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Abstract

BOUT++ turbulence simulations are conducted for a 60s steady-state long pulse high pp
EAST grassy ELM discharge. BOUT++ linear simulations show that the unstable mode
spectrum covers a range of toroidal mode numbers from low-n (n=10~15) peeling-ballooning
modes (P-B) to high-n (n=40~80) drift-Alfvén instabilities. Nonlinear simulations show that
the ELM crash is triggered by low-n peeling modes and fluctuation is generated at the peak
pressure gradient position and radially spread outward into the Scrape-Off-Layer (SOL), even
though the drift-Alfvén instabilities dominate the linear growth phase. However, drift-Alfvén
turbulence delays the onset of the grassy ELM and enhances the energy loss with the fluctuation
extending to pedestal top region. Simulations further show that if the peeling drive is removed,
the fluctuation amplitude drops by an order of magnitude and the ELM crashes disappear. The
divertor heat flux width is ~2 times larger than the estimates based on the HD model and the
Eich’s ITPA multi-tokamak scaling (or empirical Eich scaling) due to the strong radial

turbulence transport.
1. Introduction

Simultaneous control of large Edge-Localized-Modes (ELMs) and resulting high divertor
heat loads in H-mode plasma is crucial for steady-state operation of a tokamak fusion reactor!"),
The grassy ELMs, one of small ELMs, are characterized by a high frequency and spatially
localized quasi-periodic collapse in the bottom of pedestal near the separatrix>*!. The peak heat
fluxes on the divertor target plate for grassy ELMs are reduced by more than 90% as compared
to type-1 ELMs!. Recent experiments, from ASDEX Upgrade (AUG), DIII-D, EAST, and
TCV, show that small ELM regimes have the following desired features: (1) good energy
confinement; (2) divertor heat flux comparable with Type-I inter-ELM level; (3) significantly
broadening of divertor heat flux profile; (4) quasi-continuous particle and power exhaust to the
divertors. H-mode plasma regimes with small ELMs compatible with high density, high
confinement, and power exhaust compatible H-mode regimes with small ELMs have been
achieved in TCV and ASDEX Upgradel®. The Quasi-Continuous Exhaust (QCE) regime in
ASDEX Upgrade is observed with enhanced filamentary transport due to small type-11 ELMs



and significantly broadened power fall-off length 4, (by a factor up to 4), by operation with

(681 JOREK simulations have successfully reproduced type-I ELM cycles

increasing fueling
and the QCE regime in AUG™. Recent DIII-D grassy ELM experiments show a consistent
divertor heat flux width broadening and peak amplitude reduction. From the inter-ELM phase
to the grassy ELM phase with Resonant Magnetic Perturbations (RMP) 3D fields, the width on
the inner divertor target increases about 2 times with low RMP current [rmp=1950kA and about
4 times with high Ipup=2450kA!'*' The grassy-ELMs exhibit a reduced peak heat flux to the
divertor similar to the inter-ELM heat flux with good confinement. Since 2016, a high
confinement performance grassy-ELM H-mode regime has been achieved in EAST. Heat
fluxes of the grassy ELMs are found to be only 1/20™ - 1/10™ of those with large Type-I ELMs
and they are comparable with inter-ELM levels!Y. BOUT++ simulations for DIII-D, EAST,
ITER and CFETR show consistent trends and demonstrate consistent divertor heat flux width
broadening and peak amplitude reduction in the grassy ELM regimes!'>'%. A 60s steady-state
long pulse high fp EAST grassy ELM discharge has been achieved with high performance in
201917, Therefore, H-mode plasma regimes with small ELMs offers a potential solution to
future reactor power exhaust as it features many aspects required for the operation of future
fusion reactors and has been proposed as the primary ELM-mitigation solution for the Chinese
Fusion Engineering Test Reactor (CFETR)!'®!,

Even though substantial progresses have made in the access conditions of this small/grassy
ELM regime for some tokamaks, such as EAST and DIII-D, the grassy ELM experiments for
other tokamaks are not yet available and a detailed physics understanding on the underlying
mechanism is important. Whether the grassy ELM regime could be accessed and its
compatibility with stationary operations in future fusion reactors is still uncertain, further
investigation is required.

