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Athin-liquid-wall configuration combines the attrac- film protection systems with either radial injection through
tive features of a solid wall with the advantages of aa porous first wall or forced flow of a thin liquid film
renewable armor to accommodate the threat spectra protangential to a solid first wall. Analyses were also con-
duced by inertial fusion energy targets. Key design issueducted to help assess and understand key processes in-
for successful implementation of the thin-liquid-film wall fluencing the chamber environment, including ablation
protection schemes are the reestablishment of the thimechanisms that could lead to aerosol formation and the
liquid armor and the state of the chamber environmentehavior of such aerosol in the chamber. Results from
prior to each shot relative to the requirements imposedhese studies are described in this paper.
by the driver and target thermal and injection control.

Experimental and numerical studies have been cOnKEYWORDS: inertial fusion energy, wetted wall, ablation
ducted to examine the fluid dynamic aspects of thin-liquidmechanisms

I. INTRODUCTION chamber environment prior to each shot relative to the
requirements imposed by the driver beam propagation
A thin liquid wall (or wetted wall combines the and focusing requirements, as well as the target thermal
attractive features of a solid wdBuch as robust mechan- integrity and injection control. In determining the con-
ical design and efficient energy recovenyith the ad-  ditions of the chamber gas afmt vapor prior to each
vantages of arenewable armor to accommodate the X-raghot, it is important to consider the possible presence of
and ion threat produced by inertial fusion enef$fyE)  aerosol. The major processes involved in chamber clear-
target explosions. In this configuration, part of the thin-ing are those providing the source terms for aerosol for-
liquid-film armor evaporates under the incident X-ray mation(both from the high power deposition at the wall
and ion energy deposition fluxes. Such a configuratiorand from subsequent in-flight recondensatidghe aero-
has been considered previously, for example, in theol behavior between shots, and condensation to the wall.
PulseStar reactor studlyand, more recently, in the These issues were analyzed in detail as part of the
PROMETHEUS reactor studyKey design issues for ARIES-IFE study for different driver and target combi-
successful implementation of such concepts are the razations; this paper summarizes the key results from the
establishment of the thin liquid armor and the state of thestudy. First, the example target threat spectra are de-
scribed. Next, an assessment of film reestablishment and
*E-mail: raffray@fusion.ucsd.edu coverage is presented for both the wetted-wall concept
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with normal injection through a porous wetted wall and 16’ y———r———m—rren
the forced-film-flow concept with tangential injection of EAEN
the liquid along the wall surface. Film detachment and N \
droplet formation are discussed. A scoping analysis o s \
condensation under IFE conditions is then presented. F [ s g )Y
nally, an analysis of aerosol formation and behavior iss 10" s H
summarized including characterization of source termg& :
and an initial estimate of size and density of aerosoy . ‘ !
remnants prior to each shot. The chamber conditions & s
that time must be compatible with driver firing and target&
injection requirements. These are discussed in more dé w'; -
tail in Ref. 3. !
Lead and flibe(LiF/BeF,) have been considered in
recent IFE concepts, such as the PROMETHEUS wettec
wall concept and the HYLIFE thick-liquid-wall con-
cept?and are considered as example liquids in the analysi w’ﬂ_,
presented here. '

NAL direct
drfve farger

rtlr’ ulr’ r;f rlﬂ' 10 1w’
Photon Energy, (Kel)
Fig. 1. Photon spectra from NRL 154-MJ direct-drive target
and Lawrence Livermore National Laboratory 458-MJ
Il. TARGET THREAT SPECTRA heavy-ion-beam indirect-drive target.
The ARIES-IFE study considered two different types
of target:

1. adirect-drive target, whereby the driver energy isdirect-drive casg1%). Further, the X-ray spectrum of
deposited directly on the target the indirect-drive target is dominated by s6ft1-keV),
shallowly penetrating photons, which makes the deliber-
ate evaporation required in wetted-wall protection schemes
. , . : even more attractive. The photon energy deposition time
driver beam interaction with the hohlraum mate-js yery small(typically subnanoseconiswhich results
rial are deposited on the deuterium-tritiuB-T) i, extremely large heat fluxes on the wall, thereby caus-
target pellet inside the hohlraum, which leads 10,4 sybstantial wall ablation and evaporation. Detailed
its implosion and ignition. information on the corresponding ion spectra for both
The direct-drive cryogenic target is much more senfargets can be found in Ref. 7. Here, the ion spectra for
sitive to chamber conditions than the indirect-drive tar-the burn productsfast ions and the debris ions for the
get, which is thermally protected by its massive hohlrdum. indirect-drive targetassumed in this analygiare shown
For a wetted-wall configuration, significant evaporationin Figs. 2 and 3, respectively.
and ablation of the wall are expected from the photon and
ion energy deposition, which makes the reestablishment
of the chamber environment prior to each shot to a state
compatible with direct-drive target requirements ex-
tremely challenging. For this reason, the focus of the
work presented here is on the more robust indirect-drive

2. anindirect-drive target utilizing a radiation hohl-
raum enclosure. The X rays resulting from the

