term is sufficient to prove this). The
(E16b) is defined by

yﬁ F2 F 2
(E'16b) = ; Eﬁ[ u]dW — / vaH 2R2 |dW — / va||R2 [u, vy ]dW

We rewrite the term (E16b) to obtain
F2 ., Fo2

R R
- =0 fu, vy JdV — =0 Ju, vy )d
/va||2R2[U,v||] 14 /QP”HQRQ[%UH] 14

We combine the second and third terms and use the anti-symmetry property of the bracket for
the fourth term. We obtain

(Ele)——/Av [0, F2v]dV+/v 55 ]dv+/w G o aldv
- Qp I [ " 9R2 I H2R2 Qp ||2R2 1K

Now we combine the two last terms and we use anti-symmetric property of the bracket in the first
to obtain

(E16b) / o[ F3 ]dv+/ L [pv, u)dV =0
= | pv v, v PV, U =
el 2R2 Il U by
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The result is obtained using an integration by part. The last (E17) is given by
1 1
(E17) = —/ ﬁ[pvﬂ(vpolv\\ 'Vpoﬂlj)»?ﬂ]UdW‘f‘/ E“ll(vpol“'VpolUH)LOUHW]dW
Q Q
1
- /Q Epvﬁ [, (V port) - V poru)[dW — /QRp\BpolF[u,vH]deW

Firstly Rp|Bpor|?[u, v)jJv)] = % (Vport) - Vporth)v)[u, v)|], secondly we have the identity

(VpolvH ' Vpo”b)[ } (vpolw : Vpolw)[ua UH] + (vpolu . Vpolw)[vva]’

Using these two identities we obtain

(E17):+/vall(vpolv” .vpon/f)[u,w]dvvf/Q
Ly

PRIV portt - Vporth) ] dW
- /Q PN (Fyort - V) 610 — | o

R (Vpolu . Vpoﬂ/J)]dW
— /QpU||(Vpol¢ . Vpoﬂb)[“’ vH]dW

The sum of second and fourth terms is equal to zero (anti-symmetry property of the bracket). The
sum of the other terms is equal to zero (second identity). To finish the proof we compute (E18)

defined by
N F? F2
(E18):/8¢( Prs v&z(@) /62( R4v”>u+/ﬂpvﬁRO282u

The first term is equal to zero using the divergence flux theorem and the boundary condition. The
sum of the two other terms is also equal to zero (using a integration by part). This last result
finishes the proof. O

This result proves that the physical energy associated with the MHD system is conserved in
the ideal case (v = = 0) and dissipated in the resistive case. Firstly this result is an argument to
justify the derivation of the reduced MHD models as the conservation of the energy is an essential
physical property. Secondly this result is useful to study at the mathematical level that the model
is well-posed. For example in [1]-[3] the authors explain and detail the key role of the energy
balance to prove the existence of weak solutions. Finally, this energy estimate is very important
to ensure the numerical stability of the schemes. Indeed a way to ensure the stability is to design
a numerical method which dissipates the energy at the discrete level and we cannot obtain this
stability property without energy conservation on the continuous model.

A small remark: the term a‘g@w which is the poloidal current is neglected in the JOREK code.

With or without this term we have a model which conserve the energy in the ideal case and
dissipate the energy in the resistive case.

3 Spatial and Time discretization

3.1 Spatial discretization

In the JOREK code, different discretization methods are applied for the toroidal direction and the
poloidal plane. For the toroidal direction we use a classical Fourier expansion. This discretization
is easy to implement but generates a large matrix. Using a Fast Fourier transformation we obtain
a faster algorithm to construct the matrix and the right hand side. For the Poloidal plane we use
a classical finite element method with numerical viscosity to stabilize the method. The elements
chosen are Cubic Bezier elements which allows to guarantee C! continuity useful to discretize the
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fourth order operators and preserve the free divergence constraints. However this C'! reconstruction
is not guaranteed for the grid center and for the X-Point. These elements use 4 degrees of freedom
by node contrary to the Lagrangian cubic element ( 9 degrees of freedom by node). Another
advantage comes from the isoparametric formulation. Indeed we can discretize the geometrical
quantities like R and Z with Bezier Splines. This property allows to construct the aligned grid
with the magnetic surfaces easily. The details about the discretization using Bezier elements are
given in [15].