In order to investigate the characteristics of the grassy ELM and its impact on the divertor
heat flux width, BOUT++ turbulence simulations are conducted for a 60s steady-state long
pulse high Bp grassy ELM discharge with shot #090949 for EAST. The main parameters for
this shot are close to the steady state scenario with Q>5 in CFETR Phase 2 performance. The
simulation for understanding the physics of this shot is very important for future development
of long pulse steady state scenarios for future tokamak reactors. In this study, pedestal linear
stability analysis is performed with both ELITE code® and BOUT++ turbulence code", and
the nonlinear dynamics and divertor heat flux width are calculated by BOUT++ six-field
turbulence code®?*!. The paper is organized as follows. Section 2 contains a description of
simulation settings. The simulation results of characteristics of grassy ELMs for EAST

#090949 shot are shown in Section 3, including (1) linear MHD stability analysis, (2)



characterization of ELM nonlinear dynamics, and (3) impact of Peeling-Ballooning (P-B) mode
and drift-Alfvén mode on the grassy ELMs. Section 4 shows the divertor heat flux width and a
summary of the results is given in Sec. 5.

2. Equilibria for the EAST high-B, long-pulse experiment and simulation
settings

The plasma profiles used in this work are based on the experimental measurement from
EAST high-B, long-pulse discharge with upper single null divertor configuration. The

#231 with the constraints of

equilibrium is reconstructed using the kinetic EFIT code!
experimentally measured total pressure profile and flux surface averaged toroidal current
density profile with bootstrap current jgs dominated in the pedestal region. The simulations
include the plasma edge, the Scrape-Off-Layer (SOL) region and private flux region (PFR).
The simulation domain is shown in Fig. 1, which ranges from normalized poloidal flux ¥, =
0.8 to Y, = 1.1, where ¥, = 1.0 is the magnetic separatrix as shown by the red curve in Fig.
1. The spatial resolution of the grid generated from the equilibrium file (EFIT g-file) is 260
radial grid points and 64 poloidal grid points. In the poloidal direction, there are 4 grid points
for each divertor leg region from x-point to the divertor plate and 56 grid points for the main

plasma region above the x-point. In the toroidal direction, we only simulate one-fifth of the

torus for the nonlinear simulations.
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Fig 1. Magnetic geometry and grid for BOUT-++ simulation.

The detailed main plasma parameters are shown in table 1 with shot numbers #090949.
According to the existing tokamak experiments, this parameter space overlaps with that of the
grassy-ELM regime. Key parameters of this discharge are summarized in table 1. The duration
of this discharge is last for 60s with high grassy ELM frequency frim ~ 1kHz, high poloidal
beta f,~2, high edge safety factor qos~7, high bootstrap current fraction fps~45% and



improved confinement performance Hosy,=1.3. The ratio between central-line-averaged density
and Greenwald density is n,/ngy~0.8 with a high-density ratio between separatrix and
pedestal top Mg sep/Nepea~0.53. This shot is radio frequency (RF) heated only fully non-
inductive with high density and collisionality. The radial equilibrium profiles of pressure and
current density for this shot are shown in Fig. 2(a). The initial plasma profiles inside the
separatrix of the shot used in these simulations are taken from fits of a modified tanh function!®®!
to experimental data, mapped onto a radial coordinate of normalized poloidal magnetic flux.
For purposes of studying pedestal turbulence, the initial profiles for y,, > 1.0 extend smoothly
into the SOL region with small constant gradient, which is close to 0. Therefore, in this paper,
the SOL plasma profile gradient impact on the grassy ELM is ignored. The flux-limited parallel
thermal transport is implemented in the simulations. The initial plasma profiles of density and
temperature in the simulations are shown in Fig. 2(b). The difference of ion density n; and
electron density n, is noticeable from the experimental data, as shown by the blue and red
lines in Fig. 2(b). Therefore, the impurity effect is included in the model with n, = n; +
NimpZimp> Where the Z;,, = 6 is used in the code. Note that, in the simulations, impurity is
just used in plasma equilibrium to ensure that the quasi-neutrality constraint is satisfied, but the
impurity fluctuation is neglected. The ion temperature is assumed equaled to electron
temperature in this simulation. Note that the influence of ion vs electron temperature in the
pedestal for linear stability is not significant, which has been shown by the reference!*” with
ELITE.

