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Frequently Used Quantities
Need to Be Introduced
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Frequently Used Quantities
Need to Be Introduced

x10~2 |
31 — Batr=9Beo ||
g 5! == Bext,1 = T7.75 Bext,0 | |
 Bexi: Magnitude of externally-applied field 1 ;m\nsient Background
mﬂ) B / A

 Background (0) and transient (T) contributions
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Frequently Used Quantities
Need to Be Introduced
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 Background (0) and transient (T) contributions

* B..s: Magnitude of field response at resonant surface
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Frequently Used Quantities
Need to Be Introduced
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 Background (0) and transient (T) contributions

* B..s: Magnitude of field response at resonant surface

e wres: FlOW frequency at resonant surface
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Frequently Used Quantities
Need to Be Introduced

x10~2
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 Bexi: Magnitude of externally-applied field 3 , ;m\nsient Background
mﬂ) B / A

 Background (0) and transient (T) contributions

* B..s: Magnitude of field response at resonant surface

e wres: FlOW frequency at resonant surface

e |Large transient precipitates transition to
a low-slip state, with penetrated Bies

)
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Frequently Used Quantities
Need to Be Introduced

x10~2
31 —  Buxt;r=9Bext,0
g 51 == Bea,1 =T.75 Bext,0 |
 Bexi: Magnitude of externally-applied field 3 , ;m\nsient Background
mﬂ) B / A

 Background (0) and transient (T) contributions

* B.s: Magnitude of field response at resonant surface .°|
m%
~ 1 - |
» wres: Flow frequency at resonant surface 2 §creened
e |Large transient precipitates transition to R
a low-slip state, with penetrated B e
- . . igh-slip
« Small transient returns to a high-slip state, 21 N
with screened Bres 3 /
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Motivation: External 3D Fields
Cause Forced Magnetic Reconnection

 Externally applied 3D fields force magnetic
reconnection (FMR)

e |slands can lock plasma to 3D field structure

e Fundamental physics governed by external
forcing, flow, resistivity, and viscosity
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Motivation: Transient MHD Events
Cause Forced Magnetic Reconnection

 Externally applied 3D fields force magnetic
reconnection (FMR)

e |slands can lock plasma to 3D field structure

e Fundamental physics governed by external
forcing, flow, resistivity, and viscosity

e Transient MHD events are an additional
source of 3D fields
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Motivation: ELM Can Precipitate
Transition to ELM-Free State

t, E

 Externally applied 3D fields force magnetic D TR

reconnection (FMR)

e |slands can lock plasma to 3D field structure

e Fundamental physics governed by external 30 -
forcing, flow, resistivity, and viscosity

 Transient MHD events are an additional 10
source of 3D fields; can induce transition 4
e ELM can trigger ELM-suppressed state for 2 o
large resonant magnetic perturbation (RMP) B & Transition )
] . N\
e Paz Soldan et al., PRL (2015); Nazikian et al., 4700 4705 4710 4715 4720 4725 4730
PRL (2015); Callen et al., UW-CPTC Report 16-4 Time (ms)
-5 0 5 ot(ms) 15 20 25
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Motivation: ELMs and Sawteeth
Can Precipitate NTM Growth

 Externally applied 3D fields force magnetic ELM Sawtooth
reconnection (FMR) 8-154964
_ {N1RMS (9 —>1OO kHz includes wteet)", ELMs and 2/1)
* [slands can lock plasma to 3D field structure ]
- (@)
* Fundamental physics governed by external | \aalbherme v _n) A
forcing, flow, resistivity, and viscosity 407
30 Yo (au)
* Transient MHD events are an additional f K (b)

source of 3D fields; can induce transition
NTM EL Ms/ " n=1rms (&) (85=>11kHz filtered to 2/1 frequency)
. S can be seeded by s/sawteet : Transition < g)/m//
» La Haye, private communication (2016) 0 decays ﬁ (c)

lllll
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Time (ms) 2/1 NTM
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Mode Penetration Determined by Transient-
Induced Force Evolution at Rational Surface

