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The application of fluid models in studies of transport and macroscopic stability of magnetized,
nearly collisionless plasmas requires closure relations that are inherently nonlocal. Such closures
address the fact that particles are capable of carrying information over macroscopic parallel scale
lengths. In this work, generalized closures that embody Landau, collisional and particle-trapping
physics are derived and discussed. A gyro/bounce-averaged drift kinetic equation is solved via an
expansion in eigenfunctions of the pitch-angle scattering operator and the resulting system of
algebraic equations is solved by integrating along characteristics. The desired closure moments take
the form of integral equations involving perturbations in the flow and temperature along magnetic
field lines. Implementation of the closures in massively parallel plasma fluid simulation codes is also
discussed. This implementation includes the use of a semi-implicit time advance of the fluid
equations to stabilize the dominant closure terms which are introduced explicitly. Application of the
nonlocal, parallel heat flow closurg,, in studies of temperature flattening across helical magnetic
islands in toroidal geometry reveal a scaling of temperature versus critical island width for flattening
of T~wgl'5. This result predicts more robust flattening at small island widths when compared to
the diffusive scaling, T~wy L7 which assumes a Braginskii-type parallel heat conductivity.
Preliminary application of}, to tokamak disruption simulations shows qualitative agreement of wall
heat loads with experimental observations, smooth distribution in toroidal angle, and striation in the
poloidal direction along the wall. @004 American Institute of Physics.
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I. INTRODUCTION volve perturbations in flowu), and temperatureT(), and in
general, the viscous strefd) and conductive heat flowq)
Theoretical tools applied to long-collision-length terres-closures.
trial and astrophysical plasmas tend toward two extremes: For magnetized plasmas confined by slowly evolving
kinetic models rife with physics but operating for short magnetic fields, the lowest-order characteristics are simply
times, and fluid models employing simplified closure rela-magnetic field lines and the dominant parallel closure com-
tions to capture kinetic physics but operating for long timesPonentsII; andg,, have a general, nonlocal dependence on
Until computers are fast enough to calculate full kineticthermodynamic drives:® This is in contrast to collisional
physics over resistive and transport time scales, efforts t§@nsport theory which writes closures in terms of local gra-
extend fluid models to handle a wider range of physics aréilents of fluid quantitie$.In general, local forms for the

critical to improving our predictive capability of nearly col- closure§ are.the result of cqlhsmns spat|ally- localizing the
- : : rg;enerallzed, integral expressions. Although this work focuses
lisionless plasmas such as those in next-step fusion experi-

. . . on closures that are spatially nonlocal, such integral forms
ments. In this wgrk we degcrlbe one such effort V_Vh'Ch aOI'may also occur in time. For example, when investigating the
vances the rgallsm of fiuid model§ bY general.lzmg thedamping of poloidal flows in axisymmetric toroidal geom-

program of fluid closure to capture kinetic effects in nonlo- gy ‘the parallel viscous stress closure couples time integrals
cal, integral forms for higher-order fluid moments. The termgs 11, and a momentum restoring term. Instances of non-
nonlocal closureimplies integrating fluid and closure vari- |gcality describe situations in which particles are capable of
ables along lowest-order characteristics of the diStribUtiOI’tarrying information over macroscopic parallel scale lengths
function, F. For the five moment model, these integrals in-or long time scales. It is important to note that previous

efforts in closure theory have arrived at ostensibly nonlocal

apaper UIL 3, Bull. Am. Phys. Soé8, 331 (2003. form_s for closures~® However, the_constructio_n of general—_
Pnvited speaker. ized integral closures that emphasize the continuous mapping
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from the collisional to the nearly collisionless regimes andforms for I and g. The simplest form of closure is brute

allow for more complicated magnetic geométand integral  truncation,II=0 andq=0. A less drastic approach that al-

forms for collision operatofsis more recent. lows for long-collision-length physics entails solving an ap-
Specifically, this work describes the derivation of nonlo- propriate kinetic equation for the distribution functiof,

cal closures that embody Landau, collisional, and particleand then taking the closure moments defined as

trapping physics using a Chapman—Enskog-like procedure to

derive and solve a reduced kinetic equation. In Sec. Il we

derive an equation that ignores finite-gyroradius effects and

uses the dominant parallel component of the guiding center

velocity in the advective derivative acting & In Sec. Il and

we discuss the solution of this kinetic equation which re-

quires inverting an operator that includes collisional and ei- HEJ d3’'m

ther spatial or time-dependent effects. We begin by expand-

ing in eigenfunctions of the bounce-averaged Lorentz, pitch-

angle scattering operator. Next, the characteristics are ~ Wherev'=v—u is the random particle velocity aridis the

identified by diagonalizing the resultant system of ordinaryunit dyad.

