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Abstract

Simulations of JET H-mode and hybrid discharges are carried out using the PTRANSP
predictive integrated modeling code to compute the time evolution of the plasma toroidal
rotation frequency profile as well as the temperature and current density profiles. Momen-
tum and thermal transport coefficients are computed using the recently advanced Weiland
model together with a model for transport driven by electron temperature gradient (ETG)
modes as well as neoclassical transport. Corresponding simulations are also carried out
using the GLF23 transport model together with neoclassical transport. The new version
of the Weiland transport model includes inward convection of momentum driven by the
drift mode turbulence. Under appropriate conditions, additional momentum transport is
driven by convection of ions. In neutral beam injected discharges, the source of torque
in the plasma core is computed using the NUBEAM module. Results of predictive simu-
lations are compared with experimental data for H-mode and hybrid tokamak discharges
over a wide range of injected torque per particle.

1. Introduction

It is important to predict the plasma toroidal rotation frequency profile in tokamaks
because rotation effects can have a large impact on plasma confinement, fusion power
production and instabilities such as resistive wall modes and neoclassical tearing modes.
The toroidal rotation frequency, which is a measure of the net plasma velocity, can affect
thermal confinement through the flow shear stabilization of turbulent transport [1]. In
the core of H-mode neutral beam heated discharges, the gradient of the toroidal rotation
frequency produces the largest contribution to the flow shear rate.

Experimental campaigns have linked the momentum confinement time 7, to the
energy confinement time 7, with a ratio 7,/7g close to unity [2, 3, 4, 5]. The evidence
suggests that the anomalous momentum flux is probably driven by the ion temperature
gradient (ITG) modes and trapped electron modes (TEM) that also drive anomalous
thermal energy flux. However, this paradigm is complicated by the observation of rotation
in the absence of known momentum sources, which is sometimes called “intrinsic rotation.”
In DIII-D experiments, for instance, rotation was observed in a hybrid plasma, although
TRANSP analysis indicated that there was no net torque [6]. More recently, sophisticated
turbulence models for plasma rotation have emerged [7, 8]. The current paradigm suggests
that most of the momentum flux observed in tokamaks is driven by ITG/TEM turbulence,
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and this turbulence drives inward convection of momentum which results in the observed
intrinsic rotation, provided there is a source of momentum at the plasma edge [9, 10].

Integrated modeling simulations have been used to investigate plasma rotation in
tokamaks [11, 12, 13, 3]. Simulations using the GLF23 model [14] predict that flow shear
stabilization driven by neutral beam injection (NBI) can significantly increase the fusion
power production in ITER [15, 16]. These predictions of plasma rotation, density, and
temperature profiles require self-consistent modeling of the heat sources (including the
fusion products) and the momentum sources as well as transport. Thus, it is of interest
to validate theory based models for toroidal rotation in the context of integrated modeling.

As part of this validation process, the PTRANSP integrated modeling code is used
to predict the time evolution of toroidal rotation, ion and electron temperature, and
current density profiles in H-mode and hybrid JET discharges. The simulation protocol
and the theory based models used to compute the evolution of the toroidal rotation
and temperature profiles are described below in Section 2. In particular, the recently
advanced version of the Weiland model is described, which includes inward convection of
momentum driven by the drift wave turbulence. The simulation results for a database of
16 JET discharges are presented in Section 3. Results include a computation of the root
mean square (RMS) deviation between profiles obtained in the predictive simulations and
profiles measured in the experiment. In an effort to evaluate the validity of the momentum
transport models over a range of the injected torque per particle, the predicted momentum
confinement times are compared with corresponding TRANSP analyses of experimental
data. The findings and conclusions are summarized in Section 4.

2. Simulation protocol for PTRANSP simulations

Time-dependent PTRANSP simulations are used to predict the self-consistent evo-
lution of plasma temperature, current density, and rotation profiles. The transition from
L-mode to H-mode, and the subsequent pedestal temperature and width are computed
using the PEDESTAL model [17]. In that model, the pressure gradient at the pedestal is
limited by the first MHD ballooning stability limit, while the pedestal width is determined
by a combination of magnetic shear and flow shear stabilization effects. Sawtooth oscil-
lations are simulated with a 40% partial magnetic reconnection fraction [18]. Sawtooth
oscillations are required in simulations of H-mode discharges in order to obtain magnetic
q profiles consistent with those obtained in TRANSP analysis.