3.2 Original time discretization and preconditioning

In this section we explain the time discretization used in JOREK and the preconditioning used for
the linear solver. The different models implemented in the JOREK code (with or without parallel
velocity) can be written in the following form

8,A(U) = B(U)

with A and B discrete nonlinear differential operators and U = (¢, u, j,w, p, T, v||). For the time
discretization we use the classical Crank Nicholson or a Gear second order scheme allowing to
write the time scheme in the following form

(1+ QAU —9AtB(U™) = (14 2¢)A(U™) — CA(U™ ) + (1 — 6)AtB(U™)

with ¢ and 6 the parameters of the scheme. If § = 1 and ( = 0 we obtain the implicit Euler scheme,
if(=0and 0= % we obtain the Crank-Nicholson scheme and if § =1 and { = % we obtain the
Gears scheme. These implicit schemes does not preserve the decay of the discrete time energy,
because the system is too nonlinear. Find a accurate time with this property is an interesting
problem for the future. Now we define two nonlinear vectors G(U) = (1 + ¢)A(U) — 6AtB(U)
and (U™, U""1) = (1 +2¢)A(U") — CA(U™ 1) + (1 — 0)AtB(U™). At the end we want to solve
the following nonlinear system
G(U"th) =p(un,un ).

A first order linearization is applied in the original code to obtain the following linear system

(aGa(gn)) JUL = —G(U™) + b(U", U™ 1) = R(U")

with Ul = U”*t! — U” and the Jacobian J,, = 8G8(8n). To solve this system we use the
classical GMRES method with left preconditioning. The principle of the left preconditioning is to
replace the solver J,6U" Tt = R(U") by M, 1J,6U"" = M 1R(U"). The last system can be

split between two steps. First we solve exactly
M, 0y = R(U")
and then we solve with the GMRES method
M, J,6U" = gy.

It is necessary to obtain the final algorithm that the preconditioning matrix M, is invertible.
The idea currently followed in the code is to write the Jacobian by block, each block corresponds
to the coupling terms between two Fourier modes. Under the assumption of weak coupling it is
possible to eliminate the non diagonal blocks. We obtain a diagonal block matrix where the blocks
correspond to the equations for each Fourier mode. To compute the inverse we use a direct solver
(LU method for example) to obtain the inverse of each block and consequently the inverse of M,,.
To minimize the CPU cost we don’t invert M,, at each time step, but only when the convergence
for the previous linear step is too slow.
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3.3 Nonlinear time solvers

A first order linearization may not be the optimal choice to solve the problem in the nonlinear
phase of the run. Consequently we propose to replace this linearization by a Newton procedure.
Since we use an iterative solver to compute the solution of the linear system, it will be interesting
to use an inexact Newton procedure [4]-[5]. This variation of the Newton method means that the
criterion of convergence of the GMRES method is adapted using the nonlinear residue and the
convergence of the Newton procedure. The aim is to use the nonlinear convergence to minimize
the number of GMRES iteration. Indeed it is not necessary to solve with a high accuracy the
linear system but just enough to converge to the solution of the nonlinear system. In the following
we detail the Inexact Newton algorithm to solve.

Algorithm

e At the time step n, we compute b(U", U""1), G(U")

e We choose ¢y and the initial guess 6Ug

e At cach iteration k of the Newton method we have the solution Uy.
o We compute G(Uy) and the Jacobian Jy.

e We solve the linear system with GMRES J,6U;, = —G(Uy) + b(U", U""1) = R(Uk, U")
and the following convergence criterion

||J6Ux — R(U*, U")|| <k
[|[R(U%, Un)|| - ogmres

with .
e ||R(U*, U")|

fomres 1 (|R<Uk1,U">|>

e We iterate with U1 = Uy + §Uy.

e We apply a convergence test (for example |[|R(Uy, U™)|| < €4 + €.||R(U™)||).
e When the Newton method has converged we define U"+! = Uy, ;.

