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THE CLASSICAL RT INSTABILITY
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Phenomenoloqgy of the instability (*

(<< p1)

A f=kgn, = ;;:;;Oef"t, 7 =+Jkg

n -
o

A=2xk™ - —, Viscosity

Surface tension

*
- Lord Rayleigh, Proc. London Math. Soc. 14 (1883) 170; G. Taylor, Proc. R. Soc. A 201 (1950) 192;
D. J. Lewis, Proc. R. Soc. A 202 (1950) 81.

Accelerated fluid layers :
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Rayleigh-Taylor instability

* Geophysics, Astrophysics,
* Technological applications:

Inertial Confinement Fusion (ICF)

Incompressible fluids
and uniform density.

V.v =0,

POV +V-VV)=-Vp+pg,
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Second Newton Law: ma=F

-3 -3
P.KT0 &+ p k0 & =

Atwood

Py number

& =Ce’, P -Akg=0 , A= tb,
Pt

M 1| Unstable. 3 Stable.
A=Ay 7% Afkg RT modes A<y r=H |Af’|kg Gravity waves

Method: g
Vv =0,
Pn Py
ol I Lt I VG R AL R
Perturbed solution:
pl(y) eikx"‘}/t’ \71 — (VX,Vy)eikX+7t
Equilibrium o,v, +ikv, =0,
solution: PV, =—ikp,,
V=0,p=py(y). PPy =0y P
—0,Po+p9 =0,
y Mo .
Interfaces: fje'kxm
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Method: g Solution for each fluid layer:
— 0, P, —k*p, =0,
Py P p, = A +Be ™,
Pa Pe v, = —K(Ae““y +Be )
| | >y w
| _ KL pghty gt
yj+1 yj yj—l Vy __;( € —be )l

Boundary conditions:

at y=y, p+&0,m < p+pgs  continous,
v, continous and v, =5,
al y=doo, Vvariables must be bounded,

Compatibity condition ->Dispersion relation :

A
B
A/
D(r.K)| 5/ 1=0. m)  det(D(r,k))=0
;ZJ. Advanced comment:

; Laplace transform in “t “: '[ st
How the spectrum is?: ) K(s,ke"as
Poles of K, (discrete spectrum): e?’t

For each k Val_ue we have different (*)Branche points of K (continuum spectrum):
Va|UeSOf 7/ 7117/21---’ . t—ae}/t

The number of values may be infinitf (*) E. Ott, PRL 1981
but in any case the spectrum is
discrete.
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Example 1:
g A+ p,9& =B+ p,0¢,
_MA:MB:yg,
pa]/ pb}/
1 -1 (pa_pb)g A
1 Pa 0 1B|=0
pb §
0 1 —&72
I K|
‘ 7/2 _ Arkg — 0 ’ :M’
pa +pb

Example 2: A+B+pgs, =0, Ae™ +Be 4 pge =0,
9 K| K| (peis _ gk
——(A-B)=75,, ——(Ae"" —Be™") =74,
) Py Py '
)
1 1 pg 0]
—y oo gk g | TA
d 1o 2 [|Blg
“«—> ‘k‘ 53 Y
% k S . g e o 2p| L%
p, = Ae" +Be ™, I K
7 -kg?=0,| = [y=tjkg, y=zikg]
2=kg, =¢&=¢&e RT

= ga = é:beikd ' GwW

y
y* =—kg,
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Compressible fluids:

) J
Pa

=]
Il
o

Perturbed solution: |2 =P+ 2", p=p, + pe

L&
Equations:
70, +0, (V) + poikv, =0,
7PV, = =0, P+ P10,
7PV, =—ikpy,
P =Copy

Dispersion relation:

Equilibrium solution:

0:—8y Po+ 29, P/ pp =const,
Po= P+ YIA)"D, = p, Ay ld) O,
n-1pdg _,

cZ=nplp,=c’(+y/d), ;

ikx+yt

V= (VX,Vy)eikHﬂ,

Boundary conditions:
p1+pog§a :01 vy :7/§a; at y:Oi
P+ /098, =0, v, =y5; at y=-d,

2

2
d,b: —(%ay p, - (k? +—2+ay(f_2)) b, =0,
0 0

(7’_

Y
Co

+(%)p1—6yp1 =0, at y=0,~d,
0

:> p, = A-Hyperg(k,7,v,...)+B-Lague(k, 7, v,...)