1.OE+17 -

1.0E+16 |

target, which is usually coupled with a heavy-ion driver.
For comparison, the energy partitioning for two ex-
ample targets considered in the ARIES-IFE stldy
154-MJ Naval Research LaboratamdRL) laser direct-
drive target® and a 458-MJ heavy-ion indirect-drive tar-
get’®] are shown in Table I; these are based on LASNEX
calculations The photons and ions are the major threats
to the chamber wall. Neutrons penetrate much more deep“’fi
into the structure and blanket and, as such, are much le=
of a threat to the chamber wall. The corresponding pho
ton spectra for both targets are shown in Fig. 1. A majol
difference between the direct-drive and indirect-drive

lons per Unit Energy (#/keV)

10E+15
1.0E+14 r
10E+13
10E+12
1LOE+11
1LOE+10

1.0E+9 -

1.0E+1 1.0E+2 1.0E+3

lon Kinetic Energy (keV)

1.0E+4

1.0E+5

threat spectra is the large energy fraction carried by phorig. 2. Fast ion spectra from Lawrence Livermore National

tons in the indirect-drive cas®5%) as opposed to the
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Laboratory 458-MJ indirect-drive targét.
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1.0E+22 Among the critical questions needed to establish the

1-“:*2; - [ viability of the wetted-wall concept are the following:
— 10E+
=
£ THET 1. Can a stable liquid film be maintained on the
= 10E418 upper section of the chamber?
= 1.0E+17
_”; e 2. Can the film be reestablished over the entire cav-
= | OE+14 ity surface prior to the next target explosion?
g 1:;5::; 3. Can a minimum film thickness be maintained to
B 10E41 prevent dry patch formation and provide adequate pro-
Z 1pE+10 tection during the next target explosion?

1.0E+9

T.0E-1 1.08+0 1.0E+1 1.0E+2 1043 To this end, a level contour reconstruction method has

been used to track the three-dimensional evolution of the
liquid-film surface on porous downward-facing walls with
different initial film thickness, liquid injection velocity
through the porous wall, surface disturbance amplitude,
configuration and mode number, surface inclination angle,
liquid properties, and mass exchange rate between the
liquid and chamber “gas” due to evaporation Aoidcon-
densation. Calculations have been performed to examine
the effect of these variables on the transient three-
Experimental and numerical studies have been condimensional topology of the film free surface, the fre-
ducted to examine the fluid dynamic aspects of thin-quency of liquid drop formation and detachment, the size
liquid-film protection systems with either radial injection of the detached droplets, and the minimum film thickness
through a porous first wallhereafter referred to as the prior to droplet detachment. Detailed descriptions of the
“wetted-wall” design or forced flow of a thin liquid-film  numerical model and level contour reconstruction method
tangential to a solid first wallhereafter referred to as the can be found in a companion papéihe results of the
“forced-film” design. Previous work on liquid film flow  calculations have been used to develop nondimensional
on vertical and upward-facing surfaces has shown thdigeneralized charts,” which make it possible for system
for all IFE coolants of interest with surface contact an-designers to establish “design windows” for successful
gles ranging from 0 to 90 deg, dry patch formation can bemplementation of the wetted-wall concept. A prelimi-
prevented by maintaining the film thickness and flownary experimental investigation aimed at validating the
velocity above~1 mm and 1 nfs, respectivel§:’°Hence, model has also been performed.
for both the wetted-wall and forced-film designs, our Typical results showing the evolution of the free
efforts have been focused on examining the behavior ofurface for a liquid lead film on a horizontal downward-
the liquid film on the downward-facing surfac@gpper facing surface are shown in Fig. 4. The film is assumed
section of the reactor cavity, where virtually no work to be 700K with an initial thickness of 1.0 mm and
has heretofore been done. an injection velocity of 1.0 mns. A random initial

lon Kinetic Energy (kel)

Fig. 3. Debris ion spectra from Lawrence Livermore National
Laboratory 458-MJ indirect-drive targét.

lll. FILM DYNAMICS

TABLE |
Energy Partitioning for 154-MJ NRL Direct-Drive Target and 458-MJ Heavy-lon Indirect-Drive Target*

NRL Direct-Drive Target
(MJ)

Heavy-lon Indirect-Drive Target
(MJ)

X rays
Neutrons
Gammas

210 (1.4%
109  (71%
0.0089(0.006%

115 (25%)
316 (69%)
0.36 (0.1%

Burn product fast ions 19.5 (13%) 8.43 (2%)
Debris ions kinetic energy 22.1 (14%) 18.1 (4%
Residual energy 1.29 0.57
Total 154 458

*From Ref. 7.
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1=035s

Fig. 4. Evolution of a lead film surface on a downward-facing first wall with random initial perturbation.

perturbation with maximum amplitude of 1.0 mm is where
applied at the beginning of the transient. These results
suggest that droplet detachment occurs nearly 0.38 s
after the initial perturbation is imposed. This is to be
considered in relation to the time between shots-6f2 s
(corresponding to a repetition rate ef5 Hz) antici-
pated for a power plant. For reference, the corresponding values for lead at 700 K
Generalized nondimensional charts for the dropletare 2.14 mm and 14.8 ms, respectivély.
detachment time as a function of the initial thickness,  Charts similar to that shown in Fig. 5 for other values
injection velocity, Reynolds number, and surface massfthe nondimensionalinitial film thickness and injection
flux have been developed; a typical chart is shown invelocity may be found in Ref. 11. Referring to Fig. 5, for
Fig. 5. The length and timescales are defined by the given coolant, wall porosity, coolant delivery system
relations design, and operating conditiofie., Reynolds number,
o 1/2
|l=( ——
( 9(pL — pe) )

o = surface tension of the liquid
oL, pc = liquid and gas densities, respectively
g = gravitational acceleration.