Electron and ion thermal transport, from the magnetic axis to the pedestal, is com-
puted using a combination of neoclassical and anomalous transport models. The NCLASS
model [19] is used for neoclassical transport. Anomalous transport is computed using ei-
ther the GLF23 model or a combination of models consisting of a new version of the
Weiland model (described below) for ITG/TE modes, together with a model for trans-
port driven by electron temperature gradient (ETG) mode turbulence [20]. The toroidal
rotation velocity profile is predicted from the magnetic axis to a normalized minor radius
of 0.8 by balancing the NBI source (computed by NUBEAM) against turbulent and neo-
classical momentum transport, with boundary conditions taken from experimental data.
The neoclassical ion thermal diffusivity is added to the anomalous toroidal momentum
diffusivity in order to avoid numerical problems near the magnetic axis.

The turbulent fluxes are computed using either GLF23 or the new Weiland model,
which includes inward pinches of momentum. Upwind differencing has been implemented
in the toroidal momentum equation in order to improve numerical stability. The Weiland
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and ETG models used for thermal as well as for momentum transport are outlined below.
2.1 Weiland transport model

Thermal and momentum transport driven by ITG/TEM turbulence are computed
using a new version of the Weiland model, which is a fluid description of the collective
behavior of ITG, TEM, and MHD ballooning modes. The Weiland model, which is
derived in s — a geometry, includes effects of magnetic shear, elongation, finite beta,
Shafranov shift, collisions, fast ion dilution, and impurity dilution. The poloidal width of
the drift-wave eigenfunction, which can be weakly or strongly ballooning depending on
the magnetic shear and other plasma parameters, is obtained iteratively. Low values of
the magnitude of magnetic shear can inhibit the growth of the ITG/TEM instability. The
main effect of elongation in the model is to modify the behavior of the MHD modes, so
that their beta threshold increases with increasing elongation. The effects of elongation
have been studied in gyrokinetic ITG/TEM turbulence simulations in Ref. [21]. The effect
of E x B flow shear, which reduces transport, is approximated using the quenching rule
Yeff = ¥ — VExB for the growth rate of the modes. In the simulations considered here, the
dominant portion of the radial electric field that drives flow shear is due to the toroidal
rotation, which is evolved self-consistently in the simulations.

The Weiland transport model is a reactive fluid model that includes the fluid res-
onance in the energy equation. By reactive it is meant that dissipation is not involved
in the closure. The principle of closure is that all moments with external sources in the
experiment are included. The closure also includes the diamagnetic heat flow, which de-
pends only on density and temperature. Thermal transport is related to the temperature
perturbation, which is given by

Ty w 2%+w*@ Loy, 2\ eo (1)
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where wp, = —2kyT};/(Z;eBR) is the magnetic drift frequency, w.. = kgpscs/Ly is the
electron diamagnetic drift frequency, while L,,; and Lz, are the density the temperature
scale lengths. A non-Markovian mixing length rule is used in order to separate the effects
of ion modes on electron transport and vice versa. This rule is used because the Doppler
shifts due to the respective magnetic drift frequencies are included in the dependence on
the real frequency. With this choice, the transport from all instabilities on all channels
can be self consistently included by adding each contribution.

2.1.1 Diffusive and convective contributions to the Weiland model for momen-
tum transport

Toroidal and poloidal momentum transport coefficients are computed using the new
Weiland model for transport driven by ITG/TEM turbulence. (However, only the toroidal
momentum transport equation is advanced in PTRANSP simulations, while the poloidal
velocity is computed using the NCLASS neoclassical model.) Since the new model includes
a nonlinear turbulence drive, which results in a nonlinear frequency shift, the model is no
longer quasi-linear. The diagonal outward diffusive term of the toroidal momentum flux
(see Ref. [22]) is

73 / k2
wy — 2wp;)? + 72

(2)
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Off-diagonal convective contributions, which are derived in Ref. [7], are given by:

1 Wpi _— Wpi; %
Liep = Vit {QD} UL, Ciorm = Vit {D} ST, (3)

w — QWDi w — QWDi

Both diagonal and convective parts have the resonance term w — 2wp; in the denom-
inator. Since this resonance is close to the w — bwp;/3 resonance in the diagonal part of
Xi, the ratio x,/x; corresponding to the diagonal transport far from marginal stability
is close to unity. Close to marginal stability, however, the ratio xs/x; is greater than
unity. Additional momentum pinches included in the simulations, which are due to veloc-
ity shear and Reynolds stress, are described in Ref. [23]. The strength of the pinch driven
by velocity shear is proportional to the parallel velocity gradient. Thus, the magnitude
of the convection increases with increasing velocity gradient and with increasing velocity,
which can lead to a numerical instability.

2.2. Model for transport driven by ETG turbulence

The electron thermal diffusivity due to ETG modes is computed using a model de-
rived by Horton [24], modified to include a transport threshold that was obtained from
gyrokinetic turbulence simulations [25]. The Horton model includes an electrostatic con-
tribution, which is analogous to the ITG electrostatic model, and an electromagnetic
contribution, which in the Horton model describes non-isotropic mode structure when
the turbulence mixing length, l.. = qp.R/Lz, is greater than the electron skin depth
de = C/wWpe.