We couple this algorithm with an adaptive time stepping which allows to use large time steps in
the linear phase and smaller time steps in the nonlinear phase. Actually the principle is simple if
the Newton process converges very quickly we increase the time step and if the convergence is slow
we decrease the time step for the following iteration. If the Newton process does not converge or
if |[|[R(UF,U™)|| > ||R(U*, U")|| during two or three consecutive linear steps we decrease the
time step and restart the Newton iterations. To have a smooth evolution of the time step it is
necessary to avoid a large increasing or decreasing of the time step.

4 Numerical results

In general the different test cases used in this paper have the same structure. First we compute
the equilibrium on the poloidal grid (Fig 1., left), compute the aligned grid (Fig 1., right) and
begin the time loop. At the beginning of the time loop peeling-ballooning modes set in which
are responsible for the appearance of edge localized modes (ELMs). These linear instabilities are
driven by large pressure gradients (steep pressure pedestal) and large current densities in the edge.
During these instabilities the energy associated with the non principal modes grow exponentially.
The background profiles are modified. When the energies associated with the non principal modes
are sufficiently large, the pressure gradients get smaller which stabilizes the instability. This is the
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nonlinear saturation phase. The implicit time methods are known to be stable without restriction
on the time step (classical property), however this type of result is valid for stable physical dy-
namic and stable models. In our cases we have physical instabilities consequently the numerical
stability is not ensured. Typically we will show that if the numerical error (time error, linearization
error) becomes too large the numerical simulation does not capture correctly the beginning of the
salutation phase and generates critical numerical instabilities.

In this section we present some numerical results for the models with and without parallel ve-
locity. We add to the reduced MHD models, numerical diffusion operators for each equation
and two anisotropic diffusion operators on the density and the temperature (density and pressure
equations). For example, for the pressure equation we add the following diffusion operator

A (kHVHT +kV,T)=V"- ((kH - k‘J_)VHT + k1 VT)

with V|7 = 15 - (g - VI) and V. =V = V.
We propose to compare the different methods (Exact and Inexact Newton methods and classical
linearization) mainly in the nonlinear phase. Indeed in the linear phase the classical method is
clearly more efficient. In this phase the preconditioning is very efficient and the GMRES solver
converges quickly (between 1 and 5 iterations). The Newton procedure converges with 3 iterations
in general. Consequently using the Newton method the cost is clearly higher for each time step
in the linear phase. In the nonlinear phase the situation is more complicated. The nonlinear
phase begins when the quantities associated with the non principal modes have the same order of
magnitude as the quantities associated to the principal mode. To compare the numerical results,
we define the beginning of the nonlinear phase as the time where the kinetic and magnetic energies
for n # 0 are at the level of the energies associated to n = 0. To compare the classical linearization
and the Newton procedure we use the adaptive time stepping. If the algorithm for one time step
does not converge we recompute it with a smaller time step (typically Atpe,y, = 0.8Atyq. For
the Newton and the linearization methods the factorization is recomputed for each time step
and during a Newton step the factorization is recomputed if the number of GMRES iterations
associated with the two last Newton steps is superior to 50.

4.1 Model without parallel velocity
4.1.1 First test case

This first case corresponds to a simplified equilibrium configuration associated to the JET reactor.
We solve the model without parallel velocity. In this case the numerical viscosity is zero and the
numerical resistivity is 1071, The physical viscosity and resistivity, dependent on the temperature
are given by n(T) =2 x 1076 7% and v(T) =4 x 1076 T3, We consider a geometry with
X-point. For the Linearization procedure the criterion of convergence for the GMRES procedure
is ¢ = 1078. For the Newton procedure the maximum number of Newton iteration is 10 and

the criterion of convergence for the Newton procedure g, = 107°%, the €), . .. of the GMRES
convergence criterion is 0.0005. Using At = 30 we compare the results for the linearization

method, the exact Newton method and the inexact Newton method. These results are given
between the time 1400 and 3500 corresponding to the nonlinear saturation phase. The code is
executed with 2 MPI and 16 OpenMP threads per MPI process. In the tables (Tab 1) - (Tab 2) -
(Tab 3) we give the average of different quantities associated to the solver during one time step.

Linearization method
At = || GMRES Iter. | LU fact. | time
30 19 1 53.25

Table 1: For the linearization method the average number of gmres iterations and LU factorizations
per time step are given as well as the wall clock time
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Exact Newton

At = || GMRES Iter. | LU fact. | Newton iter. | Total Gmres iter. | time
30 19.8 1.05 3 59 79.6
40 26.6 1.28 3.2 85.5 102

Table 2: For the exact Newton method the average number of total GMRES iterations, LU
factorizations, number of Newton iteration and number to GMRES iteration per Newton step per
time step are given as well as the wall clock time.

