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Effects	of	toroidal	rotaUon	direcUon	on	heat	transport	

p  Toroidal	rota*on:	key	to	improve	the	energy	confinement	in	tokamak	plasmas		
Previous	studies	
•  With	strong	Er	shear	

•  core:	the	strong	Er	shear	stabilizes	turbulence	
	->	formaUon	of	ITBs	[H.	Shirai	NF1999,	Rewoldt	NF2002]	

•  pedestal:	the	steeper	Er	shear	with	co-toroidal	rotaUon	
	->	improved	confinement	due	to	rotaUon	
	 	[H.	Urano	NF2008,	M.Honda	NF2013]	

•  Without	strong	Er	shear	
•  the	becer	Te-ITB	with	co-toroidal	rotaUon	[Oyama	NF2007]	

•  decrease	in	Zeff	with	co-toroidal	rotaUon	
	->	change	in	the	real	frequency	of	the	fastest	growing	mode	
						is	observed	with	GS2	[E.	Narita	PFR2015]	

However,	the	rotaUon	direcUon	was	not	considered.	
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Impacts	of	toroidal	rotaUon	are	reported	
using	simple	parameters	

•  Simple	fluid	model	[A.G.	Peeters	PoP2009]	
‒  The	linear	growth	rate	of	the	ITG	mode	with	the	adiabaUc	electron	

	
•  Interplay	between	toroidal	rotaUon	and	flow	is	invesUgated	using	gyrokineUc	

code	GKW,	which	can	take	into	account	inerUal	effects.	[Y.	Camenen	submiced	to	PoP]	

‒  turbulence	stabilizaUon	due	to	rotaUon	is	observed	with	the	DIII-D	shorkall	case	

simulations for the reference case at kθ ρi = 0.4 (close to the most unstable mode), as shown

in Fig. 1a. Running the same simulations for a finite radial wavevector krρi = 0.2 shows an

overall decrease of the mode growth rate, as expected, but also a significant modification of the

u and u′∥ dependencies, Fig. 1b. This is understood considering that a finite radial wavevector

shifts the maximum of the electrostatic potential away from the low field side midplane with

a corresponding contribution to k∥N independent of u and u′∥ and a subsequent modification of

Eq. (2).

To investigate how the dependencies of the mode growth rate on u and u′∥ affect the non-

linear heat fluxes, non-linear simulations are performed for the reference case varying the flow

parameters around their nominal values. The perpendicular dynamics is described in Fourier

space with 21 poloidal wavevectors (kθ ρi = 0 to 1.36) and 339 radial wavevectors (krρi =−24.2

to 24.2). Finite differences are used in the parallel direction with 32 points along the field line.

The velocity space is discretized with 16 µ points and 64 v∥ points. The simulations are run until

a converged time average of the heat fluxes is obtained, which depending on the simulations

requires between 400 to 900 R0/vthi after the non-linear overshoot. In Fig. 2a, the non-linear
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Figure 2: Left plot: non-linear radial ion heat flux (Pi = QiV
′, with V the flux surface volume)

as a function of the E ×B shearing rate γE for u′∥ = u′∥exp (blue stars), u′ = 0 (red circles) and

u′ = −u′exp (magenta triangles). Right plot: Pi as a function of the toroidal rotation u for the

case γE =−γexp
E and u′∥ =−u′∥exp.

ion heat flux obtained in these simulations is shown as a function of the E ×B shearing rate

for different values of the parallel flow shear. The toroidal rotation is kept at the nominal value:

u = uexp. For u′∥ = 0 (red circles), the ion heat flux is maximum at γE = 0 and decreases at

finite γE , irrespectively of its sign, in agreement with the conventional picture. In contrast, at

finite parallel flow shear, u′∥ = ±u′∥exp, the ion heat flux is no longer symmetric with respect to

u:	rotaUon	velocity,	k∥:	parallel	wave	number	related	to	the	parallel	mode	structure	,	
u’:	rotaUon	velocity	gradient	
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Ø  Focus	on	JT-60U	experiments	with	moderate	Er	shear	in	the	core	region	
Ø  Assess	the	inerUal	effects	caused	by	toroidal	rotaUon	using	GKW	

Can	similar	dependence	of	transport	on	
rotaUon	be	seen	with	JT-60U	parameters?		