(1) required for a liquid drop to form and detach from the
perturbed film surface. Since the liquid film is expected

to be completely disrupted following an explosion, the

injection velocity, film thickness, and evaporation
and
| 1/2
()"
g

condensation rajeone can determine the minimum time
FUSION SCIENCE AND TECHNOLOGY

VOL. 46

(2)
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subsequent explosion should be initiated during the time
window between the point when film coverage is reestab-
lished and the point when drops begin “raining” into
the cavity, thereby interfering with target afad beam
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For the forced-film-flow wall protection concept,
film detachment under the influence of gravity is most
likely to occur on the downward-facing surfaces in the
upper part of the reactor chamber. Film detachment and
uncontrolled “fall-out” would likely interfere with beam
propagation angbr target injection. It would also ne-
gate the protective function of the film. Hence, an ex-
perimental study has been performed to determine the
effect of various design and operational parameters on
the film detachment distance downstream of the intro-
duction point for downward-facing flat surfaces with
various inclination angles. Experiments were conducted
for both wetting and nonwetting surfaces with different
initial film thicknesses(1.0 to 2.0 mn), initial film
injection velocities(1.9 to 11.0 mis), and inclination
angles(0 to 45 deg.

Figure 6 provides typical results for the film detach-

Fig. 5. Typical generalized nondimensional chart for the dropment distance normalized by the initial film thickness

let detachment timg¢ The nondimensional detachment
time, initial thicknesszg, and injection velocityw,
have been normalized tg from Eq.(2), | in Eq. (1),
and |l/to, respectively; the nondimensional mass flux
mi is defined as the ratio between the evaporation

condensation mass flux at the interface and the product

(xq/8) as a function of the Froude number Fr for both
wetting (glass and nonwetting(Rain-X coated glags
horizontal downward-facing surfaces, where

U

of the liquid density and the characteristic veloditi. Fr= (g6 cosf) Y2 ! 3)

Positive values correspond to condensation, while neg-

ative values correspond to evaporation. where

U = initial film velocity
propagation. Hence, these results suggest that liquid-film g = gravitational acceleration
stability may impose a limit on the minimum repetition — i alinati
rate in order to avoid liquid “dripping” into the chamber inclination angle-
between shots.
Generalized charts have also been developed for the

minimum film thickness during the evolution of the free
surface prior to droplet detachment and for the equiva 1600 1
lent diameter of the detached droplets as functions of th |
initial film thickness, injection velocity, Reynolds num- 1400
ber, and nondimensional mass flux at the interfelse 1200 .
to condensation or evaporatiorThese results indicate < .
that at low injection velocities, the film thickness in the & 1000 7 .
immediate vicinity of the growing liquid “spikes{i.e., 800 - "
droplets may decrease well below the nominal mean :«l
film thickness value over the entire surface. In extreme 600 7 ., b
cases, the liquid film may rupture, causing dry patches t 400 - ..a.l
form. Therefore, these results suggest that a minimur '.i
injection velocity will be required to prevent the film 200 1 -
thickness from decreasing below a designer-specified mir 0 4
imum value dictated by wall protection requirements. ' ' ' ' ' ' '
The generalized charts reported in the companion pz 0 20 40 60 B8O 100 120 140
pert! can therefore be used to define the operational an.. Fr

design windows necessary for successful operation
the wetted-wall concept. A preliminary experimental in-
vestigation aimed at validating the model has been per-
formed. The data show good agreement with model
predictions.
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cJ)Eig. 6. Variation of the normalized film detachment distance

with Froude number for horizontal downward-facing
surfacedlight symbols= wetting surface; dark sym-
bols = nonwetting surface§ = 1.0, 1.5, and 2.0 mm
(diamonds, squares, and triangles
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Fig. 7. Flow of a 1.5-mm-thick film with a 5.0 ¢fs velocity around a 25.4-mm-diam, 2.4-mm-high cylindrical “port.”

Similar data for other inclination angles may be found inof aerosol must be considered. The major processes in-

Ref. 12. volved are those providing the source terms for aerosol
The data suggest that the normalized detachment disermation (both from the high-power deposition at the

tance strongly depends on the Froude number and suwall and from subsequent in-flight recondensatiand

face characteristic@.e., wettability. The data shown in the aerosol behavior between shots.