In order to understand the ideal MHD instability for grassy ELM, linear simulations are
performed with both ELITEP” and BOUT++ two-fluid three-field turbulence code"!. The
detail results are shown in next section 3.1. To calculate the edge plasma transport and divertor
heat flux width, BOUT++ two-fluid six-field turbulence code®**! is used to evolve the
perturbations of vorticity @, ion density n;, ion and electron temperature T; and T,, ion
parallel velocity V}; and parallel magnetic vector potential A;. In this model, all the variables
can be written as F = Fo + F;, where Fy represents for a particular variable and F, is the
corresponding perturbed component. The equilibrium part of the variables Fy is from
experimental measurements, such as g-file and p-file, it keeps unchanged; while the fluctuation
part of profiles F; evolves self-consistently which modifies the total profile F. In the simulations,
sheath boundary conditions are imposed on the divertor targets. Neumann boundary condition
is applied on inner radial boundary while Dirichlet boundary condition for outer radial
boundary. For the core region, twist-shift periodic boundary condition is set in y direction and
periodic boundary condition is used in toroidal direction. More detailed settings can be found

in previous papers®®..



Table 1 The most important parameters feature EAST shot #090949.

shot feLm Hosy2 :Bp .BN fBS qos Ne /nGW Neped /nGW N, sep /ne,ped
#090949 | ~1kHz 1.3 2.0 1.6 45% 7 0.8 0.52 0.53
7r 10.8 800
6F
{06 ~ 600} o
5t € > £
5 4l E 2 5
o < = L T
2 4 0.4 s 3 400 =
o S G
L 2 =
2 0272 2500} &
1r e
op @ A . . 190 ok (®) R . . R A 05
0.80 0.85 0.90 0.95 1.00 0.80 0.85 0.90 0.95 1.00 1.05 1.1%
Vn Yn

Fig 2. Plasma profiles for BOUT-++ simulation: (a) the pressure (black) and current density (red)
profiles; (b) ion density (blue), electron density (red) and temperature (black) profiles with
Ti = Te.

3. Characteristics of Grassy ELM for EAST shot #090949

3.1 Linear MHD stability analysis
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Fig 3. Normalized linear growth rate vs toroidal mode number for various physics models. The
blue curve is from ELITE code and the black, red and green curves from BOUT++. The black
curve is for ideal MHD, while the red curve is for ideal MHD with drift-Alfvén instability and

the green curve is for drift-Alfvén instability without peeling instability.

In order to determine the dominated linear instability drive for the grassy ELMs, we first
focus on linear simulations by turning off the nonlinear terms in 3-field turbulence code. The
linear simulations start from small initial perturbations with random phases. Fig. 3 shows the

toroidal mode number spectrum of the linear growth rate. The horizontal axis is the toroidal



mode number, and the vertical axis is the mode growth rate normalized by the Alfven frequency
Bo

Ro./Honm;

show that perturbations first grow up around the location of the peak gradient of pedestal

at the magnetic axis, wy = . BOUT++ linear simulations with ideal MHD instability

pressure at the outer-mid plane and the most unstable toroidal mode numbers in the range of
n=10-15 with characteristics of peeling-ballooning modes as shown by the black curve in Fig.3,
which shows a similar trend with ELITE as shown by blue curve. Note that typically due to the
high safety factor qq5, resonant surfaces are closer to each other in the edge region. A large
poloidal mode number need be used for the ELITE simulations. However, for this shot, the
most unstable mode is dominated by the low-n mode. Therefore, this simulation results show
similar trend with different setting of nmvac in ELITE. The linear simulations of BOUT++ 3-
field two-fluid turbulence code further find that drift-Alfvén instabilities yield significant
contribution to the high-n modes with n=40-80 as shown by the red and green curves in Fig. 3.
Here the red curve shows the modes spectrum with both ideal peeling-ballooning and drift-
Alfvén instabilities, while the green curve without peeling mode. By comparing the red and
green curves with the black curve, we can find that, with the drift-Alfvén instability, the linear
growth rate for high-n modes is larger than that either with or without peeling mode. Because
the peeling instability dominates at low-n modes and the drift-Alfvén instability dominates
high-n modes for linear simulations, their impact on the ELM nonlinear dynamics is significant

different. More details about the nonlinear analysis will be presented in section 3.3.
3.2 Characteristics of ELM nonlinear dynamics

