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Abstract

We have made estimates of surface effects and droplet evolution in the
two-phase flow that should be observed in the upcoming foil heating
experiments planned for the NDCXII machine at LBNL. An aluminum foil
of order micron thickness will be heated by a heavy ion beam to the 1
eV range. The expansion will take place in the two-phase regime
(gas/liquid), so the heated metal will first melt, then fragment into
droplets, and then the droplets will undergo some evaporation. We
propose hydrodynamic criteria to estimate the maximum size of the
droplets (~100 nm), considering a balance between hydrodynamic
disruptive forces and restoring surface tension. We estimate the
relevant thermodynamic functions (surface tension, latent heat,
viscosity) for temperatures up to the critical temperature, and we use
them to make a simple model for the partial or total evaporation of a

droplet in the expanding flow.
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Outline

1. Introduction: Warm Dense Matter (WDM) studies

2. Expected qualitative hydrodynamics of metals expanding in a
two-phase flow. Maximum size of droplets.

3. Estimates of needed physical quantities:
o - surface tension
L - latent heat
u - Viscosity

4. Dynamic evolution of droplets. Governing equations.

1. Low temperature case (<~ T, = critical temperature)
2. High temperature case (> T,)
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NDCX Il is a planned accelerator designed to reach
uniform warm dense matter conditions
TARGET 14 ATA DIAGNOSTICS BOXES LOAD-AND-FIRE

CHAMBER INDUCTION CELLS AND INJECTOR
PUMPING

)

SHOWN IS A 2.9 MeV CONCEPT
USING EXISTING ATA CELLS
AND PULSED POWER MODULES

Foil Entrance Aol 2R Beam C?:::;t oz
Energy Charge | Density

varation thyaro at
Energy (10% solid| for T=10 | 19 ey 207 2 Gl Density | at Focus
(approx) diameter
PP 1 2 tF
Al) eV/mm spot |atrocus

MeV |MeV-cm’/mg MeV um 3/mm? A C/m cm?
1.9 2.05 2.9 34.3 5.7 . 1860.7| 2.09E-04] 1.66E+15

15.9 11 23.9 53.5 8.9 . 222.3| 1.57E-05[ 1.25E+14
45.6 18.6 68.4 90.8 15.1 . 77.5| 4.22E-06( 3.35E+13

Energy at dE/dX at
Bragg Peak| Bragg Peak
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I The Heavy lon Fusion Science Virtual National Laboratory I & %Pppl




Strategy: maximize uniformity and the efficient use of beam energy
by placing center of foil at Bragg peak

In simplest example, target is a foil of solid or “foam” metal

fractional energy loss
<— lon beam can be high and
uniformity also high
if operate at Bragg
peak (cf. [1])

Example: Ne

Energy
loss rate
72 dx | Inexample,
O i A g;g'j Eentrance=1.0 MeV/amu
(MeV/mg cmz,-;;;,:if;_,z.z::.. i | Egea= 0.6 MeV/amu
I E.: = 0.4 MeV/amu
ool L LLILATT | L (ADE/AX)/(DE/dX) = 0.05

E/m (MeV/amu)

Energy/lon mass (MeV/amu)
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Two-phase WDM target hydrodynamics

o and T evolution of a plane WDM target (DPC simulation result) (cf. [3])

Density (a/cc) Temperature (eV)

Time (ns) Time (ns)

Reference case:

beam: Li+ at 2.8 Mev/ion
target: 3.5 um-thick aluminum foil
pulse length: 1 ns
focal spot: ~1 mm
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Discontinuity in temperature decay power law has
motivated investigation of 2-phase behavior

(» Temperature decay from 1 to 5 ns for Ref caseg *)

In:T (eV)
: » Fast decay (l: approx -2/3) and then slow
kink
decay (ll: approx -1/3)
Int(s) < Change in slope (kink) corresponds to
moment when center of the foil enters the
2-phase region
From liquid to.2-phase regime Position of kink: on the border
_{referencecase): | "
1 :”S 0“8 ns ‘1,an
—_ +» 0.8 ns
---------- ..0.6ns
\\\JE
v 0.4 Ns
L | ] \
0.001 o O[)I I O1 . ”1 o A
p(g/ce) O ns
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How can we describe the 2-phase hydrodynamics?