differential equations. Finally, the desired closure moments In the interest of keeping the fluid and kinetic physics

of F are calculated. Specifically, it is shown that the nonlo-Separate, we advocate a Chapman—EnskogtliéL) ap-

cal, integralg, moment maps continuously from the colli- proach which posits that the distribution functidn,is the

sional to nearly collisionless regimes. In addition to signifi-Sum of a dynamic Maxwellianfy , plus a kinetic distor-

cantly advancing the realism of previous fluid closurestion, F:

integration along comparatively few characteristics repre- 32 2

sents a significant reduction in work compared to a _; +F=n(l> ex;{ _ Mo
.. . . - M

statistically-relevant kinetic treatment that follows millions 27T 2T

of particles. In essence, these characteristics uncover the es- . .

sential velocity—space dependenceFofand hence render Where then, u, andT moments off satisfy Eq.(1). Using

this closure scheme suitable for simulation of long timescalethis ansatz along with the moment equations, one can recast

macroscopic behavior. A massively parallel implementatiorf"€ full kinetic equation,df/dt=C(f ), in the following

of these closures is discussed in Sec. IV, including the appliform:

cation of a semi-implicit operator to stabilize the advance of

the temperature evolution equation. We conclude in Sec. \L+V-VF+a-VVF—C(f)

by discussing the application of the nonlocgl closure to ~ dt

studies of heat flow dynamics in high-performance, toroidal

q= | d®v'smu’?v'f,

"v! vlzlf 2
ViV = =1, (2

+F, 3)

12

. . m v fM
fusion experiments. T v'v' — ?I Vufy+v' - (V-II- R)F
Il. CHAPMAN—-ENSKOG-LIKE DRIFT mo ' 2 fu
KINETIC EQUATION +( 3T —1)(H:Vu+V-q—Q)F

Before deriving nonlocal forms for closures, we consider '
first the moment evolution equations of the five moment _(mv —§)v’~VTf—M @)
model. The macroscopic fluid quantities of density,flow, 2T 2 T
u, and temperaturel, for each species evolve according to

the following set of unclosed equations: As in the traditional, collisional Chapman—Enskog
approach, F satisfiesfd3v{v'%v'1,v'2}F=0 for the first
ﬁ—n+V~nu=0 three velocity moments. On the left-hand side; (e/m)(E
at ' +(1/c)vXB) is the acceleration an@(f) is the collision

Py 1 operator which represents binary, collisional scattering

mn| — +u-Vu|=en| E+ —uxB|-Vp—V-II+R, events. Note that along with the traditional gradient drives,

Jt ¢ — Vu andVT, the closures needed for the five moment model,

3 (gT namely,IT andq, appear on the right-hand side. This is the
EH(EHJ.VT) =—pV-u—-II:Vu-V-.q+Q, (1)  result of using the moment equations to simpldy,, /dt.

Although Eg.(4) contains all of the information of the full
where underlined terms contain the unspecified closure mdkinetic equation, it is neither possible nor desirable to solve
ments. The right-hand side of the equation contains the in its present form. We are interested in extracting the essen-
Lorentz,en(E+ (1/c)uXx B), pressure-gradient; Vp, colli-  tial kinetic physics that plays a role in the macroscopic evo-
sional friction, R, and viscous stress; V-II, forces. The lution of plasmas confined by resistively evolving magnetic
right-hand side of thel equation includes compressional, fields.

