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Summary

Limitations on reactor pulse repetition rate and uncert%pties with
respect to assurance of first wall protection in LASL wetted-wall inertial
fusion reactor concepts, in which restoration of cavity conditions to those
required for acceptable driver energy pulse transmision following peliet
microexplosion is accomplished by exhaust of ablated liquid metal through
nozzles and protective films are formed by forcing liguid metals through
porous first walls, can be circumvented through alternative methods of
cavity clearing and protective film formation. Simpley @xploratory analyses
indicate that our modified wetted-wall concept, in which protective liquid
metal films are injected directly onto cavity walls thrcugh slit nozzles to
ensure first wall protection and are held there by centrifugal forces and
cavity clearing occurs by condensation of vapcr on film liquid not ablated
as a result of pellet x ray and debris ion energy deposition, can be
operated at substant:ally higher repetition rates. The new mode of
ope-ation appears to be attractive for heavy ion fusion, for which
constraints on cavity design options may be more severe, as well as laser
fusion. Numerical results of the exploratory analyses, plus discussion of
aspects of the new concept requiring further work, are presented.



Introduction

The original Los Alamos Scientific Laboratory wetted-wall inertial

fusion reactcr concept for commercial app]icat‘ions]'2

incluaes:

*  protection of reactor cavity first walls from damage by soft x rays and
pellet debris ions released by pellet microexplosions by thin liguid
metal (lithium) films formed by forcing the liquid metal through porous
metal liners and

* restoration of conditions (reduction in cavity atmosphere atom number
density to an ill-defined critical value) necessary for transmission of
driver (lasers or heavy-ion accelerators) energy pulses through the
cavity from beam ports to pellets without unacceptable loss in quality
(energy and focusability) by exhaust of vapor generated by ablation of
the 1iquid metal protective films through a nozzle with-a—tiquid-metal
spray condenser—gsed—toTAINTAIN @ JOWSPreEsSure downstreamof—theTozz le.

XD

Two primary pcotential shortcomings of this concep* have induced us to

examine a modification of the original wetted-wall concept:Q)limitations on

reactor pulse repftition rates an&ﬁgarriers to adaptation of wetted-wall
reictors for use with heavy-ion drivers. There is also some concern about
satisfactory long-term protection of first walls (integrity of the porous
liner over extended periods of operation).

Therefore, we have performed an exploratory analysis of a modification

of the original wetted-wall concept, illustrated schematically in Fig. 1,

that involves:

* direct injection of protective liquid metal films through slit nozzles
onto cavity fir-* walls to provide positive coverage at a throughput
sufficiently great that all fusion energy trapped 1n th cavity can be

removed as sensible heat of the liquid {supplemented—by trensfer through
the—ttrst—wads—f destred) with a modest temperature rise and

* clearing of vapor from cavities between pellet microexplosions by
condensation onto liquid metal not evaporated as a result of x ray and
pellet debris heating and removal through simple drains in the bottoms
of the cavities.



Wetted-Wall Reactoi Cavity Phenomenology

The sequence of events in a wetted-wall reactor cavit, following a pellet
micro_4plosion can be summarized as follows. Snft x~-ray photons emitted by
the expanding pellet debris plasma and the debris ions themselves, both ot low
penetrating power, deposit their energy in thin surface layers uf the liquid
metal films protecting cavity first wslls over a very short time interval. If
the films are thin, very little £usiom neutron energy is deposited in them.
Part os—a+t of the liquid metal in the fiims is vaporized, reated to high
temperature, and expands 1o fill the cavity. If the reaclor has been supplied
with an exhaust nozzle, MiPor-isCoRdGRsGL_downstream—of—tho—Roddla Lo
ma watan-the—£low, and the walls of the reactor cavity are sufficiently hot,
then vapor will leave the cuvity through the nozzle without condensing. This
means of restoration of original cavity conditions corresponds to the
postulated mode of operation of the reference wettec-wall concept and involves
extraction of fusion energy trapped in the cavity from the cavity as latent
and sensible heat of the vapor.

