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I Motivation

€ Multi-material and nonlinear hydrodynamic instability and mixing is significant to ICF

e | HDC
° .. :. ® .- 1128 ym
e 0600 ©
L LB a"' 1050 pm
/' "985 pm
Atomic mix DT Ice '\

ICF implosion High explosive
« HDC/DT grain—atomic «  HMX/Void grain mix
* D/T atomic * Reactant/product atomic mix

Grain mix

€ Temperature~keV plasma transport (viscosity/mass diffusion) impact mix development [*-2!

Diffusion (velocity disequilibrium) is a dominant mixing mechanism in gas-filled capsule

3 [1] A.B. Zylstra, PRE, 2018. [2] Vold E, POP, 2022.
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I Motivation

€ The ion temperature separation affects mixing development and fusion reaction

Atomic: reaction in ion temperature diseq.
* OMEGA: D*He exp. [%

* SG: Obtained evidence for temperaure separation betweem D-
ion T-ion (~4keV)

Grain mix
MARBLE expl!]

€ In Eulerian framework ion-temp. equilibrium causes non-physical oscillation at material
interface 105000.00

1000O0.00W

Mat. 2 m
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lg " oscillations B!

M 2 85000.00 " =« e T ]
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at . O 5-eqn 1T.
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[1] Haines B.M,, et al., NC, 2020. [2] Rinderknecht H.G., et al., PRL, 2015. [3] Zhang C., et al., JCP, 2022.
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I Motivation

@ Traditional ICF codes (xRAGE/HYDRA/LARED-S etc.) rely on

one-fluid equilibrium hydrodynamic equations

€ Equilibrium models fail to capture mechanical/thermal

disequilibrium between different ion species



I Motivation

Traditional models New model
Baer-Nunziato model not applicable Muti-component disequilibrium model
* Only grain mix .
* Ion-electron equilibrium ReqUIrementS:
BNEdeI I. Physical components
i e 2 Viscosity, heat conduction, ion-electron temp.
T e T oo e T o \r_/\ \r_ﬁ iseq., ion-ion mechanical/thermal diseq.

upT-eq u Tp-eq puTeq pTu eq .
- II. 1%t & 2" law of thermodynamics
FIG. 2. The hierarchy of the reduced models of the Baer-

Gt Tl ITII. Reduction to classical models

Two-fluid model not applicable IV. Unified formulation for atomic and grain mix

* Only atomic mix
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[1] M.R. Baer, J.W. Nunziato, 1986. [2]Braginskii S. 1., Reviews of Plasma Physics, 1965.




IT1 Model formulation

We obtain the HED-BN model by means of moment- and spatial- averaging of the BGK model. The 14-
eqn HED-BN model is then reduced by asymptotic analysis with some relaxation times as perturbation

parameter. The reduced models can deal with velocity/temperature diseq. between ion-electron and
different ion species.

0 f M d
BGKI! (DJ; L+ v -Vifr =9, [f] s;;“ﬁg‘l“ai‘; 14-eqn HED-BN model
Spatial 0X, -
: 1-VX,=0
Characteristic Ot urr - VA
Atomic/grain relaxation time evaluation
Asymp. analysis
Unified
One-fluid ‘ . Effective
diffusion model ‘ Closure fornfulatu?n fo.r relaxation 9-eqn BNZ model
atomic/grain mix

[1] J.R. Haack, et al., JSP, 2017.
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IT1 Model formulation

O Key step 1: derivation of the HED-BN model by moment- and spatial- averaging of the BGK model.

O,
ot

+ v - Vi fr = Q. [f] r=1k, [:ion/electron, k:componentindex

on FFFFF 0 0000®®
clectron H=== = [ HEOO000 O

u, u, u,

€ e. €

>
r g

Spatial coordinate

e = Qe + Z X505 + X Qe ey + 11 VXlk’Qﬁc,lk’

j=k,k’

Same comp. Same comp. diff. comp. diff. comp.
ion-ion ion-elec ion-ion ion-ion
elec-elec elec-elec elec-elec
Volume col. Surface col.
(atomic mix) (grain mix)
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IT1 Model formulation

O Key step 1: derivation of the HED-BN model by moment- and spatial- averaging of the BGK model.

