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Viscous Stresses and Forces

#Viscous Stress Tensor Has ||, X, L Components (Analogous to Heat

- Flux q= —n”v“T -_ Kxb X !_LT - “_L!.LT)‘

{ piliel) ( ¢voss) (P .r’“af,'“/.r)

= oK 0+ By M T

Form: Qo!_K mab x VYV m3(VV),
(Braginskii)

Magnitude o (,‘,}i)’ we ik p)?

eDominant, Parallel Viscous Stress Has CGL Form for All
Collisionality Regimes (b = B/B):

2 =(pp—pL)bb-1/3)

sPressure—Anisotropy Caused by Flow Against VB:

. mnu(BY)
PITPL= T wap TP
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Viscous Forces Due to Paralle] Stress
eoTotal Viscous Force:

Vem =@ -p) b V)b - b(b. V)n B
+b(b-V)p) - p1) - Vip - pL)/s
oParallel Component of Viscous Force:

B-V-m=—(py—p)b-V)B+(3/0)(B- Vi) - p1)

oFlux Surface Average Parallel Viscous FPorce:
BV =) = mnuUy(B3)

UseY VO/(B -Y0)=Vy/Bg = i/ B+ (cr/s'xz/aqa)(cp - { 2 n)

(Y
oParallel Momentum Blance Shows That Viscous Force Damps
Poloidal Flows:

d I
'""3<V||B>=*<B-E-£”>+-" |
= —-mnpUg(B’) + oo

Viscous Damping Frequency u

eFormula For u4 Covers All Collislonality Regimes:

He = 1+ 1.o'ru1£’ +1.03000)(1 + 1.0T0,.€3/3)

Ve = e_'/:v/wb

ot Small in Pfirsch—Schliiter Regime (v » wy):

B~ e'w:/v ~ Ev(23/R:g)

eou Independent of v in Plateau Regline (c’/ zwb K v €l

p~ oy

ey Reflects Viscous Drag on Paraliel (Poloidal) Flow By Immobile
Trapped Particles (Fraction el/ ?) in Banana Regime:

p~ el
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Neoclassical MHD Equations
“

sAssumptions: :
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o
r * # « Small gyroradius, T=eonstant, 5B/8¢ = § but 8p/ot e
o
8 o !
g a g <§ g eStarting Point is Conservation Bquations:
P i
§ 1 *E > /Bt + ¥V .-nV =0
¥ y
/] § = 83 1
_+ 3‘.:'5' _ &1 mndy_/dt=nq(E+z‘_’xl)—!P—E-!'E
: ;E g where
ha 1.
i Na"' : 3! 1 R=nqd /oy +d)/o))
v a b o
| | al g
| f Nk
4 ¢ _§ sli fg r sPerpendicular Flow (E = - V¢ + 158 v¢),
N ™ v =& 8 ¢
@ 38T T
: MHER V= g5 x V(e+ lan)  ~la
a 3wl & 0§
i R
l E o 5‘ ‘t
28 5 §
> c dv, . Y% o¥ T
gm p +n—iqaﬂx(mn = +E+L5)+R-——”B Bt ~f/£
< e
i v
s ePerpendicular Current:

,[_L=£—,,Bx 2P+m%+zg'-"i_.] ~fl¢ +f‘/'l!
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Neoclassical MHD Equations Add Viscosity
Effects to R%sistive MHD

sDensity Conservation Equation:

/8t + ¥V -nV .+ (B ¥)(nVj;/B —J)/eB) =0

oChnfge Continuity Equation (V- J = 0):

com davi,; _ i
V.- g Bx 5 — (B Y)(B)+Y

[
piB X (YP+ V. ;g“,)

oTotal Parallel Momentumn Balance Equation:

d
pm—(V|;B)=—(B-Y)P-B- V. Z’:g”s

eParallel Electron Momentum Balance {Ohms’s Law):

I 8y JyB Te 1
— VY N (B9~ flan)+--B.V-
cR? B¢ -9 (B-V)(¢ e n)+ne_ > "L

#Convective Derivative:

d
dt

C
=—+Vgp ¥V, _":E=§§§Xy_¢

o

Properties of Neoclassical MHD Equations
E  ——————— R

oSimplify to Reduced Equations of Resistive MHD In Limit of
Small Parallel Visocous Stress (g".p —0)

eAdd to Rasistive MHD Bquations a Parallel Plow
Evolution Bquation

oSu.th.fy an Energy Conservation Equatiom:
;/d’: ["T"‘(Vj,- + :@ + -2 +Pl|m]

s | 7
3—/ @ 0'—"+ +E_‘£.'!"__‘:”.