10: LB """l ' ""'I
i Half energy depomtlan case Fragmentation
% Crltlcal Cavitation into droplets
~ (bubbles formation) " "
o 15' i 1 f"? oT,,_ = 3
g [ . $0.4n 77 /,/f/ 0Be
1 [iiqui 11174 1958
E il | - ‘ ZL W
f o |
0.01 e id e cnd LJ

0. 001 0.01 0.1 1 10

## Metastable liquid
Density (g/cm*3) S

* The foil will melt then enter 2-phase conditions.
 First, bubble form (B), then the continuous liquid fragments
into droplets (D)

I The H lon Fusion Sci Virtual Nati | Laborat I " @ X\i
e Heavy lon Fusion Science Virtual National Laboratory & %Pppl



Bubbles or droplets?

consReference case -

boundary: V.=V .¢

liq

p'fgj{I:{:)

Reference case

<“<— 0 ns

Position (cm)

Separation line is where each phase occupies half of the volume

First bubbles form, but then quickly droplets form everywhere,
(always for p <~ 1 g/cm3, for these parameters)
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Maximum size of a droplet in a diverging flow ?

Reference case

A Locally, dv/dx
ot e 1 Steady-state
Z . _ = const O d let
g —— (Hubble flow) roppie
) / (=1.011S
> -600000 / /I/ 44— e

e Position (i) © 0 ©

+ Equilibrium between stretching viscous force and restoring surface tension:
Capillary number Ca= viscous/surface ~ [ ndv/dx x dx /(ox) ~ (n dv/dx x2)/(c x) ~ 1

— Maximum size : — (cf. [4], [5])
x=0/(p dv/dx) — Estimate : x_, ~ 0.2 pm

AND/OR:

s Equilibrium between disruptive dynamic pressure and restoring surface
tension: Weber number We= inertial/surface ~ (pv2A )/ox ~ p(dv/dx)2 x4 /ox ~ 1

— Maximum size : _ 2113 | (cf. [6])
X (0 / P (dV/dX) ) — Estimate : x__, ~ 0.05 pm
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Typical parameters for max size calculation

Typical conditions for droplet formation:
t=1.6 ns, T=1eV, p;,=1 g/cm?

- Surface tension: o = 100 dyn/cm
« Thermal speed: v = 5105 cm/s
 Viscosity: Kineticgas:m= 13 mv*nl

mean free path : 1 =1/v2 n o,

— u=mv/(3v20o,)=27*1.67 102 * 5105/ (3v2 * 10-1¢)
u=510-3 g/(cm-s)
 Velocity gradient: dv/dx = 10 cm/s /103 cm
dv/dx = 10%s-1

— Conclusion: Maximum size is expected to be ~ 0.1 um
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Liquid and vapor density boundary in Al

Lig. & Vap.Boundaries_inAl

2.5
21
liquid
& .
: 1.5
o
£ 1
0.5
gas
0ol . . . . R
4000 6O00 8000 10000 12000

TiK)

Taken from the EOS used in the DPC code : obtained by maxwellian
construction
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Surface tension of liquid aluminum