 Begin in time-asymptotic, metastable state
 Background external 3D magnetic field Bexio Is flow-screened
e Electromagnetic (EM) and viscous forces balance
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Mode Penetration Determined by Transient-
Induced Force Evolution at Rational Surface

x10~°

— Bext.,T — 9 BeXt'aO
— Bext.,T = 7.7 Bext.,O

 Begin in time-asymptotic, metastable state

 Background external 3D magnetic field Bexio Is flow-screened

e Electromagnetic (EM) and viscous forces balance

* Transient 3D field Bex 1 is added to Bexto 8
 EM force increases due to evolving current and magnetic field

 Forcing decreases flow locally
> flow profile evolution induces viscous force

----------------------------------------------------------------------------------

0.5 1.0 1.5
t! /Ta x10*
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Mode Penetration Determined by Transient-
Induced Force Evolution at Rational Surface

x10~*
| | | | 3— ] I -
* Begin in time-asymptotic, metastable state : — B =08

== Bew1="T7.75 Bext.0

 Background external 3D magnetic field Bexio Is flow-screened

Bext /Bnor n

e Electromagnetic (EM) and viscous forces balance

 Transient 3D field Bex:.1 IS added t0 Bext,o
 EM force increases due to evolving current and magnetic field

 Forcing decreases flow locally
> flow profile evolution induces viscous force

 Transient turns off and system continues to evolve

---------------------------------------------------------------------------------

1.0

e Mutual evolution of forces determines final state
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Outline

 Explore dynamics of transient perturbation in slab geometry

« Computational results elucidate mode penetration dynamics

e Develop analytic model of mode penetration dynamics
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Outline

 Explore dynamics of transient perturbation in slab geometry
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Slab Model Employed to Simplify
Computations and Analytics

o Slab geometry with uniform out-of-plane current density

o Stable equilibrium with A'a =-2ka <0 Y
““* By.1 o2 l
N | £
L
44— By ‘ 431‘—
Ao twetoft tootp:
' T y Linear layer # \
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Slab Model Employed to Simplify
Computations and Analytics

o Slab geometry with uniform out-of-plane current density

o Stable equilibrium with A'a =-2ka <0 Y

“| * By,l A l ':

 Apply normal magnetic field B, 1(Ixl=a) = Bexi sin(kyy)  ° L2 '

e Drives reconnection at x=0 —»> ' ﬁ>
.................................................................................................. :C
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Slab Model Employed to Simplify
Computations and Analytics

o Slab geometry with uniform out-of-plane current density

o Stable equilibrium with A'a =-2ka <0 Y
 Apply normal magnetic field B, 1(Ixl=a) = Bextsin(kyy) oF; ,.
e Drives reconnection at x=0 — ' —+
e Constant flow with V, ‘\‘ Byo ,."
* Provides flow-screening physics l """"""""""""""""" l -------------- ! I --------------------------- o N
* Flow frequency at x=0: @ws=k-V=k,V,
44— By ‘ 431‘—
1 twt it t
: T Linear layer # p
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Slab Model Employed to Simplify
Computations and Analytics

o Slab geometry with uniform out-of-plane current density

o Stable equilibrium with A'a =-2ka <0 Y
“| * By,l A l ':
 Apply normal magnetic field B, 1(Ixl=a) = Bexi sin(kyy)  ° Lz
* Drives reconnection at x=0 —» ' ﬁ>
 Constant flow with V,, “; By !
* Provides flow-screening physics SR B i """"""""""""""""""""" S
 Flow frequency at x=0: wrs=k-V=k,V,
* Visco-Resistive dissipation parameters b A_
° S — 11)(107, Pm =20 ','T T Vyo T T T ¢‘\\‘

Linear layer

e Linear layer width: 6yr =S-13P,,1/6a="7.4x10-3a
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Time-Asymptotic Electromagnetic and Viscous
Forces Balance At Rational Surface

e n=(0 EM force per unit length in z at x=0

A OVR /2 Ly/2 i 7 il -
Fy,EM — / dCIZ‘/ dy('] X B) ' :& :: Im {B:es Haa:Bres]]:UzO}'
—6vr/2 —Ly, /o M '
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Time-Asymptotic Electromagnetic and Viscous
Forces Balance At Rational Surface