RotaUon	effects	in	GKW	

•  The	following	Vlasov	equaUon	is	solved	with	the	Poisson	eq.	and	Ampère’s	law	
in	a	rigidly	rotaUng	frame.	

where	

grad-B	drio	and	curvature	drio	 Coriolis	drio	 background	potenUal	
and	centrifugal	drio	

ü  Velocity	of	the	co-moving	frame:			

ü  In	this	paper,	only	the	Coriolis	drio	is	considered,	and	the	centrifugal	drio	is	neglected.	

	 	 	 						vanishes,	
but	 	 	is	finite,	as	well	as	Ω’.		

4/13	



��

���

��

��



�

 �� �� �� �� �

�
�
�	����


ρ

-20

-10

0

10

20

0 0.2 0.4 0.6 0.8 1

�������������
�����	�������

��������

E r	[
kV

/m
]

ρ

-20

-10

0

10

20

�������������
�������������

��������

�
��
�
�
�
�
�

����

Effects	of	toroidal	rotaUon	observed	in	JT-60U	

A.   ITB	plasma:	
	Steep	gradient	of	Te-ITB	with	co	rotaUon	[N.	Oyama	NF2007]	

B.   Conven2onal	H-mode	plasma:	
	Independence	of	core	heat	transport	from	toroidal	rotaUon		[H.	Urano	NF2008]	
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Both	GKW	and	GS2	show	that	
the	ITG/TEM	mode	is	the	fastest	growing	mode		

•  Miller	geometry	
•  KineUc	electrons	
•  Main	ions	&	an	impurity	
•  ElectromagneUc	(B⊥&B∥)	

CondiUons	

•  0<kθρs<1	
•  kxρs=0	
•  Collision	(pitch-angle	scacering	&	energy	diffusion)	
•  w/o	toroidal	rotaUon	

ü  Good	agreement	between	GKW	and	GS2	is	obtained.	
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RotaUon	effects	on	the	linear	growth	rate	
in	the	ITB	plasma	

Velocity	of	the	co-moving	frame	Ω	 [105	m/s]	

linear	growth	rate	γ/(cs/a)	at	ρ=0.45	
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RotaUon	effects	on	the	linear	growth	rate	
in	the	ITB	plasma	
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ü  all	cases	(co,	bal	and	ctr)	have	Ω’	<	0.	
ü  co	->	bal	->	ctr:	Increase	in	γ

	è	agreement	with	the	experiment	

CondiUons:	G	EQDSK,	KineUc	electrons,	Main	ions	&	an	
impurity,	ElectromagneUc	(B⊥&B∥),	kθρs=0.57,	kxρi=0,	
Collision	(pitch-angle	scacering	&	energy	diffusion)	

co,	bal,	ctr	
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Effects	of	rotaUon	velocity	on	parallel	mode	structure	
w/o	a	finite	velocity	gradient	

•  Effects	of	rotaUon	velocity	on	the	parallel	mode	structure	are	suggested	by	the	
fluid	model.	[A.G.	Peeters	PoP2009,	Y.Camenen	PoP2009]	

•  The	parallel	mode	structure	is	represented	by	k∥	in	the	fluid	model.	