—pV-u, viscous, —II:Vu, and collisional, Q, heating The reduction of Eq.4) to a form amenable to an
terms, as well as the conductive heat flowThe program of  analytical/numerical solution begins by making a small gy-
fluid closure attempts to close these equations by specifyingoradius assumption and applying the gyroaveraging opera-
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i FIG. 2. Plot shows variation iB andT inside the 2/1 island in Fig. 1 when
FIG. 1. Poincae plot showing saturated 2/1 and 3/1 magnetic islands resultintegrating along the magnetic field. Note that the temperature gradient scale
ing from resistive tearing mode evolution. THemarks the starting location  |ength, L, the collision lengthL,, and the length of variations iB, I,
of the field line integration in Fig. 2. satisfyLy~L,~100 ne1.

tor, $dy/27. ApproximatingF to lowest-order as indepen- those of T which are comparable to the collision length;

~ — — 0 -3
dent of gyrophasey, yields the following equation that ~L,~100m, forT=1keV, andn=10""m"°. .
emphasizes the dominant kinetic physics of motion along Calculating spatially nonlocal, parallel closures in the

magnetic field lines: vicinity of helical magnetic islands requires a solution of Eq.
(5) that accounts for particle trapping in short magnetic wells
erV .VE-C(f) and puts collisional €(f)) and parallel free-streamingy(
ot -V) effects on an equal footing. Expanding the operator
m v2 | ‘ : V=v,-(V,+V) in Eq.(5) permits writing the lowest order
=— ?< v2- % (bb— §) Vufy+v, (V-II,—R) — in 6=(vy- V_/v;- V})<1 equation as
m v? |
v-VF°=——(vz——l) 66——):Vu°f° : 6
+L}’2(—dg'tT+v-u fu L% VT2 (5) T 2 3 ©

which has the solution

HereL}%(v) andL¥?(v) are Laguerre polynomials arfdis m

a unit vector parallel to the magnetic field. Note that the  FO=g(L,y,v,t)+ #uﬁf&, 7
cross and perpendicular componentsIbf which may be T

derived from a fluid analysi¥, have been ordered small Here it has been assumed that the lowest-order, divergence-
compared tdl, .>*! Here we have used the temperature evo<ree flow can be written®=Bx V ¢/B2, where¢= ¢() is
lution equation to rewrite the term involving-q. It is im- a function of the equilibrium flux surfaces labeled ky
portant to note as well that although the left-hand side of EgAlso, we have assumed th@P=T(y) and the remaining

(5) does not contain the particle drift velocity, the right-handdrive terms are first order. Applying the bounce-average op-
side has drive terms related to drift effects. erator, ()=¢dIB/(Bgv), to the first order equation elimi-

A further reduction of the drift kinetic equation is pos- nates thev,- V;F! term with the result
sible by averaging over a particle’s bounce orbit in magnetic
modes in shaped toroidal geometfEigure 1 shows a Poin-
careplot of saturated 2/1 and 3/1 magnetic islands resulting = _<

fO fO

sional effects while seeing varying fluid quantities and mag- ~ + < vi- (V- TIf = RY) p—“3> - 0'< L§’2v||-VLT°T—'\3> . (8
netic field modulusB. Figure 2 shows the variations B
is marked by theX in Fig. 1. It is clear from the plot that which is appropriate when deriving closures driven by slow
variations inB occur over a shorter scale length, than  magnetic evolution. In such cases, the temperature evolution

A . . 9
wells. In order to justify this average we consider a N_IM-< —+ov-VL) F°> —(C(FO+19))
ROD (Ref. 12 simulation of classical, resistive tearing at

m v? I

?(vz— %) ( bb— 5 :(V,u1+V,_u°)ff\’,,>
from this simulation. While traveling along magnetic field
lines in this geometry, particles experience Coulomb colli-
andT when integrating along a magnetic field line just insideHere o=0 for trapped particles and 1 for passing particles.
the 2/1 island O-point. The starting point of this integrationAlso, we have ignored the In T/dt+V-u term for simplicity

Downloaded 22 Feb 2007 to 128.104.198.190. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



2422 Phys. Plasmas, Vol. 11, No. 5, May 2004 Held et al.

equation is well approximated by -q=0. Equation(8) is a 1 T T T
CEL version of the gyro/bounce averaged kinetic equation y ——— -
and is appropriate for deriving;, andIl, in order to close the 0.75 l\ ———— c,
five moment model fluid equations. The construction of non- i oA
local closures from this equation is discussed in the next 05 [\ — G
section.
0.25
I1l. CONSTRUCTION OF NONLOCAL CLOSURES °
Constructing nonlocal closures from E@) requires a Rl N AN
maximal ordering between two of the terms on the left-hand [ Mt S ool -
side of the equation. Addressing collisional and free- -%5p /I 1
streaming physics and orderidggt small results in nonlocal Hy
equations in space. Addressing collisional and time- 075/ 7
dependent physics in axisymmetric toroidal geometry results !
in integral closures in time. Before discussing solutions of 17 .0'-5 (', 015 1