e n=(0 EM force per unit length in z at x=0

) Svr /2 Ly/2 TS T T mmmmmmsmmme—a - == —Fyp(Bext=2.0x10"" Byory) |
Fy,EM — dZIZ‘/ dy(J X B) ) :& :: k2 Im {Bjes [[aa;Bres]]:czO}' ----- —Fy.EM(Bext=3-0><10_3 Brom)
—Ovr /2 — Ly /2 , HORy : . s
_ _ _ _ mEEmsmEEmsEEsEEEEEEEES ==  —F, pn(Bext=4.9x107" Byom )
e Linear, time-asymptotic, visco-resistive response:
A r—— s TRy
— 22 P = — :
Ly _) SEMT T (CaAN2 4 (wresTvr)2 ak2 pp ] Increasing Bex
* R.Fitzpatrick, NF 33,1049(1993) i ™/ “S__
* Quasilinear Fygwm localized at x=0 e —
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Time-Asymptotic Electromagnetic and Viscous
Forces Balance At Rational Surface

e n=(0 EM force per unit length in z at x=0

A SR /2 Ly/2 iy il - == —Fypm(Bext=2.0x10" Byom) |
Fy,EM — dZIZ‘/ dy(J X B) . :& :: k2 Im {Bjes Haa;Bres]]:czO}' ----- —Fy.EM(Bext=3-0><10_3 Brom)
—5VR/2 _Ly/2 - -ILLP -y --------------- : —— _j:v EM(B .—4.5%x10"° B )
e Linear, time-asymptotic, visco-resistive response:
) ™ e e R
Bres = —al’ + 1WresTVR Pext > Fy,EM B (_CZA/)Q =+ ((«UresT\/R)2 a/k'g 20 InCI’eaSing Bext
* R.Fitzpatrick, NF 33,1049(1993) i ™/ “S__
» Quasilinear Fyrm localized at x=0 e
. . 1.0 1.5 2.0
o o o -3
e Viscous force per unit length in z at x=0 Wres TA x10
R 55/2 Ly/2 P T s s s s s s e e - -r
F,vs = / dm/ dy|V - pvV' V|- g =1L, pvg 10V (z,t)] _:
—55/2 —Ly/g """"""""
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Time-Asymptotic Electromagnetic and Viscous
Forces Balance At Rational Surface

e n=0 EM force per unit length in z at x=0 x10~7 | | ,
................... 3t " m—  F, pi(Bai=2.0x107% Buo) ||
T U I —Fy i (Bext=3.0x 10 By

Svr/2 L,/2 mee
dCU/ dy(J xB) g Im { B os[0r Bres) o= O}

—5VR/2

\ .
. _Fy‘ EM (Bext —4.5%x107° Bnornl)

Fy,EM —

Ly/2

/
B L a’AeXt B
res — ext

—aA’ + 1WresTVR E

» R. Fitzpatrick, NF 33, 1049 (1993)

* Quasilinear Fygem localized at x=0

e Viscous force per unit length in z at x=0

d5/2 _Ly/Q
yVS —/ / dm/ d V. pvVV].g=1L,pu |[8xV(:c,t)]]$:O.
ds/2
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Time-Asymptotic Electromagnetic and Viscous
Forces Balance At Rational Surface

e n=0 EM force per unit length in z at x=0 | | | |
) OVR/2 Ly /2 .' By 3¢ '."\.‘ == —Fy pn(Bext=2.0x10"° Byor) |
Fy,EM — dZU/ d (J X B) I -2 Im {Bres[[ﬁ Bres]]:c ()} ' '\ ..... _Fy.EM(B.t—?’ 0% 10 Bpom)

_5VR/2 —Ly/2 . .'u9 e e e ———— = \-\ me B pi(Bu—4.5x 1073 By,.,)
\ ~Fymn(Ben =4 norm
2 \ — F,y

a/\’ 5 ~
Bres = ext Bex => L JHEM —
¢ : J ( G,A/)Q | (wresTVR)Q a/kg /.,LO E )

—a\" 4+ 1Wres TVR :

» R. Fitzpatrick, NF 33 1049 (1993)

* Quasilinear Fygem localized at x=0

 Viscous force per unit length in z at x=0 <1073
55/2 Ly/2 e EE s s .. .- -
yVS — /5/ dm/ d V. pvVV].g=1L,pu |[8xV(:c,t)]]$:O.