Inexact Newton
At = || GMRES Iter. | LU fact. | Newton iter. | Total Gmres iter. | time
30 3.3 1 5.7 18.7 76.25
40 5.4 1 5.8 31 82.9

Table 3: For the inexact Newton method the average number of total GMRES iterations, LU
factorizations, number of Newton iteration and number to GMRES iteration per Newton step per
time step are given as well as the wall clock time.

Some remarks about these results. It is clear that the CPU cost associated with the Newton
procedure is higher compared to the classical linearization for the same time stepping. This result
is expected, indeed by definition of the Newton method, the number of linear problems solved
is larger with the Newton procedure. First in the nonlinear phase we remark that the Newton
procedure is also less performing, but using an inexact Newton method we can reduce the CPU
cost. In the (Tab 2) - (Tab 3). We remark that for the time step At = 30, the main difference
between the Inexact and exact Newton method is small, but for At = 40 the difference is larger.
The main difference between exact and inexact Newton method can be explained by the fact
that the number of GMRES iterations is larger using exact Newton method consequently the
factorization for the preconditioning is called more often. At the end we remark that the inexact
Newton method is clearly more efficient when the problem is more nonlinear and similar when the
problem is not too nonlinear. This result verify the usefulness of the inexact Newton method.

Now we propose to compare the linearization method and the inexact Newton method. In
the nonlinear phase the difference is less important. Indeed in the nonlinear phase the number of
GMRES iterations for each linear problem is larger. Using an inexact Newton procedure we have
more linear problems to solve but each linear system is solved with a small accuracy. Consequently
the cost associated with each linear system is smaller when we use the inexact Newton procedure.
The table (Tab 1) - (Tab 3) for At = 30 show that the total GMRES iteration for one time step
are similar between an inexact Newton procedure and the linearization procedure. Consequently
the additional cost associated with the inexact Newton method come from the computation of
the matrix and in this case is around 1.5 which is an acceptable additional cost. Additionally,
the parallel scaling is better for the construction of the Matrix than the iterative solver and the
preconditioning. Consequently with more MPI process the difference between the CPU cost asso-
ciated with the inexact Newton method and the linearization method can be reduced.

Secondly we compare the two methods with At = 40,50,60. For the Newton procedure the
maximum number of Newton iterations is 20 and the criterion of convergence for the Newton
procedure ¢ = 1077, the gy of the GMRES convergence criterion is 0.0005. We plot the kinetic
and magnetic energies associated with the different modes for the two procedures and the different
time steps (Fig 3.) and (Fig 4.).

These results show that the Newton procedure with adaptive time stepping is more robust
than the classical linearization and allows to use a larger time step. When we use the classical
linearization with a very large time step, the numerical error linked to the time discretization and
the linearization becomes too large such that consequently the numerical scheme does not capture
correctly the beginning of the saturation phase. In this case, numerical instabilities appear and
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Figure 3: Reference solution: Kinetic and Magnetic energies for At = 5 gives by the Newton
method.

the iterative solver does not converge after the beginning of the numerical instability. If we use
an adaptive time stepping the situation is the same because in general the scheme computes the
beginning of the numerical instabilities and at this moment is too late to adapt and decrease the
time step.

With the Newton procedure the situation is different. First the error of linearization and
consequently the global numerical error is smaller consequently we can use larger time step and
capture correctly the beginning of the saturation phase. Secondly we don’t have the problem
associated with the numerical instabilities with the Newton procedure as the Newton method
does not converge in case of the numerical instability such that the time step is recalculated with
smaller At. To conclude the adaptive time stepping works with the Newton method because this
procedure detects the beginning of the numerical instabilities by non convergence of the method
contrary to the linearization and to continue the computation it is necessary to adapt the At
before the beginning of the numerical instability. Consequently the Newton procedure is more
robust because allowing an efficient adaptive time stepping which avoids numerical instabilities
for large time steps and non convergence issues. The figure (Fig 4.) shows that the code with
the linearization method does not converge with At = 40 contrary to the Newton method which
converges even with At = 60.