BOUT++ two-fluid six-field turbulence nonlinear simulations are conducted to capture
the physics of the grassy ELM dynamics and its impact on the divertor heat flux width. The
same equilibrium profiles are used in the nonlinear simulations as shown in Fig. 2. The radial
simulation domain covers from normalized poloidal flux i, = 0.8 to Y,, = 1.1, including the
pedestal, the SOL, and private flux regions. The nonlinear simulations start from small initial

perturbations with random phases.
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Fig 4. (a) Spatial-temporal evolution of RMS value of pressure fluctuation vs radius and time
at the outer midplane (OMP). The white dashed line indicates the location of separatrix, and
the dash-dot line indicates the peak gradient location of the pressure; (b) Radial mode structures

of pressure fluctuation at OMP at different time slices.
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Fig. 5 (a) The time evolution of density fluctuation; the wavenumber spectrum for density
fluctuation at (b) early nonlinear phase and (c) late nonlinear phase. The data is taken at the

peak pressure gradient position at outer midplane.

The spatial-temporal evolution of the pressure fluctuation further illustrates the generation
of the turbulence. In Fig. 4(a), the root-mean-square (RMS) value of pressure fluctuation is
obtained at the outer midplane (OMP) and normalized by equilibrium pressure at the pedestal
top (4470.7 Pa). The linear phase lasts for about ~4507, (Alfvén time 7, = 4.263 X 10775s),
the fluctuation saturates at a low level without an ELM triggered. While at ~7507,4, low-n mode
grows up at outer midplane and the fluctuation level increases. Finally, the fluctuations saturate
at a relative high level, leading to collapse of the pedestal pressure profile and an ELM event.
In later nonlinear stage, the fluctuation level saturates at around 16% near the location of the
peak pedestal gradient. The radial mode structures of pressure fluctuation at outer midplane in
the linear and nonlinear stage are shown in Fig. 4 (b). Before the ELM crash, the mode grows

up at the peak pressure gradient location and the perturbation is localized within the pedestal



region as shown by the black and red curves in Fig.4(b). While in the later nonlinear stage, the
perturbation radially spreads on both sides of the pedestal region, reaching into the inner edge
region and the SOL, indicating the collapse of pressure pedestal as shown by the blue and green
curves in Fig. 4(b). The time evolution of radial pressure profile demonstrates the profile
flattening processes during the ELM bursting activity. The pressure profile keeps dropping
inside the separatrix while rising in the SOL, indicating that energy is continuously transported
from the edge region to the SOL. In the SOL, the energy is transported along the magnetic field
line and is finally deposited onto the divertor targets.

By closely examining the time history of density fluctuation, two different nonlinear
saturation stages are found from this grassy ELM simulation, as shown in Fig. 5(a): (1) the
early nonlinear stage from t = 48074 to t = 9007, as shown between the red-dashed lines;
(2) the late nonlinear stage after t = 10007, as shown between the blue-dashed lines. In order
to identify the characteristics of two different nonlinear stages, the spectrum of density
fluctuation is calculated from the two-point correlation function with two different poloidal grid
points at OMP. Figure 5(b) and (c) show the contour plot of density fluctuation vs wave number
and frequency in different nonlinear stages. In the early nonlinear stage, the k-f spectrum is
calculated with the time range 4807, — 900t,. Density fluctuation saturates in a low level
with high frequency modes, corresponding to drift-Alfvén modes. The mode frequency is ~80-
100 kHz and the poloidal wave number kg is about 0.25 cm as shown in Fig. 5(b). At the late
nonlinear stage, density fluctuation saturates in a high level with several low mode frequencies
(~ 32, 65 and 91kHz) dominated and a similar range of poloidal wave number ko, as shown in
Fig. 5(c). These modes correspond to peeling-ballooning modes, generate large radial transport,
and thus trigger an ELM. Because low-n peeling-ballooning modes have lower linear growth
rates than drift-Alfvén instabilities, they grow up late in the initial value simulation code. Thus,
from the simulation, we can find that the low frequency mode (~-65 kHz) is stronger and
dominated the turbulence transport, leading to the grassy ELM. The simulation results are
qualitatively comparable to experiment that the low frequency modes (10-100kHz) are
dominated. However, due to the experiment measurement limit, more detail comparisons need

further research in the future.