' IDkg.d)=0

Sanz Recio
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Dispersion relation: We look for
incompressible modes!
9o 0. (Dyp, =
L 1l

2
90 o p 0, at y—0d, |Prudep@u ) =0 =(E+I)p-0,p=0,
g 002 1 y 1 il ] 1, g CU

B, =C(u+ y/d)" ety dlo] J

> 7' —kg=0,= (7’ =kg, »*=—kg)

) (7' ~kg)Dyy .k, 9,0) =0,

Nonlinear classical RT instability

» Harmonics generation (starting in the weakly nonlinear phase).
* Subharmonic cascade.

* Bubbles and spikes show different time behavior.

* Bubble competition.

10
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/
V=Vg fc
o) X

- Of;(a,t) /i

Ag

*Weakly non-linear results

&(X,t) =n, coskx + 77, oS 2kX + 77, COS 3KX + - - -

11
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*Spike bubble asymmetry

spike amplitude:

bubble amplitude:

/,Iinear theory

* Long wavelength modes generation

K k, ko =k =k,
K+,

kp, 7.(n+75) (17t
=—12_ el fel o E(t)E () c Y172
2 (n+r)-1h

Francisco Javier

12
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* Bubble competition. Acceleration of bubble front.

(0 ~0.065)

y
V=Vg a
o) X

- Of;(a,t) /i

Ag

o8|, =9¢ - %(Vqﬁ)z‘a + const

Francisco Javier
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LINEAR ABLATIVE RT INSTABILITY

Sanz Recio

14
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1D ablation front structure:

target

1D ablation front structure: Isobaric model

T pv: pava = m’
pa pvayvz_ayp+Pg:
v
T, P =p.T,,
Va P §m(T -T,) =KT'a,T,
y
T=T,(ny/L)", SMT, = KT I— S 2;: ,(0.01-0.3 zzm)
(l_>oo) VZ a VZ
— _Va _ 2 _Ya
p=p,(ny/L)"", a F = oL ,(0.05-10) M; T <<,
T=T,(1+e'" — _ :
e y Minimum density gradient scale length
—— > —0
(La ) L, =L @+n)""/n"

p=p,A-e’'),

Francisco Javier

15
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Cold compressed target:

P/p* =P,/ p7 =const,
-0,P+pg =0, (~O(M.)),
op+0,(pv) =0,

BC:
P(y=-d(t))=0,P(y=0)=P,
v(y =-d(1) =-0,d(t),
v(y=0)=v,,

pIp.=plp, =+ yldB),

Sanz Recio

al N

___ap, 2
I @ pan M

1 vy a
=v |1-——2 | d=d, -——2—vt,
v va( a—ld(t)j d=d, a_lvat

Linear ablative RTI: Stabilization mechanisms. Scaling Laws

g pe=ply=k™)<<p,

27kt

ablation surface

A

/
m
V, =2~ k" >>V,
P

2
Apy = == k&
P

= - _ _ _ 2. p
k 3(pa+pk)a’n§k ~ K Z(pa_pk)ggk_ k zApd_k moatévk!

Hydrostatic Ablation:
e pressure *Fire polishising.

*\orticity

16
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Linear ablative RTI: stabilization mechanisms

Qe S—
flow

ablation surface kL |
Thermal pressure,
Rocket effect,

2
Y zviafATkg:O,

+—=2y7+k
4 l+rb}/ L

{ Fire polishing
+
Vorticity

-5

r,=(2kL, /n)’", A =
b

Linear analysis method: Isobaric model (M? <<1, MZF " <<1 )

p g T Equilibrium solution
2 PV = PV, =My, Perturbed solution
PoVo0,Vy =—0, Py + Po0.| | Perturbed quantities are
_ expanded as
p pT h paTa’ oc e}’tHkX
0 %m(ro _Ta) = KTonayTov
y
5th ODS at y=—o0, 2bounded modes
701+ 0, (Vo + PoVay) + Poikvy, =0, at y=+o0, 3bounded modes
v, +--=—0,p,+ 00,
Pooy yPtAg Numerical eigenvalue
WoVie +--=—1kp,, (T, + AT, =0 problem for y
30,(pV,T,) - —0,(KT/0,T,) =0, L
PO F(C= kL, F,)=0
Va

17
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Analytical model: Isobaric model ( kL, <<1 )

-~

p E 9

Pa o /cold ™
A Po=pa(ny /L))" '\ region |
—_— N /

5 e;/t+ikx
a

Hot
region

V.V, =0, V=V,§, +V4,
pa(at +Vaay)\71 :7Vp1'
aypo +pag :0|

Ql = pl(o_) + pa gé:a + 2Vam1’

