INL/CON-20-58673-Revision-1

Continued Validation Studies
using the MOOSE
Framework for Plasma
Simulation with
Electromagnetics

October 2020

Casey T Icenhour, Corey DeChant, Alexander D Lindsay, David Green,
Steven Shannon

.

|daho National

|_(] oml‘ory INL is a U.S. Department of Energy National Laboratory operated by Battelle Energy Alliance, LLC



DISCLAIMER

This information was prepared as an account of work sponsored by an
agency of the U.S. Government. Neither the U.S. Government nor any
agency thereof, nor any of their employees, makes any warranty, expressed
or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness, of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately
owned rights. References herein to any specific commercial product,
process, or service by trade name, trade mark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation,
or favoring by the U.S. Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily state or reflect
those of the U.S. Government or any agency thereof.




INL/CON-20-58673-Revision-1

Continued Validation Studies using the MOOSE
Framework for Plasma Simulation with
Electromagnetics

Casey T Icenhour, Corey DeChant, Alexander D Lindsay, David Green, Steven
Shannon

October 2020

Idaho National Laboratory
Idaho Falls, Idaho 83415

http://www.inl.gov

Prepared for the
U.S. Department of Energy
Under DOE Idaho Operations Office
Contract DE-AC07-05ID14517



NC STATE UNIVERSITY

Continued Validation Studies using the
MOOSE Framework for Plasma Simulation

INL

Idaho National Laboratory

with Electromagnetics

Casey Icenhour'2) Corey DeChant!, Alexander Lindsay?,
David Green3, Steven Shannon'

October 7, 2020
731 APS Gaseous Electronics Conference

OAK
RIDGE *

National Laboratory

1. North Carolina State University, Raleigh, NC, USA
2. Idaho National Laboratory, Idaho Falls, ID, USA
3. Oak Ridge National Laboratory, Oak Ridge, TN, USA




NC STATE UNIVERSITY

Outline

* Free and Open Source Software (FOSS) Multiphysics for LTP research > MOOSE
Framework

— Electromagnetics Library for Kinetics and fluids (ELK)
— Zapdos + CRANE (plasma fluids and plasma chemistry reaction networks)
« Zapdos/ELK Coupling and Improvements
» Electrostatic Verification & Validation for 1D/2D CCPs
*  Future Work
— Electromagnetic CCP Simulation using Zapdos
— Spark Plasma Sintering (SPS) using MOOSE thermo-mechanical models
* Summary / Acknowledgements
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Why FOSS? Why MOOSE?

. Free (as in no license fees)

. Free (as in freedom — all code is open, inspectable, and
modifiable)

. Collaborative by nature
. Community focused

MOOSE

. Originally used for nuclear energy reactor research
(neutronics, fluids, heat conduction) - Multi-scale Multi-
physics [1]

. Modularity of code structure > extensible and
maintainable

. NQA-1 certified development process for code quality and
testing (vital for acceptance in nuclear certification)

. Demonstrated scalability to over 30K+ CPU cores [2]

. Already-established and vibrant community ecosystem https://github.com/idaholab/moose/blob/next/modules/heat_

conduction/test/tests/joule_heating/transient_jouleheating.i

[1] C. Permann et al. “MOOSE: Enabling massively parallel multiphysics simulation.” SoftwareX 11 (100430). 2020. 3
[2] F. Kong et al. "A General-Purpose Hierarchical Mesh Partitioning Method with Node Balancing Strategies for Large-Scale Numerical Simulations." 2018 IEEE/ACM scalA. (2018)
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MOOSE + Apps Structure

PETSc libMesh
Solver and Preconditioning Mesh I/0O, FE basis functions,
System etc.

”The MOOSE Herd”

CRANE [1] Zapdos [2] ELK (fluid dynamics,
Plasma Chemical Plasma fluid Electromagnetic materials science,
Reactions asma TiUids Solver seismic analysis,
etc....)
[1] Keniley et al. APS GEC. Presentation. (2019) 4

[2] Lindsay et al. J. Phys. D: Appl. Phys. 49(23) 235204 (2016)
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Electromagnetics Library for Kinetics and fluids (ELK)

* Ageneral purpose electrostatic/electromagnetic solver tool within the MOOSE ecosystem.
* Base physics — Maxwell’'s Equations (in Helmholtz wave equation form)
«  MOOSE Framework allows for coupling to other domains of physics and engineering
— Heat Transfer
— Materials Science
— Chemistry
— Fluid Dynamics
« What does this enable? Self-consistent multiphysics + EM modeling within MOOSE
— Microwave Plasma Discharges
— Wave Propagation Studies
— Advanced Manufacturing Simulation
— Next-generation reactor component design (molten liquid flow)
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ELK Base Physics Overview