3.3 Impact of P-B mode and drift-Alfvén instabilities on ELMs
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Fig 6. (a) Time evolution of pressure fluctuation for different toroidal mode numbers and (b)
The radial pressure profiles normalized by equilibrium pressure at the pedestal top (4470.7 Pa)
at different times. The three columns are for three different linear instability drives: (al, bl)
with both peeling and drift-Alfvén drives; (a2, b2) with peeling drive only without drift-Alfvén
drive; (a3, b3) with drift-Alfvén drive only without peeling drive.
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Fig. 7 Time evolution of 3D relative ELM size with different linear instability drive. The black
curve is the case with both peeling and drift-Alfvén drives while the red curve is the case with

peeling drive without drift-Alfvén drive. The ELM size is defined as AWp,eq/Wpeq, where
AWyeq = f;‘:‘tgﬁdeO(Po —(P);) is the ELM energy loss and Wyeq = %PpedV is the
pedestal stored energy.

In order to understand the relative role of peeling-ballooning instability and drift-Alfvén
instability in the ELM dynamics, three nonlinear simulations are performed with turning on or
off the drift-Alfvén (or “eHall” in the code input option) and peeling (or “current” in the code
input option) terms in the equations. Fig 6 (al) and (b1) show the simulation results with both
peeling and drift-Alfvén instabilities; (a2) and (b2) show the simulation results without drift-
Alfvén instability, while (a3) and (b3) show the simulation results without peeling instability.



Without peeling drive in Fig. 6 (a3) and (b3), the fluctuation amplitude drops by an order of
magnitude and no ELM crash occurs in comparison with Fig. 6 (al) and (b1). The pressure
profile remains unchanged throughout simulation as shown in Fig.6 (b3); while the pressure
profile collapses in a small range with peeling driven as shown by Fig 6 (b1) and (b2). In Fig.
6 (bl), simulations results show the profile evolution during an ELM collapsing event, and the
profile collapse is small and limited inside the pedestal after the ELM is triggered, and the ELM
size is small. It would be the best if we could show a direct comparison with corresponding
experimental profile measurements. Unfortunately, the profile evolution data is not available
during one ELM event because of lack of capability for fast profile measurements on the order
of hundred microseconds for this long-pulse grassy-ELM, but the measurements still show that
the profile does not change much during a long period, which is just oscillated in a small range.
Therefore, from these three nonlinear simulations, we can find that the ELM crash is triggered
by peeling mode for this grassy ELM shot even though the drift-Alfvén instabilities dominate
the linear growth phase in the initial value simulation code. From the simulation we further find
that the drift-Alfvén instability will delay the onset of the ELM and enhance the turbulence
transport by comparing the first two columns in Fig.6. The fluctuation extends inward beyond
peak gradient region with drift-Alfvén instability in Fig. 6 (b1) in comparison with that without
it in Fig. 6(b2) even though their fluctuations saturate in the same level at the later nonlinear
stage. Without the drift-Alfvén instability, the ELM can be easily triggered around 480 7, and
the relative ELM size, or the energy loss fraction, will be saturated at 0.5% as shown by the red
curve in Fig.7. While with the drift-Alfvén instability, the fluctuation saturates at a low level
first and then grows up again, and finally triggers an ELM crash around 84074. The onset of
ELM is delayed due to the drift-Alfvén turbulence, which acts as a damping effect to reduce
the linear growth rate of peeling modes. The ELM size is saturated at a high level ~1.2% with
a strong turbulence transport enhanced by drift-Alfvén turbulence as shown by the black curve
in Fig 7. From the nonlinear simulations, we also find the peeling modes and drift-Alfvén
instabilities grow up at different poloidal locations. Fig. 8 shows the mode structure at different
stages. Fig 8 (a) shows the mode structure at linear stage t = 25071, and (b) shows the mode
structure before ELM crash t = 84071,. Drift-Alfvén instability is generated and grows up first
with high growth rate in the high-field side (HFS) with high-n mode numbers as shown by Fig
8(a) and the mode structure is consistent with the case of without peeling drive. There is no
ELM crash when it gets into the nonlinear Drift-Alfvén stage with a lower-level fluctuation.
While in the late nonlinear Drift-Alfvén stage, the peeling mode grows large in the low-field
side (LFS) with low-n mode. The ELM is triggered, and the dominated mode structure is

comparable with the case without drift-Alfvén instability.
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Fig 8. Contour plot of pressure fluctuation vs poloidal and binormal directions at different
stages for the case with both peeling and drift-Alfvén instabilities at the location of peak of
pressure gradient with 1, = 0.946, (a) at the linear stage t = 2507, (b) late nonlinear Drift-
Alfvén stage before an ELM crash at t = 840t,.

