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lopics

Turbulent transport
- Helicity effect in momentum transport
- Cross-helicity effect in magnetohydrodynamics

- Density-variance effect in dynamo



|. Turbulent transport



Turbulence effects
on mean fields

Mean-field equations Turbulent correlations
Mass (p'u’)
Momentum (u'u’)  (b'D’) (p'u’)
Magnetic field (u’ x b’)
Energy <u/u/> <b/b/> <plu/> <q/u/>
(u’ x b’) (u'b") (p'b"y (D)
enhancement suppression

Reynolds (+ turb. Maxwell) stress ~ (u’'u’ — b’b’) — —uk [VU + (VU)T] + UM [VB + (VB)T} + -

enhancement suppression
Turbulent electromotive force (W' xb')y— —pVxB+9VxU+aB+ -

Transport coefficients vk, vm, 5, 7, «, -+



Transport coefticients

An example: Turbulent magnetic diffusigity

- Parameters 5 = Do
- Mixing length G =t
- Turbulence energy 3= K = ;<u’2 +b'?)
- Propagators 8= /dk/ driG(k,x;7,11,1)
X [Quu(k, %57, 71, 1) + Qup(k, %57, 71, )]
- Transport equations %—If+(U V)K

= —(u'u -bDb") - VU—-(u xb") - VxB~+---



. Helicity effect
N Momentum transport



Statistical assumptions on the basic field

Basic field: homogeneous isotropic but non-mirror-symmetric

(o (K T)ugg (K 7)) i kq

:Da k 3 / = 75 aH s Ty /
5(k—|—k’) 5( )QO(vaaT)_i_ kae B O(k T 7_)

Calculation of the statistical quantities by DIA

<u/au/5> _ <ui3au535> i <u£306u615> e <u6104u;35> I
+ (up®uhy”) + (uiup?) + - -

(u'*u'P) = —vp S + [FO‘ (QB + 2w§) + TP (Q* + Qw%)}

D
where S = ov” + 6_(]6 _ gv . UsP mixing length
orP ~ Oz 3 t v o T2~ Ul
. . 7
Eddy viscosity YT = 1w dk/ dry G(k;7,171)Q(k;7,71)

t
Helicity-related r_ 1 k‘zdk/ - o
coefficient 30 e 7 G(k;7,7)VH(k;7,71)

helicity iInhomogeneity is essential



Reynolds stress

(Wou'?) = —vrS* + {FO‘ (QB + 2w§) + TP (Q + Qw%)]
D
Early stage Developed stage
s OH s ouUy OH
(u'Yu'?) = n2wi— oy (u'Yu'?) = —vT n2wh—— oy

UY = (n/vr) 2wiH
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Reynolds stress <U'yU'Z> (top), Mean axial velocity (¥ (top), turbulent

helicity-effect term (VH)Z 2wrv (middle), helicity multiplied by rotation 2wrH
and their correlation (bo’[’[om) (mldC“e), and their correlation (bOttom)



Physical origin

Reynolds stress RY = (u'*u'7) . ORY 0K
Wi =~ OxJ + oxt
Vortexmotive force  Vu = (u’ x w’)
0 5
E:Vx(UXQ)—I—VXVM—FVV ()
VM = —Dr2wp — vtV x ) Dr=V -T'xV°H
—_— U~ —(VZH)Q. v o O (U 0wh)

2 (2

g, OU.=t(u' xdel) AU =t(u xd0)




Flow generation In tropical cyclone
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Angular-momentum transport
N the solar convection zone

Angular momentum around the rotation axis

L =Trlwp +TrU? [' =sind

0,
— ol -(pF1) =0
5 PL+V - (pFL)

Vector flux of angular momentum Fp,

FI = LU" +r['R"™

FY = LUY +rTRY? Miesch (2005) Liv. Rev. Sol. Phys. 2005-1

. OH (1 0 1oU"
Helicity effect R} = T <;§rU9 Y. )

10H (10 10U
0p _ 27 [ Z 2 7t _ =
R _+r 00 (r@rrU T 89)




Helicity eftect in the stellar convection zone

Duarte, et al, (2016) MNRAS 456, 1708

(2
Schematic helicity distribution oY (VZH)S2,




Helicity effect in the Reynolds stress

Helicity Azimuthal Helicity Reynolds C’nT€2|(V2H)Q*‘
Gradient Vorticity — effect  stress
Solar parameters
aH_ 17,1
ﬁrﬂ u-u v~200ms ! =2x10%m s~ !
¢ ~ 200 Mm = 2 x 10'%m

T~ 0/v~10°s

Helicity

r¢p component

W'l ~ 1.2 x 10°
aHQ | ~ 94 x1071°
or
OH —
T2 o QO ‘ 1012 ——fp 10°
T
with C,, = O(1077)