HDC !
9 .- 1128 pm !
Why do we need two electron temperatures? /~ wowm | DT | HDC
o ) Ce "985 um
* For describing sub-grid temperature distribution DT Ice "D Gas i Ta 1 T
|
* Maintain neutrality «— Gridecell —>

Institute of Applied Physics and Computational Mathematics
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IT1 Model formulation

O Key step 1: derivation of the HED-BN model by moment- and spatial- averaging of the BGK model.

o
Mass balance gctpzk + V- (quppixuix) =
_________________________________________________ Soip il . .. e =
Momentum balance % + V- (aurpicwigwg) + V (urpix) + V- (a’kﬂlk) =

Ry + pirVag + 11 - Vag + My ke

daukpir Eik =
Energy balance ot + V- (akpir Btk + carpuctiur) + V- (O‘lkHlk ' ulk) + V- (auai) =
Que + Ry - wye + prrwrVogi + uyy - (ﬁll ' V(m) +qir - Vo, — PirPrek + Wur - My ke + 20 gk
e a,
Volume fraction 5 T Vak =Prer

€ Grain mix between different materials
€ 14 equations
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IT1 Model formulation

O Key step 2: Evaluate ICF mechanical/thermal relaxation times and determine the perturbation
parameter for asymptotic analysis.

For grain mix evaluate with For atomic mix evaluate with coulomb collision
continuum mechanics

« Relaxation rate of mean velocities (Braginskii,1965)

Contact
hock Mt/ N Mg 4V 27N Z1 Zyr€*
shock __ |7 shock Vi k' =
/ mr 3w (kpT)3/2
1 4>x
0 « Relaxation rate of temperatures (Huba,2014)
Material | Material
. 1/2 72 72
M Mt L 7 Ao
1 2 VE/A:’ — 1B % 10—19( kM) ke e

(muTh + T'TLA:’TA-‘.)B/Q
* Mechanical relax. time (density, wave speed, grain size)

* Temperature relax. time (density, heat conuctivity, grain size)
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IT1 Model formulation

O Key step 2: Evaluate ICF mechanical/thermal relaxation times and determine the perturbation

parameter for asymptotic analysis.

L=1 ll’m =—67p=0.1g/cmj. T
i+p= igh:m". Tr
|—+—p= I(Jg/cmj. T

0--p=0. lg,“cm}. T,

T P
-G--p= ]g/cm}. > !
-—+--p=10gfem’, 7, |4
wp=0. lg/cmj. T

- p=lglem”, i

=] C-D i

——p=0.1g/cc, Thie

- p=lgfee, Tri
- p=lgfec, Trie

N

p=10g/cc, Trii

- p=10g/cc, Trie

o
§5500gs¥ T 00
: Il
Latgee®
b
10° 10! 10 10 1ot 10
T(eV)

* Relax times in grain mix: thermal >> mechanical(velocity, pressure)
(L=1pm, T<lkeV, ~ 3 orders)

* Ion-elec. and ion-ion temperature relax time maybe of the same order
1keV, 0.1g/ce, 1./1:=8 (CD) 1./1.=3 (AID)

ov
ot

min;Te  Te ot MiNiTe  MiTe

e’te 1
:_(mn —|——)V 8(5T:_2(mene+me)6,r

elec-ion relaxation times : mean velocity << temperature

@ Perturbations: mechanical relaxation time in grain mix, ion-elec. mean velocity relaxation time in atomic mix
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IT1 Model formulation

O Key step 3: By asymptotic analysis of the 14-eqn HED-BN model, one obtains the following
approximations

& At the material interface, electron pressure relaxation rate >> ion pressure relaxation rate
”61/62 7y
oLz ) ~o(,/2)
Up Pek
& Ion-electron momentum exchange is reduced to be a gradient term from a relaxation term

arRix = -V - (Oém?ek) + ?eI -V (k) + Meg

& The volume fraction equations for ions and electrons are reduced to be the same equation
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IT1 Model formulation

