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B [ntroduction of 6-field 2-fluid model



Multi-field two-fluid model in BOUT++ UL'

Six-field two-fluid model is necessary to describe:

= pedestal energy loss

= density profile evolution through the ELM event,
= heat flux

= energy depositions on divertor target

= Edge turbulence

Six-field (w, n, T, T, AV, I): based on Braginskii equations, the
density, momentum and energy of ions and electrons are
described in drift ordering[1,2].

[1]X. Q. Xu et al., Commun. Comput. Phys. 4, 949 (2008).
[2]T. Y. Xia et al., Nucl. Fusion 53, 073009 (2013).
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Boundary conditions and normalizations UL'

Boundary conditions:
Inner boundary:

Oni /00 = 0, IT; /00 = 0,50 = 0, 2 Ay = 0, 920 /00 =0, OV, /OW—0

Outer boundary:
n=0,1;=0,w=0,v314=0,0%/0*V =0,V =0

Sheath boundary conditions on the divertors
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compressO
continuity
eHall
energy_flux
energy_exch
thermal_force
gyro_viscous
viscos_par
spitzer_resist
hyperresist
diffusion_par
experimental _Er
Neoclassic_i/e

Gamma_i/e_BC

The physics switches of 6-field model in BOUT++

______ switchName Physics meanings

Parallel velocity
Compressible terms
Electron Hall effects

Energy flux terms
Energy exchange terms
Thermal force terms
Gyro-viscosity
Parallel viscosity
Spitzer resistivity

Hyper resistivity
Thermal conduction
Using diagnostic Er

Neoclassical transport for ion/electron

Sheath boundary for ion/electron

L




3-field 2-fluid model is good enough to simulate P-B stability

and ELM crashes, additional physics from multi-field contributes
less than 25% corrections

> Fundamental physics in ELMs: 0'255 ............................... e—¢3ﬁe1d
v’ Peeling-Ballooning instability ~=< o.20f —o5-field 1
v’ lon diamagnetic stabilization g_ ol —=6-field ]
- kinetic effect PR ]
v’ Resistivity and hyper-resistivity £ oaof ;
- reconnection "g 0.053_
» Additional physics: © 0-000: ” o~ = " =
lon acoustic waves Toroidal mode number n
Thermal conductivities
Hall effect b L ':,)_ﬁel q
Compressibility ]
Electron-ion friction R10[
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change the linear Power depositions o |
on PFCs.
growth rate less Turbulence and 00 o e T e
than 25% transport Normalized Time (t,)




BOUT++

Benchmark with ELITE and 3-field mode in

ideal MHD

&—© B-field w/o ne w/ M,
[G—F  6-field w/ ne w/ .
¥ —% ELITE

A—A 3-field w/ diamagnetic ]
A—A  B-field w/o ne w/o nu

10 20 30 40
toroidal mode number n

. JET-like stronggr—P’-Beunstable
%

For a typical peeling-ballooning mode 0.3¢
unstable equilibrium:
» ldeal MHD, the growth rate is 3
: . 0.2
consistent with ELITE. ~
» Full 6-field mode gives smaller ©
growthrate than ideal MHD, mostly =
0.1
due to FLR effects. 5
» Higher than 3-field model w/ !
diamagnetic effects, most due to 0.0 :
electromagnetic drift wave instability
030 T T T T T T T ] 0.4
- 1. JET-like weaker P-B unstable
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(b) toroidal mode number n (a)

& ¢ ideal MHD

A—A 3-field w/o gyro—viscous
A—A 3-field w/ gyro—viscous
&—¢& 5-field w/ gyro-viscous
3£ 6-field w/ gyro—viscous

| L ' n | L L " | L o

20 40 60 80
toroidal mode number n
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Flux limiting coefficients describe the kinetic modification

to Spitzer-Harm-Braginskii thermal conduction UL-

K = 3-9"'1”[2}1,1/’”1 Kle = 3.2nevt2h’ejve
> U Flux limiting coefficient o, represents the ratio of the
Spitzer-Harm-Braginskii expression for parallel heat flux
Keff,j = % vs. free streaming flux.
’ U The typical range of a; is [0.03, 3.0]*
U How to determine the value of o
» The free streaming limit:  of* = 08— 1.0

Kis,j = Rjvm,jq R0,

2 Me . 1

T;
> The sheath limit:  @; =~ 25 (T+Zz- (=5)% ~ 0.058

1

e
-- should be chosen for divertor simulations

O For DIIID #144382, k;are dominated by the flux it
limited expression because of low collisionality, :

especially inside the separatrix. 3 /
V+=0.127 at {»,=0.8 .