Fig. 6 for a nonwetting horizontal surface provide a lower

bound for the detachment distance. These data allow th&.A. Film Condensation

designers to establish the maximum allowable spacing ) )

between film injection and liquid return points along the _ The net film condensation can be expressed by the

cavity surface to avoid film detachment. difference between the condensation flux to the wall and
Experiments have also been performed to examinéhe evaporation flux from the wall and can be expressed

the behavior of thin liquid films flowing around cylin- as follows':

drical obstacles, typical of the protective dams shielding M \05 P P

beam and target injection ports. Results for a 1.5-mm- jnet = < > l . 9 1 ’ (4)

thick film flowing past a 25.4-mm-diameter, 2.4-mm-

high cylindrical obstacle with a velocity of 5.0 fa are

shown in Fig. 7. These results indicate that the presencéhere

of such obstacles will pose a significant challenge to the  \j = molecular weight of the gas

designers, inasmuch as the disrupted film may directly

interfere with the intended function of the pgriamely, R = gas constant

beam propagation or target injectiofience, efforts are

currently under way to examine the behavior of thin films

flowing past “streamlined” obstacles. Py = gas pressure

o — O ——
R27m Tgo.s e Tf°'5

Ty = gas temperature

T; = liquid temperature

IV. CHAMBER CONDITIONS P = Ii_quid pressure(corresponding to the satura-
tion pressure aft;)

Preshot chamber conditions must satisfy the driver ~ oc = condensation coefficient
propagation and focusing requirements along with the
target integrity and delivery requirements. In addition to
the conditions of the chamber gampor governed by I' = factor to account for the motion of the gas to-
evaporation and film condensation, the possible presence ward or away from the wall.

oe = evaporation coefficient

FUSION SCIENCE AND TECHNOLOGY VOL. 46 NOV. 2004 443
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Temperature (K) for a lead film temperature of 1000 K and a chamber
1667 1250 1000 833 714 radius of 5 m.
N From Fig. 9, for a given vapor temperature, the char-
| 25000 acteristic condensation time is virtually independent of
~N the vapor pressure until it decreases to within about one
order of magnitude of the saturation pressure correspond-
ing to the liquid-film temperature. For all lead vapor
temperatures considered, this characteristic (i@ 04 9
is considerably smaller than the time between stbtisto
1 ), which shows that condensation itself is fast. The
overall film condensation process in a chamber would
. < 0.075 probably be more limited by vapor transport to the wall
\\ (e.g., through convection or diffusipmand by the heat
4 \.:: transfer effectiveness of the wetted wall to the coolant.
~} 0.00075 However, the vapor pressure prior to each shot will be
06 07 08 0s T L1z L0 higher than the film saturation pressure by up to a factor
1000/ Temperature (1K) of ~10. Similar results were obtained for flide this
FasePsyat 800 K= 0.0063 Pa

Fid
L

750

log,, FiPa)

%]
b L

r
i
Vapor Pressure (mTorr)

]

Fig. 8. Vapor pressure as a function of temperature for lea

(from Ref. 2 and for flibe(based on Ref. 14
IV.B. Liquid-Film Ablation

For the indirect-drive-target case, a large fraction of
the energy is carried by photofsee Table ) and would
The classical exponential vapor pressure variation witlteach the wall in~10 ns. The photon energy deposition
temperature is shown in Fig. 8 for leéfdom Ref. 2 and  would occur over a very short tim@gubnanosecons
for flibe (based on Ref. 14 giving rise to very high heating rates, analogous to laser
A characteristic condensation time based on condenmaterial ablation. The boiling proceésurface evapora-
sation rate and corresponding vapor mass in the chambebn, heterogeneous nucleation, Zndhomogeneous nu-
was used to estimate the time required for film condencleation is dictated by the magnitude of the heating f&te.
sation to clear the chamber as a function of vapor presFor example, surface evaporation fl(kg/m?2-s) can be
sure and temperature for both lead and flibe. For simplicityestimated as-j.e; from Eq. (4). The receding liquid
the calculations do not include the effect of vapor veloc-vapor boundary velocity under surface evaporation along
ity toward or away from the wa(ll' =1 in Eq.(4)]. This  coordinater is given by
effect could change the rate of condensation by as high as .
a factor of ~3.6 and as low as a factor 6f0.09 for ﬂ __ Jnet (5)
sonic-speed-like velocities toward and away from the dt p

wall, respectively3 Example results are shown in Fig. 9 ) o ) )
The heating ratey of the liquid-vapor interface is

given by
dT
0.12 T Y= . (6)
L Pb film temperature = 1000K Vapor Temp. dt
3 o Film P;a‘|= 1.1 Pa @ 10,000K
- Vapor velocity =0 H it F
2 e e s w 5000K For constant heating rate, and subsjﬂ_utmg fhek
< oo , _ , o 2000K from Eqg.(4) under the assumption of negligible conden-
2 ; L 1200k sation, one can rearrange H§) as follows:
S 006 * - - —
: | ar= () e | @)
5 . r={— Oe——=|— . 7
é 0.04 e ¥ ® W ® W % %X (¥ = R2mT Tfo' 5 0%
3 P R R T T I R
= . . . .
2 002 ® s @ ExEr omoEEw For a given expression for the fluid saturation pres-
£ ® o & o & ¢ o o . .
8 | sure as a function of temperature, K@) can be inte-