A critical threshold gradient for the transport driven by ETG modes, developed by
Jenko [25], is implemented in the model. The threshold, which is based upon linear
toroidal gyrokinetic simulations, is given by the formula

R Zegle 1.91s dr R
- = 1 1.33 1—-1.5¢)|1+03e—],0.8— 4
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The effective ETG electron thermal diffusivity in the electrostatic limit (I.. < d.),
including the Jenko threshold, is given by
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where vy, . is the thermal velocity of the electrons, and p. is the electron gyroradius.
In the expression for x¢°, the critical gradient given in [24] is replaced by Eq. 4. The
effective ETG electron thermal diffusivity in the electromagnetic limit (.. > J.), which
is also modified in order to include the Jenko threshold, is given by

JR/Lz, R R
X = O.O653vth,eéT [tanh [ — < ) ] ,0] . (6)
crit

Lr,

The electromagnetic part of the ETG diffusivity is zero below the threshold or for negative
temperature gradient.

3. Results of predictive simulation of toroidal momentum
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Time dependent PTRANSP simulations were carried out for 16 JET discharges using
the simulation protocol described in Section 2 and the results were compared with exper-
imental data. The main plasma parameters are listed in Table 1. Two of the discharges,
38285 and 38287, are H-mode discharges from a gas puffing scan; discharges 52009-52025
are H-mode plasmas that are part of a density scan in which the fraction of the Green-
wald density was varied 0.75 and 1.0; discharges 57865 and 57987 are also high density
H-mode plasmas; discharges 59217 and 61132 are low density H-mode plasmas; and dis-
charges 60927, 60931, 60933, and 67934 are hybrid plasmas. The high density H-modes
discharges have lower torque per particle than the hybrid and low density discharges.

In addition to comparing the plasma profiles
JET 52009 for electron temperature, ion temperature, and ro-

t=20.4 sec
T

60— S tation frequency wy against TRANSP analysis pro-
po— By Sk files, results were compared for other benchmarks
NS such as the momentum confinement time 7, = L/T
(the ratio of total angular momentum to torque),
W the energy confinement time 7, the torque per par-
. | ticle /N, and the relationship between them. The
torque per particle is evaluated as the ratio of the
volume integral of the torque density divided by the
I e s volume integral of the electron density. The mo-
e ] mentum confinement time is evaluated as the ratio
of the volume integral of the angular momentum
1 density divided by the volume integral of the torque
% oz 04 06 08 10 density. The volume integrals are evaluated with
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In order to illustrate the simulation results, the
plasma profiles for JET discharge 52009 at 20.4 sec-
onds are shown in Fig. 1. The TRANSP analysis profiles are represented by open dots,
while the profiles predicted using the new Weiland and ETG transport model are repre-
sented by solid red lines and profiles predicted using the GLF23 model are represented by
dashed blue lines. In this particular case, the pedestal model predicts the edge electron
pedestal temperature reasonably well. In the analysis data that was used, there were
no experimental measurements for 7; and w, in the regions p < 0.2 and p > 0.8. In
the prediction using the GLF23 model, the toroidal rotation is over-predicted, and the
angular frequency gradient is steeper than in the experiment. On the other hand, in the
prediction using the new combination model, the angular frequency, wy, is nearly flat in
the outer half of the plasma, where a large outward diffusive term dominates, while the
wg profile is steeper in the inner half of the plasma due to a strong inward momentum
pinch. Most of the angular frequency profiles obtained for the other discharges share
these features — GLF23 yields an over-prediction of rotation (compared with TRANSP
analysis of experimental data) due to insufficient diffusivity, while the new combination
model yields a flatter rotation gradient near the edge and steeper rotation gradient in the
plasma core.
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Figure 4: Profile offsets for simulations Figure 5: Profile RMS deviations for
of JET discharges using GLF23. GLF23 simulations of JET discharges.

Offsets for the 16 simulated discharges using the new combination model in PTRANSP
are shown in Fig. 2. Each offset is computed by averaging the difference between the sim-
ulated and experimental profile and normalizing by the maximum experimental value.
Regions with no experimental data are excluded. The average profile offsets are -6.3% for
Te, -5.7% for T;, and -9.2% for w,. The offsets for most of the discharges are close to the
average, although a few outliers occur. The under-prediction of the w, profile (negative
offset), which occurs most frequently with the new combination transport model, proba-
bly results in an under-estimation of the flow shear suppression of turbulence, which can
then lead to under-prediction of the ion and electron temperature profiles. The electron
temperature profile is somewhat less susceptible to this effect, since the ETG transport
model included in the simulations is unaffected by the rotation velocity. The profile RMS
deviations are shown in Fig. 3. The averages of the profile RMS deviations are 13.3% for
T., 16.6% for T;, and 20.1% for ws.