5/ 2
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EM and Viscous Force Balance Gives Rise to
Bifurcated, Metastable Equilibria

x10~’
 Force balance gives cubic relation for wres 3y By i(Bea—2.0x10 By |
................................................................... i"""". : "\ —Fy.EI\I(Bext:?).0X10_3Bnorm)
. / 2 . 1\ D 4 54103
0 1+ wowres i — Wl T2 = T <A6X5> =3 =21 T el
Wres 4CL,0V0 —A Lo = :
............................................................................. ST
(E .i.::u
o Here, tvr =2.1047A §?°P,,'% and 77, = 7vn/(—aA") :

103 T 100
Bext/Bnorm
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EM and Viscous Force Balance Gives Rise to
Bifurcated, Metastable Equilibria

x10~’

 Force balance gives cubic relation for wres 3 By (B —2.0x10 By |
................................................................... i"""". : "\ —Fy.EI\I(Beth?).0X10_3Bnorm)
: [ a \ R
: Wo /2 o o wTvr AL\ Béx ! =oli = ~Fum(Bey=4.5x10"" Byom)
: 1 + Wores T — W2 To = - =20y '
.Wres O%Wres !/ yvr res ' VR 4CL,OV() <—A/> Lo : (LE : \\ — F
---------------------------------------------------------------------------- ( E ll :.“ . \‘\\
e Here, vk =2.104714 S?3P,,V/6 and 7., = 7yr/(—aA") 1N ........

» System bifurcates for w, > 3v3/7,
e R. Fitzpatrick, NF 33, 1049 (1993) 2. 5x1

103 T 100
Bext/Bnorm
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EM and Viscous Force Balance Gives Rise to
Bifurcated, Metastable Equilibria

x10~’
 Force balance gives cubic relation for wres 3 1 By (B2, 0610 )|
................................................................... seesssann, LA e B e (Buxe=3.0x 10 % Byo)
y A/ B2 . : i —=  —F, oni(Baxi=4.5%107% Byon)
P20 1 wowesT — w2 = TR < eXE) = =2 |
Wres 4CLpVO —A Lo = :
............................................................................. ST
<E .i::u
e Here, tvr=2.1047145?3P,,1/0 and 7/, = 7 /(—aA") i

» System bifurcates for w, > 3v3/7,

e R. Fitzpatrick, NF 33, 1049 (1993) 2.5x1 —T
e Two metastable equilibria: ) jz \
flow-screened and mode-penetrated ;gllo i
» Shaded region is metastable 0
o ' Existence of metastable equilibria enables: 0 ol < _
transient-induced mode penetration . ot
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Transient Can Precipitate Transition
Between Metastable Equilibria

 Hypothesis: If transient
causes enough flow evolution,
mode penetration occurs

2.5x107

2.0}

ex nor
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Transient Can Precipitate Transition
Between Metastable Equilibria

x10~* |
] 31 — Butr=9Bexo ||
 Hypothesis: If transient 22 " B =775 Bono |
causes enough flow evolution, F1)
Q

mode penetration occurs

2.5x107

2.0}
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Outline

 Explore dynamics of transient perturbation in slab geometry

e Time-asymptotic EM and viscous force balance

* Transient iInduced mode penetration needs metastable equilibrium
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Outline

« Computational results elucidate mode penetration dynamics
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NIMROD Code Employed to Solve
Visco-Resistive MHD Equations

oV
ot

extended-MHD equations

 Presently, assume cold plasma i ) ]
and ignore two-fluid effects I, =—pv |VV+VV! — §V .V

* NIMROD capable of solving

)

B
aa—t:—VXE, MQJ:VXB,

E=-VxB+nJ
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NIMROD Code Employed to Solve
Visco-Resistive MHD Equations