eDissipation Mechanisms

J'T/cr“ ~ Joule heating
J /o) ~ classical diffusion (~ ve/r3)

.V, !-4”‘ — neoclassical diffusion
‘ -~ mnuU}(B) ~ pp§/rd)




Equilibrium Neoclassical Parallel Currents and Transport
“

oAfter Transients (t» 1/u; ~ 7;;), in Steady State: ¢Parallel Current Includes Varying (Pfirsch—8chliiter, Jyps) and

Average Currents ((J) B)):
I A
" A-<ml'>

P= Po(‘b)y U. = UOQ(V’)

. ) J" = J' ps+ (J”B)/B JT'PS ‘ -
¢Viscous Force Damps Poloidal Ion Flow to Zerot A -~__~ 9;0 \_”_ 2 o R.’e
} Hps =20 _ Bl (ipsBy=o
0=(B-¥ 3 x,) = mnpuUs(B% 8 \PS="gay ~(B% “ipsS=
#

* U“O = o’ -Yﬂ = QOR’EC (tm‘oldll) CV-codty—Induced Pmlc‘e !']ux In.ﬂludel V.rying

8 T (PArsch-Schhiter) and Average Parts:
where fl,(y) = —-c-a;('ﬁa + :‘lnn) _ —? /
V.= V-7 (¥ . \—c_‘r(._l..._.l) LY. el V.

T _or-&k_ ¥ ¥ =5~ %) B Y e+ g8 Yoxy)
ePoloidal Electron Flow Driven by zﬁ‘ and VP, . : — I .
\I'i\'Ji\tJ -~ PGI’I"t‘\— Stk\t;{’e'r ‘a!e\'ﬂe - L]u.u;_Plak,“_

Ugy = [_Eﬁ.,hL(EAB)] / (14 pe/ve){B?) oNet Viscosity-Driven Particle Transport Includes Pfirsch-Schliiter

* nedy o |l

ard Banana-Plateau Diﬂ'usion,-nd Neoclassical Pinch:

D™ ~ pepia? + ner),
¢Average Ohm'’s Law Includes Trapped Particle Effects

(via viscosity) on Condu.ctivity and Bootstrap Current:

A‘B)_ te/Ve R 8P,
14+ pe/ve 1+ pefve O

. 4 . -
u-l:‘a“ . X - bu‘lﬂ'lp curvewt




Dielectric Constant Neoclassical MHD Instabilities

sPerpendicular Dielectric Constant Can Be Identified Theough
Divergence of Ampere’s Law:

eAnalogous to Resistive MHD Instabilities:

v-J) = ———1-! K 9& Resdistive-g = Pressure—gradient—driven via viscosity instead of
= = Bt magnetic field curvature

Tearing =3 Neoclassical tearing driven primarily by ¥p through

. bootst: current
oIn Resistive MHD Polarisation Drift Leads to Classical « ! i

Rippling =—> New 7i type modes possible because

VI =V 2B x pm":: 7 |eff = o1/ (L + pa/ve) = £()

eModes Purely Growing in Toroidal x 8§ Rest Frame:
= e§ =1+c/V], V.= B/(4npm)!/ L

oln Neoclassical MHD Viscosity Adds Parallel Inertia Term That
- e dg
Leads {for t>» b, 1) to Enhanced ¢ Which Depends on Bg: ~wpe for —— v ———

c 8 com O
YJi =¥ mExY: Ziua ~IB B el D)

= =1 ;c /ngg’ Vae = Bg/(4mppm)}/3
B° 4
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Pressure—Gradfent—Driven

Neoclassical MHD Instabilities
k"""~ ]

oGrowth Rate:

Tearing—Type Neoclassical MHD Instabilities

elistability Driven Primarily by Vp Via Bootstrap Current:

n3/3 Be I Be 3/ G
= = (& rowth Rate and Resistive Layer Width Similar to Pressure-
T485) e/ \3rp Gradient-Driven Mode for uefp/ve 3 s, /s
1
s 1 _ = v
Be¢ = $nP,/ By, = |rdIn Po/dr|, Sg = TR/Tas eNenlinear Evolution for A’ > 0 Low Mode Number

P

TAS ™ ("'Pm)lnROQ/BOa TR = ‘i'l'l't'.i'”r"/cz (eg., m/n =2/1) Neoclassical MHD Tearing Modes:

@ Initial zrowth = ¢ ~ exp(vut)

. . &)I (_ﬁiq_) 1/8 1 @ Ult.imate saturation [A’(wm) ~ 0] or disruption (overlapping
Y= ,1/2,11/:5;“ > e e islands) - \:w-- t, Rutherfovd arout‘h reqime of vesistive MWD
v,
o %fA(u)—uwl
sNcnlinear Bvolution for Medium Mode Number (eg., n ~ 10)
Neoclassical MHD Tearing Modes (A’ < 0):

eDifferences from Resistive—g Modes: )

