LAUR- //~O0565 S

Approved for public release;
distribution is unlimited.

Title: | LDRD-DR: “Jurbulence By Design”
A

Author(s): | Malcolm J. Andrews

Intended for: | JWOG32M
Lawrence Livermore National Laboratory
October 10, 2011

V£
L?sAlamos

NATIONAL LABORATORY
EST.1943

Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by the Los Alamos National Security, LLC
for the National Nuclear Security Administration of the U.S. Department of Energy under contract DE-AC52-06NA25396. By acceptance
of this article, the publisher recognizes that the U.S. Government retains a nonexclusive, royalty-free license to publish or reproduce the
published form of this contribution, or to allow others to do so, for U.S. Government purposes. Los Alamos National Laboratory requests
that the publisher identify this article as work performed under the auspices of the U.S. Depariment of Energy. Los Alamos National
Laboratory strongly supports academic freedom and a researcher’s right to publish; as an institution, however, the Laboratory does not
endorse the viewpoint of a publication or guarantee its technical correctness.

Form 836 (7/06)



LDRD-DR: “Turbulence By Design”

Malcolm J. Andrews

Abstract

This presentation reviews the three years of research performed under the LDRD-Directed Research

titled “Turbulence By Design”. The presentation will focus on initial condition modeling for Rayleigh-
Taylor mixing.
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Some Dramatic Effects of Initial Conditions

M.]. Andrews, TAMU water channel experiment Richtmyer-Meshkov (RM) Transitions From
Different Initial Conditions

. . (from the LANL Gas Shock Tube - K. Prestridge)

Long wavelength Short wavelength
initial conditions initial conditions

Understanding Transition to

Turbulence

Credit: Hjelm
& Ristorcelli
(LBM
simulations)
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Turbulence “Control” via Initial' Conditions

Hypothesis:

Initially seeded small amplitude, Ilong wavelength,
perturbations can develop at late-time and be used to
control turbulent transport and mixing effectiveness.

Motivation:

Provide a rational basis for setting up initial conditions in
turbulence models for Richtmyer-Meshkov and Rayleigh-
Taylor driven mixing

Overall Objective:

Predict profiles of relevant variables before the fully
turbulent regime and use them as initial conditions for a
(BHR) turbulence model.
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Initial Conditions for Moments and Mix Growth Collapse with a
Taylor Reynolds Number Scaling (Ristorcelli & Hjelm)

Single mode interface: X (X,,X3,7) = aoel(lc2x2+6’z)el(lc3x3+¢93)eat

Mean interfacial
thickness:

Mean zero crossing
wavelength:

Multi-mode: 6% =<xpx, >=Ya’n (KO =< X, X, >= O Aol

2 _ _ 2 ot
0" = XX, >=aye

5 <X X, >

< Xgop Xgop = ’(5

11
K K

Insert into moment definitions to get initial values, e.qg.:

Rek

4000 f-

3000 |~ -

Re, = at centerline
|14
i 1 | “o
—— y= 98761+ 10002x R=0067526 g
’ i IS e
-; ¢ 8
e
8000 o 1 \‘b° _/;,/ s
| | pro o
5000 e : ?,o-g,"{f':?
olwas” %o
o © L7 |
O ' - |
| . 5 B Iﬁé)u_
",_\0‘:;% 24
.».‘,@ .") . |
o pes]
] 1
300 400
Re

ko =1 AgS(xkS)[1+2(x5)* +.....]
A Agd’
Rew = )
o
v — - - “kd” metric basis
’ h?&ﬁlgmg‘é u 1 /K SIFIED Slide 4
Operatedits);t:); Alamos National Security, LLC for the U.S. Department of Energy’s NNSA WA [ o))

W AR 4



vat Ob OT-Ouf NALKaN

“‘DRD
Initial (single) material interface parameterization

n,= 10m/12 , 101/8, 1011/4 , 1011/2

770 — KO 50

S =<

n,=m/12, /8, /4, /2
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Richtmyer-Meshkov Experiments at P-23
(Prestridge et al.)

Stereo PIV
Cameral

Shock direction Un-shocked Air

Direction of shock / _, \
End wiew of curtain / e 2

— - .

