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Motivation and Introduction

growing experimental evidence that intermittent radial
transport in the SOL can be eplained by coherent,
propagating structures (“blobs’).

— two-scale structure of SOL density profiles; non-diffusive
in thefar SOL (C-MOD, DIll-D, AUG)

— wall recycling dominates particle fueling in C-MOD
P importanceof convedivetransport in far SOL

— diagnostic imaging & probe data on C-MOD, DIII-D,
NSTX, Tore Supra, MAST, and PISCES

(Zweben, J. Terry, Maqueda, Antar, Boedo, Rudakov,
McKee Labombard, Endler... )

o turbulencebP propagaing coherent structures
0 responsiblefor largefraction of SOL transport

0 non-Gausgan statistics smilar on all machines
(Antar, Boedo)

o correlated with ELMs (Boedo, Endler)

simple theoreticd models of blob propagation and decay
exhibit some of the qualitative fedures e in the eperi-
ments.

Krasheninnikov, Phys. Lett. A, 283 368(2001)
D’ lppolito, Myra, Krasheninnikov, Phys. Plasmas 9, 222 (2002

recent ssimulations extend these models to include blob
dynamics and interadion with the badkground pasma.
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UEDGE simulations of DIII-D provide evidence
of convective transport

include time-independent crossfield convedive velocity
V convin 2D edge transport code UEDGE

analyze aseries of DIl -D L-mode discharges having the
same NBI inpu power but diff erent average densities

nead ouwards V cony to match experimental profiles
V conv iNcreases with density
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A. Pigarov et d., J. Nucl. Mater. 313-316, 1076(2003
S. Krasheninnikov et al., IAEA Conf. 2002 paper TH/4-1.
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Gas Puff & BES imaging shows blobs

separatrix

GPI data
onC-MOD

(S. Zweben,
J. Terry, et
a., APS
200))

-«—radially outward

BES data
BES dataon Sem x 6 cm
DIl -D 1us resolution
G. McKee, UW

(BO&ZIO APS Poloidal

2002

Radial

Blobsarelocdized * B, but extended along B field lines.
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Probe signals on DIII-D show intermittent
transport in L- and H-modes due to blobs

condtionall y-averaged signal shows intermittent events
with fast-rise anddow decay in density and fluxes

E, correlated with density and flux pulses
blobs produced in al regimes (also by ELMS)

D. Rudakov, J. Boedo, R. Moyer et a., PRCF 44, 717 (2002
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Blob transport similar on different machines;
statistics are non-Gaussian

|lon saturation current shows smilar intermittency on
several madiines (toroidal and linear)

- large events are blobs
propagating outwards

PDF of | is kewed
towards positive events
(non-Gaussan)

PDF is smilar on dfferent
madines

G. Antar et a., Phys. Plasmas 10, 419(2003
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Characteristic Time Scales

Estimate blob time scdes for typicd tokamak parameters

blob radius: a=2cm
distancetowal: w=10cm
blob velocity: Uy = 10° cm/s = 1 km/s

conredionlength: L;=600cm

P t”: L”/CS: 200ns
tw=W/u,=100ns
tc=aduy=20ns
Notes:
tw/t)~%2 P flatened profiles with plasma & wall

tc is comparable to the experimentally-measured
autocorrelation times (~ 10 - 30 ng)
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Motivation and Introduction

growing experimental evidence that intermittent radia
transport in the SOL can be eplained by coherent,
propagating structures (“blobs’).

I+

two-scde structure of SOL density profiles;, non-diffusive
in thefar SOL (C-MOD, DIll-D, AUG)

wall recycling dominates particle fueling in C-MOD

I+

P importance of convective transport in far SOL

diagnostic imaging & probe data on C-MQOD, DIl -D,
NSTX, Tore Supra, MAST, and PISCES

(Zweben, J. Terry, Maqueda, Antar, Boedo, Rudakov,
McKee Labombard, Endler... )

0 turbulence b propagating coherent structures
o0 responsiblefor large fradion of SOL transport

0 non-Gaussan statistics smilar on all madines
(Antar, Boedo)

o correlated with ELMs (Boedo, Endler)

I+

simple theoreticd models of blob propagation and decay
exhibit some of the qualitative feaures e in the experi-
ments.

