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Modeling and co—simulation of global transport dynamics in
turbulent plasmas
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W X H : Modeling and co-simulation of global transport dynamics in turbulent

plasmas

In order to realize high performance fusion plasmas, it is crucial to clarify and predict
turbulent transport processes, which are driven by various microinstabilities, and the
associated formations of global profiles such as the temperature, density, pressure,
electric current, and electric fields. There have been many efforts on this subject from
both aspects of theoretical and experimental studies, and an era of realizing the

burning plasma is, nowadays, in prospect.

As a powerful approach, gyrokinetic simulations for the transport and profile
formations in turbulent plasmas have been developed, where the global analyses over
the whole plasma volume are capable, as well as the radially local analyses. Since the
global gyrokinetic simulations carry out a massively parallelized computation based on
the 5—dimensional gyrokinetic theory, it is often difficult to comprehensively scan the
various plasma states and heating/fueling scenarios due to the requirement of huge
computational resources. Also, the coupling effects among the pressure profile
evolution, the heating absorption (fueling as well) variation, the plasma current
variation, and the confinement magnetic field variation, have not been taken into

account, where all above dynamics are related to the turbulent transport.

In this thesis, an extended turbulent transport modeling based on the nonlinear
gyrokinetic simulations and mathematical optimization techniques is realized. The
constructed simplified transport model enables us to accurately reproduce the
turbulent heat diffusivity in the nonlinear gyrokinetic simulation only by the
quantities obtained from the linear calculations. Then, a novel global turbulent
transport simulation is developed, where the co—simulation framework with the
simplified turbulent transport model is utilized. It allows us to calculate the spatio-
temporal evolutions of turbulent transport and profiles under the various heating
scenarios at relatively less computational costs. The impact of the background
variations on the turbulent transport and profile formations is investigated by means
of the new global transport simulation including the temporal modulations of the

heating power or confinement magnetic fields.



First, a nonlinear functional relation(NFR), which describes a functional relation
among the turbulent diffusivity, turbulence intensity, and zonal-flow intensity
observed in the local nonlinear gyrokinetic ion temperature gradient(ITG) turbulence
simulation, is identified. Considering several functional forms that satisfy the
phenomenological requirements, the optimal regression parameters in the NFR are
determined by an optimal solution of the mathematical optimization problem to
minimize the deviation from the nonlinear simulation results. The relevant physical
interpretations are discussed for the choice of the functional form. The newly
constructed NFR shows a better reproducibility for a wide parameter region of the
temperature gradient including the near— and far-marginal stability of the ITG

instability, compared to that in the conventional works.

Then, a novel simplified turbulent transport model based on the NFR is constructed by
further modeling of the turbulence intensity and zonal-flow intensity with quantities
in the linear gyrokinetic calculations. The temperature—gradient dependence is newly
incorporated into the modeling of the zonal-flow intensity. As a result, the accuracy
and robustness are verified by comparing with the estimation results from the

conventional model.

Next, by utilizing the simplified turbulent transport model based on the NFR, a new
global transport simulation, AGITO(Alterable Gyrokinetics—Integrated Transport cO—
simulation), has been developed, where discretely distributed local gyrokinetic
calculations are directly coupled with a 1-dimensional transport calculation to solve
the time evolution of the temperature, density, and plasma current profiles. The so—
called co—simulation framework, which is often used in the fluid-structure coupled
simulations, is applied in terms of MPMD (Multiple Program Multiple Data)
parallelization. The numerical verifications for the global ITG driven turbulence
simulation with the stationary heating are carried out. The results confirm that the
time evolution of the turbulent diffusivity and temperature profile towards the power-

balanced steady state is properly solved.

Finally, the impacts of the heating power modulation and background magnetic
modulation on the global profile evolutions in turbulent plasmas are investigated by
means of AGITO. It is found that the different time delay appears in each profile,
depending on the modulation frequency. Then, in some modulation scenarios, the time-
averaged temperature profile deviates from that in the case with the stationary heating.
Although the externally imposed temporal modulation without any feedback from the
pressure and bootstrap current profile evolutions is assumed in the present analysis,
a significant deviation from the stationary heating cases, which depends on the

modulation amplitude and frequency, is clarified.
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