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Turbulence and Transport
Modeling

e Develop and run turbulence codes
e Try to gain broad insights

e Build simplified transport models from simulation
results

e Test models against experimental data

New physics impacts every phase.



ETG Modes

e Consider the following very simple model of ETG
modes. Taking k, = 0, and ignoring the difference
between curvature and VB drifts, the electrostatic
electron density evolution equation simplifies to

on 2p
—+ V- (nvE+mQB2B X VB) =0

ot

e Linearizing and Fourier transforming this eqlia,tion,
one finds

—iwn — WP + 2iwg® — 2iwgp =0

e Similarly, the linearized pressure evolution equation
is

—iwp — iwe (1 + 1) ® + 3iwg® — iwg (6p — 3n) = 0.

e Defining 7 = T, /T; and b = (k. pe)?, quasineutrality

yields:
n

T+b

These equations may be combined to yield a quadratic
dispersion relation:

b =—

(T + b)w? + [bwa(T + b) — wy + 2wy w

+6w3(1+ 7 + b) + 2w,wa(n. —2) =0



_ETG Modes

e One may solve for w to find

_ B n VB2 —4AC
24 2A

W =
where
A=1+b
B = 6wd(7' + b) — Wy + 2wy,
C =6wj(1+7+b) + 2w,wy(n. — 2)

o Consider the flat density limit. Then, this expression
simplifies to

_30a(7 +b) + wa, /33T + b @] — Zwawun(7 7 5)
T+b N T+b

W =

e Instability requires wy and w, have the same sign.
This occurs on the outboard midplane, and is what
is meant by “bad curvature.”

* Note that large 7 = T,/T; is stabilizing for ETG
modes. This may correspond to “hot electron modes,”
such as observed on TORE-SUPRA.



Transport from ETG Modes

So far, the linear theory of ETG modes look a lot like
ITG modes, except that the normalizing quantities
are very different. In fact, the diffusion expected
from ETG modes naturally scales like

Pg VUte < p?vti
Lpe Lpe

Xe ™~

Thus, if ETG and ITG modes co-existed and were
fully analogous, and x; ~ 1 m?/sec, then the ex-
pected value of x. ~ 0.02 m?/sec. This would be
experimentally irrelevant.

Even if x; were as large as simulations suggest and
therefore large enough to enforce marginal stability,
it turns out that the expected value of x. would be
too small to be relevant to experiments.

However, simulations provide more insight than this.
Non-saturating streamers observed, with x. > 40 m?/sec
for typical parameters. This is certainly large enough

to enforce electron temperature profile consistency,
and to be an important limiting factor in internal
transport barriers.

Next step is to include missing physics, especially
magnetic perturbations.



Shear-flow Generation in ITG Modes

e Consider ITG modes. Ina hydrogemc plasma, quasineu-
trality guarantees that the electron and ion densities
are equal. Ignoring trapped electrons, induction and
collisions, the electron response is determined from
Ohm’s law:

Vi (pe — e|®) =

e Thus, the electron density is given by

_ I
= 2@ —(3)).

e Note that {(n.)) = 0 (or at most a constant) in this
limit. This is the appropriate result for adiabatic
electrons.

e Considering now guiding center ion quantities, quasineu-
trality dictates

lel A
7 (2= (@) =ni+ 5= (ns +—Tu' +29)

o Taking the flux surface average of this equation, and
substituting results from the density and tempera-
ture evolution equations yields:

OFE!
ot

=~{ve-Vn:) - (Vive - Vp.i))

e That is, a sheared radial electric field is driven by the
nonlinear flux of ion guiding centers and ion pres-
sure.



Shear-flow Generation in ETG Modes
e The story is quite different for ETG modes.

e At modest values of k, p., where ETG modes tend to
be, k. p; is very large. The ion response is therefore
adiabatic. Mathematically, the ion density response
is well approximated by

| V2 ¢
niot = I‘(l)/z (‘ni + —2'L-Tu') + (Fo —1) g’f’

e For large b, I'o(b) « b~'/2, and V2(b) ~ —1/2.
Thus, the gyrophase independent part of the ion
density is small. Only the last part of the last term
gurvives,

q®
n:ot ~ —'Tv'
e Thus, for ETG modes, there is no obvious strong

drive of E/ from particle and heat fluxes.
fie + (1 —Tp) ® = —7®
E] = (1P + 7))

e So, we turn to simulations to find out what happens.
The result is striking!
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AT Physics Codes

GS2 is a linear, parallel, electromagnetic, gyroki-
netic, multiple species, general geometry code. Al-
most certainly describes linear physics.

Available online (send email to
bdorland@ipr.umd.edu)

MDS+ interface to data coming from MIT

Runs on workstation in multiiples of a couple of min-
utes; runs on parallel machine in a few seconds.

Easily embedded in larger code. Someone should
make a GK version of GLF23.



Experimental Comparisons

Models improving over time.

Transient transport experiments: response is fast

Fal aWallW.dd

h  hitt Aarralitativre cnlcr
cuuugu, uu quauba.w.vc Ulll.y
ECH perturbation experiments: ion channel better

than the electron channel

Waltz, et al., improved interpolation scheme from
IFS-PPPL. GLF23 model should work for wider range
of parameters.