V.«=1.616 at pressure gradient peak
1 The simulated ELM size under sheath limit parallel
conduction with a.=0.05 is around 2.2%, which is

ELM size %
N
T
|

very close to the experimental measurement with ot . : :
0.01 0.10 1.00 10.00
2%**. o
P P.W. Fundamenski, Plasma Phys. Controlled Fusion 47, R163 (2005). 10

** *M.E.Fenstermacher, et al. 40th EPS Conference on Plasma Physics, P4.104.



The magnetic flutter enhance radial transport,

L

» More energy loss is due to magnetic flutter.

—— w/SBC \ilutter

o
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» SBCs slightly increase the ELM size 0 s wtuter ]
» At the linear phase, the growing of the g 0.04 —— wlo SBC vaf flutt er
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0.00 ]
— —-0.02 . . .
o 0.0 0.2 0.4 0.6 0.8
; . | @ time /(ms)
. S 3 s S S
5 5 3 _w/SBC viitter _ g 3  W/SBC iitter
N : w/SBC wfflutter E .E [
E E — w/SBC wfflutter
®) 4 —— w/o SBC w/flutt er 4 @ A .
- f S 10t —— w/o SBC w/flutt er
5 O g
x  2F [y 3 O !
=) X -
= 1F = 0.5r .
o © -
< O} o
5 — 1 ' ' : S 0.0l
= 0.0 0.5 1.0 1.5 e ' ' '
ks R—Rsep (cm) § 08 090 095 1.00 1.05
o

Yy
» Wider spreading of heat flux to targets, but larger peak value by flutter.
» Radial transport is enhanced by flutter. SBCs does not change it obviously. 11



The comparison of the heat flux profiles between

simulations and measurements on DIII-D

(@)
ELM Start time = 2544.47ms 2000 T T T T T T T T T T T T T T T T
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Heat flux measured from experiments*. :
500
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Due to reflections in the IRTV, which
have been significantly reduced in the
2013 DIII-D campaign.

» Heat fluxes from simulations show the
comparable expansion on targets.

» Compared to the measurement, the
amplitude is 2x times larger due to the lack of
radiation and recombination by neutrals and
impurities.

*M.E.Fenstermacher, et al. 40th EPS Conference on Plasma Physics, P4.104. 12



The validations between BOUT++ and EAST

experiments are also well agreeed UL'

» The blob transport behavior is obtained

Poloidal distance to LO divertor (cm)
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_O'4F » The BOUT++ simulations shows the
similar amplitude and depositions with
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» The width is a little narrow because of
LHW.
13



Outline

B Demo for running 6-field

14



The physics switches used for this hands-on exercise (.

______ switchName Physics meanings

compressO Parallel velocity
continuity Compressible terms
eHal Eleetron-Haleffeets
energy—fhux Energy-fluxterms
energy—exch Energy-exchange-terms
thermal—foree Fhermalforceterms
gyro—viseous Gyro-viseosity
ViS€Os—par Paralelviscosity
spitzer_resist Spitzer resistivity
ditfusion—par Fhermal-conduction
e Usina.di e
Neocl i Neoclassical forion/el

15



Density profile as the input

Density profile used in 6-field model:

Aheight X 1 X —Xx
Rip(x) = ( hmghtz ped) |:1 — tanh (ﬁ)] Fhave X Mpeds
pe

The coefficients in BOUT.inp:

[highbeta]

fhyperbolic tanh profile, N0 = Nitanh(n0_helght#lbar, n(_ave#llbar, n{_width, n{_center)
ni) fake prof = true fuse the hyperbolic profile of nf, If both nl_fake_prof and TO_fake_prof

nf)_height = 0, fthe total height of profile of Ni, in percentage of Nix
nij_ave = 0, 2 fthe constant tail of N profile, 1n percentage of Ni_x
nf width = 0,1 fthe width of the gradient of N0, in percentage of x
nil_center = 0, 633 #the the center of N, 1n percentage of x

ni) bottom x = (, 81 fithe start of flat region of N0 on SOL =ide, 1n percentage of x