O Key step 4: By introducing an effective pressure relaxation to the atomic mix, we obtain a

unified formulation for both grain and atomic mix

O The effective unified model can be reduced to the classical two-fluid model

+ ++F o + .+
++ + 7 . . + ¢ o . .
+ * <Je  Grain mix °+°* + Atomic mix
+ [ ] [ ]
+ ...o: v 4+ °
1 . ° *
Volume fraction o, = v f X, dV Volume fraction undefined — Pressure fraction ;.
1%
Pressure relaxation — variation of o, Pressure relaxation undefined — Effective pressure relaxation
*
P}

5 ke (Pl — Pik) » ZCz*k — 0
%
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IT1 Model formulation

O Key step 5: Reduce multi-velocity to sing-velocity model with closure relation

* Neglect second-order terms of diffusion velocity w, Grain mix O(|Wk|2) ~ O(73)

* Close w, with the Fick’s law Atomic mix (9(|wk|2) ~ (f)(an)

115

— Vis. Stress with u

—Vis. Stress with u, 1

® Diffusion velocity makes a non-negligible contribution to mixture

. . . 110 1
momentum equation (especially for compressible flows) pressure

& 105
dpu = =
Y o V-(puu — Zak (,,:\-) :[Z V'(akTwA‘J ,
o Neglecting
diffusion
° ° ° . . . . I l .t
€ Neglecting the diffusion velocity contribution violates 2" law . va = z‘s 5e 07 %

X
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Different levels of relaxations lead to a hierarchy of disequilibrium models

IT1 Model formulation

compressibility eq.

Model lon eqns | Elec. eqns Assumptions Wave speeds
ug, Uy, Uz, U2, Uy,
=, - y ’ : Uy £ aq,
Nine-eqn 7 2 Tons in full diseq. ' :
U9 + a9,
2 2
as = a1l )?
. . L. w(6 times),
Eight-eqn 6 3 + Ion velocities eq. ( )
= 4 2 2
i y1ay + yo0a5
u(4 times),
S1v%— 4 1 Ao siiF 1C: 3 1
Six-eqn 5 1 + lon/elec. mechanical eq. it \/p(cxl/AlJraz/Az)'
Ak = o 2 r X2
A = pr (a3, + (a;)?)
y u(3 times),
+ Ion/elec. mechanical ( ) ;
Five-eqn 4 1 and = :,EJV Z‘P i/( P+ ?)C‘
thermal eq. Ny = e BT
Z Yk Cuik
+ Ion/elec. mechanical,
Four-eqn 3 1 thermal and w,u,ut+/ai + (al)?

& Hyperbolic, disequilibrium, thermodynamically compatible, reduction to classical models
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[1] Zhang C., ctal., JCP, 2022. [2] Zhang C., et al.,, JCP, 2023. [3] Zhang C., et al,, PRE, 2023. [4] Zhang C{{g5)
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II Model formulation : examples

BNZ (Baer-Nunziato-Zeldovich) model 8@55 * 4V (wpiug) =0

Oy pik Uk D P
kPikUk | <. (appirurug) + V - (akPik + m.Pf.) = Pi1 - Vayg + My

ot
Oapi Eig
ot

axQir + uir - (Fu ' VUA-) + qir - Vag — PirPix + 05 - M + 2

+ V- (appirEigug) + V - (Oékﬁ'k ' uk:) + V- (anqix) =

Oay.pike Ly,
ot

QS + (i —uyg) - (Pr’l : V(\A-) + ger - Vor — PerPir + (g —ug) - M, + 24

+ V- (CzkpikElekuk) -+ (Qkﬁek . V) -u, + V- (akqek) =

% +up~ Vo = P

€ Reduce to Baer-Nunziato model if neglect electron 9 equations, 2 velocities, 4 pressures, 4 temperatures
€ Reduce to Zeldovich model for single fluid
€ Repects 2" law
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II Model formulation : examples

