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Plasma edge codes: STATE OF THE ART

B2
UEDGE

EDGE2D
EIRENE

kinetic Monte Carlo neutral codefluid codes

● Finite volume based: B2, UEDGE Ն1,2Շ.

● Finite difference based: EDGE2D Ն3Շ.

● Solution in the 2-dimensional poloidal plane.

● Fluid equations for Ion and electron.

● Diffusive/fluid equations for neutrals.

● For accurate description of neutrals Ն1Շ.

● B2 ֡ EIRENE ۄ SOLPS՞ITER today Ն4Շ. 
Widely used by many research groups.

● Sophisticated physics model.

Check out Oskar Lappi’s poster on “Parallel algorithms for Monte Carlo neutral particle transport solver”



What about FEM codes for edge plasma?

Structured quadrilateral and unstructured triangular mesh computed for JET in the divertor region (Fig. 1,2 [FEM7]).

● Development started in the late 1980s. Utilize benefits of finite element method:

○ Structured orthogonal quadrilateral in FVM, FDM ۄ difficult to capture wall geometry.

○ unstructured grids → realistic wall geometry representation → wall boundary conditions Ն8Շ.

○ easily apply sheath physics at the wall boundary - natural derivative type boundary conditions.



Did unstructured triangular mesh benefit edge plasma studies ?

● There are strict restrictions on the grid generation for edge plasma 
simulation due to strong anisotropy between the parallel and 
perpendicular transport.

● The grid must be aligned along the magnetic flux surfaces Ն6,7,8Շ 
→ could be triangular and non-orthogonal, but structured.

Poloidal cut view of the full axisymmetrical 
plasma edge region in a poloidal divertor 
tokamak (Fig.1 [6]) 

Typical structured (d–f) finite element meshes (Fig. 2 [6])



How does FEM compare to FVM, FDM discretization ?

● Finite element codes have also been 
coupled with kinetic Monte Carlo neutral 
model (FELS ֡ EIRENE) Ն6,9Շ.

● Good agreement have been found 
between the two schemes in edge plasma 
studies.

Comparison of steady state results across radial distance between FELS (solidlines) 
and B2 (opensquares) (Fig. 3 [6])



Current challenge is the computational time

● Irrespective of the discretization scheme, one of the current challenges of plasma edge 
simulation like in any high fidelity physics is the high computational time. To improve 
computational speeds:

○ UEDGE parallelization attempts Ն10Շ.

○ In SOLPS՞ITER, EIRENE is parallelized (but not B2.5).

○ BOUT֡֡ր a framework for parallel plasma fluid simulations. Finite difference based Ն11Շ.

● In recent times, focus of numerical codes have shifted towards not just parallelization but 
also on modularity and symbolic implementation frameworks.

● This makes it easier to work with multiphysics models: implementation, extension, 
modification.

● Sparselizard library is one such framework written in C֡֡. It is based on finite element 
method and is intended for high performance computing in multiphysics simulations [12].



Scope of the current project

● Build a new finite element solver for edge plasma using Sparselizard library. 

● Exploit the library’s scalable domain decomposition method for parallel running with the 
intention of reducing computational time.

Thermal expansion of an IC
֧10 millions DoFs
60 CPUs
֧10 minutes runtime

Modeling non-planar coils in a 
full-scale stellarator [13]

֧39.5 million DoFs
50 CPUs

֧5 minutes runtime 



Scrape of layer (SOL)

Stangeby, Peter C. The plasma boundary of magnetic fusion 
devices. Vol. 224. Philadelphia, Pennsylvania: Institute of Physics 
Pub., 2000.

Assumptions:

● one-dimensional

● Telectron ֟ Tion

● Quasineutrality: nelectron = nion

● Ambipolar outflow: (nv)electron = (nv)ion → velectron = vion

Results in a SINGLE SPECIES fluid equations.



Finite element framework

Any non-linear terms are Newton linearized in the implementation.

Step 1ր 
Normalize the plasma parameters.

Step 2ր 
The terms are expanded to change the 
conservative form of equations to 
non-conservative form.

Step 3ր 
The residual of the strong form is 
transformed into weak formulation.



1D isothermal fluid model



Self-consistent temperature

Stangeby, Peter C. The plasma boundary of magnetic fusion devices. Vol. 224. Philadelphia, Pennsylvania: Institute of Physics Pub., 2000.

Spitzer heat conduction



Convection in heat transfer mechanism

Heat transfer mechanism : convection only
Volumetric source          : uniform throughout the domain

● Include convection in the energy equation.

● Results compared against SD1Dր

○ It is a one-dimensional one-fluid SOL 
solver 

○ Built on the framework of BOUT֡֡ 
plasma simulation code (finite 
difference method).

○ Solves for Density (n), Momentum (nv) 
and Pressure (p).

○ SD1D is a transient solver.



Convection in heat transfer mechanism

Heat transfer mechanism : convection only
Volumetric source          : uniform and only in the first half of the domain

Heat transfer mechanism : convection + conduction
Volumetric source          : uniform throughout the domain



Self-consistent source: neutral diffusion and atomic physics

Depends on atomic process such as recombination, 
ionization, charge exchange, etc.

Include loss/sink terms arising from atomic process.



SUMMARY:
● Implementing a new single-fluid 1D SOL solver using Sparselizard library:

○ Verified against 1D isothermal model.

○ Self-consistent temperature verified against two-point model.

○ Comparison of result against SD1D for different configurations:

■ Conduction, convection, neutral diffusion and atomic physics.

FUTURE WORKր
● Improve the robustness of the code:

○ Identifying and fixing the cause of deviation in temperature profiles.

● Simulating a case of fully detached plasma conditions.

● Test cases to compare the computational performance of Sparselizard and UEDGE.

● Extending the implementation from: 

○ diffusive → fluid equations for neutral evolution.

○ 1-fluid model 2 ۄ-fluid model: separate equations for ions and electrons.

○ 1D 2 ۄD
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