905 COmpOnent
wu'?| ~ 5.6 x 108

10H
—a—ﬂ ‘N 2.6 x 1071°

(provided by Mark Miesch) r 00
- 10H — » .
Magnitude same as the Reynolds stress T2 FWQ ~ 10! ——p 10



1. Cross-helicity eftect In
magnetonydrodynamics



Modelling in dynamos ' xb)e = avepe 4 g 200 1

Mean field b=B+b’, B=(b)
OB
= =
(B-V)U =  differential rotation, “Q effect”

Vx(UxB)+Vx(u xb)+nV°B

Inhomogeneous Homogeneous

vU

Turbulence U = Uy(constant) or 0

881; —|—(U-V)u’:(B-V)b’-|—(b’-V)B W+
ab, / / / /
o (U-V)b = (B V) (0 V)B A (BT -

0B®
Ox?

4. “Ansatz”

q <u/ > b/>a — q“* B9 | 6040,19



/
%—1;+(U-V)u’:(B-V)b’+(b’-V)B—(u’-V)U+~--

ob’
ot

8u’xb, N u,xé)b’ B
ot ot /|

7(u’ x [(b'-V)U] + [(1v' - V)U] x b')*"

+(U- V)P =B -V)u- W -V)B+ (b -V)U+---

ouU® ouU?
__ ,aab laylc __ _aba la, lc
= €7 (u'h >—8xc e (b %y >8xc
ou®
_ laplc lepla aab ,
() + () et b
%
—_ (W xb)=- 47 -bYWxU+---

cross helicity



o and cross-helicity effects (Yokoi, GAFD 107, 114, 2013)

ou =7 -V)U+-..
o X+

mean vorticity
(u"b’)>0 N=VxU

helicity effect cross-helicity effect
ou=7(B -V)b + .. b’ =7 -V)U+--
t u’xob’

ob Ay b /

/ Q
/ MJ’ —~ /6b’ =t (b"-V) U

B b0
(u”-b’)>0
o, dynamo

(W' xb')=aB -V xB+~V xU

cross-helicity dynamo



Validation of expressions

DNS of electromotive force in Kolmogorov flow (Yokoi & Balarac, 2011)

y
BY A
L, i k—\
: f () = fo sin (2my/Ly)
_______________ > X
Ly

Ly

0.06 |

; (U X D) e
0.04
0.02 '/\ aB E—

ok .

[ —_ J |
-0.02 F 6 }
-0.04 - y ’yn ——
006,

(Rahbarnia, et al. Apj, 2012)



Toy model for solar-activity cycle

(Yokoi, et al, 2016)
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Relative importance of
cross-helicity to differential-rotation effects

(cross-helicity effect) |V x (yV x U)|
(differential-rotation effect) |V x (U x B)|

(" -b"y  Trwb (u" - b’) Ro—1 (u-b")y K/e
~Y ~Y 0) —
D|— | B"
or
Spatial distribution of cross helicity Relative magnitude of the cross-helicity

to the differential rotation terms

..................

Provided by Mark Miesch (2016)



Solution for magnetic-field variation

Mean induction equation

0B

Turbulence
B=By+dB, J=J;+3J

0By

Reference 5

=V x (U xBg)+V x (aBy — gV x By)

Modulation (‘9(;5_23 =V x (U xéB)—-V x [ﬁv X <5B — 1U>]

o
— 0B = BU = CW?U i7a <u/2 —|—b’2>/2 <1

c.f. V x (%U> :%VXU—FV(%) x U



Solution for momentum variation

Mean momentum equation
1 1
ou —UxQ+J xB—V-R+F—V(P+§U2+<§b’2>>

ot
Turbulence
2
J =0 (E 4+ UxB -+ EM) Raﬁ — gKR5055 — VKSaﬁ + VMMaB
T |
urbulence Ey = — 03 + aB + 0
1 vy 1 [O0A
Mean Lorentz force JxB=—=-(UxB ><B+—ﬂ><B——(—+V ) x B
5( ) 5 5 \ o ©
U=U,+0U, Q=0+
Y I 1 A
Reference Q =V x |Ugx Qo+ vxV2Ug+F — = a—+Vgp X B
ot ] g\ Ot
00§ |
Modulation - =V x |[6U=2B) x Qo+ V2 [6U - 1B
ot ] 15 15
W W] _ (b))

_Jg_c <1
— 5U_ﬂB CWKB 74 W2 b%)/2



V. Density-variance
effects



Shock—turbulence interaction

i
.......

