GYROFLUID MODELS OF TURBULENT TRANSPORT IN TOKAMAKS

Michael Alan Beer

January 1995

GYROFLUID MODELS OF TURBULENT TRANSPORT IN TOKAMAKS

Michael Alan Beer

A DISSERTATION PRESENTED TO THE FACULTY OF PRINCETON UNIVERSITY IN CANDIDACY FOR THE DEGREE OF DOCTOR OF PHILOSOPHY

RECOMMENDED FOR ACCEPTANCE BY THE DEPARTMENT OF ASTROPHYSICAL SCIENCES

January 1995

© Copyright by Michael Alan Beer, 1994. All rights reserved.

To Jason, with love.

iv

Abstract

M^{ICROINSTABILITY DRIVEN TURBULENCE IN TOKAMAKS is}

studied via numerical simulation of a comprehensive fluid model. For the ions, toroidal gyrofluid equations are derived which contain accurate models of the kinetic effects arising from toroidal ∇B and curvature drifts, parallel Landau damping and its inverse, finite Larmor radius effects, and trapped ion effects. For the electrons, sophisticated bounce averaged trapped electron fluid equations are derived which model the toroidal precession resonance and use a Lorentz collision operator for pitch angle scattering. These coupled ion and electron equations can simultaneously describe the nonlinear evolution of toroidal ion temperature gradient driven instabilities and trapped electron modes, and provide realistic nonlinear calculations of ion and electron heat fluxes and particle fluxes. These equations are solved in a reduced flux tube geometry, formulated in general magnetic coordinates. This technique exploits the elongated nature of microinstability driven turbulence, which has long parallel scales and short perpendicular scales. The reduced simulation volume allows high resolution simulations in realistic tokamak geometry, fully retaining important toroidal effects such as good and bad curvature. These toroidal simulations predict much larger thermal transport than found in simplified sheared slab geometry, bringing the predictions up to experimentally measured levels. The turbulent fluctuation spectrum is peaked at long wavelengths compared to the fastest growing linear modes, and the fluctuation spectrum is anisotropic in k_r and k_θ, as seen in experimental fluctuation measurements. The nonlinear generation of sheared E × B flows is found to play an important role in the development and saturation of this turbulence, and the damping of these flows is carefully investigated. Finally, the predicted transport from these simulations is compared with experiment. The simulations underestimate the transport near the plasma edge, but encouraging agreement is found between the predicted and measured ion and electron heat transport in the core.

vi

Contents

Abstract v

List of Figures xi

1 Introduction 1 1.1 Motivation 2 1.2 Brief Historical Review 4 1.3 Simple Physics of the Toroidal ITG Driven Instability 10 1.4 Outline 20 1.4.1 Improved Toroidal Gyrofluid Equations 20 1.4.2 Fluid Models for Trapped Electrons 20 1.4.3 Flux Tube Simulation Geometry 21 1.4.4 Nonlinear Simulation Results 22 1.4.5 Comparison with Experiment 22

2 Derivation of the Toroidal Gyrofluid Equations 23 2.1 The Toroidal Gyrokinetic Equation 24 2.2 General Toroidal Gyrofluid Equations 29 2.3 Finite Larmor Radius Effects 31 2.4 Local Linear Toroidal Response Function 37 2.5 General Closure 41 2.6 Final Equations 48

Contents

2.7 Four Moment Model 50 2.8 Linear Benchmarks 52

3 Bounce Averaged Electron Fluid Equations 61 3.1 Nonlinear Bounce Averaged Kinetic Equation 62 3.2 Bounce Averaged Fluid Equations 67 3.3 Electron Closures 69 3.4 Bounce Averaged Lorentz Collision Operator 72 3.5 Evolution of Trapped Electron Moments 73 3.6 Comparison with Linear Kinetic Theory 75

4 Field-aligned Coordinate System 81 4.1 Motivation 81 4.2 Flux Tube Simulations in General 83 4.3 Periodicity and Parallel Boundary Conditions 89 4.4 Boundary Conditions for Particle Simulations 99 4.5 The Ballooning Transformation and its Relation to Flux Tube Simulation 101 4.6 Axisymmetric Low-β Equilibrium 105 4.7 Simulation Results 106 4.8 Discussion 113

5 Nonlinear Results 121 5.1 Fluctuation Spectra 121 5.2 Nonlinear Energy Balance 123 5.3 Nonlinear Generation and Damping of Sheared E × B Flows 128 5.3.1 Proper Treatment of Adiabatic Electron Response 129 5.3.2 Neoclassical Damping of Poloidal Flows 135 5.4 Nonlinear Simulation Results with Trapped Electrons 145

Contents 6 Comparison with Experiment 149 7 Conclusions 159 7.1 Summary 160 7.2 Future Directions 161 A Old Toroidal Gyrofluid Equations 165 Bibliography 167

Contents

Figures

1.1 Simple picture of the toroidal ITG instability mechanism 12 1.2 Growth rates of the purely toroidal ITG mode 16

2.1 Kinetic and fluid toroidal response functions in the purely toroidal limit 46 2.2 Toroidal response functions in the mixed toroidal/slab limit 47 2.3 Local linear growth rates: gyrofluid vs. kinetic theory with k_k = 0 53 2.4 Local growth rates: gyrofluid vs. kinetic, with k_k = 0.1 54 2.5 Linear nonlocal eigenfunction comparison with fully kinetic theory 55 2.6 Nonlocal linear eigenfrequencies: gyrofluid vs. kinetic 56 2.7 Nonlocal linear growth rates: gyrofluid vs. kinetic 57 2.8 Nonlocal growth rates and frequencies for trapped ion mode 59 2.9 Eigenfrequencies for trapped ion mode, in physical units 60