_ dagpi _ . .o
Sacnpoce ot TV (cwpu) = =V (arpiwi), 8 equations, 1 velocities,
dpu = =
5% TV (P““ +>_oxP ak) = -V (3" onPus), 4 pressures, 4 temperatures
8 k<
% + V - (appikeir) + 0xpikV - 0 = —pirPi—V - (appik€ixWi) — axpicV - Wi + Gig,
a er / ! /
%’G‘Ee’k +V- (akpikeeku) + ogpekV - U= —pefPer—V - (ﬂ'!-‘ﬂ‘if-'fmwl’\t) — agPekV * Wi + Gek,
% +u-Var = Pg.
Jay.pi v I . .
S-eqn model 5 TV (akpixa) = =V - (arpiwi), 5 equations, 1 velocities,
a u — =
%% +V - (puu+ Y aPax) = V- (3 aPur), 2 pressures, 2 temperatures
d E;
gt +V . (pgiu) +p;V-u=-V. (Z ”’A-/).JF.:EJL-W.L-) = Z(-‘fk-PiL:v Wi + G,
6[)8; / !
5 +Vﬂmw+mvﬂ:—v(§}wm%wg—Z}wmvmm+%
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II Model formulation : numerical methods

O The proposed model is a hyperbolic-parabolic-relaxation system solved by the fractional step method

-~

A

Hyperbolic \

5% order Spatial reconstruction MLP
Free of spurious oscillations

Volume fraction positivity (N>3)

Interface-sharpening /

B

~

* Explicit method LIM

(V.T. Zhukov, Mat. Model. 22
(2010).)

"

Parabolic

~

4

Zhang C., et al, JCP, 2022; Zhang C., et al, JCP, 2023.

Menshov 1., Zhang C., 2021, WCCM-ECCOMAS.
Zhang C., et al., J. Sci. Comput., 83(31) (2020) .

Zhang C., et al., Comput. & Fluids. 236(2022)105311.

-

.

Relaxation \

Efficient fixed-point iteration
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II1 Model verification and validation

Al

O Hydrodynamic part , ,
y y p L1

| S Galera, et al. JCP 2010 _ | VOF/THINC only
H” LU e | solves Riemann
1 : M. | Interface,” ! \\| | problem at the grid
== 7 T Z® interface
N WENOS Our method solves the entire
TahCJCP’zOM Composite Riemann problem [1-2]
—
Our results Grid 1400 X 400
Better resolution than WENQO
[1] Menshov I., Zhang C., 2021, WCCM-ECCOMAS. Better resolution than THINC

[2] Zhang C., Menshov 1., 2019, AMC
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II1 Model verification and validation

O Heat conduction, mass diffusion, viscosity, and LIM efficiency

0.00

-2.00 -

lg(err)

-8.00

-4.00

-6.00 |

o Ll, K=1.95

4 L2, K=1.96

o LOC, K=1.94
e Second-order line

&

Hydro. + mass diff. 2"? order

00 -6.00 -5.00 -4.00 -3.00

-4.00

-6.00

In(err)

-12.00

-8.00 [

-10.00 (¥

1g(A x)

0 L,.Ord=190
¢ L, 0rd=170
4 L_.Od=15

880.00
860.0071
840.00
)
EDSQO.OO
= + 81.80 us
800001 © 16883y el
o 258.86 s )
o 342.88 us o
780.001  x 42947 s oF
Exact
760.00 - : ;
0.00 0.20 0.40 0.60 0.80 1.00
x (m)
(a) Density

355.00
350.00
345.00
340.00
+ 81.80 us
335.00 O 168.83 us
¢ 258.86 us
o 342.88 s
330.00F  » 42947 s
Exact
325.00 :
0.00 0.20

(b) Temperature

1.00

Multi-material heat conduction part achieves convergence

Orc

],
, d grder
6.50 -5.00 -4.50

T(AX)

