NSTX-U is sponsored by the
N STX- U U.S. Department of Energy Office of Science

Fusion Energy Sciences

Energy transport analysis of NSTX plasmas with
the TGLF turbulent and NEO neoclassical
transport models

G. Avdeeva', K. E. Thome?, S. P. Smith2, D. J. Battaglia3, C. F. Clauser*, W.Guttenfelders,
S. M. Kaye?®, J. McClenaghan?, O. Meneghini2, T. Odstrcil?2, G.Staebler?

1 Oak Ridge Associated Universities, P.O. Box 117 Oak Ridge, TN, USA
2 General Atomics, P.O. Box 85608, San Diego, CA 05608, USA
3 Commonwealth Fusion Systems, 117 Hospital Rd, Devens, MA 01434, USA
4 Lehigh University, 19 Memorial Drive, Bethlehem, PA 18015, USA
5 Princeton Plasma Physics Laboratory, 100 Stellarator Rd, Princeton, NJ 08540, USA

® )PPPL

S




Outline

« Motivation

« Experimental data details

 Workflow of the data analysis

* Profiles prediction with TGYRO (TGLF+NEO) solver

« Comparison of profiles prediction with experimental data
» Variation of input parameters

 Linear stability analysis

* Results

@DNSTX-U NSTX-U / Magnetic Fusion Science Meeting Monday, June 5



Motivation: Reduced models are more advantageous in
terms of computational cost

« Comprehensive numerical transport models are typically not feasible for
real-scale full-device modeling

 Fast reduced turbulent numerical models

« ldentifying the regimes of validity of such models increases the fidelity of
predictive modeling

» The design of the next generation fusion machines requires validation of
transport models over a range of aspect ratio to determine the optimal
parameters
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Trapped-gyro-Landau-fluid (TGLF) model is a reduced
turbulent model

« TGLF' predicts a transport driven by drift- e e E—
wave instabilities (TEMs, ITGs, ETGs) \/ Parameters
« TGLF computes turbulent fluxes using Laariield =
the linear eigenmode solution and a (EEEE) ,
model of the saturated intensity i | 58 Rule
- Versions of the saturation rule: g 304
SATO', SAT12, SAT23 :
Exp TGLF
Fluxes Fluxes
« NEO?is a drift kinetic neoclassical solver Validotion

1 [Staebler G.M et. al., Physics of Plasmas 12, (2005)]; 2 [Staebler G.M et. al., Nuclear Fusion 57, (2017)];
3 [Staebler G. M. et al., Physics and Controlled Fusion 63, (2021)]; 4 [Belli E. et. al., Plasma Phys. and Controlled Fusion 50, (2008)]
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TGLF model validations on STs is still in its early stages

 TGLF has been extensively utilized for transport modeling of
conventional tokamaks (ASDEX-U, JET, DIII-D)

* Only a few studies of validation of reduced transport models at low aspect
ratio plasmas have been reported

« first demonstration of TGLF on STs = limitations of the
implementation of the collisional model and the saturation rule?

1 Staebler G.M et. al., 227 IAEA Fusion Energy Conf., (2008)]

« modeling of NSTX = better results with SAT1 model compared to

simulations with the simplified SATO model 2
2 S.M. Kaye et al., Nucl. Fusion 59 (2019)
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An extension of previous studies is conducted to verify
TGLF and NEO models on the NSTX data

« Two discharges with a transport predominantly driven by the electrostatic drift-wave
instabilities have been selected:

* L-mode (# 141716) at low-B and density with conditions close to the
conventional tokamaks where both low-k (kgps<1) ion scale and high-k
(kgps>1) electron scale turbulence are present

* H-mode (# 129017) which is typical for STs, where ion transport is
neoclassical

- A sglnsitivity study of predicted results is performed by variations of input plasma
profiles

» Results of a linear stability analysis are analyzed to determine if a picture of
mechanisms driving the transport is captured correctly by TGLF and NEO models
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Experimental data is analyzed over a time window of

40 ms
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Equilibrium reconstruction is obtained through
EFIT-TRANSP integrated workflow using OMFIT

Initial Mapping of Transport code computes a
cquilibrium m— profiles to flux eeeeedl current density profile and
G coordinates a total plasma pressure
EFIT with magnetics, MSE, OMFITprofiles: fetching, _ TRANSP + NUBEAM
isothermal constraints mapping, slicing, fitting, averaging
50 Pressure and uncertainty
4.0 Lmode : : 40 — Total pressure
3>ms) (@) S NBI pressure
3.2 397 ms 1 30

403 ms ﬁQ 20 60% of total pressure at

£ é 2'4 piitisd S I S the core comes from
b = 10 " fast ion contribution
= 1.6 ...............
XN 80 02 04 08TEETT0
0.8F © & =R 1 1]
0.0 ‘ ‘ bl Apply these constraints on the next
B iteration of the equilibrium