4. Divertor heat flux width

The heat flux distributions on divertor target plates in H-mode plasmas are serious
concerns to future fusion devices. Recent experimental scaling on multi-machine H-mode
discharges shows that the heat load width follows reasonably well with the Eich scaling law!**"!
Ag~1/ BY, where ¥ is in the range from 1.11 to 1.27. If the scaling works for future large
machines, it would yield a very small A;~1mm mapped back to the outer midplane for ITER
15MA, Q=10 baseline scenario, leading to an intolerable heat load on the divertor target.
However, BOUT++ simulations indicate that divertor heat flux width A, can be broadening
with increasing radial turbulence transport from the ELM-free phase to the small/grassy
ELM!". Recent experiments also show that H-mode plasma regimes with small/grassy ELMs
offers a potential solution to future reactor power exhaust as it features many aspects required
for the operation of future fusion reactors. The analytical estimates from BOUT++ simulations
show that the ELM energy loss fraction should be smaller than 0.74%, 1.19%, and 2.03% for
ITER baseline target, hybrid and SSO scenarios, respectively. The combination of small ELM
energy loss fraction (<0.1-1%) and broadened footprint makes the SSO with grassy ELMs a
highly promising operational scenario for ITER, satisfying the constraints on divertor
material"™”). The BOUT++ simulation show that the heat flux width is broadened during the
small grassy ELMs phase for CFETR hybrid scenario and energy fluence caused by a single
ELM pulse is below the tungsten melting limit!'"®. Even though the significantly broadening of
heat flux width is found for future large machines, the comparison of simulation with real
experiment is still important. Therefore, it important to compare the simulation results with

experiment and give a reasonable prediction for the future machines.



In order to investigate the impact of the grassy ELM on the divertor heat load, the
BOUT++ turbulence code simulates the evolution of the heat flux during one burst of ELM
event. We track the evolution of heat load on the target during an ELM event and both the
particle flux width and heat flux width are calculated in the saturation phase on the outer
divertor target, as shown by Fig. 9. Due to diagnostics limitation, the heat flux profile on the
divertor is not available. However, from the BOUT++ turbulence simulation, the heat flux
width is 10.67 mm, as shown by the Fig 9(b), which is similar to the particle flux width.
Therefore, direct comparisons of simulated particle flux with experimental data are shown in
Fig.9 (a). The open circles are calculated from BOUT++ turbulence simulations and the blue
curve is a fit to the profile using the Eich fitting formula®®*". The particle flux width calculated
by BOUT++ is ~10.6mm which is comparable to heat flux width. The black stars are the
experimental data points for grassy ELM discharge #090949, measured by Langmuir probes.
The magnitude of the particle flux calculated by BOUT++ is comparable with experimental
measurements while the width is around 1-3 times smaller than the experimental results. One
possible reason for the difference is caused by RF heating, which can change the magnetic
topology. Magnetic topology changes induced by lower hybrid waves (LHW) can lead to
splitting of the strike point and result in a dramatic broadening of the heat flux width['*3!-2,
The LHW effect is not considered in our model. In addition, it is worth mentioning that the
experiment data is limited for this grassy ELM discharge. More experimental data are needed

to establish a statistical average for further comparison.
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Fig. 9 (a) Particle flux at outer divertor target: The open circles are calculated from BOUT++
simulations and the blue curve is a fit to the profile using the Eich fitting formula!®”). The black
stars are the experimental measurements by Langmuir probes; (b) parallel heat flux at outer
divertor target plate: the black points are calculated from BOUT++ and the red curve is a fit to

the profile using the Eich fitting formula.



Table 2. The SOL width based on different physics models.