CondiUons:	G	EQDSK,	KineUc	electrons,	Main	ions	&	an	impurity,	ElectromagneUc	(B⊥&B∥),	
	 	kθρs=0.57,	kxρs=0,	Collision	(pitch-angle	scacering	&	energy	diffusion)	
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ü  Structures	change	symmetrically.	
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k∥:	symmetry	about	θ=0,	k2∥:	narrowness	
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Effects	of	rotaUon	velocity	on	parallel	mode	structure	
w/	a	finite	velocity	gradient	

•  Effects	of	rotaUon	velocity	on	the	parallel	mode	structure	are	also	checked	with	a	
finite	Ω’.	
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	 	kθρs=0.57,	kxρs=0,	Collision	(pitch-angle	scacering	&	energy	diffusion)	

ü  Structures	change	asymmetrically:	co	case	(f)	has	
fluctuaUons	in	the	narrower	region	than	ctr	case	(d).	

k∥,norm	

d.  0.014	
e.  0.093	
f.  0.18	

Parallel	to	the	magneUc	filed	( 					)	

k2∥,norm	

d.  0.095	
e.  0.1	
f.  0.13	

k∥:	symmetry	about	θ=0,	k2∥:	narrowness	

45_KE_cole_beta_par_vcor_v2_uprim_1-11_vcor.plot.txt" u 11:($9*5.6985*10**5/3.32**2/1.0962488):13

-150000 -100000 -50000  0  50000  100000  150000
VC,phi

-60000

-40000

-20000

 0

 20000

 40000

 60000

-d
O

m
eg

a/
dr

ho

 0.21

 0.215

 0.22

 0.225

 0.23

 0.235

 0.24

Ω
’	[
10

4 	s
-1
] 	

Vφ	[105	m/s]	
-1.5 			-1 		-0.5							0 				0.5								1								1.5	

0.24	

0.235	

0.23	

0.225	

0.22	

0.215	

0.21	
e	

θ	[rad]	

linear	growth	rate	γ/(cs/a)	at	ρ=0.45	

9/13	



RotaUon	effects	on	the	linear	growth	rate	
in	the	convenUonal	H-mode	plasma	

"c013_KE_cole_beta_par_mil_uprim_1-11_vcor.plot.txt" u 11:13:14

-150000 -100000 -50000  0  50000  100000  150000
VC,phi

-40000

-20000

 0

 20000

 40000

-d
O

m
eg

a/
dr

ho

 0.09

 0.1

 0.11

 0.12

 0.13

 0.14

 0.15

 0.16

 0.17

4	

2	

0	

-2	

-4	

-1.5						-1							-0.5									0 						0.5								1								1.5	

Ω
’	[
10

4 	s
-1
] 	

0.17	
0.16	
0.15	
0.14	
0.13	
0.12	
0.11	
0.1	
0.09	

Vφ	[105	m/s]	

ü  co:	Ω’	>	0,	ctr:	Ω’	<0	
ü  γ	does	not	depend	on	the	rotaUon	

direcUon.	
	è	agreement	with	the	experiment	

-2x105

-1x105

0

1x105

2x105

0 0.2 0.4 0.6 0.8

s46303_OMGTORH0-OMG#1240090 9:59:48 AM 16.1.14

��
�	��
�	������

-d
ph

i/d
ps
i/<

1/
R>

ρ

-2x105

-1x105

0

1x105

2x105

0 0.2 0.4 0.6 0.8

s46302_t07900_OMGTO#124450F 10:04:08 AM 16.1.14

��
�	��
�	������

-d
ph

i/d
ps
i/<

1/
R>

ρ

-2

-1

0

1

2

0 0.2 0.4 0.6 0.8 1

"#���%�"
�	�	�#��������

�������������"�

V C,
φ	[
10

5 	m
/s
]

ρ

��

��

�

�

�

steady_s46302_t07900_007_givenq

�������������"�

�
�
�
�
��
�
�
��
��

�
"�

���!���#�!�

��

��

�

�

�

"
�	�	�#������$ � ��#

�����������"�

�
�
��
�
�
��
��

�
"�

!��#�!�����

��

��

�

�

�

"
�	���#������$ � ��#

�����������"�
�
�
��
�
�
��
��

�
"�

!��#�!�����

ΩR	[105	m/s]	