N : B ] P T ¢ Qrated to estimate the amount of surface evaporation as
WIOT 0T 0T 0T 0T x0T W0 g function of temperature for different heating rates.
Vapor pressure (Pa) The results are illustrated in Fig. 10 in terms of the
Fig. 9. Characteristic condensation time for lead vapor as aractional evaporated fluid loss for a 0.1-mm lead film.
function of vapor temperature and pressure for a filmAlso shown in Fig. 10 are the typical heating rates cor-
temperature of 1000 K and a chamber radius of 5 m. responding to the photon and ion energy depositions for
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Pb, A x = 0.1 mm 1x101
0.1 | i
ni? ]
0.09r ‘F“ T : f' 1 - 1x10
L] r
0.08 q: ;‘-’: !-‘ E 1x10!! 4
o 0.07 :: ;?: ’} _E l\'.lﬂm ] Cohesion energy (total evaporation energy)
B | K !
=~ 0.06/ “ ‘ ¢
Em Ion-like ¢ Z r 'E Ix ”-)9 1 Sensible energy (energylio reack { saturation
I 0.051 heating "' »1‘*- ! B Explo.
= rate 3 ! £ IxI0f 4 il
- 0.04 ; ’\ ’ g region
— r _\_" ’ Photon-like LE 7 Evaporated region = o §
0.03¢ ‘ o heating rate Ix10° 3, - . e
' .
L ! R 4
ooz /! - 10" K2 1o 5 ERRTERRERE 394 5
s - o = ot ; -
0.01f ’ - 1= 1 . .
j RPN AUl 107 ks Penetration depth (micron)
0 = e
2000 2500 3000 3500 4000 4500 5000 5500  Fig. 11. Volumetric heat deposition in alead film in a chamber
Temperature (K) of radius 6.5 m from 458-MJ indirect-drive photon

spectraillustrating two-phase region and regions where
explosive boiling is likely to occur, assuming that the
pressure of the ablated lead at the interface is 1000
torr.

Fig. 10. Fractional surface evaporation of a 0.1-mm-thick lead
film as a function of temperature for different heating
ratesy.

the indirect-drive-target threat spectra. Clearly, the heat- |,
. . 1x10'? 3
ing rates produced by the photons are extremely higlr E
so that the surface evaporation process does not ha

sufficient time to occur; hence, it is expected to play‘@ I-UU” 3
only a minor role. However, it would play a major role ?

for heating rates corresponding to the ion energy.g mgm _____
deposition. g _____

Results reported in Ref. 15 for heterogeneous nucle.‘== o] Sensible energy (energy to repich saturalion
ation indicate that it would also play a minor role under & ™ Explo. '
extremely high(photonlike heating rates. Instead, for boil.
such extremely high heating rates, the boiling process i~ 1x10°  ruy. ey _
dominated by homogeneous nucleation, which leads t Tochmen R i RN T A
“explosive boiling.” This involves rapid superheating to 1x107 : L 44' , 'oi

2.5 15 10104 15

a metastable liquid state with a large excess free energ
which decomposes explosively into liquid and vapor
phases. Reference 15 indicates that under these condi-
t|0ns asthe temperature approach%% of the critical Flg 12. Volumetric heat depOSItlon in a flibe film in a cham-
temperature, an avalanche-like explosive growth in the ber of radius 6.5 m from 458-MJ indirect-drive pho-
nomogeneots nucleaton raly 2010 30 ordersof mag- [0 SheEt? IsIng tue phese regon, ses g
nitude) leads to this explosive boiling. A discussion of 1000 torFr)
more detailed estimates of explosive boiling is given in ’
Ref. 16. Here, for simplicity the 90% critical-temperature
criterion is used to provide bounding estimates of the
amount of material ablated by the photon energy depoelear to what extent this two-phase region will ablate or
sition, as illustrated in Figs. 11 and 12 for lead and flibe,remain on the surface. Superimposing a line correspond-
respectively, for a chamber radius of 6.5 m. ing to 90% of the critical temperatuf@s suggested by
Figure 11 shows the spatial profile of the photonRef. 15 shows the explosive boiling region that will be
energy deposition within a lead film. Normally, this would ablated. Two bounding estimates of ablated material can
cause part of the liquid film to be vaporizédhere the then be inferred as a source term for aerosol calculations:
energy deposited exceeds the sensible heat plus the lateart upper bound assuming all material in the two-phase
heat of vaporization It would also result in a two-phase region to be ablated and a lower-bound case assuming all
region (where the energy deposited is lower than thematerial undergoing explosive boiling to be ablated. Sim-
above case but still exceeds the sensible )héigis not ilar results for a flibe film are shown in Fig. 12. The size

Penetration depth (micron)
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of the chamber is an important parameter as it determinegation stages. The insult posed by the heavy-ion-beam
the wall surface area seen by the photons. For exampl@directly driven target, dominated by soft X rays, caused
reducing the chamber radius from 6.5 to 3.5 m results ir21.4 kg of lead to vaporizé~7.4 um) and a maximum
anincrease in the explosive boiling region thickness fronoverpressure of 1.5 10* J/cm? to the wall in reaction to
2.5t0 3.8um for lead and from 4.1 to 10,8m for flibe.  the rapid evaporation of the lead. Of the 22 MJ of energy