* NIMROD capable of solving IV
extended-MHD equations P ( Y -V - VV) =JxB-V-I1I,,
o Presgntly, assumelcold plasma i ) _
and ignore two-fluid effects I, =—pv |VV+VV! — §V V|,
 Time discretization 9B '
uses finite difference 57 — VX E; pod =V xB,
e Implicit leapfrog E=-VxB+nJ

time evolution
 Evolve perturbation fields about a fixed equilibrium

WISCONSIN AV sciexice ano eoucarion

UNIVERSITY OF WISCONSIN-MADISON  \Managed by ORAU for DOE



NIMROD Code Employed to Solve
Visco-Resistive MHD Equations

* NIMROD capable of solving IV
extended-MHD equations P ( Y -V - VV) =JxB-V-I1I,,
o Presgntly, assumelcold plasma i ) _
and ignore two-fluid effects I, =—pv |VV+VV! — §v V|,
 Time discretization 9B '
uses finite difference 57 — VX E; pod =V xB,
e Implicit leapfrog E=-VxB+nJ

time evolution
 Evolve perturbation fields about a fixed equilibrium

o Spatial discretization uses 2D, C°, spectral elements
e Employ mesh packing at rational surface and edge
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Large Transient Induces Mode Penetration

%102
e System properties 3T
¢ §=1.1x107 % 2
51}
e P.=20 S
e Vo=500 m/s Y 10

¢ Bext,() — 3)(10_4 T

* Transient properties
¢ Bext,T =9 Bext,O
e Arr=690 75 duration

e Approximately square
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Large Transient Induces Mode Penetration

» System properties g:-3-X'10 ' ' - 1o Before Transient ¢/ —(
¢ S$=1.1x107 @ 2| | O,J |
* Pn=20 1 | s 0.0 fofofof - felNA L AL
* V=500 m/s Ox::I.O_4 ;3_05_ ~
o Bexto=3x10*T L = 2
» Transient properties 1.0 Aftw 7

° Bext,T =9 Bext,O 0.5}

e Atr=690 7 duration 2 0.0f o)) P S
e Approximately square —0.5 / \
| | Nl
* Mode penetration forms 1 1 | -0.02 —0.01 0.00 0.01 0.02
] S 0.0 2.5 5.0 7.5 :B/a
nonlinear magnetic island N <10°
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Flow Profile Evolution Determines
Magnitude of Viscous Force

2. 5x107°
e Transient enhancement of viscous 5 ol
force due to local flow evolution <1 5]
A~ &
Fy,VS — LypV() |[(’9xV(x, t/)]] o = 1.0|

0.5
-3 —4
g x10 | l><10 0 0ol
....... a — WresTA 13
' == Bext/Bo
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Magnitude of Transient Is Critical
For Flow Response and Mode Penetration

. X —2 Wd

« System properties 3

e S=1.1%x107 m 5! == But1=7.75Bex0 |

® Pm= 20 mg 1t

e V=500 m/s

® Bext,() — 3)(10_4 T |

Penetrated

 Transient properties | Screened

e Arr=690 tA duration

 Approximately square

° Bext,T =9 Bexto mode penetrates

® Bext,T — 775 Bext,() returnS
to high slip state
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Magnitude of Transient Is Critical
For Flow Response and Mode Penetration

a 102 Wide 102 Zoom
e System properties 37 ' _ 5P .
= - Boxt._ngBext.O = - === Beoxt.T =9 Bext.0
e §=1.1x107 qu 7| == Buxt,7 =7.75 Bext,0 || m‘g 51 == BuurT=T7.75Bext0 |
™~ ~—
e P.=20 m% 1f m% 1t
e V=500 m/s

¢ Bext,() — 3)(10_4 T

Penetrated
 Transient properties | Screened

e Arr=690 tA duration

 Approximately square

° Bext,T =9 Bexto mode penetrates

® Bext,T — 775 Bext,() returnS
to high slip state {7y x10%
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Computed Field Response Is Similar to
Experimental Observations

x10 2
3 i I

. — Be;.;t.T e 9Be:u:t.O

8 —— Be:-:t.T =7.75 Bext,O

= 2t .
Q
T~

51

% i
Q

d
——

30

| Edge carbon (km.s)

Transition
< (c)

0 S

4700 4705 4710 4715 47.20 4725 4730
Time (ms)

5 ot(ms) 15

0 20 25
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Mode Penetration Threshold Is
Sensitive to Transient Shape

: : 3x107° ,
* Rise and fall time of - | — = 69,07,
transient parameterized as SR ~= mr=6.90m |
: E
T(t)=1—e "/ e /T o
7T