sigma (dyn/cm)  gyrface tension of liquid Aluminum

: SURFACE TENSION OF LIQUID ELEMENTS -

Element Guas Tem;lecmt}xre Dynes/em| . . Mathod - [ .Ilefeienuesvvge- .
L Aluminum Ar- 400 (m.p.) 860 Bubble pressure . . : 5 dinn
800 Lo Ar 660 914 “ Zhivov in VES (1837)
o vae. 660 . . 863, Sessile drop . 8
Ar. © 660 825 Bubbie pressure - 89
r Ar 700 850 oo ; o 4
700 900 : Peizel in VKS (1947)
Ar .. 706 494 Bubble pressure Zhivov in VES (1937)
| 712 502 et -7, | Klyachko in VKS (1937)
Ar: o [ 759 . o[ 489 Bubble pressure Zhivov in VES (1037)
600 | VR N 483 | o« , oo
vac. 800 i oo 84B Sessile drop 8
r it <. B00 i - 868 . [ Pelzel in VIS (1947)
Ar 816 480 Bubble pressure :-- | Zhivov in VKS (1937) -
Ar 906 L 466 " . : e
| Ar 835 463 i
- | vae. 950 | 840 ° 7
40[] i Antimony " | Ha, N 635 383 . o 16
. o 2. 635 383 i : Greenaway in VK8
L vae. 640 . < 367.9 | Drop weight . Lo 1B
640 - - 349 o+ | Bireumshaw in VKS

200 |

2000 4000 6000 8000 10000 12000

From CRC Handbook in chemistry and physics (1964)

T (K)

Curve obtained by fitting universal law for simple liquids (principle of
corresponding states) with data at low temperature and value of critical

temperature T, o=0,(1- T/Tc)“r with r= 0.27

(ct. [7])

| [ pen
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Latent heat is nearly linear

L (kd/mol) | atent heat of vaporization of liquid Aluminum

300 Assumption: L and o are both proportional to the
_ binding energy per particle
250 |
[ L o o X n-23
200 | [J/particle] [J/m?] [particles/m?3]23
150 | Slope obtained: -4.33 J/K/atom
I / ~ 3 kg: consistent with model
100 |
50 |
T (K)

2000 4000 6000 8000 10000 12000

Curve obtained by multiplying o(T) (see previous slide) by p-22 (taken from
EOS in DPC ) and adjusting with experimental value at low temperature
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Viscosity of liquid and vaporized Aluminum

viscosity (g/cm.s)

0.012

0.01 - Experimental values Viscosity in the Warm Dense
: for liquid Matter ranges (liquid and

0.008 | ; gas) is difficult to evaluate!

0.006

0.004

0.002 | s _ .
M gas model viscosity

T (K)
2000 4000 6000 8000 10000 12000 14000
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Model equations for evaporation and condensation
of droplets (preliminary equations)

‘L“S
B — liquid
I

V(t)=volume of gas + volume of liquid drop

P (T)=mn(T) and p(T)=mn/(T)) taken from 2-phase
boundary in EOS

Kelvin's equation: In(P,,,,,.,/P,)=20/(nkTR))
Ny =N (T))exp[20/(nkTR))]
Contains all the physics of surface etfects for the droplets! kinetic theory
of gases

(m,,T,) = m/(mV,) (kgT,/2mm)"?= flux of particles onto droplet
(Dvap(Tl) ngsat(Tl) (kg T /2nm)1/ 2= flux of particles evaporating off of droplet

V,(m,,T)) = 4nR*/3 = m/(mn,(T)))
S,=47R2 V (ml,Tl,t) V(©) - Vy(m,,T))
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Model equations

m,, T,=mass, temperature of

0 V|=volume of gas + ey _
T iquid drop;
lquId drOP = mass, temperature of gas;
m = atomic mass of material;
d o = thermalization coefficient;
1) —(m, + mg) =0 pB = sticking coefficient;
di vwg=heat capacity of the gas=3/2 kg

mass conservation
VI_heat capacity of the liquid=3 kg

= mﬁ( Drap + ¢cond)Sl

vaporization condensation

d
3) E( n’ll Cvl’[;) = [ﬁ(_(LO/+ Cng;)¢vap + (LO +/Cvg g)¢cond + (1 /3)/¢condcvg (T T)]
thermalization by non-sticking particles
4) dt(njcng:g) = I:[))(Cvg];¢vap - Cng:g¢c0nd) - (1 - ﬁ)a¢condcvg (T:g - T;)]Sl +

vaporization condensation

o"E 0"V (1-y)m, T, . ( dv, V (t)dm ]
LY ()7 - :