1) Vp free energy accessible via parallel viscosity instead of

magnetic fleld curvature — mode is “universally” unstable in a Growth into turbulent regime because many modes unstable and
tokamak plasma, leads to turbulent fluctuations. overlapping « turbulent saturation

e Mib resistive MHD
2) Larger growth rate and resistive layer width: rdqnebic 4@ ": @' ‘: @ : @ -f’.; satuvation
l'l;avd C ' AW =0
T 6“ (£¢)1/3 (_1_3“):/! s Wl“th : : '
; ~ 3; ~ Ve By w :
A 4




Instability—Induced Transport _
m
(Due to Either Type of Neoclassical MHD Instability)

eMixing-Length Estimate of Turbulence Level:

- ’ ’
- - dﬂo B; ‘7“6” 5.6” '
i ~ 6 R ~ 6 - —Z o~
12 ™ Yudu " s dr B (‘"c”/c, L,

eStrong Turbulence Estimate of Particle Diffusivity:

Tu + ’l;D ng

=D~ [T 17',’/1.5]1/'

Co = spectrum sum (~ 1077)

~ Co‘-fgéu ~ 00’7“6:‘
oStrong Turbulence Estimate of Magnetic Field Diffusivity:
(Az?) (Ba/B)?
Dm ~ ﬁ&— ~ z - -

eElectron Heat Diffusivity Estimated from x. ~ vpeDm!

Xa ™~ ‘”Tecl‘suﬁa/B

Transport Coefficient Estimates

eParticle Diffusivity:

e (522) () o

Ve

inec n
= = — {(in MKS — =
Dﬂ —3 cz ( )’ "P

sPlectron Heat Diffusivity (W)

Xe ~ C1Dyq ("‘")m (“—‘ﬁ‘)’ ~(8—10)D 3 D

Mg Ve

¢Other Diffusivity Coefficients:

Dypp ~ Dy xi~ (8/3)D
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Confinement Scaling

b ]

Overall Ti'anspdrt Behavior

sRadial Particle Flux (~ §%) Has Three Components:
o0Ohmic Heating Power Balance Yields:

= ()" ()" 5o

Ty = (nV - V) = (noVy- V) + (7 Vy - Vo) + (B, - !\b)ﬂo‘.’xll/’)

my Ve ~
8/1 ¢%econd Order Flow Mostly Colllsional Effects:
g ~nY/ 4‘,4/13‘1,5/7‘15/73:/1

(for pe/ve ~ 1/vag, Lo~ 1/n¢) {(noV3: V) = classical + neoclassical (equil. and transient)

(rg ~ n.aR:q'/ 4 for neo-Alcator scaling) ' (transient neoclassical flow with Vz ~ (ue/0e)Vy; for d/dt > u;)
eScaling with Input Power, Poloidal Field Strength, Density: - eConvection Driven Transport (#;, Vi, in phase):

—8/11 8/11 - - on
g ~ P BY ¥ g o3 (hmic, pefve ~ /3 /vee) (M¥y- ¥¥) ~ —D|¥é| 5>, D~ Corubl, above

TR ~ P'-;‘ITB;/ Tad/7 (transition, pe/1e ~ et/ 2/ vi{’)
/3 8/ sMngnetic Flutter Driven Transport (~Ambipolar, But Dominates
TR ~ Pi:; / B‘/ n_lzeﬁ-":/’ (ultimate, ue/1e ~ e”z) Electron Heat Flux):

S a{(By - ¥¥) noVyy/B) ~ ((By - ¥%) ;/B) Q
(Tg scales with By because ¢ ~ P /VL)

~ (B ¥¥) -0 ¥ x By)) ~0




Summary

sNeoclassical MHD Equations Encompass:

Reduced equations of resistive MHD (for u — #)

Arbitrary collisionality (banana, plateau, Pfirsch-
Schliiter)

Neoclassical effects (equilibriusmn and transient
transport)

Enhanced dielectric constant (e, ~ 1+ c?/v3,)

A

Summary (continued)
M

o+Neoclassical MHD Instabilities:

Are more virulent (v,6 larger) than resistive MHD
~ analogs

Evolve into regular nonlinear resistive MHD for
low mode numbers (n ~ 1,3) == preserves good
correlation of theory with tokamak discharge

phenomenology

Lead to small scale turbulence for medium mode
numbers (n ~ 3 — 30)

sNeoclassical MHD Turbulent Transport
Has xe » D ~ Dimp ~ X3

Leads to rg scalings similar to experiment
that depend on By instead of B
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