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Governing equations for ITG

(Ottaviani et. al., PoP ‘99)
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Linearized equations
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Final form of eigenvalue equation
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Basis functions

Field F can represented as F(p,0,¢,t)=e"* > FW, (o)™ " in concentric - circular geometry :
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Matrix (M, JO, Dc) involving Laplacian L

For Bessel basis,
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Matrix (kj, Dglf) involving parallel wavenumber
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Matrix (aw, bw) involving curvature
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Comparison of BOUT++ with eigenvalue solver

In eigenvalue solver, W,,, = (@
m+1

T >"m(

r]ewmenw (p=1~N) is used as basis function.

The fluid equations are then projected on to the set of basis functions.

Eigenvalues are obtained by using matlab.

BOUT++ results agree well with eigenvalues, which means BOUT++ correctly solves the

given equations.

Convergence test for eigenvalue solver
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Gyrofluid Simulation using
BOUT++ GLF Code

in Core Region



Gyrofluid equation for ITG

(M. A. Beer and G. W. Hammett, PoP ‘96)

® Guiding center density equation
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Linear benchmarks

BOUT++ using Beer’s “3+1” field model agrees well with gyrokinetic codes.
Non-Fourier method for Landau damping shows good agreement with Fourier

method.
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Nonlinear simulations of ITG

» Global nonlinear simulations using Beer model performed at fixed profile
* Turbulence suppression by zonal flow observed
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Hands-on Exercise for
Eigenvalue Solver using
MATLAB



0) Get eigenvalue solver and Run matlab :
1) Run eigensolver_init.m and eigensolver_ ITG.m in matlab:

>> eigensolver _init : assign equilibrium profiles, calculate radial basis functions,
arrange mode index, evaluate matrix elements involving integrals

>> eigensolver |TG : set up matrix and solve the eigenvalue equation for ITG
2) Run plot_eigenvalue.m and plot_eigenmode.m in matlab:

>> plot_eigenvalue : plot linear ITG growth rate and real frequency vs. k_theta*rho i
>> plot_eigenmode : choose toroidal mode number and plot eigenmode structure



Get eigenvalue solver using git and run matlab :

> mkdir eigensolver-ex

> cd eigensolver-ex

> git clone https://github.com/boutproject/BOUT-2.0.git
> cd BOUT-2.0/tools/eigensolver/GLF_ITG

> module load matlab-nofonts

> matlab
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Dock Editor window: Push this button
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Open eigensolver_init.m, eigensolver _ITG.m,
plot_eigenmode.m, plot_eigenvalue.m:
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Run eigensolver_init.m:

it takes about 5 min when nmax=15.
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Run eigensolver _ITG.m : it takes about 10 min.
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15 - TfFinfhikI==nmax]
16 - 1=1+1; Command History +H [0 a x
Lo(= end ¥-- 09/05/2013 03:39:33 AM —-
=i end = ||2-%-- 09/05/2013 03:46:04 AM --
1] - | ] | ~-eigensolver_init
eigensalver_init.m eigensolver_ITG.m =l plot_eigenmode.m x| plot_eigenwalue.m x| """ eigensolver_ITG
— = Command Window “0Oa x
(i) New to MATLAB? Watch this Viden, see Demos, or read Getting Started, x
status = a
Setting up matrix for eigenvalue eguation
Select a file to view details
status =
Calculating eigerwalues and eigenvectors |
F [=] [4] ; IC
4\ Start| Busy script Lh 8 Cal &1



Run plot_eigenvalue.m;