This test case is not too nonlinear and consequently not too stiff for the numerical method.
For more nonlinear test cases the Newton procedure gives better results when the problems get
stiffer.

4.1.2 Second test case

This second test case corresponds to a realistic ASDEX Upgrade equilibrium configuration with
unrealistically large resistivity which makes the instability especially violent. We solve the model
without parallel velocity. In this case the numerical viscosity and the numerical resistivity are
close to 10711, The physical viscosity and resistivity are dependent of the temperature : 7(T) =
2% 1075 T-3 and v(T) =3 x107° T—3. We consider a geometry with X-point. For the
Linearization procedure the maximum number of GMRES iteration is 500 and the the criterion of
convergence for the GMRES procedure ¢ = 1078, Firstly we propose to compare the two meth-

ods At = 5,10,20. For the Newton procedure the maximum number of Newton iterations is 10
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and the the criterion of convergence for the Newton procedure € = 107°, the gq of the GMRES
convergence criterion is 0.0005.

This test case with violent physical instabilities allows to confirm the previous remarks about
adaptive time stepping and numerical instabilities. First if we choose a too big time step with
the linearization method, we have a numerical instability which appears and the adaptive time
stepping is not efficient.

Gmres At =1 | Newton + adaptive time method
18800 7600

Table 4: Total time of the simulation for the GMRES method with At = 1 and for Newton method
with adaptive time method (initial time step At = 10). Final time T = 450

Due to the violent physical instabilities the problem is strongly nonlinear in the saturation
phase. Contrary to the previous test case, using the Newton method allows to reduce significantly
the CPU cost for the total run (Tab 5.).

The inexact Newton method with adaptive time stepping is more robust than the linearization
method and allows to reduce the CPU costs for highly nonlinear cases due to the larger time steps
possible.

4.2 Model with parallel velocity

This test case is the same as the one used in section 4.1.1 but we solve the model with parallel
velocity. First we compare the two methods in the nonlinear phase with At = 20. For the Newton
procedure the maximum number of Newton iteration is 10 and the the criterion of convergence
for the Newton procedure e—107°, the gy of the GMRES convergence criterion is 0.0005. These
results are given between the time 1250 and 3500 which correspond to the saturation phase (stiff
part of the computation).

Linearization method
models Gmres Iter. | Precon . called . | time
with neglected terms 254 1 75.7
without neglected terms 28 1 83.6

Table 5: Average of number of Gmres iteration and preconditioning called during a time step.
Linearization method. At = 20

Inexact Newton method

models Gmres Iter. | Precon . called | Newton iter. | Total Gmres iter. | time
with neglected terms 5.1 1 6.4 32.7 119.3
without neglected terms 5.2 1 6.4 33.4 122.5

Table 6: Average of number of Gmres iteration and preconditioning called during a time step.
Inexacte Newton method. At =20

The conclusions on the comparison between the Newton procedure and the Linearization pro-
cedure are similar to the conclusion to the first test case. Indeed in the Nonlinear phase we have an
additional cost around 1.4 - 1.5. But this additional cost can be reduced using a larger time step.
Indeed with the Newton procedure (as previously) we can use larger time steps with the Newton
procedure without numerical instabilities. For example in this case the Linearization method is
unstable with At = 25 and the Newton method is stable with At = 40.

For all these results we recompute the factorization for the preconditioning at each time step.
For the Newton method we have added an additional rule. The factorization is recomputed if the

26



Inexact Newton method

models Gmres Iter. | Precon . called | Newton iter. | Total Gmres iter. | time
with neglected terms 10.9 1.1 6.95 75.6 152
without neglected terms 8.7 1 6.7 58 142

Table 7: Average of number of Gmres iteration and preconditioning called during a time step.
Inexacte Newton method. At = 20

convergence is too slow for the previous linear step. To reduce the CPU time we can use only
the second rule for the Newton procedure and the Linearization method. In this case, it is not
necessary to compute the factorization for each time step. The different test cases show that for
the Newton procedure it will be important to use a smaller gg (initial e for the GMRES method
in the Inexact Newton procedure) to compute correctly the first Newton iteration.

