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lon temperature gradient-driven turbulence (ITGIT)) is generally believed to cause the
experimentally observed anomalous loss of particles and heat at the sw@gnaticfusion

devices such as tokamaks. The underlying linear instability igjtheode whera; is the
ratio of density to ion temperature gradient sdalegths. Significant progress hadeen
made in the theoretical understanding of ITGDT dherpast fewyears, inlarge part due

to the development of gyrokinetic and gyrofl@dmputational modelR]. The gyrofiuid
models in particular have mostly been limited to a Ificad-tube description of the plasma
and to circular geometry for computational tractabilggsons. The remainingchallenges,

for further comparisons with existirgxkperiments antbr predictions ofperformance for
future experiments, are to model the full-plasma cross section and to extend the description
to noncircular geometry. We report herengress towards gyrofluichodels covering
the full-plasmacross section and applicable to geneggometry, aswell as on their
implementation on parall@omputers. These calculations are being carried out as part of
the Numerical Tokamak Turbulence Project [3], one ofuhé&. Department oEnergy’s
Phase Il Grand Challenges.

To keep the full cross section calculations of ITGDT at a computationally manageable level,
we only includetime evolution equationgor the perturbed ion density (vorticity) and
perturbed ion parallel velocity, in addition to a perturbed ion temperature equation in which
a simple parallel linear Landatlosure is imposed4,5]. Moreover, the electrons are
treated as adiabatiand the electrostatic approximation used throughout. Flux
coordinates with straight field lines have be#msen to describéhe toroidal magnetic
geometry. Straighfield linesafford anaccurate representation of the parallefivatives.

Both analytic and realistic fixed boundary equilibria from a solutioth@rad-Shafranov
eqguation can be used as input for the stability and turbulence calculations.

Finite differences in radius and Fourier magigansions irpoloidal and toroidal angles
allow us to capture the full geometwyith a minimal number of relevantFourier
components.The numerical scheme tgne implicit for linear terms andme explicit for
nonlinear terms. These nonlinear terms are quadratic nonlinearities beiome
convolutions of the Fourier components. tie numerical calculation, thesenvolutions

are treated analytically. The implicit linear terms give rise to inversion of block tridiagonal
matrices. Tonumerically advance thessguations, a two-step, second-or@ecurate,
time-centered advancement scheme is used.

Even in the cylindrical limit, including the full-plasma cross section, requires more memory
and CPU time than is available on the Nationghergy Research Scientific Computing
Center's (NERSC's) shared memory parallel vector maclsnes aghe CRAY C90 and

J90. Thereforethese calculations are being performed MBERSC’s 512-processor
distributed memory massivelyarallel CRAY T3Esupercomputer with 256/bytes of
memory per processor. PVM is used for the multiprocasgadementation of the ITGDT
code on thel3E. The serial code is replicated @il processors used.Only matrix
operations for the time-implicit linear terms and convolutions for the time-explicit nonlinear
part of the calculation are distributed naultiple processors. Fomatrix operations,



parallelization isdone overthe number ofFourier harmonics in whichall physical
guantities in the problem aexpanded. Fothe convolutions parallelization isdone over
the number of radiagrid points. Memory for the matrices is allocated ain time and

depends onhe number oprocessorsequested fothe calculation.

Because memory is

relocated in going from matrix inversion tiee convolutions andiice versa, aglobal send
and receive igdone usingPVM after all the linear matrixsolutions andafter all the

convolutions each time step.

Details on the numerical schemand its parallel

implementation can be found in Ref. [6Typical parallel performanceesults onthe T3E
areshown inFig. 1. Optimal performance isassessed iterms thefollowing criterion:
CPU time per step is reductbsthan25% byincreasing the number girocessors by a

factor of 2. This in turn sethe optimalnumber ofprocessors.

Figure 1 showmsat the

optimal number ofprocessorsncreases witlthe number of radiagrid points and the
number of Fourier harmonicsThe optimalnumber ofprocessors fothe largest problem
size in Fig. 1 is about 128.
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Fig. 1. Elapsedtime per step with increasing number pfocessorsand for various

calculation sizes.

Large-scale calculations in cylindrical geometry have been performed on the T3E with up to
3073 poloidal (m) and toroidal (n) Fourier components and 512 gpibints. These
calculations have been completed using up to 128 processors of the T3E. Calculations with
and without Landau closure but wiithentical profiles and parameters demonstrate the
reduction in lineaigrowth rates and the spati&calization of the lineaeigenfunctions
expected with Landadamping. Nonlineacalculations close to marginal stability (with

ni=1.2) further show that spatial localizatiorpersistsnonlinearly and is not adversely
affected by the generation of sheared poloildat through Reynoldsstress. The radial



scales of the turbulence are of treler ofthe Larmorradiusp;. The radial correlation

length in the steady-state phase is aboup;3.0\o large-scale structures are observed as is
apparent in Fig. 2. This indicates that the induced transport is local.

Fig. 2. Contours of ion temperature fluctuations in the nonlinear saturated turbulent steady
state.

Full-torus Landau fluid calculations of ITGDT with Landau closure have alsoibitated

for eventual comparison with flux tube models I0IGDT. The linearresults for the
Cyclone benchmark equilibriuf¥] shown inFig. 3 demonstrate the flexibility of our
representation of the magnetic geometry given that we are able to handle circular as well as
noncircular plasma cross sections.

Calculations with toroidal coupling are more computationally intensive than their cylindrical
equivalent. Whenhe geometry is cylindrical, the block tridiagomaatrices, which arise
from the implicit treatment of the linear terms, do not couple terms that have differaht
values. The block size is given by the number foflds, here the three-time evolved
equations plughe electrostatic potential determinddm the inverseLaplacian of the
vorticity, andthe number oblocks is given bythe number of radiagjrid points. When
toroidal coupling igntroducedthe situationchangesand components with differenh
but the samen are coupled. In this case, the block size is multiplied by the numiaisof
includedfor a given n. The toroidal mode numben being theonly good quantum
number points to a decompositionnnfor parallel implementation of thiill-torus model.
Efficient parallelization themests onkeeping as manyn’s as the number gbrocessors
used, all the while keeping within the memorimit per processor. Theseissues are
currently under study.
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Fig. 3. Linearly unstable eigenmoder toroidal mode numben=30 in the case of
circular and D-shaped plasmas.
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