File Edit ¥iew Insert Tools Desktop window  Help

File Edit Text Go Cell Tools Debug Parallel Deskiop  Window  Help
& £ mE 9 o & 5| @ | current Foider:|/global/uz /t/train2 58/ eigensolver-ex /BOLT-2.0/toals/eigensahver/GLF_ITG [ +|[..| &
Shortcuts (2] How to Add (2] wikat's Mew
Current Folder w0 oA x| : Workspace H[Oa x
1 « GLFITG -~ ol@ &- hﬂjﬂ|&—l‘|f§]ﬂ(“|-\£;E£F'|Hﬁ¢ﬁ{.+§|ﬁ@@@@@| »0 « & x Eﬁ@%ﬁ%”@smectdm...v
Mame || "B 58 | - * | = x | bH bY@, [Run plot_eigenvalue.m (F5) Wiz A [value
%) eigensolver_init.m 1 LEE SR R 0 0 0 0 T 0 0 i T = Fhi <3x 1200 comple :
) zigensolver_ITC.m 2 % plot Tinear growth rate and real freguency ws. ktheta*rhoi B R _Lne 2.2222 &
@eigensolver_lTG.pdf 3 0 o O 0 0 g D L L L L L DL DL DL D) 0L O O ER_L‘:E £.9200
% plot _sigenmada.m 4 - clear ktheta_rhod HH R_Lri 6.9200
) plot_sigenvalua.m 3 [= owal=l.4; HH Te_TO 1
) README 6-  rval=0.5; tHakpar <2400x50 doubl.
7= for nl=nmin:ndel:nmax HH akpar_anhat <2400x50 doubl.
g - ktheta rhoilnl/ndell=nl*gval/rval*rhos0; EE| akpar_tau <2400x50 doubl,
g - end | | E akpar_that <2400x50 doubl,
10 - F=1.3; a=0.48; % for cyclone base case H alphaj 212.579%
11 - ganfactor=R_Lne*as/R; % change tine unit from asv ti to Lonefv_ti H alphamp <151x50 double
12 - omngfactor=ganfactor*4; EHamW £ 2400%50 doubl,
13 , FH amw0 0.8217 I+
14 - figure(2) . . ‘] | |’|—
15 - plot{ktheta_rhoi,gamnlinsganfactor,'-or'};
16 - % 1abel('k_ntheta wrho_1') Command History +H [0 a x
17 - ylabel('sgamma and “Somegasd (v_{tit/l_{ne}l') %o 09/05/201% 03:39:33 AM —-
18 - title('Linear growth rate and real frequency') = ERT 09,/05,/2012 03:46:04 AM —-
19 - hold on — : . .
a0 mlat il thota rhod anoldisnéanofantoan | okl . ' Frelgensolver_init
eigensalver_init.m x| eigensolver_ITG.m ><| plot_eigenmode. m plot_eigemvalue.m  x eaigensolver_ITG
— = Command Window “0Oa x
(i) New to MATLAB? Watch this Viden, see Demos, or read Getting Started, x
sTtatus = -
Calculating eigerwalues and eigenvectors
Selact a file to view details
status =
wwwwww Fipanvalue solver findshed *#wwww |
fi = - L ID
4\ Starnt 1




File Edit ¥iew Insert Tools Desktop wWindow  Help

File Edit Text Go Cell Tools Debug Parallel 17 5 [ _é| | & & & 9@ 47 - ﬂ)‘ 0 @‘ =m0
'jj|:‘: B9 @ﬁﬂ|@|CurrentF
Linear growth rate and real frequency
Shortcuts (2] How to Add (2] What's Mew 025 T T T T
Current Folder w0 e X i Workspace H[Oa x
[ « GLFITG ~ o @B G- =N | ozt " a x| B o = g B ||@Select dat... -
\Name - [|: "B E§| Mame £ |\-’alue
) aigensolver_init.m 1 [ 015k P | o Fehi <3x1200 comple =
£ aigensolver_ITG.m 2 % — | R-Lne 22222 s
T eigensolvar_ITC.pdf 3 % | R_Lte 6.9200
£ plot_sigenmoda.m 4 - c = o1t COR_Lti 6.9200
£ plot_sigenvalua.m 5 - q = o Te_TO 1
) README g - t ‘3’ I akpar <2400x50 doubl,
7= f = oost [ akpar_anhat <2400=50 doubl,
g - f I akpar_tau <2400x50 doubl,
9 - e I akpar_that <2400x50 doubl,
- R ol tH alphaj 212.5796
11 - o Halphamp <151x50 double
12- 9 H armw <2400x50 doubl,
13 005 | H armwo 0.8217 =
- | - < | DN
il5 (= u]
= * -0 Command History oA x
17 - Y 0.05 0.1 0.15 ) 0.z 0.25 0.3 || - %-- D9/05/2013 03:39:33 AM --
| - »Fi E-%-- 09/05/2013 03:46:04 AM --
BT N N Sy ST v = eigensolver_init
pigensolver_init.m = | eigensolver_ITG.m x| plot_eigenmode.m x|| plot_eigemvalue. m x|| - eigensolver_ITG
- eplot_eigenvalue
- Command Window H[O A X
Details bl
(i) New to MATLAB? Watch this Yideo, see Demos, or read Getting Started,
Calculating eigerwalues and eigenvectors N
Select a file to viaw details status =
wwwwww Fipanvalue solver findshed *#wwww
== plot_eigenvalue =
fx s > 4] i [T»
4\ Start Lh 1 Cal 1