If, on the other hand, there is no rwozzle, but ihe cavity walls are cooled
or cool liquid metal is pumped through the cavity at a sufficiently high rate,
then the vapor will condense onto the cavity walls or liquid metal in the
protective films that was not vaporized by the pellet microexplosion. Fusion
energy trapped in the cavity is thus removed by conduction through the cuvity
walls or as sensible heat of the liquid. The latter of these two design
options corresponds to the modified wetted-wall reactor concept to which we
will devote most of cur attention.‘—ﬁ;;333c1—;—cambinaxinn_niizandugliggv_F i
t hroughthe walland—removal—as—Hauid—sensimie—haeat—could _also be used to \
extract—-trapped—fusion—energyfron the—cavity.

The temperatures required to prevent all condensatiorn of evaporated liquid
metals seriously considered for fluid wall reactor applications are relatively
high (too high, e.g., for steels) and the flow of new, cool liquid meta!
throuyh porous first wall, to form protective films is continuouc. Therefore,
the original wetted-wal) concept must 1nvolvé:?333ensation. as well as exhaust
through a nozzle, and—muct—d+splay some OF the Charicteristics—of—the—modiiied
vietted-wal1 contept-—Infact, ss—wachall-demonitrate, Condensation on liquid—
metﬂ*fﬂmnm!merbﬂhmmmm

vaper-—removal-from-reference-wettadewall cayities.




Wetted-Wall Reactor Cavity Phenomenology

The sequence of events in a wetted-wall reactor cavity following a pellet
microexpliosion can be summarized as follows. Soft x-ray photons emitted by
the expanding pellet debris plasma and the debris ions themselves, both of low
penetrating power, deposit their energy in thin surface layers of the liquid
metal films protecting cavity first walls over a very short time interval. If
the films are thin, very little fusiom neutron energy is deposited in then.
Part os—a+ of the liquid metal in the films is vaporized, heated to high
temperature, and expands to fill the cavity. If the reactor has been supplie:
with an exhaust nozzle, vapor—isCondenssd dowRstneem—ei—the—nodilato
masateia-the—flow, and the walls of the reactor cavity are sufficiently hot,
then vapor will leave the cavity through the nozzle without condensing. This
means of restoration of original cavity conditions corresponds to the
postulated mode of operation of the reference wetted-wall concept and involves
extraction of fusion energy trapped in the cavity from the cavity as iater:
and sensible heat of the vapor,

1f. on the other hand, there is no nozzle, but the cavity walls are co0’el
or cool liquid metal is pumped through the cavity at a sufficiently nigh rave,
then the vapor will condense onto the cavity walls or liquid metal in the
protective films that was not vaporized by the pellet microexpiosion., Fusion
energy trapped in the cavity is thus removed by conduction througn the cavity
walls or as sensible heat of the liquid. The latter of these two desigr
options corresponds to the modified wetted-wall reactor concept to whicq_ﬁg
will devote most of our attention. However.s—comhinalion of conductio” ‘
through—the will ard—removal—as—Hauid—penstbie—hedt-Could also beused-to
extract—trapped—fusion-erergy fron the—cavity.

The temperatures required to prevent all condensation of evaporatecd liquid
metals seriously considered for fluid wall reactor applications are relatively
high (too high, ¢.g., for steels) and the flow of new, cool liquid metal
through porous first walls to form protective films is continuous. Therefore,
the original wetted-wall concept must involve %ondensation. as well as exhaust _
through a nozzle, lM—N&HWMd
wetted=walT TONCept+—in_fact . as—wo—shall-demONSTrATE, CtOndensation on liguid-
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metat—f+imsomthe cavity—walls would probably—be—the—dumiminmtTeTartsn—tor




flow of liquid metal through the cavities is great enough that the
free surface temperature of the liquid metal remaining on cavity
walls following pellet microexplosions rapidly relaxes to and remains
at values low enough that driving ferces for evaporation become
negligible in comparison to driving forces for condensation.