Ve,soL 6.87
Eich: 4,(mm) 5.5
HD/GHD: A4(mm) 5.7/6.3
i 10.01
Azlch,tur (mm)
BOUT++ transport: /’lflmnsport(mm) 1364
BOUT++ turbulence: A5*""(mm) 10.67

The heat flux width is calculated with different physics models to compare the heat flux
width broadening mechanisms. For the simulation, both BOUT++ six-fields transport™**% and
turbulence codes are applied. BOUT-++ six-fields turbulence and transport simulation modules
are developed separately with a similar set of Braginskii equations. Different modules have
different foci: turbulence code mainly focuses on fast three-dimensional turbulence dynamics
up to a few hundred Alfvén times. Therefore, the effective radial turbulence transport
coefficient can be calculated self-consistent; while the BOUT++ transport module mainly
focuses on 2D plasma evolution to steady state on a longer transport time scale with a given
radial transport coefficients, which is calculated based on the experimental profiles. More detail
about the transport code can be found from the referencel®. To calculate the divertor heat flux
width from simulations, we apply Eich’s fitting formula to the parallel electron heat flux profile

in steady-state phase of nonlinear simulations. Divertor heat flux width calculated based on
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different models are shown in table 2. From the empirical Eich scaling?®**” and HD model!
the heat flux width is 5.5 mm and 5.7 mm respectively. With the effect of collisionality on
parallel transport, the heat flux width will be broadened by ~11% calculated by the GHD

36,37

model®**”! while with the effect of collisionality on radial turbulent transport the width is

”ﬁcle Ne

enhanced by a factor of 2P%. Here the collisionality is calculated by v; o, = Tos.1016 72 Zeff-
. e

Eich turbulence regression is based on the referencel®®!:

20— (14 (3.6 £019)al° 1) - (12 £0.05); @, ~ 205" devi¥e

Ps,pol
Both BOUT++ transport?®**4 and turbulence!”***! simulations show the heat flux width for
grassy ELM is broadened 2-3 times due to the large radial turbulent transport. From the

turbulence simulations, we find the effective radial turbulence transport coefficient y, ty =



3.1 m?/s, which is larger than the critical value Y, cririca; = 1.02 m?/s calculated from the
formula in the reference!'” for the transition from drift-dominated regime to turbulent
dominated regime. Therefore, the heat flux width will not obey the HD-based empirical Eich
scaling. It worth to mention that, even though the BOUT-++ simulations and Eich turbulence
model show the similar broadening (~2-3 times) for the heat flux width, the underlying physics
are different. The Eich turbulence model is based on the resistive interchange & drift-Alfvén
turbulence. While for the BOUT++ turbulence simulations, the width is broadened due to the
large turbulence driven by ideal peeling-ballooning modes with significant contribution from
drift-Alfvén turbulence. Fig.10 shows the time evolution of power deposited on the divertor
targe with and without drift-Alfvén instability. For the case without drift-Alfvén instability, the
power loading increases first after the ELM crashes, and then decays to ~1/e times of peak heat
flux. While with drift-Alfvén turbulence, more power is transported from pedestal to SOL,
which is then transported along the magnetic field line onto the divertor targets. The power
loading on the divertor increases and then is saturated due to the continuous drift-Alfvén
turbulence transport. Overall, the simulations show that there is no significant power decay
during an ELM collapsing event, indicating the absence of a clear inter-ELM phase for grassy
ELMs with a high frequency. This is consistent with experimental measurements from D,
signal, which show that the maxim variation for grassy ELM is 10-20 times smaller than the
Type-1 ELM. The broadening of heat flux width and quasi-continuous heat loading on the
divertor indicate that operating in a grassy ELM regime will be a highly promising solution,

satisfying the constraints on divertor for the future machines.
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Fig. 10 Time evolution of power deposited on the target. The black curve is the case with both
Peeling and drift-Alfvén linear instability drives while the red curve is the case with peeling

drive only without drift-Alfvén instability drive.