-2

-1

0

1

2

0 0.2 0.4 0.6 0.8 1

"#���%�"
�	�	�#��������

�������������"�

V C,
φ	[
10

5 	m
/s
]

ρ

�
�
�
�
��
�
�
��
��

�
"�

���!���#�!�

��

��

�

�

�

"
�	�	�#������$ � ��#

�����������"�

�
�
��
�
�
��
��

�
"�

!��#�!�����

�
�
��
�
�
��
��

�
"�

!��#�!�����

-2

-1

0

1

2

steady_s46302_t07900_007_givenq

�������������"�

�
�
�
�
��
�
�
��
��

�
"�

���!���#�!�

-2

-1

0

1

2

"
�	���#������$ � ��#

�����������"�

�
�
��
�
�
��
��

�
"�

!��#�!�����

linear	growth	rate	γ/(cs/a)	at	ρ=0.5	

co,	ctr	

Vφ	[105	m/s]	

10/13	



 0

 1

 2

 3

 4

 5

 6

 0  50  100  150  200  250

χ e
/
χ g

B

time

c013KEcolebetaparmilnluprim9vcor10

"timeeflux" u 1:($3*0.10558)
"timeeflux_out" every :::1::1 u 1:($3*0.10558)

"../c013_KE_cole_beta_par_mil_nl_uprim_4_vcor_6/timeeflux" u 1:($3*0.10558)
"../c013_KE_cole_beta_par_mil_nl_uprim_4_vcor_6/timeeflux_out" every :::1::1 u 1:($3*0.10558)

RotaUon	effects	on	the	heat	diffusivity	
in	the	convenUonal	H-mode	plasma	

"c013_KE_cole_beta_par_mil_uprim_1-11_vcor.plot.txt" u 11:13:14

-150000 -100000 -50000  0  50000  100000  150000
VC,phi

-40000

-20000

 0

 20000

 40000

-d
O

m
eg

a/
dr

ho

 0.09

 0.1

 0.11

 0.12

 0.13

 0.14

 0.15

 0.16

 0.17

4	

2	

0	

-2	

-4	

-1.5						-1							-0.5									0 						0.5								1								1.5	

Ω
’	[
10

4 	s
-1
] 	

0.17	
0.16	
0.15	
0.14	
0.13	
0.12	
0.11	
0.1	
0.09	

Vφ	[105	m/s]	

-2x105

-1x105

0

1x105

2x105

0 0.2 0.4 0.6 0.8

s46303_OMGTORH0-OMG#1240090 9:59:48 AM 16.1.14

��
�	��
�	������

-d
ph

i/d
ps
i/<

1/
R>

ρ

-2x105

-1x105

0

1x105

2x105

0 0.2 0.4 0.6 0.8

s46302_t07900_OMGTO#124450F 10:04:08 AM 16.1.14

��
�	��
�	������

-d
ph

i/d
ps
i/<

1/
R>

ρ

-2

-1

0

1

2

0 0.2 0.4 0.6 0.8 1

"#���%�"
�	�	�#��������

�������������"�

V C,
φ	[
10

5 	m
/s
]

ρ

��

��

�

�

�

steady_s46302_t07900_007_givenq

�������������"�

�
�
�
�
��
�
�
��
��

�
"�

���!���#�!�

��

��

�

�

�

"
�	�	�#������$ � ��#

�����������"�

�
�
��
�
�
��
��

�
"�

!��#�!�����

��

��

�

�

�

"
�	���#������$ � ��#

�����������"�
�
�
��
�
�
��
��

�
"�

!��#�!�����

ΩR	[105	m/s]	

-2

-1

0

1

2

0 0.2 0.4 0.6 0.8 1

"#���%�"
�	�	�#��������

�������������"�

V C,
φ	[
10

5 	m
/s
]