Analytical model: Isobaric model (

Scaling: %, T, 0" p, ~k™", y~k*

72+ (L+ f)kV,y+q

v, =[k| Ae"” _Qu(kL, /n)’

v, =ikae"” Py K[,

P =P (7 +Va kDA™ fo_m
pava ‘k‘ga

N , gi+rt - Mass ablation

~(—- Q el Momentum

2

(k[L, /)

2

-kg =0,

/n

Q(% k), ’)
f(y.k),

kL, <<1 )

Pk
§ae// N
I Hot

\
1
1 1
\_region ,

7=y )™ IKY,) <<l (9, << V,)
Normalized variables:
F=Rm+FKm7+- n=ky,

q=05 +07+-

f=f+f7+

Eigenvalue problem for: (q,, f,"), (a,, f,), ‘

g =27""T@+1/n),
fr=1,

1 .
(E<q1 <1)

~—-

m, et Momentum

AN

*(—' Q, e+t Mass ablation rate

5th ODS

701+ 0, (Vo + poViy ) + poikvy, =0,
PVyy + o= _ay P+ 29,

7oV +=—ikp,, (o, + o T, =0

%ay(pOVUTl) T ay (KTonayTl) =0,

18
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Analytical model: Dispersion relation ( kL, <<1 )

2

k
241+ KV y+q-——->2——kg =0,
q=0 +0 7+, f="f+-
2 % % k2Va2 * =1/n
IR ¢ 0 =0 (@ =2 VT L)
o-a 1 ,"

I
= 1 = 2 .
. = Blow-off to ablation

° density ratio
m]_ = (Pava)kga fl*, Ql = pla :(kLa /"])71/r1pavel2 (ké:a)(qjik + q;j})'

0,Q=(pN) @, a, =ikV, (KL, /)" (KE)Q + A7),

a1
cutoff: (k. L,)"H" :qFT (F. >1)
1

Extension of the analytical model: (for every F, value)

*Atwood number effects
Coronal model

A :]'__rbl rb(kLa):M' = Pa_lzl[/"a]nay{pa],

1+, Pa Po L.\ m Po

sLateral heat transport at the ablation front: (based in a SBM)

mm) f=1+kL,
2
)= (2+kL,) kg (1+2kL, +1,) kLaFf—AT —(2+kLa)kVa
1+, 1+1 r 1+,

102 <F, <o

19
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Cutoff wavenumber versus Froude number

10
k V2
0.5 Cc a
g 1
0.2
0.1 0.1
0.05
0.01
0.02
0.01 ; 0.001 :
0.01 0.1 = 1 10 100 0.01 0.1 1 10 100
«— —_ Fr
sLateral heat transp. *Rocket effect-Vor.conv.
*Scale length density- Fire polishing-Vor.conv
At number corrections At number corrections

Cutoff wave number versus Froude number

0.5

0.2

7/emp: _ﬁkva'

0.1

1+ kL

m

0.05

0.02

0.01
0.01 0.1 1 10 100

Francisco Javier

20
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Landau-Darrieus instability

Pa
2, >Ap<0 Yo =KV, 2.
............ ap>0 (kyzo <<1)
) O )
------------------------- _ sz Pa
Voo o <>0pc<pa Viorr =, [KV, o, +kg

*nllnkZVaZ
(Kyso >L F >1)= y= \/kg _ql(kl_T ...... '

Landau-RT instability in ICF : M -0

Critical he
surface

Isobaric approximation with p./p, -0 , and every length much larger than L,
*Region | incompressible and potential flow (o,V, =m, ). ...etc.......
eRegion 11:T=T.(y/y.,)"" p=p.(y/Ye)™" u=u(y/yo)"
where Y, =(p./p)"L [N

*Region I :p=p,, T=T, u=u,

Francisco Javier

21
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Landau-RT instability in ICF : M -0

Ablation

surface ;:Ji[i;:é
0] =S D [
g y
X
gaeikwﬂ gceikmyl
A ik i,
24 (L+ kv ——2_——kg =0, T HIK[EV, =—(+74)
7/ +( + ) ay+q(kLa/n)1/n g ‘k‘ . ‘ ‘ pa
_Q(ky)"" _ Q(KL, /n)"" 5
Vi E) T pNIKE atk.y)
c__m f(k,y) ?