For conventional wetted-wall reactor cavities, a convergent-divergent
nozzle with downstream pressure sufficiently low that flow through
the throat is sonic at all times is used.

For conventional wetted-wall reactors, condensation does not occur.

Condensation and exhaust through nozzles can be approximated as
guasi-static processes with acceptable accuracy.

The 1iquid metal protective film surface area available for
condensation in modified wetted-wall reactor cavities equals the
first wall surface area (the effects of condensatio~ to form drops,
film fragmentation, surface waves, thick films, etc., that tend to
alter surface arca are negligible and beam ports, whose cumulative
cross sectional area is only a few percent of the total first wall
area, act as vapor sinks of capacity aquivalent to liquid metal films
of areas equal to their cross-sectional areas).

Following cavity blowdown, the mass of vapor remaining in the cavity
is negligibly small (low pressures).

The criterion for acceptable driver energy pulse transmission thirough
cavity atmospheres is reduction in vapor atom density to or below a

criticg] value.

A mass balance for the vapor phase in the reactor cavities that

encompasses both conventional and modified wetted-wall concepts can be
expressed as:



(net rate of accumulation of mass in the vapor phase In the cavity) +

(net rate of removal of mass from the vapor phase in the cavity

through condensation on remaininc liquid metal in protective films) +

(net rate of removal of mass from tnhe vapor phase in the cavity by

flow througnh nozzles) = O (!
Tne second term is zero for the conventional wetted-will reactor cavitiy
model defined above and the third term is zero fo- the modified

wetted-wall mocel. The first term carn be writlen as:
" de (T
C at h

where VC' p, and t are respectively the reacter cavity volune, Uhe
uniform, quasi-steady density of vapor in the cavity, and time.

From simole ideal gas kinetic theory, tne flux @* of molecules
through a reverence plane n either direction In a pure, unmiform,
quiescent gas 1S given Dby:

-~ N
(74

RT )

0 = ToM

where K, P, M, ana T are respectively tnhe 19eal gas constan:

and the pressure, molecular weignt, and absolute cemperature of

the gas. If there is a net current ¢ througi. the reference
see T T oTRee PR EE T

plane, then the flux dgitnrOugh the plane in the direciion Gt

the current is given Dby:

Yy
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whare:

2
f(x):e'* + g [1+erf (1)] (§)
Ma\ + 2°7
L[5 “)

and f(») is greater than one for ¢* greater than zero.3 Now

6= ¢ - ¢ 7

Our model for cavity blowdown ir.cludes uniformity of the vapor phase
remaining in the cavity at al) times and negligibility of ¢ at liquid
metal film surfaces at which ~ondansation is occurring. Therefore, for
our model thé“?qzx of molecules striki:g liquid metal film surfaces is
given by: r

- r \
¢ - °4 - ?%%‘ (; )

1f we denote the fraction of molecules striking the surface that actually
condense, the so-called tondensation or accomodation or sticking
coefficient, by o, then the rate of condensation in a modified wetted
wall reactor cavity can be expressed as:

RT ¢, ) ”\,?" (4
cb = op %L " &,X )

Existing theory for estimating o is not considered reliable and
xperimental values for o are scarce, with unambiyguous measurements
pparently performed oniy very recently. Because we have no experimental
ata for systems of potiential interest for modified wetted-wall
pplications, we havz used a value of one for o, while being aware that
eported values for some liquid metal systems are somewhat lower and
sparently tend to decrease aporuximately linearly with decrease .n

aduce Ccor

anperature.l For very rapid condensation, otner effects will act to ¢

nsation rates, but by taking f(a)’;nas unity we believe that
1e above simple expression for twe condensation rate in modified



wetted-wall reactors will be conservative or at worst will not seriously
overestimate co.«densation rates.