Eq. (8), however, we first state the form of the collision g

opergtor Whlch will be inverted via an expansionin OrthOgO_FIG. 3. Eigenfunctions for sinusoidéB wells of the form B=By(1

nal elgenfunctlons. +€)/(1+ e cos(2rl/ly)) with e=0.20 and the trapped/passing boundary at
Parallel flow and heat flow play a fundamental role in ¢=+o.58s.

the dynamics of magnetized plasmas. A simplified collision

operator should therefore account for the scattering of a par-

ticle’s parallel directed velocity in pitch-angle. Inverting the

collision operator along with either the free-streaming opera-

. NP . . whereF is a vector of the coefficients,,, d/dL=b-V, , and
tor or time-derivative is most easily accomplished by ex- . L : . .
L0 . . ) .~ gis the projection of the drives onto the pitch-angle basis. In
pandingF® in orthogonal, pitch-angle eigenfunctions. A lin-

ear form for the bounce-averaged scattering in pitch angle ogeneralg contains moments of . Note that the diagonal

a test species;?, colliding with multiple background Max- operatorla/atﬂ—L, Wh'.Ch looks I'keamtﬂ\”("%(v)/z) n
; U the nth equation, retains speed dependence in the collision
wellian species is

term. The free-streaming operatd, couples the odd and
o o even coefficient equations making the inversion of the opera-
(C(F9)=2 (Ly(F%) tor on the left-hand side of Eq11) nontrivial.
S . .
For the purpose of this paper, we solve Eifl) by ig-

vi_ 9 (1-89) v\ aF° noring thed/ gt on the diagonal. This solution addresses low

wEdE £ fﬁ dI;) e (90  frequency physics which is appropriate when deriving clo-
S sures that are the result of slow, resistive phenomena such as

where the pitch-angle type variable= + /1_(va/UZ)_ teanng_mo?hes. If? S;JC? clase;s, trr]le er_npha&s |stpn accura':tely
For electrons and ionsSsv, =v, +Sionev, . and Sv, assessing the effect of slowly changing magnetic geometry.

s tively, F imolicit ites Inverting the collision and free-streaming operator, (
= ZionsVL, TESPECHVEly. 0T SImpliCity, we Writesv, | +AvdldL), is accomplished by expandirigas a linear sum

=v, . The self-adjointness of the operatdrs) permits the  f the eigenvectors of the matrik, F=Wh, whereA has

F+A aF— 11
vaL_gl ( )

Ia+L
ot

solution of separated eigenvalue equations, the elementsA, m=A, m/\, for m=1 to N. The resulting
g (1—-&?) § i vy\ 9C, N . ordinary differential equations for the coefficienlts, are
€ & v)oog T (0 i v 9 (12

. o S L 2v;i i_U'Yi,
and an expansion of the distribution function in the orthogo-

) -1 g
nal basis,F°=3,F,C,(£). Here the averaged Jacobian is vvhere 9; are the elemgnts oW *g and the i s are the
J=0v26dI(vEB/Bguy) for the guiding center variableg, v, eigenvalues of the matrid. The bounded solutions are

andé. I L I
In toroidal geometry, the bounce averages needed for the hi= f dL VY € ' (13
pitch-angle eigenfunction equation may be calculated base@eare the effective inverse collision lengths= v, 120, .

on an axisymmetric equilibrium. Figure 3 shows eigenfunc-at this point, we define the parallel heat flow closure mo-
tions satisfying Eq(10) for sinusoidalB wells of the form, . ant as