3.1 Pitch angle dependence of the toroidal precession frequency 66 3.2 Kinetic and fluid bounce averaged response functions 71 3.3 Local linear eigenfrequencies with trapped electrons 76 3.4 Nonlocal linear eigenfrequencies with trapped electrons 77 3.5 Electron collisionality dependence of nonlocal growth rates 78 3.6 Linear growth rates for toroidal ITG and trapped electron mode 80

4.1 Shearing of flux tube cross section along field line 88 4.2 The flux tube simulation domain in a torus 90

Figures

4.3 Boundary condition for Ā along the field line coordinate 95 4.4 Illustration of possible correlated volume overlap 97 4.5 Distance along the field line at which correlated volume overlap occurs 98 4.6 Boundary conditions in the parallel direction for particle simulations 100 4.7 The wedge of k_x, k_y modes evolved in the ballooning representation 104 4.8 Distribution of θ_0’s for a small run 109 4.9 Contours of potential on the outer midplane of a tokamak 110 4.10 Fluctuation spectra (of electrostatic potential) in k_r and k_θ 111 4.11 Time evolution of χ_i in the large and small runs 112 4.12 Transport and parallel correlation functions, varying box length, ŝ = 1.5 113 4.13 Transport and parallel correlation functions, varying box length, ŝ = 0.1 114

5.1 Countours of linear growth rate spectrum vs. k_x and k_y 123 5.2 Countours of nonlinear energy spectrum vs. k_x and k_y 124 5.3 Energy conservation and energy balance for a nonlinear run 126 5.4 Time averaged total linear drive spectrum for a nonlinear run 128 5.5 Effect of the proper adiabatic response in nonlinear simulations 130 5.6 Form of adiabatic response necessary to prevent radial electron motion 131 5.7 Effect of poloidal flow damping on the nonlinear saturation level 132 5.8 Flux surface averaged flows in a nonlinear simulation 134 5.9 Poloidal flow damping rates in various collisional regimes 142 5.10 Poloidal flow damping in the Pfirsch-Schlüter regime 143 5.11 Poloidal flow damping in the plateau and banana regimes 144 5.12 Fully nonlinear simulation results with trapped electrons, ν_{�e} scan 146 5.13 Nonlinear simulations with trapped electrons, η_i scan 147

6.1 Density and temperature profiles for TFTR L-mode shot #65018 151 6.2 Density and temperature scale lengths for #65018 151

Figures

6.3 q, ŝ, and collisionality for #65018 152 6.4 Predicted and measured χ_i and χ_e for #65018 153 6.5 Predicted and adjusted χ_i and R/L_{T i} 155 6.6 Adjusted T_i profile vs. experiment 156

Figures

Acknowledgements

I owe thanks to many people who made this thesis possible. Foremost, I thank my thesis advisor Greg Hammett. His foresight, physical intuition, and integrity have been a constant and dependable guide throughout this entire work. Personally, he has been an inspiration as a true scientist, and has kindly insulated me from much of the politics surrounding a new approach to an old problem.

The flux-tube coordinate system in Chapter 4 was suggested by Steve Cowley, and I thank him for hours of enlightening discussions. He has been a great resource for many physics issues that arose during the course of this work.

The toroidal nonlinear gyrofluid code developed in this thesis grew out of the earlier slab gyrofluid code developed by Bill Dorland, whom I thank for providing helpful computational advice and physics discussions. I also thank Bill for laying much of the groundwork, encouraging me to work on this project, and for keeping me from wandering too deeply into theory.

Many teachers at Princeton have helped and inspired me, especially Liu Chen, Taik Soo Hahm, John Krommes, Rip Perkins, Greg Rewoldt, and Bill Tang. Special thanks to my readers Bill Tang and Taik Soo Hahm for many useful suggestions.

I thank Steve Scott, Mike Zarnstorff, and the TFTR team for the experimental data in Chapter 6 and useful discussions.

I thank Jason Rudy for making the past year so interesting. I never dreamed I would share such a mutual understanding with anyone—you have made me very happy. Thank you for being so tolerant the past few months. I am especially grateful to Rex Hatfield, Temple Gill, and Barbara Sarfaty, who kept me relatively sane while writing this thesis. I thank my parents, Larry and Mary Ann Beer, my sisters, Carolyn, Angela, and Stephanie, and my family for their support, en-

Acknowledgements

couragement, and understanding. I also thank plasma physics graduate students past and present for making lunch the high point of my day, especially Mehmet Artun, David Coster, Cary Forest, Ted Jones, Karl Krushelnick, Q. P. Liu, Mark Herrmann, Alex MacAulay, Jon Menard, David Moore, and Sherrie Preische. I would particularly like to acknowledge useful (and disgusting) conversations with Stephen Smith.

I thank the TFTR project for supporting this work, and the National Energy Research Supercomputer Center for computing resources. This work was also supported in part by the High Performance Computing and Communications Initiative (HPCCI) Grand Challenge Numerical Tokamak Project, by USDoE contract No. DE-AC02-76-CH0-3073, and by a National Science Foundation Graduate Fellowship.

And finally, thanks to the person who first realized it would be a good idea to pour hot water over beans and drink it.