Krasheninnikov, Phys. Lett. A, 283 368(2001])
D’ Ippolito, Myra, Krasheninnikov, Phys. Plasmas 9, 222 (2002

recent smulations extend these models to include blob
dynamics and interadion with the badkground pasma.
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OQutline of Talk

Analytic blob model
Sewndary instabiliti es and effed of badkground pofiles
"esential stabilit y"

2D simulation results for curvature and velocity-
shea instabiliti es

rotational instabiliti es & ELMs
Other topics

Blob statistics

Diagnastics for blobsin 3D codes

Anaysis of NSTX GPI blob data
Aszesanent of blob model

Summary and conclusions

Scope:
(1) focus ontheory

(2) blob stability and transport
(not turbulent origin of blobs)
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Blobs move due to radial force

net spedes-summed radia forceF, (b>XN" F1 0)
(curvature, centrifugal, neutral wind...)

axial B field P spedes-dependent F~ B drift

sheah or plasmaresistivity P charge polarizaion

| y
separatrix
n=20 .
X
B, F
uX

- velocity uy of blob depends on Hobradius a

D D
n(r)=nbexp9-§ /2a" % + N¢

& i
ngf =0 P uX=q/a2whereq=L”/R

- density blobs move out to wall (n,>0),
- density holes move in towards core (s 0, n,<0)
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0.8
0.6
0.4
0.2

0.8
0.6
0.4
0.2

Profiles depend on the blob size distribution
Ensemble average over power law distribution

f@=a " a=blobradius

lar ge blobs dominate
transport for p =1,
small blobsfor p=4

D’Ippolito, Myra,
Krasheninnikov, Phys.
Plasmas 9, 222 (2002)

Small blobstravel faster and penetrate
farther than large blobs
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OQutline

Analytic blob moded
Sewndary instabiliti es and effed of badkground pofiles
"esential stabilit y"

2D simulation results for curvature and velocity-
shea instabiliti es

rotational instabiliti es & ELMs*
Other topics

Blob statistics*

Diagnastics for blobsin 3D codes*

Anaysis of NSTX GPI blob cata*
Assesanent of blob model

Summary and conclusions

*work in progress
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Study "secondary instabilities" of blobs

Use far SOL model (T = oconst) described by the
foll owing equations

~ 2. ~ 2. . ~
EN/\j +nNNAj] =aj - ENyn
n

dt

@:Dﬂfz\n- an

dt
E:1+V>‘N:1+b' Nj =N
dt it it

a = (2r JL)) = sheah parameter
b = (2r /R) = curvature parameter
n = viscosity, D = diffusion

dimensionless W dt® dt,r N® N,
eF/T.® F,vic,® v, €tc.

Seoondary "sheah-interchange” (Sl) instability driven by
Internal blob presaure profile dfedsthe radia velocity:

same force drives motion and instability (NB)
Sl instability [gp ky? (b/aL,)] bregks up Hobs

small er fragments move faster, increasing transport

(The global SOL version of thisinstability was sudied
by Nedospasov 1989 Garbet et al. 1991, Endler et al. 1995)
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Competition between stability and transport
determines maximum blob size

linea growth rate g for 1D "poloidaly-elongated biob"
(Vb >> Xp)

transport rates for blob d radius a = xy,

diffusonrate gy = D/a2 << other rates
convedionrate g. = Uy /a = g/a3
transport rate to wall g, = uy /Dx, let Dx » 10a

D'l ppolito and Myra, Phys. Plasmas (2003

"esential stability” for g<gy P a<a
lower bound on ¥ uy > g/a;?

a/uy P maximum expeded autocorrelation time
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Nonlinear instability breaks up blobs

2D smulations P nonlinea evolution d instability can
cause blobto bifurcae
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D'l ppolito and Myra, Phys. Plasmas (2003

tte (@) 0, (b) 6, (©) 9, and (d) 12 n,=0.01, D = 0.005 anda, = 7.

negled inertiain vorticity eg.

charaderistic blob deformation kefore bifurcaing
also observed by G. Q. Yu et al. Phys. Plasmas (2003
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Effect of background density on blobs (1)

40 - With small badground
n, = 0.01
20 < blobs move
<< faster
y 0
blobs are
<<: unstable
- 40
20 0 20

40

20

Badkground density:
y 0

dows and stabili zes
- 20

changes blob shape
20 0 20 40 60 80 + steep leading edge
40 + traili ng wake

- 40

20

- 20

D'l ppolito and Myra,
- 40— Phys. Plasmas (2003

The blob equili brium, stability and transport depends
onthe blob height above the badkground
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Effect of background density on blobs (2)