Run plot_eigenmode.m:

Edit  Text Go Cell Tools

Debug

File Edit ¥iew Insert Tools Desktop window  Help

Window  Help

Parallel

Deskiop

& £ mE 9 o & 5| @ | current Foider:|/global/uz /t/train2 58/ eigensolver-ex /BOLT-2.0/toals/eigensahver/GLF_ITG [ +|[..| &

Shortcuts (2] How to Add (2] What's Mew
w0 2 x

Tp@@v

Current Folder
I« GLFITG

|Name £

) sigensolver_init.m
ﬂ eigensolver_ITC.m
T eigensolvar_ITC.pdf
% plot _sigenmada.m
) plot_sigenvalua.m
] README

Details

Select a file to view details

4\ Starnt

&

NSHE|$R@9 w|.gEsz|u«¢ﬁ.;@ﬁ@@@@@| *0 ~| » x

B E%| = + | = ® =% | @ [Run plot_eigenmaode.m (F53]

1 aEgarye] TD
5 | %4

E

4 - theta=-pi1:0.01:p1;

5|= nft=mf';

6 - matexp=exp(i*nfr{l knax)*thetal;

7= wavenap=wave:,1l:knax];

g - rocore=r';

g - x=rcore¥cos(thetal;

10 - y=rcore*sin{thetal; | 4
11

13 %far nl=nmin:ndel:nnax You can Choose

14 - nl=10; % choose taroidal mode numbe H

’ 1‘ toroidal mode number.
16 - nh=nl/noe’;

17 - figure{2+nn)

18 - ph=0%ones(kmax,17;

19 - 1=0; —
0L Fom | A e lem y |

eigensolver_init. m plot_eigenmode. m x 8 plot_eigenvalue. m ®

x| eigensalver_ITS.m

Command Window “ O A x

(i) New to MATLAB? Watch this Viden, see Demos, or read Getting Started,

[»

Calculating eigerwalues and eigenvectors

status
wwwwww Fipanvalue solver findshed *#wwww

== plot_eigenvalue

S s

[4]z

Workspace H[Oa x
E o E g B |||I;;_’§)Select dat... -
Marme £ |Va|ue

Fphi <3x 1200 complel~|
HR 1.3000 i
H R _Lne 22222
HH R _Lte 6.9200
HH R_Lti £.9200
HTe_TO 1

a 0.4800
HH akpar 240050 doukbl,
HH akpar_anhat <2400:50 doubl,
EE|akpar_tau <2400x50 doubl,
HH akpar_that <2400x50 doukbl.
H alphaj 212.5796
H alphamp < 15150 double |

‘] | ]

Command History [0 A x

pr¥-- 09/05/2013 03:39:33 AM --
E}---%—— 09,/05/2012 03:46:04 AM --

[»

‘]