* Transient properties
¢ Bext,T =7.75 Bext,O
o Atr=690 tA duration

e 71= 69 7o mode penetrates

e 71=06.9 1A returns to high slip state
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Mode Penetration Threshold Is
Sensitive to Transient Shape

: : 3x107° ,
* Rise and fall time of - | — = 69,07,
transient parameterized as SR ~= mr=6.90m |
: E
T(t)y=1—e "/ e /T "
7T

* Transient properties
¢ BextT ="7.75 BextO

e Arr=690 A duration

e 71= 69 7o mode penetrates

e 1= 6.9 74 returns to high slip state

.- Same time-integrated transient . 1
RMP can yield different final state' - i <108
--------------------------------------------------- TA X
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Outline

« Computational results elucidate mode penetration dynamics
o Effects of transient perturbation on metastable equilibrium

 Parametric tests illustrate sensitivity of mode penetration
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Outline

e Develop analytic model of mode penetration dynamics
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Effect of Magnetic Transient Depends on
EM and Viscous Force Evolution

> 5x107°

 Hypothesis: If transient
causes enough flow evolution,
mode penetration occurs 1.5

2.0}

Bext / Bnorm
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Effect of Magnetic Transient Depends on
EM and Viscous Force Evolution

2, 5x107°

 Hypothesis: If transient

causes enough flow evolution, 49

mode penetration occurs _ 15|

~

* Flow evolution equation with 3 1.0/

EM and viscous forces: 0 sl

5VRLy/0 dwres T -

e, Mty 0.0}s-
— TL7T2 Im{B;keS [0z Bres| ,— } + Lypro [0:Vy] g Bext./ Brorm
pok; !

* Transient magnetic perturbation causes forces to evolve
* Directly increases EM force local to the rational surface
e Local change in flow profile increases viscous force
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Model For Accurate EM Force Depends
on History of Flow Evolution

 Evolution of penetrated field governed by asymptotic matching of induction equation

dBres(t/) _- / OJA/_ / CLA/ t /
| res t Bres ) = == Bex Bex T'(t
T+ [west) = | Bres(t)) = =22 [Boxto + B xT(1)
e Background B,y is constant in time; transient B.,.r IS applied with time-dependence 7(¢')
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Model For Accurate EM Force Depends
on History of Flow Evolution

 Evolution of penetrated field governed by asymptotic matching of induction equation

dB;os(t B A Al
=) | i) = 22 | Bua(t) = 25 (B 4 Bexe 1 7(V)
t I TVR | TVR
e Background B,y is constant in time; transient B.,.r IS applied with time-dependence 7(¢')

 Solve ODE for B, by using integration factor

A A ' Bex Bexto [* ' | '
Bres (t/) _ Sext exXp igpres (t/) { t,0 | t,0 / ds exXp ;9 | ngres(s)
i 0 _

o / - / /

Bextw [* ‘ ‘
| t’T/ ds exp ° 1 Pres(S) T(s)}
0 |

/ /
TVR L TVR

WISCONSIN e e e
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Model For Accurate EM Force Depends
on History of Flow Evolution

 Evolution of penetrated field governed by asymptotic matching of induction equation
dB,es(t’) | AN al\!

| iwres (t,) Bres (t/) — oxt [Bext 0 + Bext TT(t/)]
dt’ i TVR_ TVR ’ ’
e Background B,y is constant in time; transient B.,.r IS applied with time-dependence 7(¢')

 Solve ODE for B, by using integration factor

A’ i t’ | B £.0 B t.0 2 i S |
BreS t/ ext . res t/ = I = / d I . res
£)= A . TUR frest )_ {1 + lwres (0) TR VR Jo S | TVR M (S)_
Bextw [* ‘ ‘
| /t,T / ds exp ,S F10res(S) | T(s)
VR JO L TVR _

e Separate contributions due to initially penetrated fleld and transient RI\/IP penetration
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Model For Accurate EM Force Depends
on History of Flow Evolution

 Evolution of penetrated field governed by asymptotic matching of induction equation
dB,es(t’) | AN al\!

| iwres (t,) Bres (t/) — oxt [Bext 0 + Bext TT(t/)]
dt’ i TVR_ TVR ’ ’
e Background B,y is constant in time; transient B.,.r IS applied with time-dependence 7(¢')