B=Bgy(1+ €)/(1+ ecos(2r/ly)) with e=0.2. The solution
of Eq. (10) has been discussed in previous wdRInserting q= —TOJ (dP0)L32Cy(E)F, (14)
the expansion foF" into Eq. (8) and integrating over pitch
angle yields the following system of algebraic equations fowhere the parallel velocity weighting;C(&), which re-
the passing particles: places, is consistent with the expansionef in the pitch-
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angle basis. As a specific example of a spatially nonlocal 10" T T T T T 10
form for q;, we ignore all but the temperature gradient drive T
in Eq. (8) and restate the result that appeared in Ref. 2: ,..a"’ APt
Ry
4
Ny [ ' 10°F s g 110’
q,(L )=—st7 L,dL[T(—L)—T(+L)]K(L L), 7
4
(15) s,
S
where the kerneK(L',L) is given as 10 - ,:',/ - 10"
c-i -~
,_.//, ———— - q",8:00
2 A £ =
K(LI,L): _sf <d3v>(Lg-3/2))2efvzlvthci(é;) K q", £=0.2
Uth 2 EAv: q", c=04 2
10+ 7, 10
N/2 S
x> ae klL-L), (16) g
= 7
/
_ ' . .. 103 |- J103
Herea;=|W;;gik;/y;| andK(L’,L) contains the collisional : : : : :
and trapping information of a distribution of electrons as " " " " 1 . 1
o . 10 10 10 10 10 10
they scatter in pitch angle off a background Maxwellian L,/L,

plasma. The similarities between this generaligednd pre-
vious collisionless expressiohs® were emphasized in Ref.
1. It was also shown there that E45) reduces to the famil-

FIG. 4. Heat flow response to sinusoidal temperature perturbations of the

form T(L)=T®%T sin(27L/L;) for sinusoidalB wells of the formB
=Bg(1+€)/(1+ € cos(2rl/ly)) with e=0.0,0.20, and 0.40. The flow is re-

. _ . . . . . 4 . . _
lar form, d=—mWT, in the collisional limit.” It is |mp9r duced by trapped particle effects in both the collisional and nearly collision-
tant to note, however, that here the parallel conductiwity, |ess regimes.

is reduced by particle trapping and collisions near the
trapped/passing boundary. Furthermore, the nearly collision-
Iess_ limit of E_q.(15) contains |mp0rt_ant cor_rectlons_d_ue oy NUMERICAL IMPLEMENTATION OF NONLOCAL
particle trapping that were absent in previous collisionlesg| nsyrES
expressions for the parallel heat flow. These results are sum-
marized in Fig. 4 where the heat flow is plotted versus the  As an example of the numerical implementation of non-
ratio of collision length,L,=v/vy, to gradient scale local closures, we consider incorporating the parallel heat
length,L+, for sinusoidal temperature perturbations. The apflow closure in Eq.(15) in plasma fluid studies using the
plication of this nonlocal parallel heat flow closure is dis- NIMROD code!? Two major issues arise in such an imple-
cussed in the following sections. mentation. The first involves the formal calculation of the
Although we have focused on deriving a spatially non-nonlocal closure throughout the domain. This requires a mas-
local form forq,, we will comment briefly on the derivation sively parallel computational approach. The second deals
of an integral expression fdd, in axisymmetric geometry. with the implementation of the temperature evolution equa-
This requires adding a momentum conserving termfion with the largeq; closure appearing explicitly on the
(v;N,f%), to the collision operator in E49), as was done in  right-hand side.
Ref. 3. This term represents the distortion of the background The first step in calculating), entails solving for the
due to collisions with test particles and is responsible forkernel, K(L,L"), that appears in Eq15) so that it may be
restoring momentum to the Maxwellian species. In axisym4interpolated irL when integrating along magnetic field lines.
metric geometry, the bounce average eliminates the fregéhe eigenfunctionsC,(&), are calculated based on the equi-
streaming terms in Eq11) leaving the leading diagonal op- librium toroidal magnetic geometry. It is important to note
erator only,l9/dt+L. In this case the coefficients,,, sat- that the shape and depth of the magnetic wells depend on the
isfy equilibrium flux surface. For this reason, NIMROD uses
multiple processors to generate pitch-angle bases at different
radii. Individual processors then solve the system of equa-
tions given in Eq(11) to determine the coefficients; , and
effective inverse collision lengthk;, needed in Eq(15).
Taking the viscous stress tensor moment and enforcing thEinally, the processors calculate the kerre{L,L’), as a
requirement that the flow moment B must vanish couples function of L and the results are shared and interpolated so
I1, to the momentum restoring term in the collision operator.that all processors can calculaganywhere in the domain.
The form of the closure is a set of coupled \olterra equa- For toroidal calculations, NIMROD uses two-
tions, an expression fdil, that is nonlocal in time. An analo- dimensional finite elements in the poloidal plane and Fourier
gous form forll; that is nonlocal in space has been thedecomposition in toroidal angle. A representative finite-
subject of previous researtivhich may be adapted to this element grid in the poloidal plane is shown in Fig. 5. For
case of a time-dependent viscous stress closure in axisynmgher-order finite elements, the closure must be calculated
metric, toroidal geometry. at interior and side nodes in addition to the grid vertices. For