The last remark about this result is on the difference between the model with and without
neglected terms. These terms in the potential and parallel velocities equations comes from to the
fact the poloidal and parallel velocity are not perpendicular, this is the cross terms between the
poloidal velocity and the poloidal part of the parallel velocity. In the (Fig 7.) we remark that
we have small differences in the dynamics of kinetic and magnetic energies between the models
with and without neglected terms. We observe these differences for the linearization method with
A = 20 and for the Newton methods with A = 40. With the Newton procedure and At = 20 the
difference is smaller. In theory these terms are small consequently it is expected that the impact
of these terms is small when the numerical error (Time and linearization errors) is small. When
the error is larger (Linearization method with A = 20, Newton method with A = 40) the impact
of these terms is more important. However the impact of these additional terms on the stability,
conditioning and convergence issues is not clear and require additional studies for exemple when
the resistivity and viscosity are small.

5 Conclusion

In this paper, we have presented a rigorous analytical derivation of the reduced MHD models
implemented in the non-linear MHD code JOREK. Starting from the potential formulation of the
magnetic field vector and fluid velocity used in JOREK we obtain a few additional terms that
have been neglected in the code but might be relevant in the non-linear phase. We have also given
a proof of the conservation of total energy for this reduced MHD model if the additional terms
are taken into account. This is an important validation for the choices of the projections and the
assumptions of the derivation and an important basis for numerical stability analysis.

The second part of the paper is focused on the time solver of JOREK. The original method
used in JOREK for the time-stepping of the nonlinear system is a linearization solved iteratively
by GMRES with physics-based preconditioning. We have replaced this by the nonlinear inexact
Newton method in which the linear convergence accuracy of GMRES depends on the non-linear
convergence. Especially at the onset of non-linear saturation, large numerical errors can cause
numerical instabilities and prevent convergence. The non-linear time stepping reduces those errors
and consequently allows to use larger time steps as confirmed by numerical tests. We have also
implemented and tested an adaptive time stepping that works very efficiently with the Newton
method and allows to reduce computational costs. The Newton method is more robust than
the linearization method as it avoids certain numerical instabilities, is well suited for adaptive
time stepping, and allows to reduce computational costs in highly non-linear cases. The Newton
method is currently implemented for the single fluid reduced MHD equations in JOREK, and will
be extended to two-fluid terms and further extended models in the future.

27



References

1]

2]

3]

[4]

5]

6]

7]

18]

19]

[10]

[11]

[12]

[13]

[13]

[14]

[15]

[16]

[17]

B. Després, R. Sart Reduced resistive MHD in Tokamaks with general density, Mathemat-
ical Modelling and numerical analysis, 46, 1081-1106, (2012)

E. Deriaz, B. Després, G. Faccanoni, K. P. Gostaf, L. M. Imbert, G. Sadaka, R. Sart
Magnetic equations with FreeFem ++: the Grad-Shafranov equation and the Current Hole,
ESAIM : Proc. 32, 149-162, (2011)

B. Després, R. Sart Derivation of hierarchies of reduced MHD models in Tokamaks, sub-
mitted to Archive of Rational Mechanics and Analysis, preprint: http://hal.archives-
ouvertes.fr/docs/00/79/64/25/PDF /mhd _tout 12.pdf

R. S. Dembo, S. C. Eisenstat, T. Steihaug Inexact newton methods, SIAM J. Numer. Anal
19 (1982)

S. C. Eisenstat, H. F. Walker Globally convergent Inexact newton methods, SIAM J. Sci.
Stat. Comput., 6 (1985), pp 793-832

S. E. Kruger, C. C. Hegna, J. D. Callen Generalized reduced magnetohydrodynamic equa-
tions, physics of plasmas volume 5, number 12, 1998

G. T. A. Huysmans, O. Czarny MHD stability in X-point geometry: simulation of ELMs,
Nucl. Fusion 47 (2007) 659-666

L. Chacén, D. A. Knoll, J. M. Finn An implicit, nonlinear reduced resistive MHD solver,
JCP volume 178 issue 1, 2002

B. Phillip, L. Chacon, M. Pernice Implicit adaptive mesh refinement for 2D reduced resis-
tive Magnetohydrodynamics, JCP volume 227 issue 20, 2008