The film ablation due to explosive boiling would in target ions, only 5.3 MJ are deposited in the liquid as
generate an impulse, which would create a shock wave inpposed to the vapor, with none penetrating further than
the film that depending on the liquid and reflecting wall ~0.65um into the liquid. In contrast, the insult posed by
acoustic impedances could be followed by a rarefactionthe laser directly driven target dominated by target ion
wave. If the net tensile stress in the liquid due to thisdebris and burn products caused 9.2 kg of lead to vapor-
rarefaction wave is higher than the spall strength of théze (~3.2um) and a maximum overpressure of X803
liquid, spalling would occur that would provide an J/cm?3to the wall in reaction to the slower evaporation of
additional source of ablated material for aerosol formathe lead. These numbers form alower bound on the amount
tion on the chamber. A more detailed discussion of thisof wall material ablated in the chamber as BUCKY does
potential ablation mechanism is given in Ref. 16. Annot simulate splashing or liquid carried into the chamber
estimate for a flibe film on a ferritic steel wall in a cham- by the force of explosive boiling.
ber with a radius of 6.5 mindicates an additional ablation =~ BUCKY is a one-dimensional radiative hydrodynamic
due to spallation 0f~3.1 um (compared to 4..um from  simulation code. In these simulations, the chamber is
explosive boiling.'® Such a spallation analysis dependsassumed to be a perfect sphere. The relevance of a one-
on a number of parameters such as the liquid and stru@imensional simulation of chamber response past the time
ture materials, the shock-wave magnitude and profilewhen the vapor ejected from the wall meets the shock of
and the local spalling strength characteristics of the ligthe lead chamber vapor pushed outward from the target
uid. Further study is needed to better understand thishamber center is questionable. Rather than continuing
phenomenon for IFE materia{such as flibg under rel-  the simulations past this point, the chamber conditions at
evant shock conditions as it could provide an additionathe time (internal energy, vapor densjtyvere homog-
source term for aerosol formation. enized, and the resulting chamber was allowed to relax,

X-ray energy deposition and wall evaporation analy-with the vapor recondensing on the wall. In BUCKY, the
sis were also carried out with BUCKY, a one-dimensionalvaporization and condensation rates are calculated using
Lagrangian radiative hydrodynamic simulation cdde. the kinetic theory model described by Labuntsov and
For these calculations, radiative transfer was approxiKryukov.'® The combination of these simulations leads
mated using multigroup flux-limited diffusion with opac- to an optimistic chamber response, with no aerosoliza-
ity information generated with a collisional-radiative rate tion and no liquid injected into the chamber due to drops
equation solver in the average atom approximation. Foor explosive boiling. In the case of the indirectly driven
the heavy-ion-beam—driven target, the bulk of the threaheavy-ion-beam target, the results indicate that the initial
is from the large flux of soft X raygless than-1 keV).  lead density assumed in the chamlg&mtorr at room
The dense ionized vapor formed by the interaction of theemperaturgis restored within 0.15 s following chamber
early part of the X-ray pulse shields the surface fromhomogenization. Thus, for this optimistic simulation, re-
later X rays and ions, reradiating the absorbed energy iestablishment of the 1 mtotat room temperatujdead
timescales long compared to the pulse from the targethamber conditions before the next shot is achieved for a
The BUCKY simulations were run out to s, and the 5-Hz repetition rate.
resulting chamber conditions were used to generate input
for further aerosol analysis. IV.C Aerosol Formation and Behavior

To contrast the source terms of aerosol formation for o ]
the two types of target considered, BUCKY simulations The initial state and source term parameters obtained
were performed for a chamber of radius 4.5 m, initiallyfrom thée analysis described in Sec. IV.B are supplied to a
filled with lead vapor of density corresponding to a pres_modell tha_t calculate_s aerosol formation rates {:md trans-
sure of 1 mtorr at standard room temperature and prOc)ort behavior. Evolution of an aerosol population is in-
tected by a 1-mm lead film for the 154-MJ laser-drivenfluénced by several mechanisms, such as homogenous
direct-drive target and the 458-MJ heavy-ion-beam—nUd?at'onv heteroge_neous nucleation, coagqlatlon, con-
driven indirect-drive target. The absorption opacity ofVection, and deposition. The aerosol dynamic equation
the tenuous lead vapor and of the lead liquid as well a§@lances the contribution from each mechanism:
the emission opacity of the resultant high-density, low- gn an
temperature lead plasma were calculated using ION-— + V.(nj) = V-(DVn) + [—}
MIX, which approximates the atomic physics by a
screened hydrogenic approximation and solves the col- an
lisional radiative equations to determine the nonlocal + {_} —V.én, (8)
thermodynamic equilibrium level populations and ion- dt |coag

H
+ —_
growth, ot growth,

homo hetero

at
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where at the correct position in particulate volume space when

describing the rate of change of the particulate distribu-

tion functionn. The two remaining parameteig,;; and

Vit, are the critical size and volume at which the con-

densation and evaporation rates of the cluster are equal.

v = velocity of the fluid within which the aerosol is Once formed, the particles grow by heterogeneous
dispersed nucleation(or vapor depositionand agglomeration, and

they experience convection due to the velocity of the

remaining vapor in the chamber. Heterogeneous nucle-

ation depends on state properties of the condensing vapor,

The bracketed terms represent the rate of change in trand the growth rate is given BY

aerosol size distribution due to particulate grow#io- on p 7\ (S— K)PuyDd

mogeneous and heterogeneoasd particulate coagula- l[_] = __<n277(_> EERMAL e AV ,:> 7

tion. The final term on the right side represents the rate atl 9t Jere a(V) 6 KT

which aerosol particles are removed from the system

because of external forces. If the external forces and the (10

resulting drag force are in equilibrium, thérns the ter-  \yhere

minal velocity of the particles. For the study presented

here, diffusion and deposition are not considered since K = correction factor for the curvature of a parti-

they generally impact an aerosol population on time- cle with diameted,

scales larger than the typical IFE intershot frequency.
At locations with sufficient supersaturation, aerosol

n = particle density distribution function with units
of number of particles per volume of particle
per volume of gas#/m3/m3)