The mass flow rate of vapor from a cavity through a nozzle at sonic
velocity is given by the produce of vapor density P and vapor sonic
velocity ar in the nozzle throat and the cross-sectional area AT of
the throat. Vapor conditions in the nozzle throat can be related to
quasi-equilibrium reservoir conditions for an ideal gas according to:

()7

2
Y+
2 \
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where the sound speed in the vapor in the cavity a is given bty
RT P
T LA I A
a J M ]‘ - \\z,>

and y is the ratio of specific heat at constant pressure cp
to the specific heat at constant volume oy for the vapor.

The expressions for the three terms in the cavity vapor
mass belance can be assembled to give:

DT =
g
aT =

\‘v
do RT S (1
LR r N AS /

et

v

]
. 7
S T E e (17)

For an ideal gas undergoing adiabatic, reversible expansion:

Ta T?' (;53'-] (19)

where the subscript o denotes initial values. Also, for an
ideal gas:

MP (lu)



The cavity vapor mass balance can therefore be tran,formed
nto a diiferential equation relating a single 1ndependent
‘ariable and single dependent variable:

—

{Q/ +] +]
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e solution to this equation that satisfies the initial
nditior:

-
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s result can be transformed into equations giving cavity
osphere pressure and temperature as functions of time:

212 N
T 100+ Gl (2N
%

number of moles m and numuer density N of vapor in the

e /D e 5t <] x

ty as a function of time can be computed using the
ective relations:

'] 2
m - :%fi \:l /\\
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The time t* required for the cavity vapor number density to

where NAV is Avogadro's number.
fall to th- critical value N* reguired for acceptable

transmission of driver energy pulses following pellet
microexplosions is obtained by inverting Equation 2© and

7"}

combining with Equation “Y to arrive at:

e T o) |
t*=[(?%‘\%*_°\) _U/eg—]/ C (‘-5}

For cavity clearing by exhaust through a nozzle C reduces to:

1 . ,
. =(L\;T‘[lx‘{ﬂ M
N v+l v+l M Ve

and for clearing by condensation C becomes:

o

(‘1 7~)

—

(RT A
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The ratio of cavit:r blowdown time for the modified wetted-wall
corncept tc that for the conventional wetted-wall concept is
simply:

: 1
| 2+ 71 [y M
wcc//cN '(}-:ﬂ' Nt & (e )

We see that, except for the factor:

& A )



which has the respective values 0.726 and 0.685 for monoatomic
(y = 5/3) and diatomic (y = 7/5) ideal gases, the ratio of
blowdown times is given by the ratio of nozzle throat area to
cavity first wall area. Because:

AplAc << 1 C’U)

i.e., typically less than 0.1, cavity clearing times when
condensation is the mechanism by which vapor is removed are
much less than when exheust through supersonic nozzles is the
mode of cavity clearing, everything else being equal. It is
also interesting to note that accorc*ng to Eq. (R¢), t*

0’
AT/AC respectively when all other parameter values are held
constant.

decreases with increase in T Po, For Y» Vc, N*, and

Prediction of the exact amount of vapor generated by a
pellet microexplosion is still problematical and the
application of our best available tools to this problem
requires considerable resources. Therefore for the present we
have parameterized the problem. The slower-moving pellet
debris ions are expected to encounter liquid metal ablated by
the faster-moving x-ray photons and deposit at least a
substantial fraction of tneir kinetic and excitation energy in
vapor. X-ray energy may similarly be partitioned between vapor
sensible heat and latent heat of vaporization. We project that
liquid sensible heat effects due to pellet soft x-rays and
debris ions prior to condensation ¢f evaporated material will
be small and therefore we neglect pellet x-ray and debris ion
energy that does not initially go into evaporation of ligquid
and heating of the vapor. The modest amount of volumetrically
leposited fusien-neutron and hard x-ray energy will play a
1egligible role in forming and heating vapor. If the partition
yetween heat of vaporization and vaoor sensible heat is
:xpressed in terms of the fraction fV that goes into
raporization and YXD represents the fusion energy release per
ricroexplosion that appears as soft x-ray and ion energy