 Solve ODE for B,.es by using integration factor

A’ t’ | B t,0 B t.0 2 i S |
BI'GS t/ ext res t = I = d I . res
(£)= —A . TUR frest ) {1‘|‘Wres(0)7\//R TUR /0 P L TVR M (S)
BeX t, _ | -
| /t’T / ds exp ,S F10res(S) | T(s)
VR JO L TVR _

e Separate contributions due to |n|t|aIIy penetrated fleld and transient RMP penetration

 Quasilinear EM force F, p\(t') = ” k2 " A [Bext.o + Bexe. 7)) Im { B, (1)}

e Separate contributions of B, interact W|th transiently-induced current
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Model For Viscous Force Evolution
Depends on Evolution of Flow Profile

e Evaluate £,y = L,pv [0,V (z,t')] _, with evolving V(x, ¢

X
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\ / SCIENCE AND EDUCATION
UNIVERSITY OF WISCONSIN-MADISON k

 \Managed by ORAU for DOE



Model For Viscous Force Evolution
Depends on Evolution of Flow Profile

e Evaluate £,y = L,pv [0,V (z,t')] _, with evolving V(x, ¢
« Because EM force is localized at x=0, solve for flow profile in O0<lIxl<a.

e 9:V(x,1)=vode V(x, 1) with time-dependent BCs solved using infinite series expansion
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Model For Viscous Force Evolution
Depends on Evolution of Flow Profile

e Evaluate £,y = L,pv [0,V (z,t')] _, with evolving V(x, ¢
« Because EM force is localized at x=0, solve for flow profile in O0<lIxl<a.

o 9, V(x,1")=vpdu V(x,1') With time- dependent BCs solved using infinite series expansion
Vio,t) = Vi) + Vo = Vi) (1) - zsm (el -tom s

2 ’ | _ 2 v d‘/res 2 s
X {/ dx sin (nﬂ‘ﬂf‘) V(z,0) — {‘/res(o) + [V — Vies(0)] <@> } / 7 (s) () TV}
Ay Jo Ay, I a, _ ) ds

o Separate contributions due to time-asymptotic and transient Vies(7)
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Model For Viscous Force Evolution
Depends on Evolution of Flow Profile

e Evaluate £,y = L,pv [0,V (z,t')] _, with evolving V(x, ¢
« Because EM force is localized at x=0, solve for flow profile in O0<lIxl<a.

o 9, V(x,1")=vpdu V(x,1') With time- dependent BCs solved using infinite series expansion
Vio,t) = Vi) + Vo = Vi) (1) - zsm (el -tom s

2 ’ | _ 2 v d‘/res 2 s
X {/ dx sin (nﬂ‘ﬂf‘) V(z,0) — {‘/res(o) + [V — Vies(0)] <@> } / 7 (s) () TV}
Ay Jo Ay, I a, _ ) ds

o Separate contributions due to time-asymptotic and transient Vies(7)

 Using derived flow profile yields viscous force:
2L, pvy -

Fy,V(t/) — kyCLu { [wo - wreS(t/)] 2 [wreS(O) — wreS(t/)] Z CXP __(7”7)2?5_,_ }

n=1
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Model Of Self-Consistent Force
Balance Exhibits Mode Penetration

 Balancing EM and viscous forces against
inertia yields system of coupled PDEs:

5VRLy/0 dwres (t/) d@res (t/)
k, dt’ dt!

— FEM (t/) T FV(t/) ; — wres(t/)

Wl SCO Sl OAK RIDGE INSTITUTE FOR
\ / SCIENCE AND EDUCATION
UNIVERSITY OF WISCONSIN-MADISON
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Model Of Self-Consistent Force
Balance Exhibits Mode Penetration

 Balancing EM and viscous forces against

inertia yields system of coupled PDEs: 3(5)
OVR Ly p dwres (t") : / = APres(t) / < 1. 5
— |- { Fy(t — Wres ¢ P :
ky At EM( )_I_ V( )7 At W ( ) 3?3. 1 0! S
_ 0.5}
* Numerically solve system 0.0
0

e Solution shown for transient with
BextT =9 Bexto, Atr=690 74, 7T=6.9 72
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Model Of Self-Consistent Force
Balance Exhibits Mode Penetration