t
Fn:bne—)\nvl(v)t/2+f dtlgne—)\nvl(v)(t—t’)/Zl (17)
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FIG. 5. Finite-element grid used by NIMROD for tearing mode calculation t (ms)
shown in Fig. 1. Closures are calculated at grid vertices as well as side and
interior nodes for higher-order finite elements. FIG. 6. Plot shows convergence of temperature evolution in slab magnetic

island geometry for time stepst=10, 1.0, and 0.1 ms. In steady state, the
effect of the semi-implicit operator vanishes as shown by the agreement at

. . . . . C e . t=30 ms forAt=1.0 and 0.1 ms.
bi-quadratic, bi-cubic, and bi-quartic finite elements, a single

cell has 9, 16, and 25 nodes, respectively. For thg 32
grid in Fig. 5 with bi-quartic elements, the total number of = . . S
unique nodes in the poloidal plane is approximately.10 point in the domain fqr S|mulat|qn time stepsbf= 10, 1.'0‘
Furthermore, resolving a toroidal spectrumfmodes re- and 0.1 ms. As the time step is reduced, the evolution be—.
quires evaluation at"2 poloidal planes. For modest simula- comes more accurate. Note also tha}t because t.he semi-
tions, this adds a factor of ten bringing the number of closuréranICIt operator aCJFS on the change T its effect vamshes
calculations to=10°. The distance integrated to convergenceIn steady-state. This is shown by the agreement inAhe

depends o, andLt, but ranges from meters to kilometers. _:1'0 and Q'l ms s_|mulat|0ns &t 30 ms. Be_cause we are
Presently, the parallel implementation in NIMROD is ca- interested in studying heat flow dynamics in plasmas con-

pable of calculatingy, for T<5keV andn=10m~3 in fined by slowly evolving magnetic fields, the advantage of

reasonable wall clock time when using hundreds of procest_akmg_large, stable time steps with the semi-implicit operator
sors. outweighs the small errors that are introduced.

Once g, has been calculated throughout the computa-
t@opal domain, .it is mapped to Gaus§ian quadrature points fof; App ICATION OF NONLOCAL CLOSURES
finite-element integrations on the right side of the tempera;y TOKAMAKS
ture evolution equation. In high-temperature plasmagy,
is large and often dominates temperature evolution. Since a In this section we explore two applications of the nonlo-
purely explicit treatment would be unreasonably stiff, acal parallel heat flow closure in DIII-D tokamak geometry
semi-implicit time advance is used. Recall that the generalysing the NIMROD code. The first looks at temperature evo-
nonlocal heat flow closure reduces to the diffusive fognp, Iution in the vicinity of helical magnetic islands and esti-
~V,T, in the collisional limit. For this reason, we use the mates the critical island width at which temperature begins to
relatively easily inverted anisotropic heat diffusion operatorflatten across the island O-point. The second explores the
on the left-hand side of the time-discretized temperature evdocal heat load on the wall that results when the plasma dis-

lution equation in the following mannéf: rupts and chaotic magnetic field lines allow heat to flow
5 A rapidly out from the core. The results are compared with
[nl—=Atf(k, Vo+ V- (k= «,)bb-V)JAT those of the diffusive heat flow closure.
~n The flattening of temperature across magnetic seed is-
= At[x,V2T—V i, BB- VT+V-q,]. (18) nd peratu gnet '

