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- Objectives

- (1) To develop a hydrodynamic code based on a
robust scheme ;

CIP (Cubic-Interpolated Propagation)
C-CUP (CIP-Combined Unified Procedure)

(2) To demonstrate the potentiality of the code for
laser-induced melting and evaporation
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_ Difficulties in Simulation of Melting
and Evaporation |

1) Density Difference
Metal 1~10 g/cm?
Air ~ 103 g/cm’®

2) Phase Change | |
Co-existing 3 phase : solid-liquid-gas
Sp~10% = SP~10>* |
C, : Solid (Al) ~5x10°m/s

Air ~ 3x10%m/s

3) Surface Deformation
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Outline of a Hydrodynamic Code

(1) Cartesian Coordinate : x-y-z

(2) Staggered Grid Arrangement
‘Scalar (P, p) : Cell Center
| ‘Vector(u,v,w) Cell Interface

(3) Computational Algorithm
-CIP Method (Cublc Interpolated Propagatlon)

.C-CUP Method (CIP-Combined Unified Procedure)
‘Interface Function (¢)

(4) EOS Including 3 Phases, Solid, Liquid_an(i: Gas (P-p-T)
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- Governing Equations

(Mass) g‘-;-m-vp:-p.divﬁ | (1)
| . . 1 . ~
(Momentum) -ﬁ-t—+u-Vu=—;Vp+ v-Au+F, +g (2)
(Energy) —OE-%_—‘Z Ve =-Ldivii + 3 AT+ 2 (3)
ot p P P
(Interface) P +u-V¢, =0 | (4)
(EOS) £= f(p,.T) p=2pd.  PE=2.piE (3)

sz(P,,T) Z¢i=l
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" CIP Method

» Fractional step :
Splitting hyperbolic eqgs. into two steps, advection
and non-advection phases.

%{-—+ u-Vf =g (Hyperbolic_eqs.)

Advection | %jtﬁ-Vf:O‘

Explicit differencing scheme with a cubic polynomial ;
F=F(, f,x)

Non-advection of _
or ¢

Implicit differencing scheme
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- C-Cup Method

- Non-advection phase

Implicit differencing of Poisson-like eq from momentum and
p based energy eqs.

(ZM((% D (Z,p’ ( ,0,) p]'di";*di"u-gradf")-rg

~Substitut éﬁ—=-—V
ing P P D

i i P

[Zpiqs{gin%’}:(Z-pfqéi[-gg—")—pj-div( Avged , )+dwu gradT) + 0
i P OpP

Unified procedure is obtained for compressible and

incompressible fluids.
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Treatment of Energy Equations

The pressure p is treated as the dependent variable in
place of internal energy ¢ in Eq.(3). |

(quﬁ( D (quﬁ( ) p)-divz—,;+div(l-gradT)+Q

Gamma-Law Fluid ge 1 1 oe _ 1 .(__E_z_)
- op y-1p, dp y-1

The above eqgs. can be applied for mult’ép’hase and

- multicomponent flows.




(1) Natural Convection in a Square cavity
(2) Shock Tube with a Step

(3) Liquid Drop Deformation in a Shock Tube
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Figure 3. Contour maps of stream function ¢: Figure 4. Contdur maps of temperature T:
(a) Ra= 103 contours at —1-174(0-1174)0; (a) Ra=103 (b)Ra= 10",

(b) Ra=10%; contours at —=5-071(0-5071)0; {c) Ra=10% (d) Ra= 10",

{c) Ra=10%; contours at ~9-507, ~8-646(0:-9607)0; Contours at 0{(0-1)1 in each case

(d) Ra=10%; contours at —16:27, <15-07(1-675)0
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(De Vahl Davis, Natural Convection of Air in a Square Cavity, Int. J. Numerical Mei_:hod in'Fluids, Vol. 3,
pp249-264(1983)) ‘
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Shock Tube with a Step

Two-Dimensional Supersonic F low
(Mach=3
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Yabe, Ishikawa and Wang
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Low Pressure Gas High Pressure Gas
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Fulo0dtfx.rhfx.GM140.1, 90x46, di=5¢-4({fixed) Cvis=0, Min-max filter used, Density at 1=0,

t=0.0 (initial state) 04-3
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Laser characteristics

Peak Power 100TW
Wave Length 800nm
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Phenomena ! Model Numerical Method

Solid - Liquid - Gas _ .

(Multi-Phase Continuum equation
Multi-Component,
Phase transition)

Numerical Solver
. . - based on
| terial properties
Laser ma prop .- CIP and C-CUP scheme -
EOS( Equation of State)
Gas transportation coeff.

electeical conductivity
thermal conductivity
A ' absorption coeff.

R » - skin depth

olid

Laser characteristics

CIP : Cubic Interpolated Propagation
- C-CIP :_;"CIP - Combined Unified Procedure



Computational System

2 Dimension

A
| | Laser
Mesh No. 80 x 80
‘Mesh size 0.5 X 0.5 um 40 um transparent
Initial condition
. 600 K
Time step 0.25fs (0 - 40 fs) | 0.1 MPa
10 fs 40fs-1ps) - :
100 fs (1ps-10ps)  Aifinum
500 fs (10 ps - 500 ps) r L

' o 40 pm
CPU time = 3 Hr (DEC-alpha) ‘ | |
) )




Laser Beam Intensity of Laser Pulse

Q:10¥ W/em* 1013W/cm2, 30fs Pulse
Spot Diameter : 10pum

Intensity

1018W/cm?2
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Air

Aluminum - 30fs “Time



| Equation of State

- SESAME / QEOS
E=E(p,T), P=P(p,T)

E : Internal energy P :

Pressure
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Transportation coefficients Buvect o tha o plasmn thar,

electrical conductivity(o)
thermal conductivity(K)
absorption coefficient(A)
skin layer depth(l)

K& 05

TKN mOdel | o ' W: faser f;’tg S
_ (g, : electrical conduetivity in dc limit)’ : At faser m.‘,‘-{e?jﬁ,f _
) a . i . ' A | | 2t Iomza'hm.rfnfe
Drude model | wp: plasma Freg
| - o(w) = (D; [4n(v,—w) 1 ve,-=‘__"jZ'~'nie2 / mg, |
L I& A |
4 e~(’+"")'-= [ d- SR ez __ p)
‘ | / —k +l(4nm/0)c(m) | |
A= 4Re(Z) o : B ,
|1 + Z l Z: _.S’arf:ace z‘m/ea’ance, Zb:lé"nj "o c’ék’+t!(4nui o)

) . : ( A = _/_'bsarlyec{ Roiver ),\



Skin Layer Depth (cm) (Al Absorption coefficient (Al)
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Log (electrical conductivity)
(1/(ohm cm))
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Pressure

unit:log,,(Pa)
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Time = 1 ps



Time = 60 ps
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Temperature

600 100 K




Time = 10 ps

Time = 1 ps
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Density

unit:log,(kg/m’)
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Temperature at time = 100 ps



Density at time = 100 ps



Pressure at time = lOO;ps



Remaining Issues

(1) Appropriate model for l'aser-plasma interaction
absorption, refraction in a dense 'plasmah

(2) Exact treatment in the solid region

elastic-plastic / viscoelastic model

(3) Validation study of the hydrodynamic' code

comparison with measurement data
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