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1. MOTIVATION
• Refueling future tokamak and stellarator reactors will likely

be based on cryogenic pellet Injection
• Pellet injection is well-studied in tokamaks, however the pellet-

supplied density transport is less well understood in stellara-
tors, where core fueling works better than predicted [2, 3]

• Theory suggests that the expansion of the pellet ablation
cloud - the "plasmoid" - is accompanied by significant electron-
ion energy transfer. [4]

• Previously, available numerical tools could not capture the
3D physics with sufficient spatial and temporal resolution
while covering the timescales of the key physical effects in
stellarators

• Recently the stellarator extension of the JOREK non-linear
3D MHD code has been developed [5], which can be used
to bridge this gap

2. REDUCED MHD
The JOREK fluid model is based on the following coupled MHD
equations:

∂tρ +∇ · (ρv⃗) = ∇ · (D∇ρ) + Sρ, Continuity Eq.
∂tp + v⃗ · ∇p + γp∇ · v⃗ = ∇ · (κ∇T ) + Sp, Energy Eq.
ρ∂tv⃗ + ρv⃗ · ∇v⃗ +∇p = j⃗ × B⃗ +∇ · (ν∇v⃗), Eq. of Motion
∂tB⃗ = −∇× E⃗, Faraday’s Law
∇× B⃗ = µ0J⃗ , Ampere’s Law
∇ · B⃗ = 0 Gauss’s Law
ηJ⃗ = E⃗ + v⃗ × B⃗ Ohm’s Law

Due to the numerical complexity of 3D non-linear full MHD
simulations, it is useful to reduce the simulated physics to cover
longer time scales in realistic stellarator geometries [5].
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From∇·v⃗E×B ∼ ∇·(∇Φ×∇χ) = ∇χ·(∇×∇Φ)−∇Φ·(∇×∇χ) = 0

this term eliminates the radial flow compression and thus the
propagation of the fast magneto-sonic wave.
The plasma current and vorticity can then be directly calculated
from j = △∗ψ and ω = △⊥Φ, where △∗ = B−2

v ∇ · (B2
v∇⊥ and

△⊥ = ∇ · ∇⊥.. For the 2 temperature model, this reduces the
time evolved quantities from 9 to 6 (ψ,Φ, v∥, ρ, Ti, Te), reducing
the memory and compute requirements.
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3. VALIDATION OF THE PELLET
EXPANSION WITH THEORY
The parallel expansion must first be validated to enable the
study of perpendicular pellet dynamics, as the drifts strongly
depend on the local temperature and density evolution. In this
context, the analytical solution for the 1D expansion of a pellet-
produced plasmoid along a field line, as presented by Aleynikov
et al. [4, 6], is used for validation.

• plasmoid and plasma temperature ramped up linearly
• Heating rate chosen as the Maxwellian eq. time τ eeT
• Artificially damped drifts
• Tokamak model (for now)
• W7-X-like pellet size [2]

4. INITIAL STELLARATOR PELLET
SIMULATIONS
First pellet-produced plasmoid simulations in a Wendelstein 7-A-
like stellarator were done using parallel conductive heating. For
this, typical values for W7-A were chosen (ne = 7.5× 1019m−3)
with a relatively low temperature on-axis (500 eV), such that the
heat conductivity is still well-described by the Braginskii con-
ductivity.

5. NONLOCAL HEATING
For a typical pellet injected into the plasma (e.g. Te ≈ 500 −
5000 eV for W7-X) the parallel heating depends on the the mean
free path of the ambient electrons inside the pellet-produced
plasmoid, which scales as

λe =
T 2
e

ln(Λ)nee4
∝ T 2

e

ne
.

Comparing the attenuation of ambient particles in the plasmoid
for Te = 500 eV and 5 keV.

For temperatures near the plasma edge Te ≈ 500 eV is still well
described by the Spitzer-Härm heat conductivity

qe∥ = −κe∥∇∥Te, κe∥ = 3.16
neTeτe
me

.

However, the parallel conductive heating model does not cap-
ture the nonlocal nature of the transparent plasmoid regime
under the considered plasma conditions, where Te ≈ 5 keV and
ne ≈ 1020 m−3.

The key properties for a more accurate heating scheme are:

• Nonlocal
• Global energy conservation
• Low computational cost

Several methods exist for incorporating a nonlocal heating
model. Two options are shown here:

1. Rozhanskij [7] nonlocal heating model, adapted from
Luciani, Mora and Virmont (LMV) [8].

qeLMV(x) =

ˆ
dx′qe∥(x

′)w(x, x′),

w(x, x′) =
1

2λeff(x′)
exp

[
−
∣∣´ x
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′′n(x′′)
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λeff(x′)ne(x′)

]
,

λeff(x
′) = a

√
Z + 1λe(x

′).

Here a is a numerical factor and was matched to Fokker-Planck
simulations to a = 32 by LMV [8] to account for the dispropor-
tional influence of the faster particles on the nonlocal heating.

2. Flux surface average heating (Our approach):

qe(x) =
3

2

ne(x)(⟨Te⟩ψ − Te(x))

τ e,eT (T∞
e )

For energy conservation we need

⟨Te⟩ψ =

‚
ψ dAn(x⃗)Te(x⃗)‚

ψ dAn(x⃗)
.

6. OUTLOOK
• Development of a reliable nonlocal heating model for pellet simulation in stellarators and tokamaks
• Studies of how the plasma drifts affect the evolution of the pellet ablation cloud
• Comparison of pellet-induced plasmoid dynamics in tokamak and stellarator geometries
• The goal is to develop a model capable of explaining pellet fueling in Wendelstein 7-X, including the deposition profile and

accurately accounting for energy balance


