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Scopeof this work '

n Understandindpasicphysicalpropertiesof shearedo ws, vorticesanddrift
wavesin stronglymagnetizegplasmaghroughtheory simulationsand
experimentaldata.

n Designanduseof anew probethatcandirectly measurglasmaeE B
vorticity, a key physicalquantitythatis ubiguitousin plasmaequations.

n Useof Chebyshe-taupseudo-spectraéchniguezommonlyappliedin the
simulationof uid turbulence.

n Characterizgotential,densityandtemperatureuctuationsin theLarge
PlasmaDevice (LaPD)andtheHelimak.
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- Moti vation for this work. -

n Theoreticalhnalysisandcomparisorwith experimentaldatain fusiondevices
IS dif cult, dueto:

u Complex magneticeld geometries.
u Limited acces®f diagnostido probethe plasma.
u Severalphysicalphenomengakingplaceatonce.
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Rayleigh-TRylorinstability (magneticcurvature fastrotation) Drift Wave
Instability (densitygradient,temperatuigradient)

n Chebyshe-taupseudo-spectrahethodsvidely knownin uid turbulenceare
notcommonlyusedin plasmatheory
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Outline -

n Review of plasmaequationdor the nonlinearnwo- uid descriptionof basic
plasmanstabilities.

n Relevanceof vorticity in plasmadynamicsandthe Vorticity Probe(VP).
n Kelvin-Helmholtzturbulencevorticity datain the LaPD.

n Linearstability andcomparisorio experimentaldata.

n FourierChebyshe-taumethodfor nonlinearsimulations.

n Nonlinearsimulationsof coherenstructuresn theLaPD.

n Conclusions.
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- Two- uid description

n Wedescribaheplasmawithin theframewvork of two- uid theory:

n g+v r v = 1 p t+en (E+v B)+ R
@n .
—+r1r (nv = 0 =1 e
a ( )

n Perpendiculadrifts givescrosseld currents:

. mn @ B r' r o' L
= + r ' Polarization

. B r : .

jp = 52 P (Diamagnetic)

n Paralleldynamicss givenby Ohm's Law:

' kPe
ne

+ Ex = Jk
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- Nonlinear reducedmodels

n Quasineutralitydetermineworticity dynamics:

@ , 5 . B .
—rs'+ “rs' +2 r InB = ——r
@ ? ? ID mn k) k
n Continuityequation:
@ . 1
—n+[; nl= —r
@ [ n] " Kk
n Ohm'sLaw:
. >, R € Te
——— = Dyr - — D, =
ne Kk n T T Me o

n Theabove arethe Hasgawa-Wakataniequationsnodi ed to include
magneticeld curvature/gradient.
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- Nonlinear basicplasmainstabilities -

Simplerreducecequationsareobtainedn thefollowing limits:
n Kelvin-Helmholtzinstability (KHI):

r vJk = Oandr B = O:

n Drift wave adiabatidimit (D! 1 ):
R=n = e=T ¢
givesriseto Has@awa-Mimaequationfor drift waves.
n Rayleigh-RylorInstability (RTI):

rB6 0
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- Relevanceof vorticity in plasmadynamics

n Nonlinearmodel:

@ 2 - B .
—rs' + Y rs' +2 rinB = —r
@ y 12 ID mn kl k
@ 1
—n+1[; n] = -—r
a [5 n] " Kk
n E B owsfromplasmapotentiale = r
. r' B _e r' _
. C(Xx;t
n Streamfunction (X;t) = (B ).
. 1 5, 2
n Plasmavorticity: ! = b r v = gr 5 =15
n Reducedonlinearmodelshave thestructure:
@
@! +r (tve) =S (1)
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Coherent Structur esin Plasmas

n CoherentStructuresariseaslocalizedsolutionsof
thenonlinearplasmaeqguations.

n In generalCoherentStructurescontainapprecia-
ble enegy andlive longerthantypical background
uctuations.

n They arecharacterizedor having high valuesof
vorticity.

n They play animportantrole in transporfprocesses
In plasmas.