16



Compiling and running of 6-field module

For the exercise, a simple linear test is prepared: — FLoar = Arrayies, 64, 101]
Compiling: bcr fronr = mrrayice, c4, 101)
DCEH FLOAT = Array[68, 64, 101]
> vi makefile pere FLAT = Avceyice, o4, 101]
SOURCEC = elm_6f.cxx oy flont - herayies, ear t01)
-> =6f landau.cxx . STRUCT - L5 chmomimouss Array(i)
— GR FLOAT = Array[1l, 1, 101]
> make = FLAT = hecaytes, o1, 16, 101]
Go to the scratch directory to run the code: - fonr - merayies, c4 16, 101)
> cd SSCRATCH e bovsis - meeayies)
RMSJFP FLOAT = Array[68, 64, 101]
>cd —r ¥/BOUT++/merge- ruiss FLAT = Aveayice, 64, 101]
github/examples/6f landau/ . Rarsos foar mrrayles, 64, 100)
> cp ~/BOUT++/merge- oiars fonr - meeeviee, co v0m)
. . . RMSU FLOLT = Lrray[68, &4, 101]
github/examples/6f_landau/6field-simple/* . Rsve FLOAT = Rezay[€5, 64, 101]
—_ = Lrray[68, &4, 16, 101]
> TI FLOLT = Lrray[68, &4, 16, 101]
Cp U FLOAT = Lrray[68, &4, 16, 101]
. . . VB FLOAT = Lrray[68, 64, 16, 101
SSCRATCH/Transport_Code/code/job_submit_job _ Y e
sh Variables after the collecting
Submit job and run the job: Data post-processing:

> vijob_submit.sh Add the idl library directory first
srurT-n 64 ./trans er Nn -d data IDL> !path=!path+":SBOUT_TOP/tools/idllib”

->srun -n 64 ./6f_landau -d data IDL> @collect-all
» sbatch submit_job.sh 17



Before exercise: download transport code

» Download the transport code

S cd SSCRATCH/
S cp -r ~train38/PUBLIC/BOUT++_Workshop 2018/Transport_Code ./
S cd Transport_Code/code

2018 N.M. Li-DLUT&LLNL 18
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n _ T _ >cp BOUT.inp data/.

) ' ' n0_height = 0.0
‘ ' ‘ nO_ave =2
. . Linear growth rate for this test case:

Te _ Vill,ﬂ,_,,.._\ _ IDL> print,gr[-1]

1 1 1 &
N
%
\ 0.248578
\ .
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Linear growth rate and radial

mode structures 1



The output of the mode structure (3) UL'

of - of - n0_height =0.9
n0_ave =2

=1F 1 —1F

-2 L L L -2

Linear growth rate for this test case:
IDL> print,gr[-1]

e
il 1 0.226131
.
o E @ 0.5 T T T T 1.0 T T T 10
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=1 -1
0.3 3 0.6 q [N
-2 L L L -2 L L \ g = -
1 2 3 4 5 1 2 3 4 5 T sk E oal ] ol
.
Poloidal mode structures I 1w
0.3 L 1 L i 0.8 0.2 1
0 20 40 60 at 100 0.4 0.6 0.8 1. 1.2 0.4 0.E 0.8 1.8 1.2
time {7} I oy
1. A 1.0 1.2
0.8 1 08t 0.8
0.6F - 0.6F 0.6k
[ S =
04 1 oAt 04f
0.2 K - 02f 0.z
0.8 : . . 0.0 - ) 0.0 . ‘ L
04 06 08 1.0 12 04 06 08 10 1.2 04 06 08 1.0 1

Linear growth rate and radial
mode structures
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The output of the mode structure (2)
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Poloidal mode structures
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nO_height =1.2
n0_ave =2

Linear growth rate for this test case:
IDL> print,gr[-1]
0.219981

(12 T T T T 1.0 T T T 1.0
04 E 0.8 b 0.8F
0.3H E o0.6f 1 o.61
g
B L_,_— = .
0.2F E 0.4F b 0.4
01E E 0.2k b 0.2F
[i%+] ' ' L L 0.0 . — 0.0 . N "
Q 20 40 60 ad 100 04 0.6 0.8 1.0 1.2 0.4 0.6 0.8 1o 1.2
time (T} ¥ ¥
1.0 1.0 1.0
081 1 0.8 N 08
06 1 0.6 N i3
= > =
o4t 1 0.4 1 o4t
0.2k 1 0.2F 1 0.2F
(184 1 0.8 L ' (184 1 L
0.4 0.5 0.8 1.0 1.2 0.4 0.8 0.8 1.0 1.2 0.4 0.5 0.8 1.0 1.2

Linear growth rate and radial

mode structures =



1 1 1 1 1
1.21.41.6162.02.25.4

1 1 1 1 1
1.21.41.61.62.02.254

. v“..