Ernst has incorporated flow shear into IFS-PPPL,
finds improved agreement for TFTR Supershots.

Future: greater reliance on GK simulations (linearly
and nonlinearly).
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Gyrokinetic Equation

e The toroidal gyrokinetic equation is structurally plain:

af 5
%—Cef

e The linearized collision operator is used here. In the
collisionless limit, the conservation of the distribu-
tion function at it evolves in phase space is evident.

e More explicitly,

d o . .9
E=a+X-V+UW,
X=v(b+ (5Bl))+%x (,mv In B +mU?b - Vb)
+ 5 9 (69 (o, 2))
po 2 00A) 3 (0B o
o (34 952) v (- g (o, 22))
cUb



Gyrokinetic Maxwell’s Equations

e Poisson’s equation expresses quasineutrality:
E :ans =0
8

and determines ® implicitly.

e Ampere’s law is separable into parallel and perpen-
dicular components:

4m
Vi(SA" = ——c- qs/d3'v'U"F]_3

~ 4m
V_L6B" X b= ?gqs\/\d:;’v'v_‘_Fls

e In these expressions, the distribution functions and
the densities include the gyrophase dependent and

- independent components. For this reason, the polar-
ization drift appears as a term in the quasineutrality
constraint.



Gyrokinetic Description of Plasma

e The distribution function depends on spatial and ve-
locity coordinates:

fs - fs(x7 Y, z, E7 Aa Sign(vll))

e Discretization is expensive. For example, for each
species,

2ngnyn,negny = 2-64-32-96-10-40 ~ 157, 000, 000 points

e Compare with high-end fluid turbulence simulations:

ngnyn, = 512° ~ 134,000,000 points

e Gyrokinetic problem is highly anisotropic in phase
space. Non-uniform meshes used for the along-the-
field-line, energy and pitch angle coordinates.

e Parallel pseudo-spectral algorithm used to evaluate
nonlinear terms on spatially twisted field-line-following
coordinate grid.

e Past time scales associated with electron and Alfvén
dynamics in problem require implicit time advance-
ment scheme for linear terms.

e Size of problem forces one to use large parallel com-
puters with multiple domain decomposition tech-
niques. Parallelism implemented using MPI and SHMEM
libraries.

e Parallel computers not available five years ago; gy-
rofluid model developed to enable progress.



EI shear becomes more important as Tj Increases

® 1994 |[FS-PPPL model reproduces balanced deuterium NBI L-Modes

® At higher temperatures in supershots, the 1994 IFS-PPPI| model falls
short of reaching measured temperatures by up to 50%
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® Including Er, using new scaling for Vg, reproduces supershots

Emst, et al., Phys. Rev. Lett., Sept. (1998) & IAEA (1998) n-!'



IFS-PPPL Model on C-MOD

e Schachter, et al., carefully tested IFS-PPPL model
against four shots from C-MOD: 2L, 2H

e Model fits T; profile of one H-mode, otherwise fails.
Error appears to be in critical gradient (model tends
to underpredict R/L7).

o C-MOD collisionality higher than allowed by param-
eterization.

e (GS2 installed at C-MOD with MDS++ interface to
data. Should allow direct calculations of linear crit-
ical gradients, etc.

e Ross, et al., doing large number of nonlinear sim-
ulations directly for the experimental parameters,
including trapped electrons, impurities, general ge-
ometry. Finds sensitivity to impurity density gradi-
ent is important. (T'TF) Also testing frequency and
wavenumber spectra against measurements.
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Physics Improvements

e Rosenbluth-Hinton (RH) effect still being studied.

e Electromagnetic, multi-species, collisional effects po-
tentially important; mitigate RH effect.
. 5’!«["}1} pahaaces Rt ef@,ct
ire

e Nonlirtear extension of GS2 running now. Fully gy-
rokinetic and electromagnetic flux tube simulations
possible on big computers.

e Ultimately, particle noise is problem because of RH

e Electron transport needs more attention.
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e Max(a)=1.80.; but no ideal modes

e In center V.., ~ 0, so V... not enough
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> Stability is due to w,;
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wy; can stabilize all modes because
gradient is radially localized

e Essential physics in simple ramp gradient model:

L.

r

2§~

e Dispersion relation: w(w + w,;) = —¢ with

o8 = (st o - 1) b

e Modes with k¢ < 1 always stable (a ~ 1)

e Modes with higher kyé stable if w,; > 270-

19



Modified Ideal Stability Boundary

)1/2

o 0i = Vaito/8 = § (178

e Explains why pedestal exceeds ideal MHD
boundary

— 1n simulations

— in experiments ?

20



Edge Pressure Gradient May Exceed Infinite n
Balloomng imit Due to Small Barner Wldth

¢ Theory of Rogers, Drake and Ze11er predlcts p’ may exceed 1nf1n1te n
ballooning limit due effect of the small extent of the steep gradient region
on long wavelength modes, and diamagnetic effect at short wavelength
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