Wall

Initial Conditions

= ¥ .~ Planeof
e 3 .
Cameraix.zh i vz measurement
_ Un-shocked SFg
- % Gas curtain
; Shocked Air
Initial Conditions :
Camera 1.y
\ Dynamic PLIF Sterec PIV iz
Camera ey} Camera 2 _ 5 h . ¢
Vertical fx.z: Light Sheet nN=K WNEIre K=
Horizontal {x y1 Lighr Sheets

Y
z, 1s the no. of zero crossings

| y 1s the spanwise length
- Los Alamos
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Fnelassiied 1§ indicates the complexity of the initial 'LDRD
conditions
n=ko where K= 7(z.) r~
Y 90us r
z, is the no. of zero crossings ) F
y 1s the spanwise length K t
50, , , ]
o r
40 = === ==t - Y \B @R A@ & 1 70”5
: ® SRR 0PN Y
Ko6=15
30 =
o : '
2
Bl - - - - e sm s m 280ps
. :
10 ,".‘. 77777777777777777777777777777777777777 KB: ]8

OI I | I |
0 100 200 300 400 500 60C

t (us) 385us
As modes present in initial conditions increase in k6= 35
complexity, the value of x4 increases. SSIFIED
Discontinuities at 300 and 600 ps, indicate
SA

possible changes in mixing behavior upon shock.
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Simulations of Initial Condition Effects on Shock-
Driven Turbulent Mixing

Fernando F. Grinstein (XCP-4), Akshay A. Gowardhan (D-4: post-doc), Adam J.
Wachtor (XCP-4: GRA student), J. Ray Ristorcelli (CCS-2)

The (single-interface) planar RM experiment

« Challenges to Moment Closures: the bipolar
RM behavior

« Can reshock effects occur on first-shock ?

The (double-interface) Gas Curtain RM
experiment

« Initial 3D GC characterization and modeling

« Sensitivity of turbulence characteristics to ICs

 Data reduction and bipolar RM behavior

» Los Alamos
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ILES RAGE of planar Richtmyer-Meshkov:

Ma=1.5 shocked air/SF; — no egg-crate in ICs

Gowardhan, Ristorcelli and Grinstein; PoF Letters, 2011

Impact of rms slope 7,=«,5, of Initial Material Interface
Beyond Richtmyer ( growth = constant x n, ):

-> bipolar RM behavior vs. IC morphology
=y different instability mechanisms & late-time flow

Dimensional results

Mixing width increases
with increasing 7,

t=
SFG mass fraction i L
;ftel:';sT:cked S t=3ms
after shocked
L 2 i I - = 10
A conS|stent e | NOT consistent = ou |
» | Il yed
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~ Planar (single interface) RM

Gowardhan, Ristorcelli and Grinstein; in preparation for PoF Letters, 2011

* Initial rms slope 7, of the material interface
controls RM evolution - bipolar RM behavior:

- linear, ballistic _
- : hon-linear, mode coupling

- transition to turbulence suggested
- more material mixing & smaller scales

* Reshock effects on mixing and transition
can be achieved with single shock, if 7, > 1;

 The modeler’s (initial condition) challenge
« two different instabilities & growth trends

Vs
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Unclassified ILES of Shocked SF; Gas Curtain

RM instability very sensitive to initial conditions (ICs)

-> insufficiently characterized ICs in lab. experiments
(e.g., SF; mixture composition & fluctuations, ...)

Generate initial 3D Gas Curtain (ICs for RAGE)

- use separate 3D (NS—-Boussinesq) GC code

RAGE V&V ; IC characterization / modelin

issues

laminar 3D GC multi-mode

SF¢ concentration

1DRD

Lanpval on Kr Owr rateaY

=40

over-predicted early growth reflects lower effective Atwood n

very good agreement with lab. flow patterns and growth rates before reshock
(insensitive to ICs); late-time results fairly sensitive to ICs after reshock !

. i . ; . Initial 3D gas
- superimpose multi-mode fluctuations in ICs S ataan fuckizbons  curain lfob RAGE)
First - - - . - -
Shock | Simulations Simulations | Simulations E1 5 )
. —No pert. {case a)
e SLLN — =0 é —Nozzle offset( case b) ‘
; —Conc. pert. {case ¢)
A —Conc. pert. & nozzle offset (case d) \
Jisd Experiments =8 £ 1 v Balakumar et al. (PoF. 2008) -
i _| Experiments o B Oylicz et al. (PoF. 2009) !
FpeniEnl ~{ Exp J ANANNN NS | © Balasubramanian et al. (APS, 2009)
106 e "6
- g 0.5
_ )

umber in expts.
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DNS for Initial conditions dependence
in Rayleigh-Taylor

Daniel Livescu and Tie Wei (CCS-2)

m Code used: CFDNS

y (Livescu et al LA-CC-09-
100).

s 2-D simulations (up to
16,3842) performed at LANL
and on Jaguar, ORNL.