1 1 1 1 1
L2161 B2.02.22.4

Poloidal mode structures

1 1 1 1 1
1214 E1.B2.02.2 5.4

Linear growth rate and radial
mode structures

L

cp SBOUT_TOP/examples/6f_landau/6field-

simple/east077741.03500 psi080to105 x260

y64.nc.

In BOUT.inp

grid="“east077741.03500 psi080to105 x260y

64.nc”

NXPE=4

n0_height = 0.0

n0_ave =0.2

Linear growth rate for this test case:

IDL> print,gr[-1]
0.154437
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1.8 1.5
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Poloidal mode structures

Linear growth rate and radial
mode structures

L

In BOUT.inp

grid="“east077741.03500 psi080to105 x260y
64.nc”

NXPE =4

n0_height = 0.0

n0_ave =0.2

Linear growth rate for this test case:
IDL> print,gr[-1]
0.154437
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Backup slides
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Poloidal mode structures

Linear growth rate and radial
mode structures
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In BOUT.inp
n0_fake_prof = false

Linear growth rate for this test case:
IDL> plot,rmsp[xx,yy,*]

The mode does not grow!
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The background impurity can be taken into

account in order to use full set of measured UL-

The vorticity equation with background impurity is modified to

0 1 2 I
aw = — B—ObeJ_@—I—V]Hb -Vw + BV vl +2bx Kk-Vpy
1|1 ) Vid\?
—QQZ beVRV(VL‘I))—ZieBbemV(T)
ot Pbxw)-v(v?p)—v? (ibxvé-vp-)]
QQz B 154 1 B 1
_%; hmjﬁﬁvgm.v(v$m_4mmmmbxva.vmﬂé////,//-Gynyvmcous
1
+%%m[VE-V(ViRm)—Vi(VE-VPmﬂ.
w = b- V X (ﬂlinim + mimnimvrz'm)
m; 1
~ npg— (V3o + —Vid-Ving + v%) . e
"B, ( L0 VLe Vit + o Vb Quasi-neutral condition
im . 1
+nimm— (Vi(bﬂL Vid- Vlnim) .
Bo Thim Zinio + ZimMim = Ten
nj = nj0+nj1,
P_j‘ == P_}U +pjls
. . P=PFP+P +Ppy= P"‘P:(Pi +Pe)+(pz‘ +pe)+Pima
The effects of impurity: all the terms are at — @zﬂ; -— -
the order of m,_n. I = Je+dp
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1
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Nonlinear comparison with 3-field model UL'

20-""I""I""l""

—— 3-field w/o gyro-viscous
- = 3-field for Equilibrium 2
- —— b5-field for Equilibrium 2
I = G-field for Equilibrium 2
15F -~ 3-field for Equilibrium 1
| === B-field for Equilibrium 1

NN
G-) -
~N
‘m 10F
= i
_] | -
L S A
st /) T
O-L“ S
0 50 100 150 200 -~

t (TA)

» For weaker P-B unstable equilibrium (1), both three-field and six-field models show the

consistent results at linear and nonlinear phases.
» In stronger P-B unstable equilibrium (2), while additional terms of six-field do enhance

the instability.
» The six-field model yields smaller ELM size than 3-field model in both equilibria.
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radial particle flux (m™s™)

107 — .
solid: ExB induced
dashed: flutter induced |
10 L L b
0.8 0.9 1.0 1.1 1.2
¥,
Radial particle flux and heat fluxes are all

enhanced by magnetic flutter

More effective on ion heat flux than electron.

The effects of magnetic flutter are mainly on
the ExB induced fluxes

The non-consistent calculation of conductive
fluxes are similar to the consistent one,
especially near the separatrix.

radial heat flux (MW/m?)

radial heat flux (MW/m?)
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The magnetic flutter enhance radial transport

w/o flutter
w/ flutter
solid: ExB induced
dashed: gy induced

w/o flutter
w/ flutter
solid: ExB induced
dashed: q, induced
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Simulations show the filaments of ELMs and heat
load strips on targets

29