Anisotropy of turbulent intensities

Transverse vortical structures (Lee, Lele & Moin, 1997)

A
AN
|

Vortex generation mechanisms

Baroclinicity, helicities

Turbulence generation

Turbulence transport ] » j |l L
Transport enhancement or suppression Ve

(Garnier,Adam & Sagaut, 2009)



Fundamental equations

Op

E—I—V-(pu):()
2 ua_|_£ a,. o«
ot" oxa
0 0
_ 1 Y aa . «
(0 = 1) 52 pq + 5 ks + (j x b)
ouf  Ou® 2
af _ - _ . af
> 8aja+8x5 SV uo
0
Spa+V - (pug) = V- (5V0) — pV - u+ 6
o q=Cy(0)0
E:—VXe
. 1
j=—Vxb=oc(et+uxb) p=Rpd = (v0—1)pq

Ho



Density-variance effects

Density variance (% LU v) W2 = 20y Vp— (Ut

An example: (v’ xb’) /uo=—x,Vp x B Xp < (0)

Simplest expressions for the density and internal-energy fluctuations

:0/ — —TpﬁV -u’ q/ — _(78 o 1)7-qu u
Vp
au/ q/
= — (s —1)=Vp+---
=g R
g (’)/S - 1)2qu(v . u/)Vﬁ—F ..
P
611/ / (V.u/)
ob" (V-u')B + s B
at ) . . — £, V-€ <0
. —&, VESO

—) (—&. V-£,<0



0 1
E(u’xb’>:---+(75—1)%<q’v-u’>Vﬁ><B+---

B B
—((V-u))Vp x B —((V-u))Vp x B
b 4 4
ob’ g ob” .’
,/ ou Xob~ ,/ ou Xob~

Irrespective of the sign of dilatation, the electromotive
force is generated in the direction of B x Vp

/

S = 1V (0/2) = T272((V - u')?)



Energy generation due to the mean density variation

a b )
D1 u'?) =— 1 (' x b)) - I — (u'%'") - * 1 (w0") (gfa " %ib )

1 1 DU
— S_l_ //.v //‘V_—_ //.__u Tu
(y )p(<pU> Q+ (¢'u’) - Vp) ﬁ<pu> 5, ~fut
where
(' x b') /o = +x,B X Vp +--- Note that X, < K, = (p"*)

upstream

I

1 ®-VpxB
Vpl@J
———

Uout

shock

In the slow shocks in magnetic reconnection, the turbulent
electromotive force due to the mean density variation is expected
to enhance the turbulence generation in the foreshock (upstream)
region but no effects in the aftershock (downstream) region.
Turbulence intensity should be enhanced across the shock.



Turbulent cross helicity
INn compressible MRAD

Turbulent cross helicity W, = (u’ - b.,)

[0
1 w1 )\ (OB OB
=3 <u u _Moﬁb b > (—8:1:“ e (u’ x b)-Q

1 1 1 DU
_(%_1),0< V@ — (v — 1)I§<qb>Vp—;<pb>E—WVU

1
—|-B*.V<§U_/2>—|—<f/b> ew, +Tw, + R.T.,



Turbulence mode| (¥ X P)/#o ==V xB+7VxU +aB

+ x,B X Vp
1 TuTo K, @
u)=— -7,K, |1+ 3(y —1)° 5L =2 Vp
K K, DU
— (Y0 = D =2VQ — 7, =2 7=,
Turbulent energy (o = 1)7 IZ Q- n Dt

(%+U.v> (W?+b'?/2=—Wud —bb) VU—-(u xb") - VxB—eg+- -

Turbulent cross helicity

(%+U-v) (0 b)) =—(dd —b'b) VB—(u xb) - VxU—ey+--

Density variance

(5+0-9) (%) = ~206w) - Tp— (577 - U+

Turbulent residual helicity
1
(%—i—U-V) b"-j —u' - w) =—<u’u’—b’b’>-Vﬂ—ﬁ<u’ xb') B—ecy+---

i =Vxb, o’"=Vxu, =V xU



summary

- Turbulence effects on mean fields

- Helicity and cross helicity

- Density-variance effects
- Density variance in Electromotive torce

- Turbulent mass and energy tluxes

- Enhanced turbulent energy generation in slow shocks



Magnetohydrodynamic Case s={s*"} :Mean velocity strain

M = {M*P} . Mean magnetic strain
Only transport enhancement

or structure destruction a dynamo
R = — S, RV = —vk S + [TQ*7,
Ev .= —3Jd Ev .= —-08J +aB
Cross-helicity dynamo aand cross-helicity dynamo
Raﬁ . _VKSaB + VMMaﬁ, Raﬁ . _VKSozﬁ + VMMQB + [I‘Q]O‘B,
Ey = —8J + Q2 Ey = -8+ 4+ aB
Cross helicity Helicity <—— Guide field
R | = palul o |
3 4 NN B < 3T I A | e
i eg | T
T -;,@-;,L' b = _,HD_q_c Byn

Widmer, Buchner & Yokoi Phys. Plasmas, 23, 092304 (2016)