., ® 3-D simulations (up to

40962 x 4032 RT) performed

on Dawn, LLNL; Jaguar,

ORNL; and LANL.

0.0 D.U25 005 0075 0.1 0125 015

P

.
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‘CORD
Two-Mode “Leaning” RT Experiments Using the New
Computer Controlled Flapper (TAMU + LANL)
A & i e B ™ 8 Computer controlled
LR 4 flapper system — up
A =4dmm A =2mm i to 16 modes
A =4cm A, =2cm
P, =9977kg/ m* | p, =99657kg/ m’

Phase shift : =0, 11/2

_ _ Binary initial perturbation
The flapper motion imposes an with & ~ 0

initial vertical velocity given by:

b= dA  dx dA _
dr  dt dx Binary initial perturbation
U, (4,k, cos(k,x)+ Ayks cos(kyx + 5)) with & ~ 11/2
The “leaning” of the growing perturbation with an angle of /4 observed in the experiment and
the simulation is due to mode dynamics, and not mode coupling.
’ NLATolcﬁlAAngm% UNCLASSIFIED Slide 14
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«Initial conditions (1:40 aspect ratio)

Single-mode RTI: growth stages and initial conditions

dependence (A=0.04)

«C-A: change initial diffusion thickness
-B-A: change initial amplitude

P B8 5 3

: B B

g =

§ 28 8 % 8 8 35 8

-Late time (1:1 aspect ratio)

A
Normalized bubble growth rate
10— ' il
-~ B
5, << 8, Goncharov
. i: )

Delay due to diffusion

» Los Alamos — .
NATIONAL LABORATORY Delay due to lower initial amplitude

EST.1943

Hg: bubble height
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" 8p: initial perturbation amplitude
3, initial diffusion layer thickness



Initial conditions (1:55 aspect ratio)

Two-Mode RTI: Layer growth for different mode combinations

(A=0.04)

k=2, k,=10

rho

Resonant modes (in phase)

Bubble height

k=2, k,=10

1.08
1.07
1.06
1.05

1600 i '
o—e 1-11
—a 2-10
1400 {{*® ®°
oo 4-8
a—a 57
e 4-8{0m = 1.07)
1200 | o—c 2-10(c: = 0.57)

Non-resonant modes

800

HB.I).[)L

Resonant modes (in phase) |

Completely out of phase

s

> Los Alamos
NATIONAL LABORATORY
ES5T.1943

Strong vertical ejections

1.04
1.03

1.G2
1.01
L9100

Suppressed

ejections

Strong vertical

400+ ejections
200+
A | Suppressed ejections
== 00 10 200 20 300
t
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Problem description: New Archival Suite of Direct Numerical
Simulations of Rayleigh-Taylor instability

« Suite of 10242 x 4608 simulations at A=0.04, 0.5, 0.75, 0.9:

> Base simulations with initial perturbation peaked around the most unstable
mode of the linear problem.

>  After the layer width had developed substantially, the simulations were
branched into reversed (g -> -g) and zero (g -> 0) gravity simulations.

>  Different initial perturbation spectra, viscosity and diffusion coefficients to
study the effects of various parameters.

« 40962 x Nz simulation at A=0.75 (NZ,,,=4032).

« These have reached Reynolds numbers of:

Re, = hh/v > 40,000
Re, =k /ve >5500

» Los Alamos
NATIONAL LABORATORY UNCLASSIFIED .
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Multi-mode Rayleigh-Taylor instability: A=0.75, grid size
40962 x4032

Rayleigh~Taylor Instability, A=0.75, Livescu, Petersen, & Wei, LANL

500 1000 1500 2000 2500 3000 3500 4000
N o
SONHE'SPT DoWP times021  density: > a f
NATIONAL LABORATORY D Slide 18
EST.1943
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Global measures: mixing layer growth

= Ristorcelli & Clark, (2004) and Cook et al. (2004) showed that self-similarity of
the layer width leads to the solution

h(t) = adgt* + 2(adgh,) "t + h,
= Cabot and Cook (2006) measure o = hz/4Agh

= We introduce a smoother variation that avoids derivatives (left).