0.14 T
E 0.10
zoos; Computation time
i 0.06
&
S 0.04

For electron heat conduction
computation time of LIM is 50%
of that of PCG

0 5000

10000 15000 20000
Step
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II1 Model verification and validation

O Transport parameters

3.00r T T ™ - 15 , . . , 180

—My x —My —lon‘temp. Seqn‘,
2,50} | * Literature O Paquette CC 160 =~ _fle :emp‘ 2ean
10 + + Paquette SSCP | - s -Eolg t:ﬁg: 62?12:
2.00 . 140 (| < 1on temp. ref.
Y < O Ele temp. ref.
2150 \'g 51 ] = 120
S =
1.00“ " e 1006 \‘
0.30 \Pljmlil/ i | i o o || 80 3
| Pla viscosity Plasma diffusivity N “ Plasma shock t
0.00 - 5 : . . ‘ 60 g : .
000 020 040 060 080 100 g 45 10 5 0 5 o ion=-electron relaxations
* logp -
i : ‘ ‘
Material 1 p =0.125 Material 1 —2D, ul|
- -- 2w
A= 0.8 — 1D, ul
2D =1 — 1D, w2 . 1ol oat
oo p=1 e The disequilibrium model
p=0.1 Material 2 : 'l
- * well captures the velocity
0.4 ]
pp=1 p1=0125 disequilibrium
pr=p2=1 p1=p2=01
1D a; =1-1073 a; =05 0 =
| I 0 1 2 3 4 5
X

22 [1]Sangam, et al., JCP, 444 (2021) 110565. [2] Clérouin, et al. EPL, 89(1998). [3]Paquette, et al. Astrophys. J. Sup. 67 B S R T
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II1 Model verification and validation

O RTI at ICF deceleration stage

LARED-S
5th order

2400

LARED-S
2nd grder

2400

[1] Vold E., et al., POP, 2021.

LARED-S
5th order
1200

O Temperature = 1keV
O Acceleration = 2.1 X 10%cm/s?

€ Our results agree well with
the xXRAGE code

O Wavelength = 10.24pum, perturbation = 3%
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O Numerical results in spherical geometry

FoRETCA B

(JRLARED-

II1 Model verification and validation

- 2.74

2.44
2.15
1.86
1.56

Maa

@ The plasma diffusion affects the RTI

development (characteristic wavelength = 10pm)

RT growth rate (Vold E., POP2020)

W =

A+ D)k?)? I/2—( '+ aD)k?
(1+BkLp) & 1 " &8 TTaLIE
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II1 Model verification and validation

O The simulation results agree with exp. results for the laser-ablation of HMX target

I | Laser

(E;) - Expl — 26ns ' ‘— 32ns
-100 | initial == gﬁﬂi -100 1 ; N
.50 | -50 1
£ £ o
> >
50 -
100 f 6] -~ 32ns |
. ‘ . . "7 38ns
100 -50 0 50 100 5 0 5 10 15 20
X (um) Velocity (km/s)
Void interface Interface velocity

side top

Cao Z., Chu G., Ma X., et al. Visualizing pore collapse in explosive using X-ray picosecond tracking imaging, PRL, under review.
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II1 Model verification and validation

O Our disequilibrium model has numerical advantage over traditional one-fluid model

v Advantagel : faster convergence v Advantagel : free of oscillation
160.00 ‘ :
0, qeq
150000 O Equilibrium 4- ®
Equilibrium 5-eqn model!?! eqn model[1]

140.00 Fig
- g, Our results

4-eqn model lTDDCnan $ : Equlhbrlum 5_
120.00 1 5-eqn model 1T. Conv?nnﬂnnnn Convergence solution cqn mOdel[z]

6-eqn model 2T.R. Conv. DDEDDDDD o
e e s = Equilibrium 4-

< 6-eqn model 2T.R. 200 eqn model[l]

100.00

0.75 0.80 0.85 0.90 0.95 1.00

Our modell3! #2 #1

|
\
H
C CHI-
1
J

26 [1] Lemartelot S., Int ] Multiphas Flow, 2014. [2] Beig S.A., JCP, 2015. [3] Zhang C., et al., JCP, 2022. N 165 IR S E S TR
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IV Application (1): disequilibria in grain mix