Offsets for the 16 simulated discharges, obtained using GLF23 in PTRANSP, are
shown in Fig. 4. The average offsets for the 16 discharges are 8% for T., 14% for T;,
and 19% for ws. The corresponding profile RMS deviations are shown in Fig. 5. The
average RMS deviations for the 16 discharges are 14% for T, 19% for T;, and 28% for wy.
The best agreement between GLF23 simulations and the experimental data occurs at low
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Figure 7: Energy confinement time as a
function of the momentum confinement
time in PTRANSP simulations of JET

discharges.

torque per particle, as described below.

The momentum confinement time, 74, is shown as a function of the torque per parti-
cle, T/N, in Fig. 6. The blue crosses represent simulation results obtained with GLF23,
the red triangles represent simulation results obtained with the combination model, and
the black circles represent TRANSP analysis results. The discharges studied span more
than one order of magnitude in torque per particle. In general, the high density H-mode
discharges (low torque per particle) have higher momentum confinement times than hybrid
discharges (high torque per particle). It can be seen that GLF23 simulations over-predict
the momentum confinement time, while the combination model mostly under-predicts the
momentum confinement time. For instance, for hybrid discharge 60933, GLF23 overesti-
mates 7, by a factor of 2. Simulation results using the new combination model generally
agree more accurately with 7, computed by TRANSP analysis. Both models generally
reproduce the experimentally observed trend that 7, decreases with increasing torque per
particle.

The energy confinement times computed in predictive simulations and TRANSP
analysis are shown in Fig. 7 as a function of the momentum confinement time. Most of
the discharges simulated with the combination of Weiland and ETG models have a ratio
7,/ TE close to unity, even though the ratio x,/x; is often greater than unity. This effect is
due to the inward momentum pinches, which counteract the strong momentum diffusive
term. Simulations using the GLF23 model generally yield 74/75 greater than unity, due
to the over-prediction of rotation. The energy confinement time is also affected due to
the increase in flow shear in these simulations.

4. Summary and conclusions

PTRANSP integrated modeling simulations are carried out in order to validate
theory-based models for the self-consistent prediction of temperature, rotation, and flow
shear stabilization in tokamak plasmas. Thermal and toroidal momentum transport are
evolved using either the GLF23 model or the new combination of Weiland and ETG trans-
port models. A consistent simulation protocol was applied to a set of 16 JET discharges
in which the range of torque per particle spanned more than an order of magnitude. The
predicted temperature and angular frequency profiles, as well as the global momentum
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and energy confinement times, were compared with the analysis of experimental data.

The main finding of this work is that simulations using the new combination model
(Weiland and ETG) yield relatively good agreement with experimental data over the entire
range of torque per particle, while simulations using the GLF23 model yield agreement
with experimental data primarily at low torque per particle. In simulations using the
GLF23 model, toroidal rotation (and hence the resulting flow shear stabilization) are
generally over-predicted, particularly at high torque per particle. Is is found that the
over-prediction of flow shear stabilization in the GLF23 simulations leads to an over-
prediction of the corresponding energy confinement times. Note that the ITER reactor,
even with two 16.5 MW neutral beams, is expected to have very low torque per particle
compared with present-day tokamaks [15, 16], which is the region in parameter space
where the highest momentum confinement times are found.

Table 1: Magnetic field (Tesla), plasma current (MA), line averaged density (10 m™3),
neutral beam power (MW), and injected torque (N -m) at the time of interest ¢4 (se€C)
for the simulated JET discharges.

Discharge Type Br 1, nei9 Pxpr Torque tging
38285 H-mode, gas puffing scan 2.5 25 6.0 12 11 184
38287 H-mode, gas puffing scan 25 25 5.0 12 10 16.6
52009 H-mode, density scan 25 27 75 15 14 204
52014 H-mode, density scan 2.5 2.7 105 135 10 21
52015 H-mode, density scan 2.5 2.7 100 135 12 21
52022 H-mode, density scan 2.5 2.7 9.0 15 11.5 21
52024 H-mode, density scan 2.5 2.7 10.0 15 7 20
52025 H-mode, density scan 25 27 85 15 12.5 21
59217 H-mode,low density 29 1.9 4.0 12 10.5 21
57865 H-mode, high density 2.7 25 90 14 10.5 21
57987 H-mode, high density 2.5 2.7 90 13 11.5 21
60927 Hybrid 1.75 1.4 3.5 13 13 11
60931 Hybrid 1.75 14 3.5 17 17 11
60933 Hybrid 246 1.4 3.0 155 22 11
61132 H-mode, low density 20 23 210 2.5 1.6 21
67934 Hybrid 1.7 14 3.8 17 16 11
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