= David Youngs uses an integral mix measure, hDY , to define Opy (right).
2 -
(\/ho.m(f) - \/ho.m(to)) hoy2
“ 2 "o L Aghy,
Ag(t-t,)) gh,,
T | T | T
- r=JL,/(4g)
0.06 Cabot and Cook, 2006, 0.06 °
Livescu et al 2009, A=0.5, L= characteristic
3072° / lengthscale of the
0.04 ooa  °N .
initial perturbation
o0 — o0z
- a) T by 7
+ Los Ala 0 ! | ! | | | | | ! | | | 0
NATIONAL LA 0 10 20 30 10 20 30 Stide 19
r VYA L=y
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Global measures: mixing layer growth for different perturbation ‘CDRD
spectra

Perturbation spectrum

0.15

aDY 0.1

16 48
3 61
I

16

0.05

9 | | . | | | . L | |
0 5 10 15 20 25 30
/T
>
’ !:93&'3!!283 UNCLASSIFIED Stide 20
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A Modal Model for Rayleigh-Taylor
Instability

Bertrand Rollin (CCS-2),
Malcolm J. Andrews (XCP-4)

50 pr—

a0

30:—
20}
10
.\?of—
10f
20

-30 f

-40 |-

.50 bl L 1 P I P L
50 -40 -30 -20 10 O 10 20 30 40 50

5 4(k —8n,) _ 2 BAr — 4K +16Q24, —3)kn, + 644,77, o
YK -4A4kn,-324,72 * 8(k —87,) ren
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Why a Modal Model?

A Rayleigh-Taylor Multi-Mode Study with Banded Spectra and Their Effect on
Late-Time Mix Growth (Banerjee & Andrews, 2009)

Initial Spectrum 3-D ILES Simulations
Casel Case8
10° m 10°
A
10 10°
10° 10°
10, 10, .20 30 40 0, 19, 20 30 40
h_(f)g kmax kl kmax h1r2 hfz
—= |E,.(k)dk= |E, (k)Ydk+ |E, (k)dk=—"—+-2
3 = [En®dk= [Eydes [Eptode="-+22
A=n}[h> A,gF/L =
2 /A 19.62
JnLAgguﬁngm%? UNCLASSIFIED
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Why a Modal Model?

3-D ILES Simulations of Banded Spectra and Late-Time Appearance of
Long Wavelengths (Banerjee & Andrews 2009)

0.8 =r——r—rreere—ag—ye——— T
i — Case 1: Single Band - N: 16 - 32
Banded: N: 4 -8 & 16 - 32
mmeemen CaseB. A=0
—_—— Case 7: A=50 /\

0.10 — — - Cased A=100

-
=
I
B
g

b

0.08

(Ih.RIZ'

0.06

frer e ey

0.04

L

0.02 |

0.00¢

.
«EgAhnms
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A Potential Flow Model for Single Mode Perturbation

Goncharov model:

A¢h/l :0

¢" = a(t)J,(kr)e "M E

@' =b (t)J,(kr)e*“™ +b,(t)z

hll

oy on=v" v -vonl=0  [0]-0"-0

[p(6,¢+%v2 +g77ﬂ =P

The velocity potential are expended to 2"9 order
_ and plugged in the interfacial conditions
- Los Alamos
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Single Mode Model Results

A=0.1 A=0.1
1 T T T T T T T T T 0.2 ; T T T T T T T T
Bubble - Model B l}ubble - Model = =7
il — — Spike - Model il ;Pikhzl; M]tg;lm it
m Bubble - RTI3D L il * -
— — Spike - RTI3D 015 | _ Spike - RTI3D /7
/
0.6 - g ,/
Z B oouf / -
= = ,
0.4} - = p)
/4
0.05 _
0.2 -
0 0 1 1 1 1
0 0.S 1 1.5 2 2.5 0 0.5 1 . 15 2 25
Apn' 1Ag) e
A=04 A=04
- T T T T 0.5 T T T T
Bubble - Model — Bubble-Model | et
1 |—— Spike - Model — — Spike - Model ——
Bubble - RTI3D 04 Bubble - RT13D - g
— — Spike - RTI3D — — Spike - RTI3D s
Vd
0.75 ¢ 03f // _
z 3 /
= g /
0.5 =02k ,/ ]
/
/
0.25 01l -
ol N . 0 2 1 ) 1 L 1 L | )
0 0.5 1 15 2 25 0 0.5 ! n 1P 2 5
(Ag,)‘)”z‘ (Ag/h) 7t