Simulations $row
strong effed of badkground onradial velocity uy

dependenceof uyon dob size

o 2 4 6 8 10 12
t /1,

D'l ppolito and Myra, Phys. Plasmas 2003

blob dows down before bifurcaion and speeds up
afterwards (consistent with analytic model)

blob accéerates down the SOL density profile
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40

Effect of background density on blobs (3)

blob in vacuum P uniform uy
blob on ladkgroundb vortex flow pattern

contours of density (solid) &
flow (dashed) in lab frame

sheaed flow drives
KH instabilit y,

gH vy /Ly
gives geq lealing
edge and trailing
wake
shape b qualitative
agreement with
probe data

0 5 10 15 20
t/t,
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Small blobs are unstable to
Kelvin-Helmholtz instability

a=0.6cm (smaler blobs are more unstable to K-H)

a=09cm

Yu and Krasheninnikov, Phys. Plasmas (2003

[Blob stegrening and K-H also studied by Bian et al., (2003,
and in ionospheric context by Guzdar et al., (1998)]
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Density dips and impurity transport

Evolution d density dipwitha=1.2cm, smal D =0.01

Yu and Krasheninnikov, Phys. Plasmas (2003

density dips/holes propagate inwards from wall to core
provides medhanism for enhanced impurity transport
dips are unstable to secndary K-H instability
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ELMs, Blobs and Rotational Instabilities

- ELMs P density and temperature pulses propagating
to thewall (JET, AUG andDllIlI-D)

- Pulses have blob-like behavior (outwards convedion,
stee leading edge, etc.) but have more fine structure.

- Isfine structure due to rotational instabhiliti es?

J. Boedo et al., submitted to Phys. Plasmas (2003
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Blob rotation

Blob theory neeads to be generalized to include temperature
and Bohm sheah paentia (F » 3Tg) effeds on Hob
dynamics

badkgroundT(x) b poloidal drift

internal T(r) b blob rotation
Blob rotation can drive rotational instabiliti es
[seeD'Ippdito et al., APS-DPP (2003)]
- centraly-pe&ked T(r) b E;>0
p centrifugal and Coriolisterms are destabili zing
(Freidberg and Pearlstein, Phys. Fluids 1978

. rotational growth rate g, ~ 1/a® exceals g, ,, ~ 1/a3 for
a >> 1 and gy ~ n¥/a? for mode number m < Mgt ~
a'? [shaded region below] :
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OQutline

Analytic blob moded
Sewndary instabili ties and effed of badkground pofiles
"esential stabilit y"

2D simulation results for curvature and velocity-
shea instabiliti es

rotational instabiliti es & ELMs*
Other topics

Blob statistics*

Diagnastics for blobsin 3D codes*

Anaysis of NSTX GPI blob data*
Aszesanent of blob model

Summary and conclusions

*work in progress
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Blob transport leads to non-Gaussian statistics
[seeMyra et al., APS-DPP( 2003)]

analytic model of periodic blobtrain passng aprobe:

€ . 2pt QU
n(t) = ng expax¢sSin—- 1%
° eg t %

n(t)/ng for x =1 n(t)/ng for x =100
1 1
0.8 0.8
c 0.4 < 0.6 “
0.2 0.2
IlO | 5 IO I5 iO IlO 5 ‘O ‘5 iO

~—+
~—+

speafic predictions abou density statistics as X-:
(mean , skewness but standard deviation s is not mono
tonicinx). NSTX GPI datashows smilar behavior:

red® blue® green b increasing x

standard dev

skewness skewness
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Using GKYV to diagnose blobs in BOUT simulations

D.A. Rusal, JR. Myra and D.A. D©Ippolito (Lodestar)
W.M. Nevinsand X. Xu (LLNL)

[seeRussll et al., APS-DPP (2003)]
dn(y ,q, t = 550 ) dn(q,t, y-yg=4cm)
600

A blob onitsway to the wall. oo

’é —
8 % 400
o
300
200
History of density
Y-Ye (cm) fluctuations at the
100 wall.
X.Q. Xu, BOUT: DIII-D Shot # 107404@4500ms
W. M. Nevins, GKV Analysis & Visualization Tods
q (cm)
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Comparison of NSTX turbulence data with blob
theory: extracting ne,Te from GPI intensity

see Sotler et al. (this meding) | =ng F(ne, Te) I
Myra et al. (APS'DPP 2003 Albuguerque)