5. Summary and discussion



BOUT++ turbulence simulations are conducted to uncover the fluctuation characteristics
of the grassy-ELMs and its impact on the divertor heat flux width for EAST High-f, long-
pulse grassy-ELM discharges. BOUT-++ linear simulations show that the unstable modes cover
arange from low-n (n=10~15) with characteristics of peeling-ballooning modes (P-B) to high-
n (n=40~80) modes driven by drift-Alfvén instabilities. P-B modes are generated in the low-
field side (LFS) with low-n modes while Drift-Alfvén instabilities are generated in the high-
field side (HFS) with high-n modes. Even though the drift-Alfvén instabilities dominate the
linear growth phase with a wide n-spectrum and the fluctuation peaks on high-field side,
nonlinear simulations show that the ELM crash is triggered by peeling mode on low-field side
and fluctuation is radially localized near the bottom of pedestal. However, the drift-Alfvén
turbulence delays the onset of the ELM crash, the energy loss increases with drift-Alfvén
turbulence, and the fluctuation extends to peak gradient region. The saturated ELM size is 0.5%
without drift-Alfvén instability while it becomes larger with drift-Alfvén instability due to the
enhancement of radial turbulence transport after the ELM crash. Simulations further show that
if the peeling drive is removed, the fluctuation amplitude drops by an order of magnitude and
the ELM crashes disappear.

BOUT++ turbulence nonlinear simulations show that the turbulence is generated from the
peak gradient of pedestal for EAST grassy ELM with shot #090949. The pedestal plasma
particles and energy are transported across the separatrix into the SOL, which are then
transported along the magnetic field lines, and finally deposited on the divertor plates. The
simulated particle flux width is comparable with heat flux width. The magnitude of the particle
flux calculated by BOUT=++ is comparable with experimental measurements while the width is
~1-3 times smaller than that of the experimental measurements. The divertor heat flux width
given by both BOUT++ transport and turbulence simulations are about 2~3 times larger than
the estimates based on the HD model and the Eich’s ITPA multi-tokamak scaling due to strong
fluctuations in grassy ELM regimes. For the case without drift-Alfvén instability, the power
loading increases first after ELM crash then decays to ~1/e times of peak heat flux, indicating
that the power loading possibly fluctuates by 50% during the grassy ELMs. This level of
fluctuation is much smaller than that of type-I ELMs, which is a pulsed heat load with an
amplitude variation by 10 to 100 times. While with drift-Alfvén instability, more power is
slowly transported from pedestal to the SOL and the power loading on the divertor keeps more
or less steady, indicating that the power loading is quasi-continuous. The heat flux width
broadening for EAST grassy ELM is similar to those from the BOUT++ simulation for ITER
and CFETR, which further suggests that BOUT++ code is an effective tool to simulate the ELM

events and predict the heat flux width for future machines. The broadening of heat flux width,



small ELM amplitude, and quasi-continuous heat loading on the divertor indicate that operating
in a grassy ELM regime will be a promising solution to meet the multiple requirements on
divertor heat exhaust mitigation for the future machines like CFETR and ITER. However, due
to the limited diagnostic capability, the simulation results described in this work are not able to
do direct comparison with experimental measurements, but they strongly motivate the
development of better diagnostics and direct comparisons with experimental data in the future.

As we mentioned in instruction, this shot #090949 is a 60s steady-state long pulse high fp
grassy ELM discharge, and its parameters are partly overlapped with those of the steady state
scenario in CFETR Phase 2 performance with Q>5. This work provides confidence to apply
this regime to CFETR. However, it has been generally recognized that pedestal collisionality
can significantly influence ELM behaviors. Recently, Knolker et al have shown that type |
ELMs heat loads get very large closer to the LH-threshold*”). Their analysis with high heating
power shows overall agreement with the Eich model for ELM energy density, but show the
largest scatter in the DIII-D database with discharges marginally above the LH-threshold,
which exceeds the predicted ELM energy up to twofold. For this shot #090949, high heating
power is needed to get into the grassy-ELM high B, scenario, which is much higher than the
LH-threshold™”. This is probably true for CFETR the grassy-ELM high Bp scenario. If the
Eich model for ELM energy density holds for grassy ELMs, then the predicted ELM energy
density would have smaller scatter because much higher heating power than LH-threshold
power is needed to get into the grassy-ELM high {8, scenario. The grassy ELM regime for
EAST normally achieved with high pedestal collisionality. To make EAST grassy ELM
experiments relevant to ITER/CFETR, the access to the grassy ELM regime with low pedestal

collisionality is needed.
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