The Goncharov model performs well for low
Atwood numbers

. Los Alamos
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Single Mode Model Summary

o Nonlinear model
© Valid on a large range of A; (0<A,;<0.4)
© Good prediction for bubble

¥ Spike inaccurate for high A, 031

2A

L

0.1

(1.0

() |
T skEs? .J i Tgﬂ. !

Goncharov, PRL, 88, 2002

» Los Alamos UNCLASSIFIED Slide 26
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Multi-mode Study Using ODE’s to Predict the Envelope
of the Bubble Mix Region (Andrews+Rollin)

ILES or DNS |
Pl o s o T
. 3 0.12 | Banded. N. 4-6& 16 - 32

——— Case B A=5
—=- Case7: A=50 \
0.10 — —- Case 8 A= 100 / \
/
. 008t
Al
Time=12.00 O D E M Od eI 5: Q.06 }
0.2— . . .
' ' ' ' 0.04 |
—_— fork =4
— o, fork=232 0.02 1
0.15 ab‘k o
Jbble ' ' '
Bu 0 5 10 15 20
g E AgtiiL
# growth rate
0.05
4 | — T T ———
h,, fork=4 " v
| by, fork = 32 % ] 3 s e

o— hb=max(hm)

1-bhr
f1-ILES

e
H
i . « At late time, h, is governed by the £ —r
Bubble height ' Mp 1S 9 2 Oy E —
_ longest wavelength evolution 20T —rt
l « Each band of the initial spectrum 8o =L
is ‘seen’ in the growth rate £ o ~—
T
% ] 2 3 s ol L L ! )
t(s) z-bhr, z J
LWWD MAIAll IVD
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Weakly Nonlinear Model Summary

& Nonlinear model
@ Valid for all Atwood number
© Multimode model, i.e., handle mode coupling

¥ Valid until early transition to nonlinear
behavior, so here is what we do:

For all k,
. oA (1 oA 1. .
Z, =Gk)y+ A,k 17,2, (1-in-k)+ 2,2, Stk Before k saturates
P, m
.e e A A - . 1 A A 1 A A
Z, = ATkZ{ZmZn(l_m'k)+ZmZn£E_m'k_Em'n } After k has saturated
E s ] < |
°,!;9§,A|,§m8,§ UNCLASSIFIED Slide 28
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Banded Spectrum Case
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0.001 = o = . i A —

0.02 - 0.2

0 l

N N0 N0
-0.001 — i

-0.02 7 0.2
0.002| W 4 -0.04 i n

5 b 04|
-0.06 \ i
| 1
0.003; % m 0 067
k _ (kKZ + kyZ)IIZ
) v I 4 1 ' I
— (Ag/L)"t=399
3 . 1 . 1 1 1 v 1 ) 1 L 1 L
0 10 20 30 40 50 0 ) 40 50
k=0 +k D" k=(k, +k)
Existing long wavelength in the initial spectrum is
not washed out by mode coupling
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Banded Spectrum Case

08
0.15}
0.6}
0.1f
-
Zo04f 3
—
0.05|
02|
0 1 | | 0
0 1 2 3 4 0
12
(Ag/L)"t (Ag/L) "t

The mixing layer expansion experience an “"extra
kick” when the long wavelengths of the initial
pertubation become the dominant modes
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BHR Turbulence Model for RT Instability e

Selected Besnard-Harlow-Rauenzhan (BHR) turbulence
model, but could use others just as well:

= Single-point turbulent transport model

= Designed for variable density turbulence
D. Besnard, F. H. Harlow, R. Rauenzhan, LA-10911-MS (1987)

Model Variables:

1, - 3/2
k:lui'ui' g =LY% b=—-p'V _k v =C k'S

l Z)— g
Governing equation for the variable S:

GtS :(E_C4jazg§+laz ,OLaZS _[E_Czjklﬂ
2 k p O-S

BHR initiated with:

= Profiles for: f q, b S C, .. Controls
RT mix width
=Valuesfor: C, C, C, oy
JnLAgg\.ﬁngmgsy UNCLASSIFIED
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Self-Similar Solution for “Dynamic” C, Derivation

