1 The current diffusion equation

The equation for the magnetic flux diffusion in tokamaks, generally called the
current diffusion equation (CDE), reads [I]
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where ¢ is the poloidal magnetic flux and x is a normalized flux coordinate,
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® is the toroidal magnetic flux, p; is p at the last closed flux surface (i.e. z = 1),
V' =0V/dp. {-) corresponds to flux-averaging:
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After using
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the equation can be written as
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1.1 Boundary conditions
On the magnetic axis we have (from the geometry)
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On the plasma boundary (z = 1), the most common boundary condition is a
prescribed total plasma current
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In case of free-boundary equilibrium simulations, the plasma current is no longer
prescribed. Hence different boundary conditions must be used. As the magnetic
flux must be consistent in the transport and equilibrium equations, the natural
boundary condition (at = 1) would be
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This is similar to prescribing the loop voltage in fixed boundary simulation,
which is known to be prone to numerical errors. For this reason, we have
derived two different boundary conditions for FBE simulations. The first one
follows from and using Lil, = ¢y — 11. This allows us to calculate an I,
predictor, which enforces the v consistency:
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which is then used in . The second possibility is similar to the approach in
DINA []:
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2 Equilibrium
MHD equilibrium is described by the Grad-Shafranov equation
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On the diffusion time scale, this equation is valid for every time instant. On
the right-hand side appears p’ (¥)—the pressure gradient—and FF’ (1). p’ can
be calculated from p(z) and 99 /dz. The calculation of FF’ is more difficult.
One possibility, which is currently used in CRONOS and ETS-C, is averaging
the G-S equation. One obtains
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The average current term can be calculated as
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Since the current density is generally continuous, it follows that
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3 (Numerical) challenges

1. Boundary conditions

2. Noise from the G-S equation



3. Geometric coefficients smoothness
4. Calculation of (j,/R) using g%’
5. Possible interplay in FF’ and G-S calculation

Neumann and Robin boundary conditions are not straightforward
in a finite difference solver. On top of that, the solution does not carry the
information about the derivatives (an additional bookkeeping is required).

FBE solvers tend to use rather coarse calculation meshes because of the
complexity and non-linearity of the problem. The results is typically a numerical
noise in 1, and geometric coefficients.

This also implies that the geometric coefficients does not have to be smooth
enough (C1). This is of course a problem in the calculation of (j,/R) as well as
in the CDE.

We have to use some kind of smooth interpolation or approximation of v (x)
in order to calculate gi}é’ Splines under tension are typically used in CRONOS.
This means that (1) it is only an approximation, (2) oscillations can (and actu-

ally do) appear near x = 1 (even if the exact value of %’ is provided).
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The FF’ calculation takes place in the transport—equilibriim iteration scheme.
Since the averaged G-S equation contains geometric coefficients, there can be
an interplay, which might lead to an instability. This is most recently discussed
in [2].

4 A finite elements method approach
4.1 A brief overview
Assume a general partial differential equation (PDE)
Lf—g=0 (15)

with boundary conditions
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The Galerkin finite elements method (FEM) solves this problem in a weak form
by integrating by parts the following equation:
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Here, ¢; are the finite elements, which are basis functions with finite support,
and the function f is discretized as
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The integration by parts has an important property: it can remove deriva-
tives in L, i.e. in the coefficients that appear in the original equations, as
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These derivatives are often directly unknown and are calculated from interpo-
lations or approximations.

4.2 Hermite elements
1D Hermite elements are polynomials H; (§;), for which
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where & = (z — x;) /hi, =1 < £ < 1 is a normalized coordinate, the superscript
(k) denotes the k' derivative and & is the Kronecker symbol. As such, the
coeflicients Fj; in the finite element representation of a function f,
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are directly the values of the ;' derivatives of f at a mesh point i. (Two

indices are used for being more explicit; a renumbering to a single index is
straightforward.)
Cubic Hermite elements can be expressed as
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(Note that the scaling factor h; must be properly defined for Hj.)

4.3 Implications for CDE + G-S
Advantages:
1. Boundary conditions on derivatives are more natural (similar to Dirichlet).

2. The solution, i.e. 1, is C! (using cubic Hermite elements). 1 (z) and
¥’ (2) is directly known for any x.

3. Some possibly noisy derivative terms from CDE can be eliminated.

4. Perhaps, a finite element G-S solver (CEDRES++) might use p and F?
instead of p’ and FF’.

Drawbacks:
1. FEM is somewhat more complex to implement.

2. For the integration, the equation coefficients should be given as functions.
Spline interpolants are supposedly well suited.



4.4 B-spline elements

Another possibility for the FE basis are B-splines. In [3], cubic B-splines are
used for the current diffusion equation. Note that the cubic B-spline basis
features a C? solution.

5 FEM solver specifications

We propose to implement a FEM solver for a generic diffusion-advection equa-
tion, defined as
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where y = y (¢,2) is the unknown quantity, «; (¢, x), 5; (t, ) are known coeffi-
cients and 0 < x < 1. The boundary conditions are
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and the initial condition is

y (t = to, ) = yo. (27)

The coefficients will be provided on a set of x points. The FEM solver will
be responsible for an appropriate interpolation of the coefficients.

5.1 Current diffusion coefficients

For the current diffusion equation , the coefficients are

o] = 1
— g2
Qo = —92
27 hooypian
Q3 = 1
Qg = 1
a5 = 0 ) (28)
_ g2 0 Vigs x dp1 z dBg
Qg = poo| pIg1 O |:1I1( F >:| + p1 dt + 2By dt
a7 = 1
— _Bo ;.
ﬁl - gHFgljm
p2 =0



References

[1] J.F. Artaud, V. Basiuk, F. Imbeaux, M. Schneider, J. Garcia, G. Giruzzi,
P. Huynh, T. Aniel, F. Albajar, J.M. An, A. Bcoulet, C. Bourdelle,
A. Casati, L. Colas, J. Decker, R. Dumont, L.G. Eriksson, X. Garbet,
R. Guirlet, P. Hertout, G.T. Hoang, W. Houlberg, G. Huysmans, E. Joffrin,
S.H. Kim, F. Kchl, J. Lister, X. Litaudon, P. Maget, R. Masset, B. Pgouri,
Y. Peysson, P. Thomas, E. Tsitrone, and F. Turco. The cronos suite of codes
for integrated tokamak modelling. Nuclear Fusion, 50(4):043001, 2010.

[2] E. Fable, C. Angioni, A. A. Ivanov, K. Lackner, O. Maj, S. Yu, Medvedev,
G. Pautasso, and G. V. Pereverzev. A stable scheme for computation of
coupled transport and equilibrium equations in tokamaks. Nuclear Fusion,

53(3):033002, 2013.

[3] F. Felici, O. Sauter, S. Coda, B. P. Duval, T. P. Goodman, J. M. Moret,
J. L. Paley, and TCV Team. Real-time physics-model-based simulation of
the current density profile in tokamak plasmas. Nuclear Fusion, 51(8), 2011.

[4] R. R. Khayrutdinov and V. E. Lukash. Studies of plasma equilibrium and
transport in a tokamak fusion device with the inverse-variable technique.
Journal of Computational Physics, 109(2):193-201, 1993.



	The current diffusion equation
	Boundary conditions

	Equilibrium
	(Numerical) challenges
	A finite elements method approach
	A brief overview
	Hermite elements
	Implications for CDE + G-S
	B-spline elements

	FEM solver specifications
	Current diffusion coefficients