Gas Puff Imaging data from S. Zweben and R. Magueda

50

equilibrium
(median)
frame

turbulent
(blobby)
frame

.8 8 B B

LYY

146 148 150 152 154 156 146 148 150 152 14 156 146 148 150 152 154 156

cuts across the frames: equilibrium dashed, blobby solid
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Assessment of the Blob Model

Some quditative feaures of the eperiments emerge
naturally from the aaytic blob mode and the
correspondng numericd simulations:

- robust medhanism for convedive plasma transport

- two scde density and flux profil es

- faster decay of T(x) than n(x)

. criticd particle flux for ionizaion-sustained equili bria

- medhanism for inward transport of impurities

- shape of propagating pulses

- intermittency and nonrGaussan statistics

- possble medianisms for the density limit and for fine
structure in ELMsS?

A more quartitative comparison with experiment requires
further development of both the theory and the
measurements:

- include T(x,y), sheaed vy and vy, and rotation in 2D
simulation codes

- include blob variation along B (at high density)

- use 3D turbulence ®des (e.g. BOUT) to study blob
formation; develop new code diagnostics for blobs

- dedicated experiments in SOL transport: coordinate
complementary diagnaostics to simultaneously measure
all parameters neaded for theory
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Summary

- Blob transport provides a robust medanism for
explaining the observed intermittency and radial
transport in the far SOL.

- Blob motion is driven by a net radial force giving
speaes-dependent drifts:

0 grad-B dueto toroidal curvature (tokamaks)
o centrifugal force (linea madines like PISCES)

o neutral forces, e.g. "neutra wind' in LAPD [S.
Krasheninnikov, PoP 2003

- Radial convedive flux of plasmadependson

0 blobsizedistribution
o0 blob height above badkground dnsity
0 ionizaion d neutrals (not discussed here)

- SOL convedive transport has important implicaions
for tokamaks

o "main chamber regycling regime" b reduced
divertor efficiency (Umansky et al., 1999 Pigarov
eta., 2002

o may be related to the density limit on C-MOD
(Greenwald, 2001; Xu, 2002 Myraet al., 2002
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Effect of plasma resistivity on blob motion

Sheah condtctivity term (1 a) + curvature drift term (U
b) balance in the vorticity eguation to give the blob
potential induced by charge polarizaion

Plasma resistivity h =mgng/ne? enhances the blob
potential and increases its radial velocity

MebMei 0L ¢

| ® a?+
J é mics zRn 7

Thus, plasma resistivity allows blob motion inside the
separatrix and adds to sheah resistivity in SOL.

|s plasma resistivity in SOL related to the density limit?
(Xu, 2002
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Blob propagation due to "neutral wind"

S. Krasheninnikov and S. Smolyakov,
to be pubished in Phys. Plasmas, 2003

Outwards radial force due to imbaance between the
friction d the fast neutrals from the @ore and the slow
neutrals from thewall b radia blob motion.

Force

(K = neutral-ion collision rate)

Resulting outwards vel ocity:

V)( u N\4a5§ faStV\( SIOWOEy ”2
b

Estimate v, » 10°cm/sfor LAPD parameters in agreament
with experiment.
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Stability and transport boundaries
vs normalized D and n

If the inertial term in the vorticity equation is negligible,
the blob radius a can be scded ou of the equations; the
eguations are invariant under the transformation:

D® aD, a® aja, g® ga3,

j ® aj ,n®n

10

stable
aD 0.1

0.01 gg=1

unstable

0.001

0.1 1 10 100
ag/a
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Physics and scaling of K-H instability

Kelvin-Helmhoaltz instability is driven by velocity shea
In vorticity inertial term

%sz =0 P gy ~kyVy £

Vi

y

Blob flow pattern with velocity shea requires substantial
badkground censity.

Compare scding of K-H growth rate with that of sheah-
interchange mode

2
Vy 1 Ky 1
OkH ~ TEVER Jsi ~ L. 3
Yy Yb X Xp

Note that gk and gg have oppasite dependences on dob
shape

Ckn larger when xp >> yp

Og larger when yp >> Xj
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Reduction in blob velocity by K-H instability

2D Simulations by Yu et al. (2002 show that the radial
blob velocity V,, deaeases for small blobs due to the
Kelvin-Helmholtz instabilit y:

(Notation: Vy=u,, d=a)
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