L. Chacon, D. A. Knoll A 2D high 8 hall MHD implicit nonlinear solver, JCP volume 188
issue 2, 2003

L. Chacon, An optimal, parallel, fully implicit Newton-Krylov solver for three-dimensional
viscoresistive magnetohydrodynamics, Physics of Plasmas vol 15 issue 5, 2008

L. Chacon, Scalable parallel implicit solver for 8D magnetohydrodynamics, Physics of
Physics, conference series, volume 125

S. K. Malapaka, B. Després, R. Sart Unconditionally stable numerical simulations of a
new generalized reduced resistive magnetohydrodynamics model, International Journal for
Numerical Methods in Fluids Volume 74, Issue 4, pages 2317249, 10 February 2014.

H. R. Strauss Reduced MHD in nearly potential magnetic fields, Journal of Plasma Physics
/ Volume 57 / Issue 01 / January 1997, pp 83-87

M Holzl, S Giinter, RP Wenninger, W-C Miiller, GTA Huysmans, K Lackner, I Krebs,
ASDEX Upgrade Team Reduced-magnetohydrodynamic simulations of toroidally and
poloidally localized edge localized modes, Physics of Plasmas, volume 19, 2007

G. T. A. Huysmans, O. Czarny, Bézier surfaces and finite elements for MHD simulations,
Journal of Computational Physics archive Volume 227 Issue 16, August, 2008, pages 7423-
7445

Marie Martin, Modélisations fluides pour les plasmas de fusion : approximation par €élé-
ments finis C1 de Bell, 2013.

H. Zohm, Edge localized modes (ELMs), 1996 Plasma Phys. Control. Fusion 38.

28



[18] PB Snyder, HR Wilson, JR Ferron, LL Lao, AW Leonard, TH Osborne, AD Turnbull, D
Mossessian, M Murakami, XQ Xu, Edge localized modes and the pedestal: A model based
on coupled peeling ballooning modes, Physics of Plasmas 9 (5), 2037-2043, 2002

29



le-05

le-10

le-15

normalized energy

1le-20

le-25

1e-30

|

Eg(n=0) ——
Eg(n=8) ——
E(n=0) ——
E,(n=8)

o

500

1000 1500 2000 2500 3000 3500
normalized time

le-05

le-10

le-15

normalized energy

1le-20

le-25

1e-30

Non convergence

o

500

1000 1500 2000 2500 3000 3500
normalized time

le-05

le-10

le-15

normalized energy

le-20

le-25

Non convergence

Eg(n=0) ——
Eg(n=8) ——
E(n=0) ——
E(n=8)

1 1 1 1 1

1e-30

o

500

1000 1500 2000 2500 3000 3500
normalized time

)

;

Eg(n=0) ——
Eg(n=8) ——
E(n=0) ——
E(n=8)

500

1000 1500 2000 2500 3000 3500

normalized time

L]

Eg(n=0) ——

Eg(n=8) ——

E(n=0) ——

E(n=8)
1

500

1000 1500 2000 2500 3000 3500

normalized time

AN

1

Eg(n=0) ——
Eg(n=8) ——
E,(n=0)
E(n=8)
1 1 1 1 1

1e-05

> le-10
o
[}
c
(7]

T 1le15
N
s
E
o

< le-20

1e-25

1le-30

0

1

le-05

> le-10
o
[}
c
(7]

T 1le15
N
3
E
[=]

< le-20

1e-25

1le-30

0

1

1e-05 [

5 lelo |

3 N

S r

c L

o L

T le1s5 |

N L

T L

g L

s r

< le-20 -

1e-25 [

1e30 L

0

500

1000 1500 2000 2500 3000 3500

normalized time

Figure 4: In the left Kinetic and Magnetic energies for Linearization method for At = 30, 40, 50.
In the left Kinetic and Magnetic energies for Newton method for At = 30, 40, 60
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Figure 6: In the left Kinetic and Magnetic energies for Linearization method for At = 20,25. In
the left Kinetic and Magnetic energies for Newton method for At = 20, 40
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Figure 7: Comparaison between the full model (model with neglected terms) and the model
without neglected terms. In the top and left results given by the Linearization method with
At = 20, in the top and right, results given by the Newton method with A¢ = 20 and in bottom
results given by the Newton method with At = 40.
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