ρ

�
�
�
�
��
�
�
��
��

�
"�

���!���#�!�

��

��

�

�

�

"
�	�	�#������$ � ��#

�����������"�

�
�
��
�
�
��
��

�
"�

!��#�!�����

�
�
��
�
�
��
��

�
"�

!��#�!�����

-2

-1

0

1

2

steady_s46302_t07900_007_givenq

�������������"�

�
�
�
�
��
�
�
��
��

�
"�

���!���#�!�

-2

-1

0

1

2

"
�	���#������$ � ��#

�����������"�

�
�
��
�
�
��
��

�
"�

!��#�!�����

Electron	heat	diffusivity	χe/χgB	at		ρ=0.5	

co,	ctr	

Vφ	[105	m/s]	

ü  Close	to	each	other.		

co	 ctr	

linear	growth	rate	γ/(cs/a)	at	ρ=0.5	

•  Nonlinear	simulaUons	are	
performed	for	the	H-mode	plasma.	
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RotaUon	effects	on	the	heat	diffusivity	
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ü  Close	to	each	other.		
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linear	growth	rate	γ/(cs/a)	at	ρ=0.5	

•  Nonlinear	simulaUons	are	
performed	for	the	H-mode	plasma.	
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RotaUon	effects	on	the	heat	diffusivity	
at	constant	Ω’	
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ü  The	correlaUon	between	γ	and	χe	is	
confirmed.		

•  Nonlinear	simulaUons	are	
performed	for	the	H-mode	plasma.	
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RotaUon	effects	on	the	heat	diffusivity	
at	constant	Ω’	
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co,	ctr	

Vφ	[105	m/s]	

linear	growth	rate	γ/(cs/a)	at	ρ=0.5	

ü  The	correlaUon	between	γ	and	χe	is	
confirmed.		

ü  Difference	in	φ2	is	checked.	

•  Nonlinear	simulaUons	are	
performed	for	the	H-mode	plasma.	

χe/χgB		
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c013KEcolebetaparmilnluprim9vcor1

"timekyspec_out_krho" every :::0::0 u ($4*2*0.88732/1.3508*sqrt(0.806647/2)):2:3
"timekyspec_out_krho" every :::0::0 u ($4*2*0.88732/1.3508*sqrt(0.806647/2)):2

"../c013_KE_cole_beta_par_mil_nl_uprim_9_vcor_13/timekyspec_out_krho" every :::0::0 u ($4*2*0.88732/1.3508*sqrt(0.806647/2)):2:3
"../c013_KE_cole_beta_par_mil_nl_uprim_9_vcor_13/timekyspec_out_krho" every :::0::0 u ($4*2*0.88732/1.3508*sqrt(0.806647/2)):2
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_par_mil_nl_vcor_fluxaverage" u (0.00001*($8/3.4105*5.6653e+05/0.29828215+10333.113)):($13*0.10558)



Conclusions	and	future	work		

Future	work	
Ø  The	change	in	heat	diffusivity	is	compared	between	the	experiments	and	the	

nonlinear	simulaUons	for	the	ITB	plasma	parameters.	
Ø  The	effects	of	toroidal	rotaUon	are	verified	with	other	discharges.	

The	qualitaUve	agreement	with	JT-60U	experiments	is	obtained.	
ü  ITB	plasma:	

γ	changes	with	the	rotaUon	direcUon.	
ü  Conven2onal	H-mode	plasma:	

γ	does	not	depend	on	the	rotaUon	direcUon.	
ü  Nonlinear	simulaUons	show	that	the	heat	diffusivity	changes	in	similar	manner	to	γ.	

The	difference	is	caused	by	
the	magnitude	of	the	rotaUon	
velocity	and	its	gradient.	

p  Effects	of	toroidal	rotaUon	direcUon	on	instabiliUes	were	examined	using	GKW.		
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