Self-similar soln. ™= k=g A’g%* a,=a,A,gt S = agAr gt

into BHR
5ﬁ=[3—04%g§+lﬂzpll@S-{E—CJH”
2 kop 2

Og

Obtain algebraic 2o, = E%_ C4j a,Ug _(é_ Cz]a/i/z

eqn. for a’s o, A 2
Solve for BHR
. iy C,=fla,,a.,a ,C
coefficient 4 f( k>™"5>"a,> 2)
d’k da d*S
oL 2 A 2
Ballistic mode = o —_dt g —=_dt_ , __dt
metrics Y420 40’ 24
r8 r8 r8
JNLAQOSNALIEHA!I%SY UNCLASSIFIED
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Bubble Growth Rate Prediction with a Dynamic C, )

0.15 . Ol SLES _
R a’h, Spectral-ODE
- a’h_, Dynamic-BHR 7

- ah, BHR

0.1
3
0.05
C,=
% 50 100
2
Agt /L
» BHR captures dynamics of a for a banded
spectrum with “"dynamically” prescribed C,

> Los Alamos UNCLASSIFIED

Operated[:);'li;; Alamos National Security, LLC for the U.S. Department of Energy’'s NNSA Y l.'b



Bnovaton

Two-Fluid Initial Profiles for BHR Variables

pP=1Pi+ fuPs u=fu,+ fu,

Isotropy hypothesis

k:Cké(‘Tb’_;’s JuJ1PuP :
2 (fhph +f1p1)

fhfl
az:Ca (,0 _p)vs_v
“ St 110 ! 1 ( b)

Self-similarity hypothesis

2
b=C, AT, Derived for low Atwood number
Pubr C,=Cy=C,=C, =1

1/2
S =C (hb +h, )(4f nJi ) Profiles of f, and values for v,, v, A, and
h, come from the ballistic model

» Los Alamos
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Ek/max(Ek )

[ =
%

=

Ek / max(Ek _ )

Two fluid model predictions

(Ag) =134 (At =134 (AgL)"1=1.34

' | =% 0 T SF_ 1 ' :
- [— Two Muid model F 1 L |— Two fluid model |
—_— — Simulati |
08 E= Simulation ] 02k I i dl mulation i
I X I l I
- I - 1 I
] E-0.4F | - - d
0.6} | — ,<: ] ] 3 | -
- | 2 | ' z | '
| E 06 | - g |
4 ) . 5t : 32 I .
i < |
08} | - r
| | [
0.2 - I | == Two fluid model | 1~ | =
— Simulation
| g | _ |
! L1 1 L1 A |
0 a 5
-1 0.5 0 0.5 1 1 05 9 0.5 ! o5 0.5 0 0.5 1
z
12
(Ag/L) "t =224 (Ag/L)*1=2.24 (Ag/L)" 1= 224
1 , . 0 T sSE— | T
L — Two Nuid model 3 : L |[— Two fluid model
== o . — Simulation
| Simulation i o2k | a A= |
| |
I = [ [ - !
L . . 2 04 | | -1 E 3l | .
6 3 | I oy I
z I | T I
£ B | | i E
a4 i E -0.6 | | = 2 | -
| | I !
I [ I
02l 4 -0-81~ [ Two Nuid model I 7 1 I n
| |— Simulation ] |
- i {
. : . 13 s 0 s 1 0 ' ' ; ' '
ﬂ_l o5 o 05 i - -0.5 9 -1 -0.5 (I) 0.5 1

Two-fluid formulation produces reasonable profiles
that need to be adjusted correction coefficients
> Los Alamos
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- 0.009
8 — — 0.008
B 0.007 y
E eE 0.006 v
;- g Eo.oos 7
% 5: -;30.004 //
§ af - 0.003
& F
3| 0.002 L
- 0.001
2_
: 0 0 0.0005 0.001
1 Time after first shock (s)
Time after first shock (us)
The Goncharov model applied to the gas curtain
experiment produces a very close result
> Los Alamos UNCLASSIFIED

£5T.1943 Slide 36

" e g
4

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA

P

=
g
|



&)
g

A Useful Integrated DR?