< reconstruction

The self-consistent solution is usually obtained after 3 - 4 iterations
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The power deposition is determined through the power

balance analysis with TRANSP+NUBEAM
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TGYRO (TGLF +NEO) flux-matching solution predicts
profiles based on known plasma sources

« TGYRO solver reconstructs plasma profiles based on gradients, which satisfy the
steady state transport equation

= 5.V (NR(r) =S

Q - energy flux predicted based on the plasma gradients
— NnTGLF NEO
Qmodel — Qturbulent + Qneoclassical

S — integrated source (power/volume), obtained from the power balance analysis
auxiliary NBI heating, radiation losses, minus
energy gain

Qtarget = S
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TGYRO flux-matching solution predicts profiles based on

known plasma sources

TGYRO applies an iterative scheme varying the local gradients to minimize

. |Qm0del _ Qtarget| :
Iteratlon 20 lteratlon 60
4.0 4.0 . .
3.2 3.2
< 2.4
g 2.4 E
< = = Q. target
= 1.6 o 1.6¢ === Q. turbulent (TGLF)
(o4 === Q. neoclassical (NEO)
— Q. model (TGLF+NEO)
0.8 3 ] : 0.8 = Q. power balance
< Due to dynamic exchange
AR term o T/T; CC LI _ A
0.8: 02 6 d e T 08 Lo /T 086 02 6466 08 1.0

» Plasma profiles are obtained by the integral of the local gradients
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Predicted plasma profiles and inverse gradients are then
compared with experimental data

p p Y p
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Variation of input parameters
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Equilibrium reconstruction Is obtained through

EFIT-TRANSP integrated workflow using OMFIT

Initial

equilibrium

EFIT with magnetics, MSE,

isothermal ¢

Mapping of

coordinates

Z[m]

A) Change
number of
constraints

IICER (R —

OMFITprofi_Igs: fe.tc.hing, B) Change TRANSP + NUBEAM
1apping, slicing, fitting, a fitting method e P

Transport code computes a

current density profile and
a total plasma pressure

0 L mode

0.4 0.8 1.2
R[m]

power balance analysis ‘pply these constraints on the next

: : 40 — Total pressure
Sorme| @l B NBI pressure
397 ms / 30
_ 383 . ] %20 60% of total pressure at
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| Change results of the |8-° 02 04 06 T8 To

y
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Iteration of the equilibrium
reconstruction

The self-consistent solution is usually obtained after 3-4 iterations
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These different TRANSP runs are results of a self-

consistent integrated solution
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No trend of under- or over- prediction is observed
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No trend of under- or over- prediction is observed
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But there is a correlation in under- and over- prediction between T, and T;

@DNSTX-U NSTX-U / Magnetic Fusion Science Meeting Monday, June 5 17



Prediction of each temperature separately gives a
more uniform set of solutions
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The predicted plasma profiles are consistent with

experimental data on average
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TGYRO solution is predominantly affected by the
accuracy of the sources (including Q)
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Linear stability analysis to identify
unstable modes
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Growth rates of low-k modes (kgp.<1) are below ExB
shearing rate at deep core locations
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Growth rates predicted by TGLF are higher than CGYRO
simulations

H-mode p = 0.7 » Good agreement between real
frequencies

Experimental profiles

(a)

* No electromagnetic modes are
unstable in simulations with
experimental profiles
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Growth rates predicted by TGLF are higher than CGYRO

simulations

W (3uni/Cs)

i/Cs)

Experimental profiles _

H-mode p = 0.7

TGYRO solution
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H mode SAT1 ES

+ H mode SAT1 EM
CGYRO ES
CGYRO EM
CGYRO A

Good agreement between real
frequencies

No electromagnetic modes are
unstable in simulations with
experimental profiles

TGYRO solution profiles have
higher temperature gradients,
which destabilize
electromagnetic instabilities
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The contribution of low-k and high-k modes into the total

turbulent flux is consistent with previous results

Turbulent electron heat flux

Turbulent ion heat flux
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Scans of plasma parameters demonstrates how close

the plasma conditions to the stability threshold
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Overall the scans demonstrate the complicated

dependency of turbulent flux on the plasma parameters
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Summary of results

» Overall, the predicted plasma profiles
are consistent with experimental data on
average

» The shortcomings of the TGYRO
simulations are amplified when both
temperature profiles are modeled
instead of a single temperature profile

Offset fr

RMS error o

1.0

» A presence of multi-scale turbulence and — -os

ion-scale driven zonal flow mixing effects
are observed
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H mode‘
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Paths toward reliable predictive modeling of STs with
TGLF should include

» More accurate power balance analyses, which determines the target fluxes
of the flux-matching solution

* More systematic calibrations of the saturation model on non-linear
gyrokinetic simulations to verify the applicability of the saturation rule
models for STs plasmas

* Models with comprehensive physics of electromagnetic instabilities would
be required for a high plasma- 3 with increased influence of electromagnetic
effects
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