ln 1 Col 1



File Edit ¥iew Insert Tools Desktop window  Help

Fila Edit Text Go Cell Tools Debug Parallel [7) 3 |4 _é| &R & MDD EL- 0 ‘@@‘ =m0
j _J| & -ﬂ o B @Jlﬁ?ﬂ|@|CurrentF
Eigenmode stucture for n=10
Shortcuts (2] How to Add (2] What's Mew T T T T g T T T
Current Folder wOax [ Editor - o g L. * 0O 2 x| | Workspace H[Oax
. - 0.8 - ; N
3« GLFITG - o\ @ =1 ! [0 ~] 7 x & o & & B ||L0selec gar.. ~
\Name - || @ o3 | e : i Mame £ value
] eigensolver_init.m 1 % 04 f - f;!‘f ] 13 — 7 =] dFphi <3x1200 comple/~
) zigensolvar_ITC.m 2 % : g ’ 4, — R 1.3000 L]
T cigensolver_|ITC.pdf E] % 0 ’ ' ] 1 k_Lne 22222
) plot_eigenmade.m 4 - t : , -l0.5 | R_Lt; £.9200
) plot_eigenvalue,m 5 - i . , i 1 = R_Lti £.9200
|| README 5= i .’ i A mTeTo 1
7- w ’l ] a 0.4800
g - - iy -~ i Ds HH akpar <2400%50 doubl,
9 - * \ ';'. 4, Hakpar_anhat <2400=50 doubl,
10 - y -04 Y X - - | [ akpar_tau <2400x50 doubl,
11 N 15 tH akpar_that 22400x50 doubl.
12 % -06 . Halphaj 212.5796
13 -2 H alphamp <151x50 doublaz~
T "hes ! < | DN
15 -2.5
15 - . . \ n . \ . Command History [0 A x
17 - -1 -08 -06 -04 -02 0 02 04 06 08 %-- D9/05/2013 02:39:33 AM —-
o i B-%-- 09/05/2013 03:46:04 AM --
20 Eor Lot elem B ~eigensolver_init
gigensalver_init.m x| eigensolver_[TG.m = || plot_eigenmode. m x|| plot_eigenwalue.m = - eigensolver_ITG
= plot_eigenvalue
- Command Window “a x ,
Details R R R R———————————" plot_eigennode
(i) New to MATLAB? Watch this Viden, see Demos, or read Getting Started, x
status =
Select a file to view details wwkwwd Figenvalue solver finished *#wwr#¥
=» plot_eigenvalue
=»> plot_eigennode —
Warning: single buffer wisual not available B
J ~| 4] : [T
4\ Start Lh 1 Cal 1



Exit matlab:

File Edit ¥iew Insert Tools Desktop window  Help

Y PR EIC] =

Mew
Qpern. .. Ctel+¥, Ctr Eigenmode stucture for n=10
Open as Text... o g M= Workspace H[Oa x
Open Selection F4 0a - — ~
: i *0~ e x| ®HEH% |||3@Select dat.. ~
Close Editor 2
Close s g - Mame 2 |Va|ue
= 1.5 i -
) - - — 1 mm| e Fehi <3x 1200 complel~|
Close plot_erigenmaode. m Cirl+s, K 04 ¥ f - i‘ f’ | i = HR 12000 B
’ ' ‘HR_Lne 2.2222
0z 1
-5 o R_Lte £.9200
Save As... Ctrix, Ctr ,, - B_Lti 69200
Sawe All Ctrl4%, 5 1] -Io FHTa_TO 1
Sawe Backup... ’l"l dons a 0.4200
Publish plot_sigenmode.m 0z >’ i ' ] akpar < 240050 doukbl.
Publish Confiquration for olot i 4 \ —— 1 Hakpar_enhat <2400x50 doubl.
ublish Configuration for plot_eigenmode. m 04 5 S are i | | akpar_rau <2400%50 doubl.
N S 15 Hakpar_that <2400x50 doubl.
-0E ] I alphaj 2125736
Irmport Data. . =& H alphamp <151x50 double v}
Sawve Workspace. .. -8 ) a5 4] S | L]
Set Path... . " L " . . . Command History [0 A x
-1 -08 -06 -04 -02 0 02 04 06 08 ce¥he o (9/05/2013 03:39:33 AM —-
Preferences... i :
E-%-- 09/05,/2013 03:46:04 AM --
Page Setup... el - ~gigensolver_init
Print... .m x| eigensolver ITG.m x| plot_eigenmode.m x| plot_eigemalue.m  x -etgensalver_ITG
‘plot_eigenvalue
-+ i ,
. . ~plot_eigenmode
1 ... _ITGjplot_sigervalue. m aB? Watch this ¥ideo, see Demos, or read Getting started. x
2 . F_ITG/plot_eigenmode.m | =
2 ... _ITCfeigensohver_ITG.m
4 [T feigensolver init.rm
rmvalue solver finished **vwws
Fehadsmaal 2 v a ] UE
=»> plot_eigennode —
Warning: single buffer wisual not available ezl
fe s ~| (4] : [T
4\ Starnt Lh 1 Cal 1