Final defenseMay 2, 2006 9



- Vorticity probemotivation and design -

. . d
n A commonfeaturein all reducedmodelsis: a!

n Finite differencesapproximation:

L+ 0(?

510
50

>
| wm77 30
= (digitizer)
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Useof VP In the Lar gePlasmaDevice
(LaPD)

> T <
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Experimental conditionsin LaPD -

n Plasmais createdin pulsed dis-
chagesof 20 msevery 1 second.

Cathode] T | n A biaspulseof 5 msis appliedto the
o device wall duringeachdischage.
50Q Q %O.ZQ \T

|1 L . . . .
m | - n Biasinducesaninwardelectric eld

Rotation bias

thatproducesaashearee B ow.

n Typicalplasmagiarameters 1
102 cm 3, T 10eV,T; 1leV
andB = O0:1T.
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- Turbulent averageof plasmaguantities -
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mean_profiles_KH.mpeg
Media File (video/mpeg)

mean_profiles_DW.mpeg
Media File (video/mpeg)
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Steadystatepro les of plasmaquantitites
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Vorticity uctuations in Kelvin-Helmholtz
- turb ulence

B | ' ' ! =
_zo [ a
5 1 3.
—2° . =
= o | 2
:n . ‘ | . - ! i : 1 & - vl 1.66 - —
’E“_Eo!;' : "y l‘ l‘ ‘1 .iﬁ ‘1 g“ '.. J*. " I.Q ..s' q'h—'
S £ . ‘ ) ' A ol ! ":
= E . B 0.00 S
s . .
- E 1,
— 45 ] -3
[ L ; ; ; : L ; : ; ; L N

t(ms)

n Vorticity uctuationsfrom vorticity probedataacrossheradiusduringthe
steadystatepartof the biaspulse.

n Plotqualitatvely shaws vorticity alternatesignsin time atthe centerof the
shearayer.

n Vorticity uctuationschangesignsacrosghelayer.

Final defenseMay 2, 2006 15



Vorticity Probability Distrib ution Functions
In KH turbulence

Background flow and vort|C|ty (KH) Vorticity PDF at r=22 cm
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- Moments of PDFsfor KH turb ulent vorticity -

n Kurtosisasfunctionof radiusshawvs deviation from Gaussiarstatisticout of
theshearegion.

n Skewnesss antisymmetriaespecthe centerof thelayer Thisindicatehigh
vorticity eventsof differentsignsoccuron bothsideof thelayer

n We canestimategheaveragevortex sizeby thewith of the skewnesson each
sideof thelayer, this givesaveragediameterd, = 3 5cm.

g T R T T 1.5 g IR I AL
65 ’ - 1.0 & E
— — 92 — -
% - 1 3 0.55— —
24 4 = 00
g - - _g{) 05 Mﬂ\
2 l’\’M 0p) '
;ﬁf . -1.0
VRV IR D <ot D o 1.5 A !
20 25 30 35 40 45 ' 20 25 30 35 40 45
r(cm) r(cm)
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- CrossPhase(KH) -

n Thecrossphasewhichis propotionalto k , shavslinearbehaiour.
n Cohereng from 5 kHzto 100kHz closeto one.
n Plotshavs crossphasdor angularseparategrobess ands3.

Cross phase vs. frequency

ffffffffffffffffffffffffffffffffffffffffffffff
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- KH CrossPower -

n Plotshavsthecrosspowerasfunctionof radiusandfrequeng.
n Theamplitudesof coherentmodess biggerattheshearegion.