O Ablation shock hits the grain mixture (Characteristic length =10pm, temperature
separation = IMK, velocity separation = 10km/s)

0
i3 'I\ [ —0‘1
Laser = W :
4 |
06
HDC(4%) 6} 2
o HDC S 04f i
D(96%) | ‘ i1 a; volume fraction
1 . (0.2 pemsarersnnmnnpennnnnnnd :
b velocity ' !y, mass fraction
0 % 50 100 150 o % 50 100 150 200
‘ BNZ model Characteristic length = 0.1pm
2 0 T ;
4 HDC/D in grain mix {3 = v
: | | |
€ Component separation . P o 94|
I 0.4 ;
after shock o 8 : il a; volume fraction
Tempergture gUSERE . “&" Velocity b g "
' : B !y, mass fraction
% S0 6 ‘Iz‘i s . ‘|070 S0 200 % s o 10 200

30

40

Characteristic length = 10pm
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IV Application (2): disequilibria in atomic mix

O Our model resolves temperatures of different ion species and electrons in atomic mix of ICF

I=5E13W/cm?

Before SC

1504

100

CH

1=2E14W/cm?

T relax. time

After SC

-5

&

Implosion time Tjymp = —

e eeeee

@

€ lon temperature separation is more significant for high laser power and

10 , , 35 , ,
o T, 4 CH o T, CH
gt 4 Ta § T1=2E14W/cm? 3tla T,
+ T QY 250 + T,
6 ._ 2
~
4 Before SC || 15
1
2
0.5
II!Z:II:I[!II:Ii:IZ bbb bbb el OW :
0 50 100 150 200 250 300 50 100 150 200
¥ X
5 : :
o T, HDC
4l QT I=2E14W/cm?
+ T
,§3 » o (3 [d
= ! implosion velocity
Before SC

200

0
0 50 100 150
X

SC = shock convergence

250 300

& Ion temperature separation after SC ~ 3keV
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IV Application (3): Effect of temperature relax. on RTI

O Temperature relaxation slows down the development of RTI
O Using one-fluid model may underestimate perturbation development

%107
3_5 F _‘e—'!) =0
——p=1x10°
R 3t n=1x10° >
s p=1x10
Equilibrium 2, e I
model 2 221 |awun Physical 5 &5
-§ 2 2 . ’\ . oye .
\ £ Disequilibrium model
Q‘ r . .
Disequilibrium E L3 ibrium model
model 1
BERnY
0.5
Interface :
2 4 6 8 10
Time (us) %107

The perturbation growth under
different relaxation rates n

O Temperature relaxation alters the acceleration at the interface
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IV Application (4): Interpenetration mix in hohlraum

€ The laser-ablated Au bubble and Helium interpenetration due
to velocity disequilibrium. The resulting mix zone is as long as
300um, leading to energy loss.

1 T 25 r
o diff N —no diff.
0.8} — with diff ] 20 [T with diff
_06F ] ~15}
@
g Au He =)
04| ] S0}
0.2 B 4 5 .
0 0 : :
0 200 400 600 800 1000 0 200 400 600 800 1000
x(pm) x(pm)
Au mass fraction Temperature

5 5 445
incident 50

laser beams
T |
Capsule - Outer Cones
Hohlraum MM Inner Cones
Helium

ICF indirect drive
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Conclusion

€ We have proposed a multi-component disequilibrium model
« Itresolves temperatures and velocities of different ion/electron species
« It has a unified formulation for atomic/grain mix
- It has numerical advantages in convergence and is free of spurious oscillations
The model has been used to evaluate the disequilibria in atomic/grain mix of ICF
« The temperature separation between ion species is as large as 3keV after shock convergence
« Temperature relaxation slows down RTI development

*  Velocity disequilibrium causes serious inter-penetration mixing between Au and He in hohlraum
(~300pm)
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