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Introduction to gyrofluid theory

 Where does It stand?

Boltzmann - Strongly magnetized plasma (e.g. tokamak),

low frequency fluctuations w << Q.
- Reduction from 6D to 5D kinetic equation

- Reduction of GK egs to fluid moments (3D)
- Sophisticated closure to model
wave-particle interaction and FLR effects

- Reduction to single fluid model
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Fluid equation

Moment equation Boltzmann equation
oMm™)

+V-MNY =gN2 4 gV SN S %-I—V'Vf—l-%(E-l—%VXBj-VVf:C
M(N):Idgvaavﬁ..vy

Particle conservation:

on
—4+V-(nV)=0
4V-(v)

Momentum conservation:

omnV

+v-(p|+H+mnw)=en(E+1vXBj+Fc where F, = [ mvC(f)d°v
C

Energy conservation:

9 §p+1mnv2 +V- g+ Ep+£mnv2 V+V- I |=enE-V+F.-V+Q,
ot\ 2 2 2 2

where Q, = j % mv'*Cd°v
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Gyrofluid equation

Gyrokinetic equation for f(X,v,, x,t)

_ Y% _dv _
Qf d_Xif+_”if:0 2—_ i
ot dt oX dt ov, ot ' oX
d- -~ b
EX:V”b+EXV<(D> where ﬁ_:.
d .

avu =—b-V(®)

(@) =20 (e*) =20 Uyfkup)

Gyrokinetic Poisson Equation

f' V2D =4ze([—n,) =) 0=n-n,

Gyrocenter-fluid moment equation

Vb4, gv{@)}}o
f.d’v
_If,vlldv
=—J'f ®)dv ~ c1>+2v2c1>

4

Particle-fluid moment equation

bxT,vn _n
2 A dE(n—n,,)=-nVV,+——.v ;°'
_ n 2 . b'VXVE
where n, — Vid=n — where d° :§+VE-V
5
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Derivation of gyrofluid equation in TRB

Gyroviscous cancellation

d pb-VxV (Hazeltine & Meiss,
minavﬁv-ng z/—min(vd-VV”)o where y = m -

Phys. Rep. ‘85)

C

Momentum balance b d
V=V +V,+V,,, Vpo':_XaVE
Q.
minEV+V-Hg :en(E+EV><Bj_vpi ~V-1II, < ci
. ‘ m.nd,*V, =enE, -V, p,—b-V-II

Relation between polarization density and drift

d e _, d Ny on

~ _ ol
pOIZ_Em-COZ- VL(D__E n - a: +V-<nOVpO,+n

V-V

poIV ) O
Continuity equation

%WE VN+nV-V, +nVV, =-nV-V, -V-(nV, )=n(V; +V, )-(k + VIn B)

m) df(n-n_,)=—nVV, +nV, v ;°' (Ve +V,)-(k+VInB)
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Closure model for Landau damping

* General form

b-V-I, =—m, no,u"V - AN, V”T The kinetic interactions are modelled
&=

in terms of the effective diffusion operator

——ApV —ynVT
G == PiVy = V)T (Diamond et.al., Modern Plasma Physics vol. 1.

« Lee - Diamond model (PF’86) « Waltz model (PF’88)

2 2 2
VT VT' _ VTI VTi
min| —, — =y, =min
Hy = [V“ o ) [ I — [ k" o J

« Hammett - Perkins model (PRL'90)

B 2 vy :_33/2 Vi fo ,,(z+z) T(z z")
AR e (nj ) 7

« Chang - Callen model (PFb’92)

12vy; (3 _ 19vy _
“"__S—n|<"2£5§j’ A7 5k Z(25 J [(4} Ay WheTE ¢ = "vT,
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Gyrofluid equation in TRB

o Vort|C|ty equation (Garbet et. al., PoP 101)

[@F-Dla=-nvV, +nv, V( an—l-n(VE—FVd)-(K—I-Vh’] B)-dfn,

~

m w?’