B )
UV xE = _8_ (Faraday’s Law)
ot
VxH= 8_D +J (Maxwell-Ampere Law)
ot
V-D=p (Gauss’s Law)
V-B=0

(Gauss’s Law — magnetic)
dp
V-J = ot (Continuity Equation)
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ELK Base Physics Overview
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ELK Base Physics Overview
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ELK Base Physics Overview
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ELK Base Physics Overview
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Constitutive Relations VX (ZV 8 H) —wrH =V X (ZJ>
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Zapdos Plasma System of Equations (current, electrostatic)
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Zapdos Plasma System of Equations (current, electrostatic)
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Simplified Code Coupling Scheme (Single Input File)

/ Zapdos
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Initial Electrostatic Validation & Verification

*  Following the simulation approach of Economou and
Lymberopoulos [1, 2]

— Argon discharge (e, ions, metastables)
— press. = 100 mTorr

— freq. = 13.56 MHz

— Vpp =100V (single powered electrode)

*  Previous 1D / 2D electrostatic results using only Zapdos
showed very good agreement with the original work and
serve as the basis for cross-code comparisons [3, 4]

* ELK + Zapdos can duplicate 1D results with similar
runtime (without acceleration) and qualitative agreement.

— Te (Bulk) =~4 eV
— n (center) = 5.5e9 cm
— |E]| (center) =0.477 VV/cm
*  More work needs to be done to finalize and formalize
these comparisons

/ Toul
Insul ¢
nsulator PP wall 10.16 em

Bottom
electrode

—
T 508cm
5.23cm

5.38cm

10.16 em

Electron Temp. (eV)
— N W N OO N ®

00 0.1 02 03 04 050607 0809 1

Dimensionless Position

[1] Lymberopoulos DP and Economou DJ, “Modeling and simulation of glow discharge plasma reactors,” J. Vac. Sci. Technol. A 73 1229 (1994)
[2] Lymberopolous DP and Economou DJ, “Two-dimensional Self-Consistent Radio Frequency Plasma Simulations Relevant to the Gaseous Electronics Conference RF Reference

Cell,” J. Res. Natl. Inst. Stand. Technol. 100 473 (1995)
[3] DeChant C et al, APS GEC. Presentation. (2019)
[4] DeChant C et al, APS GEC. Presentation. (2020)
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Future Work — Electromagnetic Plans

« Electromagnetic effects in CCPs with high frequencies
— Relevant to the plasma processing industry
— f>» 1356 MHz, f - w,

— Plasma nonuniformities (ion fluxes, changing energy distribution
functions)

— Standing Waves
— Surface Waves
— Skin / Edge Effects

10
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Ongoing Work — Spark Plasma Sintering (SPS

Potential E-Field Magnitude

+ SPS is a manufacturing process that involves Electrostatic
forming a solid mass from a metallic powder via potential and
Joule heating and pressure, without heating the electric field
material to a molten state. calculation in

+  ELK, combined with a heat conduction module experimental
provided by MOOSE, is being used to solve the graphite die
engineering scale electro-thermal problem geometry
Cmﬂ;‘g \ Spark PlasmahSIv:tarlng (SPS) Time: 3.35s
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Figure: Yang K., et al. “Tuning Electrical Properties of Carbon Nanotubes via Spark Plasma Sintering.” In:
Bhushan B. (eds) Encyclopedia of Nanotechnology. Springer, Dordrecht (2015)
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Summary

« FOSS projects can enable large, collaborative efforts within the LTP
community to push the field forward.

« Established multiphysics projects, such as MOOSE, allow a jumping off
point from a rigorous, proven platform that can run on workstations and
supercomputers.

« Zapdos and ELK for plasma fluids and electromagnetics have been coupled

to enable the addition of fully electromagnetic plasma simulation capabilities
to the MOOSE ecosystem

 Initial validation of the coupling framework for 1D electrostatic problems has
been promising, and the move to 2D and electromagnetic sample problems
is on-going.

12
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62nd Annual Meeting of the APS Division of Plasma Physics
Monday-Friday, November 9-13, 2020; Remote; Time Zone: Central Standard Time, USA

Session Index

Session NM10: Mini-Conference on Growing An Open Source Software Ecosystem For Plasma
Science |l

 Wednesday, November 11, 2020
e 9:30AM —12:30PM CST

14
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