 Balancing EM and viscous forces against

-3
inertia yields system of coupled PDEs: 3- (5) 10 x ' 1.5
5VRLy/0 dWres (t/) A / ~ / dPres (t/) / 1. 5
= Frnv (T Fy(t = Wres (T | 8
N v Em(t) + Fv(t), — wres(T') 5 770l &
0.5|
* Numerically solve system 0.

e Solution shown for transient with
BextT =9 Bexto, Atr=690 74, 7T=6.9 72

e EM and viscous forces balance in
time-asymptotic, mode penetrated state

e Recoll directly following transient
due to slow response of viscous force
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Qualitative Agreement Between Analytical
Model and Computational Results

x10™%

 Agreement with NIMROD during transient

* Analytics yield mode penetration threshold
at Bextt = 4.75 Bexto (NOt shown)

e Within factor ~2 of NIMROD results

* In line with analytics from J.D.Callen poster P3.017 ~ —  NIMEOD
< \‘s\ == Analytic
l\m 1t Il -
3&4 \\\\\
O"'\ ""s-~____ """"
0 2 4 6
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Qualitative Agreement Between Analytical
Model and Computational Results

 Agreement with NIMROD during transient

* Analytics yield mode penetration threshold
at Bextt = 4.75 Bexto (NOt shown)

e Within factor ~2 of NIMROD results

* |n line with analytics from J.D.Callen poster P3.017 —  NIMROD
< ! == Analytic
* Following transient, analytics over-predict E 1
penetrated field 3 ol
o Correlates with difference in time history of wyes 0.0 0.5 1.0 1.5
t' /Ta x10*

e Linear asymptotic matching procedure inadequate
during nonlinear Rutherford evolution (after #=3x10%t4)
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Qualitative Agreement Between Analytical
Model and Computational Results

 Agreement with NIMROD during transient

* Analytics yield mode penetration threshold
at Bextt = 4.75 Bexto (NOt shown)

e Within factor ~2 of NIMROD results

* |n line with analytics from J.D.Callen poster P3.017 —  NIMROD
< ! == Analytic
 Following transient, analytics over-predict E 1
penetrated field 3 ol

o Correlates with difference in time history of wyes

e Linear asymptotic matching procedure inadequate
during nonlinear Rutherford evolution (after #=3x10%t4)

 Agreement with NIMROD for island
phase shift ¢ during transient
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Conclusions

 Transient RMP can precipitate mode penetration

e Initial state must satisfy threshold for metastable state to exist w, > 3v3/7/,
e Bexio Must be in metastable region, and Bex.r must cause enough flow evolution

WISCONSIN NV sciexice ano eoucarion

UNIVERSITY OF WISCONSIN-MADISON  Managed by ORAU for DOE



Conclusions

 Transient RMP can precipitate mode penetration

e Initial state must satisfy threshold for metastable state to exist wy > 3v/3/7,
e Bexio Must be in metastable region, and Bex.r must cause enough flow evolution

« Computational results explore mode penetration dynamics
 Threshold sensitive to transient parameterization
e Sensitivity to shape suggests importance of the time history of evolution
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Conclusions

 Transient RMP can precipitate mode penetration

e Initial state must satisfy threshold for metastable state to exist wy > 3v/3/7,
e Bexio Must be in metastable region, and Bex.r must cause enough flow evolution

« Computational results explore mode penetration dynamics
 Threshold sensitive to transient parameterization
e Sensitivity to shape suggests importance of the time history of evolution

e Qualitative agreement between analytical and computational results
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Conclusions

 Transient RMP can precipitate mode penetration

e Initial state must satisfy threshold for metastable state to exist wy > 3v/3/7,
e Bexio Must be in metastable region, and Bex.r must cause enough flow evolution

« Computational results explore mode penetration dynamics
 Threshold sensitive to transient parameterization
e Sensitivity to shape suggests importance of the time history of evolution

 Qualitative agreement between analytical and computational results

Take-away: While analytic models provide rough criteria for
mode penetration due to transient RMPs, computational

models are necessary for accurate dynamical predictions
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