177Cl e

. : - ne ~ ed . .
where QQ=n—n_, :generalized vorticity, n ,, = Vid, n=n, _I_—: adiabatic response

* lon parallel velocity equation
(dF -D); =~

 lon pressure equation

||p +35,
m mn

g( F- D)pi =-V,q,+0, - (k+VIn B)+gTithn+SIO

where V,q, = %‘V”"ﬁi : Hammett - Perkins closure, ¢, = oP bx VT,
Zim. 2m.o,
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Simulation model in TRB

Sp (S0)
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Electrostatic turbulence with heat and momentum sources

Fixed density and g-profile with reversed shear

No-slip boundary condition on V,

Flux driven, self-consistently evolving profiles

Spectral method : F ZZanp(t mnp(r)ei(me—n¢)

mnp

Only resonant modes are retained.
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Numerical scheme in TRB

»  Spectral method

F= Zanp t)Nmnp )e (mo- néf

mnp

1
W M= —
m”p() J2rw, v,

H,(x)e™'? for (m,n)=(0,0)modes F, where x = i/ v,

Wmn
W (r)= 1 3,| Z22 ¢ | for (m,n)=(0,0)modes F,
P \/EJl(alp) a !
aaFt ZGkkk @ Fo +ZMkk F.+S, wherek=mnp, (m,n)=(m"+m",n +n")

» Nonlinear interaction: we exclude coupling terms if

Effective distance between modes >> Average width of modes
Aq
[a]

Aref“f - > CW Where Aq = \/(qmn - qm’n’ )2 + (qm’n’ - qm”n" )2 + +(qm "n" qmn

»  Explicit time advance with midpoint method

At

oF At
E:Q(F’t) - Ft+At F + At- Q( t+AL/ 2 t+?j where Ft+At/2:Ft +?'Q(Ft’t)

~ 22 (p 1) 2

v =\ Wy

nn”
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TRB simulations on ITB formation
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Dynamics of Internal Transport Barrier

« Long time power ramp simulations show (Kim et.al., NF 2011)
— Both heat and momentum transport barriers are formed simultaneously

— Reynolds stress or intrinsic rotation is crucial in ITB dynamics

Forward fansiton ~ Back transitior
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Intrinsic rotation is generated by

non-diffusive part of Reynolds stress

® Intrinsic rotation is generated near ITB head and, initially, propagates into
the core

residual stress

V) evolution during initial phase

resid

® Reynolds stress T, =—x,VV, +11

<0, because of large inward
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Intrinsic rotation is strongly coupled to

 EXB shearing rate closely tracks VV,
at g,,,, position.

« Hence, the intrinsic rotation has a

significant influence on ITB dynamics.

« Asimilar trend has been observed in
ITB experiments using off-axis ICRH

at Alcator C-Mod [Fiore et.al. APS'10].

ITB dynamics
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Hysteresis happens!
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« Open loop hysteresis is * Strength of hysteresis
seen in Q. Vvs. -VT, plot increases with Nusselt number
— Contrast to closed loop (NU= Xjours /7 .X'i”eo) NCreases
S-curve model — agrees with prediction based
on bifurcation theory
[Malkov & Diamond, PoP’08]
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Relative hysteresis between VT, & VV, observed
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Relatively stronger hysteresis of intrinsic rotation over temperature gradient is
observed Recover features of recent experimental observation in LHD [K.
lda et. al., NF 50 (2010) 064007]
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Splitting of VV, observed in back transition

Ve,s shear collapse starts from the ITB foot position and causes negative feedback.

* Flow evolution simultaneous with ExB shear. VV, splits into two sections at back transition.

Spatio-temporal evolution of 7« (Cso / a)
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Back transition is triggered by Reynolds stress burst (RSB)
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 Possible mechanisms of RSB are

(1) parallel shear flow instability
(2) nonlinear flip in sign of residual stress

 Similar momentum transfer events
were observed in DIII-D (Osborne et.
al., NF'95)
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Summary and future works

Model and recent results of global flux-driven gyrofluid simulation code TRB are
introduced.

Robust intrinsic rotation with 0.1 < M, < 0.2 found in reversed shear ITB from
gyrofluid simulations of ITG turbulence. Intrinsic rotation dynamics are strongly
coupled to ITB evolution.

Open-loop hysteresis in Q vs. VT; discovered and correlated with Nusselt number.
Relative hysteresis between VT, and IV, noted to correlate with Pr, .

Reynolds stress bursts in regions of steep WV, triggers back transition.

Ongoing and future works
— Detailed analysis of back transition: parallel shear flow instability
— Density profile and g-curvature effects
— Two field model (pressure + parallel flow) for transport bifurcation
— Effects of external momentum source

— Density dynamics and p-ITB formation
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