D = diffusion coefficient from Brownian motion of
the aerosol particles.

hetero

Vol = Volume of a single molecule of the condens-

particles may condense by homogeneous nucleation. The INg Species
rate that particles nucleate per unit volume is determined F = correction factor allowing interpolation be-
from classical nucleation theok§: tween free-molecular and continuum flow
an Psat 2 /20m\¥/2 S2 regimes.
|:E:|%rowth, - < KT ) < - > ; Coagulation describes the process of two parti¢tas
omo

droplets colliding to become one particle with a volume

modZ; equal to the sum of the volumes of the initial particles.
X exp| — 3K 8 (Verit) (9 The rate of growth of the aerosol population by coagu-
T lation is given a¥®
with an 1 v
4gm {—} = -f BNVEV =VH)n(V)n(V - V*) dV*
dcrit = dt |coag 2 Jo
P kTInS -
and —f B,V )n(V)n(V*)dv* , (11)
0
Verit = T ddi , wherep(V,V) is called the coagulation kernel and de-
6 pends on colliding particle sizes and system thermo-
where dynamic propertie$?

The model used to calculate properties of the aerosol
Psat = vapor saturation pressure over a flat surfacepopulation in IFE postshot chamber conditions solves
infinite in extent(J/m?) the aerosol dynamic equation with the rates given above.
Other mechanisms, such as ion-induced nucleation, are
likely important in the chamber environment and will be
T = local vapor temperaturg) included in future work. Solution to the aerosol dynamic
o = surface tension of a condensed droplet of thefduation is coupled ‘.N'thé% gas-dynamics model that cal-
material(J/m?2) culates the state vanabl The models are (_:pnstructed
to ensure conservation of energy and mass; i.e., mass and
m = mass of a vapor atorfkg) energy are exchanged between vapor and aerosol as par-
ticles condense or evaporate. Once formed, the particles
grow by vapor deposition and agglomeration, and they
andSis called the saturation ratio and is definedSzs  experience convection due to the velocity of the remain-
P/Psq With P representing the local vapor pressure. Theng vapor in the chamber. The model also calculates vapor
delta function is necessary to place the nucleated aerosniass lost to recondensation onto the wall.

k = Boltzmann constant

pi = liquid phase density of the materigtg/m?)
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When an aerosol particler droplej strikes the cham- 3 - - .
ber wall, it can be either reflected or absorbed to som« #-Flibe Vapor Mass
extent by the wall depending on its size, velocity, and z5—— =5~ Flibe Aerosol Mass | ]

incident angle and on the wall conditions. For example

a droplet hitting a liquid surface would result in liquid 5

expulsion from the wall, the mass of which in relation to §

the mass of the impacting droplet would define the ne'g

mass reflection and absorptiécoagulationby the wall. 2 15

Detailed information is not available on the behavior of =

flibe or lead droplets hitting a liquid wall under IFE-like & -

conditions. However, it is possible to make some bound

ing estimates. For example, the assumption of a fully

reflective wall would provide a conservative illustration

of the total amount of aerosol formed in the absence o i

coagulation with the liquid wall and would show how the 25 it 150 TR e

aerosol size and number density evolve during the chan Time (us)

ber relaxation period. The wetted-wall chamber behavior , ) ) )

following ablation from the IFE photon energy deposi- F'9- 14- T'bebaerfsl|°| and Vaﬁor mass h'Storyb'I” 3'dmt']r.ag'”3

tion was analyzed under this assumption. Future work ﬁei?ofifﬂﬁngas dassuming an ablated thick-

should include experimental and modeling studies of the ’ '

effect of liquid droplets impacting a liquid wall for can-

didate IFE materialg¢such as flibe and leado help in

better characterizing and understanding the aerosol

behavior. radius case increases t63.5 kg within a few millisec-
Results of the aerosol calculations at the center reends and stays roughly constant thereafter as no wall

gion of a chamber with a flibe wetted wall are summa-coagulation(possible sink termis assumed. The vapor

rized in Figs. 13 and 14 for chamber radii of 6.5 and 3 mpressure decreases continuously because of condensa-

under the simplifying assumption of single-componenttion on the wall. A similar trend is observed for the 3-m-

aerosol and condensation behavior for flibe. The initialchamber-radius case with the aerosol mass increasing to

ablation source terms assumed for the calculati®®s  ~1.8 kg within a few milliseconds.

and 11.5um) are similar to the lower-bound explosive Figure 15 shows the aerosol particle size distribution

boiling source term described in Sec. IV.B. Heating fromin the inner chamber region at various times for a cham-

ions that arrive later in time were not considered for thisber radius of 3 m. Figure 15 illustrates the growth of

estimation. The aerosol mass for the 6.5-m-chamberparticles with time due to condensation and particle