lands leads to bootstrap current perturbations which drive
Here k; and x, are the parallel and perpendicular diffusive island growth in regions of positive magnetic shear. This
thermal conductivities, respectively. It is possible to shownonlinear instability, referred to as neoclassical tearing
that there exists a minimum value of the centering parametemodes(NTMs),*4~¢is predicted to limit advanced tokamak
f, such that Eq(18) is numerically stable for any time step, performance. Previous theoretical modélssed a diffusive,
At. It is important to note, however, that the semi-implicit Braginskii form for the heat flow closure in cylindrical ge-
implementation introduces errors that are proportionalto ~ ometry to predict that the critical island width for tempera-
In order to demonstrate the numerics of Etf), simulations  ture flattening«, /x, ~wg*. This result has been confirmed
of heat transport across a magnetic island in slab geometmyumerically in toroidal NIMROD simulations using the dif-
have been conducted. Figure 6 shows the temperature at ofiesive closuré® which reveal a scaling«;”/KL~wg4'2.
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FIG. 7. Scaling of temperatur, versus critical island widthwy , at which  FIG. 8. Plot shows magnetic field line chaos resulting from high-beta dis-
temperature flattens across the island O-pdintwg ™, for nonlocalg,.  ruption simulation of DIII-D discharge 87009 using NIMROD.
The scaling for the diffusivey, is T~wg .

O-point at half the island width is reduced by 25%. The

In this work, we apply the parallel heat flow closure in result of this exercise is shown in Fig. 7 which predicts the
Eq. (15) to predict the scaling oivy4 as a function of tem- scaling, T~wg°. Given thatx,~T>? the previous, diffu-
perature. The magnetic geometry is the result of the NIMsive NIMROD result yieldsT~wgl'7. Figure 7 shows fair
ROD simulation used to motivate the orderings in Sec. llagreement between the diffusive and generalized heat flow
(see Fig. L The magnetic field is frozen at specific island models with the nonlocal; predicting more robust flattening
widths, wy=1.2, 3.2, and 6.7 cm, and the temperature isat smaller island widths. It is important to point out, how-
evolved to steady state. For simplicity, a uniform plasmaever, that temperature flattening does not solely determine
density,n=10°° m3, is assumed and the temperature charthe onset of NTMs. The polarization current also plays a
acterizing the effective inverse collision lengths in Eth) is  role, possibly stabilizing NTMs even when there is tempera-
increased until the temperature difference across the islanire flattening inside the islarfd.Understanding the role of

Nonlocal q;
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FIG. 9. Plot compares the normal heat
load on the wall for nonlocal and dif-
fusive g, as a function of distance
along the wall and toroidal anglej.
Dotted lines correspond to points A—E
shown in the plot of temperature con-
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6 dal angle and striation in poloidal
angle predicted by the nonlocg| are
5 consistent with experimental observa-
tions.
@4
8
b
©3 E
=~ L s e oS 2u AL T
<o 05 1 1.152 2 25

A 10 B C 20D E
Distance along wall (m)

Downloaded 22 Feb 2007 to 128.104.198.190. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



2426 Phys. Plasmas, Vol. 11, No. 5, May 2004 Held et al.

competing stabilizing and destabilizing effects for seed is-bination of generalized closure theory and massively parallel
lands will be the subject of future research. numerics permits simulation of parallel particle dynamics on
For our second example of heat flow dynamics in toka-luid time scales. The application of the nonlocglto the
maks, we explore the localized wall heat load that results iproblem of temperature flattening inside islands reveals a
a NIMROD simulation of DIII-D discharge 87009.The  scaling of temperature versus critical island width for flatten-
Poincareplot in Fig. 8 shows the magnetic field line chaos ing ofT~wgl'5. This result predicts more robust flattening
that results from an ideal MHD plasma instability. In suchat small island widths when compared to the diffusive scal-
discharges, heat flows rapidly along field lines from the coreng, T~wgl'7, which assumes a Braginskii-type parallel
out to the wall. Ideally, the local heat load should be concenheat conductivity. Preliminary application of, to tokamak
trated near the divertor in order to mitigate damage to thelisruption simulations shows qualitative agreement of wall
wall. Simulations of heat transport have been performed usheat loads with experimental observations, smooth distribu-
ing the diffusive and nonlocal, closures. In the diffusive tion in toroidal angle and striation in the poloidal direction
case,k/k, =10 throughout the plasma. Analogously, the along the wall. Both applications show promise for future
temperature used to determine the collision lengith, for  quantitative calculations involving nonlocal closures applied
the nonlocaly, is set to the constant valu€=500 eV. Fig- to present-day and next-step tokamak fusion experiments.
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