Power Spectrum of Potential

10 20 30 40
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Linear dispersion relation
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Linear Analysisfor KH

Growth and decay rates vs. mode number
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Nonlinear model equationsfor KHI coupled
r oRT 1

n We modelnonlinearKHI coupledwith Rayleigh-Rylor Instability (RT1) with
themodelequations:

_@r 21 @

S N — = 0
@ Oef f Q@
@ 1 @
—N+[ Al+ ——— = 0
""" a
In which N o g
- = 4+ — . — -
A In o In 1 o Ln Ix In Ng

subjectto the appropriatdooundaryandinitial conditions.

n Weseekanumericalsolutioninthedomain = [ Lx;Lx] [ Ly;Ly]with
periodicityalongy only. We denotetheaspectatioby = Ly=Ly.

n Weassumeheequilibrium elds to bedependenbnly onthecoordinatex.

Final defenseMay 2, 2006 21



Numerical solution: Fourier-Chebyshe/-tau
method

n A pseudospectréddourierChebyshe-taumethodis usedto solvethe
nonlinearequations.

n We useaFinite Fourierexpansionalongthe periodicdirectiony to
approximatahe solution elds.

n Fortheinhomogeneoudirectionx we chooseabasisof Chebyshe
polynomialsde ned as:

T (X) cos cos 1x =01;2:::

n The rst polynomialsare

To(x) = 1

Ti(x) = X

To(x) = 2x° 1
Ta(x) = 4x3  3x
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- Numerical Algorithm -

n Weapproximatghesolutionfor' andnh by

X .

(Yt = (DT (x)eNY = 0; 100Nk
X |

A(X; y;t) = e (OT ()XY  k=01:::;ny 1
'k

n TheFouriertransformin y is implementedn theusualway by usingthe FFT
algorithmonauniformgrid

2] .
i = ] =0;1::55ny 1
y

n In orderto ef ciently approximateéhe Chebyshe transformwe usethe
Gauss-Lobattgrid alongx, 1.e.

X = COS—; = 0;1;:::;ny
Ny
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- Numerical Algorithm (I1)

n Thenonthisgrid we have:
X

(XYt = "k (t)cos g2 M=y, = 0ng
K X
X e

AX yj;t) = Ak (t) cos - gz K=y: kij=0::05ny 1
K X

n InthiswaythediscreteFourierChebyshe transformcanbe calculatedoy
meansof the FFT algorithm.

n Whenwe substituteaheseexpansionsn the modelequationsye obtainan
equationfor the expansioncoefcients:

d

_dt! k * [0 V] +1KGetth = 0
d Ik
A + [0 Al — =
il [, Nl L 0
_ 2,
I = r ‘
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Tau method: handling the boundary
condition

n We haveto imposethe boundaryconditionson'’

h (y)
g (y)

@

@

( Ly:t)
( Ly;t)

for Dirichlet

for Neumann

n A taumethodis usedto imposethe BC. We enforcetheequations

kO

ks

for

= 0;1;:::ny

andcompletethe systemof equationsvith the BC

X

v T (1)

"k T D)

h, .

Ok

for Dirichlet

for Neumman

2 and8k
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KHI simulation on LAPD
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KHI_sim.mpeg
Media File (video/mpeg)


Power spectrain the linear stage
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Energy inversecascade
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Growth ratesfrom Nonlinear code

Linear and nonlinear overall growth rates
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Experimental power vs. Simulation
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Vorticity probewasusedto measure/ortex structuresandturbulencein the
LaPD.

Probabilitydistrukution functionsshawv intermittentvorticity signals.

Skewnessof PDFsshaowvs the existenceof oppositelyrotatingvorticeson
eithersideof thesheailayer, asshovn in the nonlinearsimulations.

Vortex diameterarefoundto bed, = 3 5cm, in agreementvith nonlinear
simulations.

KH simulationshavs aninversecascadg@rocesghatleadsto theformation
of coherenstructureut of smallrandom uctuationsin ashearedo w
equilibrium.

A pseudospectr&lhebyshe-taumethodwasappliedto reducedwo- uid
plasmaequationglescribingvariousplasmanstabilitiesthathave a uid
analog.

Summary -
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