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Motivation for a reacting plasma-neutral fluid model

¥ Goal of providing a computationally tractable model that captures
the primary effects of plasma-neutral fluid interaction.

¥ Use the established NIMROD code as a platform for
Implementation, verification, and collaboration.

¥ Many application areas of interest to fusion science, including:
Pl Startup in pulsed experiments
Pl Plasma-wall interaction
Bl Charge exchange transport
Pl Tokamak boundary
Bl Gas / pellet refueling

Bl Massive Gas Injection disruption mitigation for DIII-D, NSTX, ITER
E! Expand this model to an impurity species, see works by V.A. Izzo et al.*
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Model to simulate plasma neutral interactions

¥ Physical model is a generalization of Braginskii*.
¥ Neutral «=» (lon + Electron) conversion is allowed.

¥ lonization, recombination, and charge exchange
collisions are included:

e +n — iT+2e — dion
e” +it — n4+ hv
iT+n — n+it
¥ Further Assumptions:
-1 Only single ionization
-1 No bound excited states

-1 Effective ionization energy included
- Optically thin plasma / neutral fluid
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Fluid model requires moments of the collision operator

¥ Derived from the Boltzmann equation for each species
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Bl C3eatreact is the sum of all scattering, reacting collisions on species !
Pl Elastic Ci”,Ciie,Cii”,...
Bl Reacting CiiO”,CireC,CiCX,...

¥ Moments are required for the fluid equation
Bl For example, the recombination rate is obtained from the 0" moment

Pl Assume high electron thermal speed compared to the bulk fluid speed
and ion thermal speed
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The plasma-neutral fluid model is computationally
tractable and captures important physics

Model derived by Meier and Shumlak*
Fluid effects of plasma-neutral interaction are captured.

Mass, momentum, and energy are conserved.

K K K K

High collisionality is assumed.

B In many interesting cases, a hot, low density (low collisionality) neutral
population may play an important role.

B Fluid models are often surprisingly useful even when collisionality
requirements are not met (e.g. resistive MHD).

¥ Simplistic closures are used for viscous flux and heat
flux.

¥ Plasma-neutral model tested in HiFI.
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Conservative resistive Hall-MHD equations

Continuity r "#Hvd %0
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Fixed neutral fluid background

¥ Specification of a static (v, = 0), time-invariant neutral fluid creates
source terms on the plasma fluid equations.

¥ Plasma will ionize, lose energy, cool, and eventually burn out.

on :
E! r "#Hv$ %C" & C* lonization / Recombination

gt(minv) + V- (mjnvv + pll 4 1)
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C - Density production rate

R - Frictional force
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Fixed neutral fluid background

¥ Specification of a static (v, = 0), time-invariant neutral fluid creates
source terms on the plasma fluid equations.

¥ Plasma will ionize neutrals, lose energy, cool, and eventually burn

out.
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Q - Collisional heat exchange
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Static neutral fluid

¥ Addition of a neutral fluid mass continuity equation (v, = 0).
Bl Requires an initial condition on n;, ",
¥ Same couplings appear as before on the plasma equations.

¥ Neutral species can be depleted during the course of a simulation.
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Dynamic neutral fluid

¥ Additional momentum and energy equation for neutral fluid.

Bl Dynamic neutral fluid requires initial and boundary conditions.
¥ New terms in plasma fluid arise from v, # O (see previous slides).
¥ Adds multiple new timescales to the system.
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Implementation on NIMROD code

¥ Began preliminary work identifying necessary additions /
modifications to the NIMROD code (nimdevel).

¥ Looking at the implementation by V.A. I1zzo et al. of multi-level
impurity ionization coupled to KPRAD physics.

¥ Wil need to create:
Bl data structures for storing the neutral fluid variables
Bl coupling / source terms to plasma equations

Bl subroutines for applying the neutral fluid equation boundary conditions
and time-advance physics.

¥ Subroutines to create / modify:
adv_#.f90  subroutines to advance the neutral species
int_#.f90 subroutines to form the RHS and 3D matrix-vector operator
boundary comps.F90 routines for specifying the boundary conditions
boundary_utils.f90 routines for calling the boundary conditions

ce any
2y,

Y
Y7
a

UNIVERSITY of \ )
WASHINGTON b



Summary

¥ Implementing a reacting plasma-neutral model in the NIMROD
code to capture significant fluid effects in experiment-scale
simulations.

¥ Based on generalization of Braginiskii formulation, assuming a
high-collisionality regime, limited to a single level of ionization
without bound electron excitation.

¥ Phased development planned that first couples plasma to a fixed
neutral background, then sequentially adds dynamic neutral fluid
governing equations.

¥ Wil be implemented on the NIMROD code, an established and
widely used framework for fusion plasma simulation.
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