Test theory

Expt deS|gn

Parameter
studies

Constrain} § How to
theory Insert IC’s

o Models — |

= -

Validation data g |

fi-bhr. 1, ke, i az-bh, &, bt
& o o °
= o 2 s a
] T T T

Test suite
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Did we validate the Hypothesis?

Initially seeded small amplitude, long wavelength, perturbations
can develop at late-time and be used to control turbulent transport
and mixing effectiveness.

= Prestridge et al. RM experiments clearly show n=kd effect of IC’s, and in
the bi-polar discovery of Grinstein

= Grinstein/Gowardhan identified the n~1 transition, a new design criteria

= Livescu/Wei quantified a variety of initial condition phenomena,
including strong asymmetry associated with bi-modal IC’s and phase
shifts

s Livescu/Wei demonstrated RT 3-D DNS simulations with different initial
spectra that have different late-time(?) characteristics

= Andrews/Rollin constructed a ballistic model that facilitates evaluation
of the development of complex initial spectra for RT, and shown how it
connects to turbulence model initialization

» Los Alamos
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Progress Toward an ODE model with Mode Coupling for
Non-Linear Evolution of Multi-Mode IC’s

Driving idea:

> A source term to the Goncharov nonlinear ODE for single
mode evolution that expresses the contribution by coupling of

the wavenumber of interest with a direct neighbor

bk =G(k,A4,g,etc.. )+AXkXF(k k""l) (bk+1 bk+1+hb2k+1)

> G(k,A,g,etc...) is given by Goncharov’'s model for a single
mode perturbation

> F(k,k+1) is a coupling factor of order 1

»The ODE are solved for all modes and the dominant mode gives
the height of the mixing layer

h (1) =max(h,  (t
@A'amos (1) =max(h,, (1))

.1
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ODE model with Mode Coupling for Non-Linear

Evolution of Multi-Mode IC’s

Height evolution

Bubble growth rate for each mode

Bubble velocity

£=20 o |
: @ = 4 Aok - grt_’LS/'r “I Mode 16 leads i
it Agh 4+ . for a while ]
3ol Mode 16 leads 1 =" §
L1 for a while ) ' e l .

=

0.001
0 L 1 L 1 M|

0 10 l/ K \ 3 1

mode 2 mode 1
mode 3

> The model generates modes toward lower wavenumbers

> Work is needed for the coupling factor as the seeded modes have a
much too low generated amplitude.

» Los Alamos
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ODE model with Mode Coupling for Non-Linear e

Evolution of Multi-Mode IC’s

Bubble growth rate :';'gng‘;‘::)‘::" Bubble velocity

T T T —T— T ———— T 3 T T T

wE ¢ =35

02 -

U2
. a = 13 Mode 16 leads -
4Agh 0 for a while 'tOde 1]
‘4 Mode 16 leads 1 F leads
for a while 1 oot 1 i
mode 1

> The model generates modes toward lower wavenumbers

> Improvement is needed for the coupling factor as the seeded modes
have a much too low generated amplitude.

s Los Alamos
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Post-saturation treatment

Ofer et al., Phys. Plasmas, 3 (1996)

EVOIU“?” bOft'a twodmogz gnltlal Evolution of a two mode initial
perturbation, modes perturbation, modes 1 & 2
0
10 - ; ; 0.02 0.03
1 E - =0 T=0.5 O\A
010 0.02 o5 003 == =
-g 0.5 1
=10 ‘ A
E‘ = 0—\\/"! 0=\~ //,
T=20 T=3.0
ilO 03 05 i o 0.5 1
=)
< 2 — 2 -
10 -:-g_//——._)‘"s/‘ (2) .
j‘g T=4.0 "g T=5.0
10 ) 0 0).(5 1 0 o’.(s 1
T [sec.]
A saturated mode cease to A saturated mode k can only be affected by two
contribute to mode coupling lower-k modes. Its velocity can never exceed its
saturation velocity.
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Modal Model Behavior

Mode Coupling

de-05 T . r — ———
— (Ag) =0 ] |~ @ag)*™i=04
il i 005 =
2¢-05 q n
N O N
-2005
l | 1 1 1
1 ] =
~e-05,; T m 0 10 F1) 3 40 S0
N P N
k=k +k D" K=k’ +k])

0.4 i —

0.2

0.2

-0.4

(Agll,)"i( =06

The mode coupling function will
“populate” the entire spectrum

» Los Alamos
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No Mode Coupling