PV, (KE)

Landau-RT instability in ICF : M -0

Ablation Critical

surface
surface
0 W R
—-—)p
g y -
[S_ Yeo Lind (8
Ye = Ya
« Y= (& - e /o) - S,
5 eikx+yi § eikx+yl
a c

—'_% Y ikx+ytxz
8,p+V(pV)=0 V= VO e €)

N
patV+p\7.V\7:_Vp+pgé’y ‘ atp+ mavv 0+ (Vr +7§ae ey) Vp— P 5Pa 5(y yc)q
V- (§PY-KT'VT)=15(y-y) | V'V =0 POV + pV-VV =-Vp+ pge,,

(p0"" =const)  (@cT")

22
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Landau-RT instability in ICF : M -0

* Perturbed equations(0<s<y,) :

B L -E) Yoo =019~ + (0,0, K70, + KA(S(E, ~ £) Vg + £)) =,
n ns p

0

‘ poj/ikvrx + pOVOasierx =
kz pl - kz(s(éc - éa)/ ch + ga)po(g + }/UO) +
7k2p0u001 - poung(ésc - fa)/ Yeo + kzpouoas (u091) ’

- po]/Vry + pOVryasuo + pouoas ry = _55 pl -
Uy, Uy,
po“éass‘gl = Polg0; (;751) = 2pyUs0Us0,6, — py yUs0,6, — poy:lisl +
((rs+2Uy)0,Uy + g+ 7U )&, — &) 00 I Yoo + 219 7p072(§a’

=) OV, +ikv, =0,

Landau-RT instability in ICF : M -0

» Boundary conditions:

6 =0, 0,6, =m My + (& — &) Veos
at s—>0 V. =0, Kv =—(ﬁ+7§),

K K™ e

P =Q,

0,=0
at sy, 0,6, = (&, =) Yeos

Vo + 7, _(Pmeep )k, (uk’s + ikvrx)u—c,
VP e

) Q(.k).,  m@k), &),

23
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Landau-RT instability in ICF : M -0

« Resolution method: (a’l =p.lp, >0,

=)

1>>yl(ku) >>a™

lelln R
(ki) AR
m ,\
pv—(:li(cf)z f = f1+ fzj/'i‘

k=ky,=0(1), a'F'=0())

...... and all perturbed quantities are perturbed in the same way

‘ The system of ODE is iteratively solved .........

=

6. (K)
f,(k)

g, (K)
f,(k)

Landau-RT instability in ICF : M -0

« Dispersion relation: [;/2 +(@+ f)kV,y +q

Q=0+ 07+

f=f+fy+

&8

(KL, /)™

2

—kg —O,]

ri+ @+ f

q kA7

kV y+—L1—28 _
+0,)kV,y (kL. /n)"

—-kg =0,

Vorticity: @ =-0,V,, +iky&, +ikv,

=

w(s=0")=

ia) |21/ n B
(k&,)ku,

g, 7+

0, P, =Mmyw(s=0")

Sanz Recio
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Landau-RT instability in ICF :

q, kA2
7/2 + (l+ f1 +q2)kva}/+(k|];a/7n)i/n_ kg =0 )
? k.a"L
70.5K_/§ kyco .
Landau™ | ' * gigbiliZation  *° :
4 > 0.01 LE E 10 100
instability R
|21/ne42 elz n+1 n+1 ~ ~
- —+ A ) -T(—=2k) |, (k=ky,
% coshk 28" cosh k( ( n )= n )j Y

[ 1

f, = tanh(ky.,), =1+ tanh(ky.,), =—,
1 ( ch) q2 + ( ch) é:a COSh(kyco)

Landau instability in ICF:  (F, >>1, g —0)

ky,, <0.7, (g, <0) Landau instability

—0 (k)

=kV [|[—Z

T o
Yeo >0.7, (q1>0) Oscillations

Al/n 42 |2 N N
ke ¢ (r(”T”)—r(”T”,zk)j, (K =ky,o)

(k) =-

—+
coshk 22" coshk

ky,>1 = q=0q =2""T(+1/n), (=0.67,n=5/2)

kch «<l = g, = _(kyco)l/n'

25
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NONLINEAR ABLATIVE
RAYLEIGH-TAYLOR INSTABILITY

H18.08.29

26
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Linear ablative RTI: stabilization mechanisms

ablation surface

Thermal pressure,
Rocket effect,

~kg¢, —k’ &Vazé:k —4kv,
Ak

d’&,
dt?