0’)V ot 0')V 0’)m 0"2‘ m dt m, di
/ ........................................... \\

prescribed adiabatic expansion ~ compression heating by vaporizing gas




Why do escaping particles take away L, + ¢, T, from

liquid?
Mean energy A
of escaping Mean energy of
particles le particles that
escape from
potential well
0 point of KE | v of depth L,
for particles 4 A will have mean
within gas L(T) energy ~le relative to gas
/ LO zero point
- L, = latent heat of liquid particles
S 7
o n.4r
W Maxwell-Boltzman
k Tl 0.3 distribution
/ n(E)
n.z
0 point of KE| /v
for particles 0.1
within liquid (1to 1.5)kT,
Mean atomic separation ! Ener y ? *

s The H lon Fusion Sci Virtual National Laboratory mu =" Qi
€ fneavy lon Fusion science Virtua ational Laboratory = %ﬁpppl



1. Low initial temperature (T<T,): results of the
Mathematica model for the evaporation of a droplet

Assumptions:

a)
5x%10’

NI

4x10’
3x107 [\
2x107

1x10’

a=0.5, =0.5;

Number of liquid
particles

c)
Ng
6x107
5x10°
4x107
3x107
2x107

1x10°

: - - t(s)
1x10"‘2x10‘“3x10"‘4x10‘“5x10"‘

Number of gas
particles

It says... droplets do not evaporate completely —

t(s)
1x10® 2x10* 3x10% 4x10°® 5x10'§’

b) Tl (K)

17500
15000
12500
10000

7500 | “

5000
2500

Temperature of
liquid

d
) Tg (K)
20000

17500
15000
12500
10000

7500 |

5000
2500

t(s)
1x10%2x10%3x10®* 4 x107® 5x10‘l“

Temperature of
gas

t(s)
1x10%*2x10%*3x10*4ax107® 5x10‘k

Persisting “bullets” (?)
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Model equations show that very small droplets
evaporate, whereas larger ones persist

Ratio of final to initial droplet radius vs. initial

radius (for 4 different integration times)

1F
08|
ED.E-

- 100 nsi

E’ I]."-II- - <_|_

0.2 | 1 Us

I

<H-

-8 -6 —4 -2
< » Log X0 cm]

Reference case

Assumptions: «=0.5, $=0.5;

Distance travelled
(v=500 000 cm/s):
1ns — S5um
10ns — 50 um
100 ns — 500 um
Tus — 5mm

at1=0:  V,=V,=42X7/3; T, =T,=10000K
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1F ' i '
ol ins T
0.8 10 :
2 ns
S 07 oL
- I
= 06 4_:_ E
0.5 100 hs Droplet
I ]
0.4 < Temp |
. Tus. . , ]
8 6 4 2 0
Log X0 cmi]
1¢ ! . .
1ns ‘N
08|
. /WT/\ Gas
e . Temp
@ 0.6 | I |
s (] N
[ 100 nsl T
04|
1 u#
T
0.2k . ey .
-8 -5 —4 -2 0
< p Loq X0 icmi]

Reference case

Importance of the thermalization from liquid to gas

At long times, for droplets
In the reference case,
thermalization

Is efficient: T=T,




2. Debris initially at high T and solid density:

initially material is vaporized and cools adiabatically
Adiabatic expansion:

P=nkT =P (p/p,)" = TI/T,=(pl/py)""! o« 0?3

. Expansion of aluminu
Nucleation of droplets? X
AF-(J) I |
L8 .
7/ X 1}
R(nhm) = !
len ‘\1 g
\ o
5 '.
© }
- : | l
Standard nucleation 0.1 b AR 4 I A—. 1 A -
theory (R, ;,=20/AP ) is : 1 “
included in the model - ; |
via Kelvin’s equation PEEITITTOR N IR 5 W
0.001 0.01 0.1 1
Density
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Conclusion

* Criteria for max droplet sizes will need to be compared to
observations (this study is only theoretical for the moment)

* Model equations can be used in several different situations: high /
low initial temperature, 1-D / 3-D expansion of the cell (3-D when the
distance travelled becomes ~ spot radius)

* This study gives tools that should help to understand the upcoming
WDM foil heating and other ICF experiments (debris problems)
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