0.006

0.004 -

10 20 30 40 S0
b= Zan B2
T T — T [

Slide 44

EST.1943

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy’s NNSA

LA-UR 11-04209

INYSE



‘DR
Modal Model Behavior
| | l | | I | I L
No Mode Coupling
0.1k —— Mode Coupling _
3
0.05
i I i I 1 l 1
00 1 2 3 4
(Ag/L)"t
Mode coupling is at the origin of self similarity
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A Modal Model for Multimode RT: Linear regime

An modal model for multimode RT built from the “fusion” between
a potential flow model for single mode and a weakly nonlinear
model:

For all k,
5 _ 4(k —8n,) T (54, —4)k* +16(24, —3)kn, + 644,17, y
k= 2 2 k 2 r8M,
k™ —4A4,kn, —324,n, 8(k —81,)
¥ ATkZ{ZmZn(l—m-lé)+ Z'mz'n(l—n‘z-lé —Lh-ﬁj}
~ | 2 2

k=KX + K

50 F—
a0 -
30 L
20 Using a two
- . - dimensional initial
Initial perturbation | perturbation spectrum
in wave space i - . for the model allow a
3 S AR W 2 one-to-one match with
20 I R . ICs for 3D simulations
-30 |- .
a0 i
s Los Alamos 5050 740 3020 10 0 10 20 30 a0 50
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Approximation for Density Profile
Heavy Fluid Volume Fraction Profile ! Density Profile .
1._IlIll]lllllll‘l‘[llllll!ll.-l.1i 4 ! | ! l ! | ! I ' B
[ (a) Early ' C )
osf- L —25
(S [ i
0.6:‘ = 5
0.45— T
C — 15
0.2:— b) .
3 1 : 1 I 1 | 1 I | | | l
OI._llllllllllllllllllllllllIJllJ | | —1516 1024 5]2 0 5]2 |024 —]5 _1 _05 0 0.5 l |.5
-1.5 -1 0.5 0 0.5 1 -1.5 -1 0.5 (4] 0.5 1 "/h(t)
Z/h, Z/h,

Dimonte et al., Phys. of Fluids, 16 (2004) Livescu et a’ J. Turbulence, 10 (2009)

For a smooth
mixture fraction
description

p =10+ fuPy ) |
fi(2)= I(Z —h) " (h,—z) " dz

f _ p_ph
I—pl_ph ( )
fi=1-f, fh(z) fh :

fi(h,)
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Establishement of a nonlinear cascade process

I I 1 | |
0.6 -
05H —-
04 ]
o wt
0.3 - r e e
0.2+ -
] 5 il
0.1 -
e
Agt’ /L Agt’/L
It appears that the establishment of a nonlinear
cascade process occurs at about the same time as
the mixing layer growth becomes self-similar
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Multi-mode Study Using Ballistic ODE’s to Predict the s

Envelope of the RT Bubble Mix Region

Initial amplitude spectrum Bubble height Bubble growth rate
Mode 6

8.2 T T T T T T J 1

- T Mode 16 —

w'E

o fork=32 | -
/\;l e Oty fOr k=4
% |

10°F 3

Mo/ 1

005~ ™

2 1 " 1 i
° 1 2 3 4

3 >
s N Uus)
Mode b >

Modes i} . |
32-16 Mode "Mode
4-1

' 6
» Individual modes naturally takes over one another at a pace Modes  Modes

- : 15-7 -
that imposes a constant growth rate at late time 6-4
2
» Each band of the initial spectrum is ‘seen’ in the growth rate o = u
4 Agh

> At late time, h, is governed by the longest wavelength evolution

> Our ballistic model cannot be used after the longest wavelength of the initial

perturbation spectrum has become dominant 49/30
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A Weakly Nonlinear Model for Multimode Perturbation

Haan’s model:
A¢h/l — 0 Z(.;C", t) = ZZk (t)ezlzf
k

0,2+0.2:0.4,+0,Z:0,4,=04, 4z 0= 3 g (e e
k

|:p(at¢+%v2 +ngi| =P ¢l(?c,z,t) _ Z¢Ii (t)ekze”;'}

. . N (1 A1
7. =y (k)Z, + ATkZ{ZmZn (1= s k)+ ZmZn(E—m-k—Em-nj}

Mode coupling term

i=k—m y(k)=A,gk

Haan’s model allow mode generation
» Los Alamos
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