ds,
dt
{ Fire polishing

+
kL ~ F.-in/(nfl) <1 Vorticity

Nonlinear model

Sanz Recio
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Cold region

y
VE +Vg %
" I\m

L(at) /%

|—> Mass ablation rate

€, -n-m/p,

~$V)| -V Lo ,9), -
Pal,

p|ar =q-m’/p, =~

Hot region

pT =Pa

V- (EPV-KT"VT)=0
op+V-(pV)=0
P8V +V-WW) =-Vp

V=(2/5n) p KVT" +V, , (6 =2KT"/5nm,)

M g29-1 (0, In6+7,-VIng)
n

V9 =0, O(F.1)=0, 0,6(x,y=ot)=1

« Mass ablationrate: m =m,V @ -ﬁ|a

Francisco Javier
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Hot region
V=rmp'VO+V,, (6=2KT"/5nm,)
S,@+(Mp'VO+V, )-Vo=0, (@€ =VxV,)
V.V, =0,
AR/
o(x), (y=HC.of.0)

“Al// =-w(y),

\ 5 5 Conformal ma| X, ,0) and k—FTon
‘v¢‘a:(aywex_axwey)‘a, p (x> (0 x

e—\k\mik z

J.(Dd}[J. dew Vé-(ik ﬁ+‘k‘f)

eikldl
MGHL

Linear theory :
@ = za§y¢|y:O ~ 202 & (X, 1)

* Non-linear rocket effect: 9

y
Pa

N
-
)

» Momentum flux: g = p, +m?/p,

q:%(m2 —mg)i+m0j(udg

?

29
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* Restoring force
V=mp'VO+V,,

V(%pv2 +P)— pdXV = %vzvp

q= p\a:%(%)l'”%j d9+m0_[a)d,1/

a a

q= p|, =3(m* —mg) = o' + mOJ.a)d;(, (it =1FT(p") on y)

(m? —m2),

g =—— +mk o,
2p,

*Ablating surface equations:

P
Ag=0
Vg, +V4
f-0,F, =f-Vg—(m/p,-V, € i),
o], =96 -3(Vgy| -V.o,4,

1
e =)o,

“' m=myV 6| ,

‘(9+|k1

o0

4 Imdl

\ - 0

= e%

_J[iv¢'(ikﬁ+‘k‘f) aikrg y
Vol

Vel |k

Francisco Javier
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Single mode results

*Weakly non-linear results  (k <k;)

&(X,t) =n, coskx + 77, oS 2kX + 77, COS 3KX + - - -

(K~ (k/k)Hm)

Classical

RTI |

_@-K/D)(1-2K) 7 5
4(1-K) o

(1-2k)kg?

Q

,_\
AN
Yy

M, =

w N[~

n, ~=(1-4K)(1-4k/3)k? &2

oo

Sanz Recio
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* Inversion of spike bubble asymmetry
spike amplitude: a, ~ &, (1 +(@/2-K)k gL)

(k~ = (kTk)Hm)

bubble amplitude:

Ree

* Nonlinear exponential growth. Saturation amplitude.

classmg(l)#m F =45, A, =10um

;
20 um
14 ym

32
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* Non linear exp. growth (k <k, ). Simulations ART 2D
A VARSVA

* Non linear instability for k > k. Bifurcation diagram

£,(x) = Y&, cos( jkx)
=1

Linear theory shows: &, (x) = &, cos(k,X)

Sanz Recio
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* Non linear instability for k > k.. Bifurcation diagram

& (%) =& cos(jkx)
j=1

* Full nonlinear instability (k>k, )

bubble

Francisco Javier

34
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 Non linear instability (k >k_). Simulations ART 2D

» Asymptotic bubble velocity
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» Stability regions:

Multi mode results
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* Long wavelength modes generation

S12

1/n
¢ :_& 7.(rnit72) [1_,_("6] 1+ n)kk,g EME, () o e(f”lJrf"z)t

ki ) ke, (ra+72)

2 (n, +)’2)2 _7122

® Long wavelength modes generation

Ky v o
S12 = _f‘ﬁ(t)gz =G

ART SIMUL. ® Full nonlinear

MULTI 2D SIMUL. 00 theory

Weakly
nonlinear ki, 'k,
theory 04
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Bubble competition

Acceleration of bubble front
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Acceleration of bubble front

Acceleration of bubble front
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Acceleration of bubble front

Acceleration of bubble front : (h —h, =agt?)

\ 2
hb—hO:Ck[ 3ik—vjtz, C =34,

o =a (1 Tk )
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