I I 1
— 10
—&Flibe Vapor Mass
P o A =+=100
==~ Flibe Aerosol Mass —.—t_—::-::nfi 1
5[ 4 —k—1ms
E o'
N ——-10ms
=
= = h— =100 ms
2 4 % _‘\_——f““ —¥ 250 ms |
T = il 1
£ g \
= 3 = .
A g
& & o}
g 2f 2
= E
=3
N < o'k
0 1 1 |_\__‘_" B i
10 100 10° 10° 108 10 01
Time (us) Particle Diameter (um)

Fig. 13. Flibe aerosol and vapor mass history in 6.5-m-radiug=ig. 15. Example of time evolution of flibe aerosol character-
chamber following a shagassuming an ablated thick- istics in the center of the chamber following a shot for
ness of 5.5um). a chamber radius of 3 m.
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coagulation and the corresponding decrease in particlate (by 20 to 30 orders of magnitugleccurs, which
density. From these results afte0.25 s(about the time  leads to the explosive decomposition of the superheated
between each IFE shotthere are still~10° to 10'° liquid into liquid and vapor phaseglso referred to as
aerosol dropletdn® dispersed throughout the chamber spinoidal decomposition This is an area where much
volume with sizes of-1 to 10um. Similar results were remains to be learned. For instance, it is not clear what
obtained for the 6.5-m-chamber-radius case except thahe form of the ejecta isvapor, liquid droplet size, and
the particles after 0.25 s tended to be smale®d.5 to  distribution. Future studies of IFE candidate liquid-wall

5 um. These results are illustrative and do not includematerials(such as flibe and leadinder such conditions
processes enhancing chamber clearing, such as aerosok needed. For example, simulation of the photon en-
coagulation with the liquid wall, but clearly illustrate the ergy deposition in X-ray antbr laser facilities under
potential for aerosol formation and growth. Aerosol rem-IFE-like heating rates and deposition profiles and with
nants prior to the next shot in combination with the cham-he right diagnostics capabilities would greatly help in
ber vapor pressure could affect the driver firing aod  further understanding this process.

target injection, as is discussed in more detail in Ref. 3.  An additional ablation term could result from the
This is an area where there are still many uncertairshock wave imparted on the liquid film by the explosive
parameters, such as the coagulation and reflection behakeiling ejecta. Depending on the liquid and reflecting
ior of droplets of different sizes and velocities impactingwall acoustic impedances, this shock wave could be fol-
a liquid wall, and that needs to be addressed througlowed by a rarefaction wave, resulting in spalling if the
future experimental and modeling effort. net tensile stress in the liquid is higher than its spall
strength. This is another area requiring future experimen-
tal and modeling effort to help in better understanding
the behavior of IFE materials under such conditions.

Bounding estimates of liquid-wall ablation based on
explosive boiling were made for use as source terms in

A thin-liquid-film-wall configuration for IFE pro- subsequent aerosol analysis. Such analysis of aerosol be-
vides the possibility of high efficiency and renewable havior indicates that a significant amount of aerosol would
armor. Key issues include film reestablishment and covbe formed and, depending on the wall boundary condi-
erage, and aerosol formation and behavior relative to theons, could be present prior to each shot. The combina-
preshot chamber conditions dictated by target and drivetion of aerosol and vapor in the chamber at that time must
requirements. These issues have been investigated, ahd compatible with driver firing and target injection re-
key results are reported in this paper. quirements, as discussed in Ref. 3. The aerosol modeling

Analysis of wetted-wall reestablishment and cover-performed for this study relies on simplifying assump-
age indicates tha®) liquid-film stability may impose a tions, such as the assumption of a fully reflective liquid-
limit on the minimum repetition rate in order to avoid wall surface and the absence of particle slips. Further
liquid “dripping” into the chamber between shots andmodeling and experimental efforts are needed to better
(b) a minimum injection velocity will be required to pre- understand and assess aerosol formation and behavior
vent the film thickness from decreasing below a mini-for candidate wetted-wall materials under IFE conditions.
mum value dictated by wall protection requirements.
Analysis of thin-liquid-film forced flow indicates that
the normalized detachment distance strongly depends on ACKNOWLEDGMENT
the_l_:roude number anq surface c_haracteri_séties wet- This work was supported by the U.S. Department of En-
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eration of generalized charts to help system designers
establish parametric design windows.

Liquid-wall ablation is important for an indirect-
drive-target case because of the large amount of photon
energy that is deposited over a short titapproximately ) ) )
nanosecondsThe heating rates are comparable to laser 1- M. J. MONSLER et al., "An Overview of Inertial Fusion
material ablation cases from whose studies and experfR€actor Design,Nucl. Technol. Fusionl, 302(1981.
ments IFE ablation processes can be inferred. Under sucr}

high heating rates, surface evaporation and heterog%—esign Studies, PROMETHEUS.L, PROMETHEUS-H.” DOE

neous nucleation play aminor role in the boiling processgg 54101 MDC 92E0008, McDonnell Douglas Aerospace
Instead, homogeneous nucleation is the dominant prqyar. 1993,

cess. The liquid is rapidly superheated to a metastable

liquid state with an excess free energy. At temperatures3. F. NAJMABADI, A. R. RAFFRAY, and ARIES TEAM,
approaching-90% of the critical temperature, avalanche-“Operational Windows for Dry-Wall and Wetted-Wall IFE Cham-
like explosive growth in the homogeneous nucleatiorbers,”Fusion Sci. Technql46, 401(2004.

V. CONCLUSIONS
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