missions by—the—expandirg—plasmiresrHtimg—from pellel-burm,
)



then the moles o of protective film liquid meta!) evaporated

per microexplosion and th temperature T_ to which the wveonor
. S » ‘-'J-,J"a 0

is heated are glvenhgyg A

- fV YXD \ i )
0 AHV
and:
: - AHV l-rv
o "'V C f
v v
aH 1-1
- __V v A
c T tor TO ))TV \ PR

where AHV, Cv' and ly are respectively the heat of
vaporizating, the molar specific heat of the vapor, and the
temperature at which the vapor is gcnerated. We use
representative average values ftor these properties. The amount
of vapor formed per pellet microexplosion can also be expressed
in terms of a vapor density:

fVYXDM (o, )

and the corresponding pressure is given by:

RT ("4‘1\

P om -2
o" M %o

For a particular commercial applications pellet design inertial
fusion reactor cavity first wall area is often scaled with

pellat yield. We have adopted this conventior, and therefore we
have:

Ac =k Yxp (3"\

e cnhendt v prgn T bty

whane & -



and, f geometric similitude is maintained when scaling, then:

32 “ v
Ve = 6 (k Y,0) (

where 6 1S a geometry factor. G has the form:

G = (3 fan)"! -

——~
W)

for spherical reactor cavities and:
— Ze)
6 - [ F ! L

for cylindrical cavities, where $ is the ratio of cavity lergth
to cavity diameter.

Substitution of these results into our expression for the

clearing time gives us:

oo [Bme) T ey O0)

where for the case of exhaust through a nozzle:

Lo \
] . —
o 2 T 2 . =\ \’i:JL v
R S | Co= () LAd
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in¢ for cavity clearing by condensation:
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* The effects of substances other ihan evaporated liquid metal, c.q.,
pellet debris, on blowdown phenomena are negligible and the vapor
composition is the same a< that of the liquid.

*  For modificd wetted-wal! reactor cavities, thermal transport through
protective liquid metal tilms is sufficiently rapid and the rate of



it can now deduce that t* decreases wit® increase \n Tv

although the effect 1s minor because typically TO

nd tH,, and Increases with increase In c . ’v’ and *“&
.4 ( 2
XD’
In order to generate specific results using tnhe preceding
heory, we have investigated the use of lithium as the

rotective liquid metal in spherical reactor cavitie<. We have

1so introduced an addiivional simplifying approximation:

ithium vapor 1s taken to be ertirely monoatomic, rather thar

11y mostly moroatomic. The values

o AHV, and y are respectively 1000 K, 25.0 J/mol K,

58 x lUb Jimul, and 1.67.

that we have used for lv,

Some results of our parameter

.udies are summarized 1n Figs. 2 and 3. The most important

iplication of these numerical results 15 a reinforcement of
ir earlier clamm that removal of evaporated protective liqui
tal from wetted-wall reactor cavities can be accomplished

¢h more rapidly by condensation than by exhaust through 4
221e.



Liquid Metal Allowable Temperature Rise and

Required Throughput and Alterritives to Lithium

In general, there are upper and lower operating temperature limits for
wetted-wall inertial fusion reactor cavities. The melting point (e.g., 459 \
for lithium) of the liquid metal used for first wall protection, plus a

reasonable safety margin, determines the lower limit,

The upper limit i< determined by cavity conditions required for
transmiscsion of driver entrgy pulses through cavity atmospheres to—padleds
with accentable d-qradation. In general, these conditions are not well
established, but are typically characterized simply in terms of estimated
upper limits on species-dependent cavity atmosphere atomic number densities.
For, e.g., lithium cavity atmospher=2s, the estimated critical atom number
density for acceptable transmission of COzlaser light pulse~ of wme pulse
durations (~ 1 n;) and total erergies (~ 1 to 10 MJ) required for commercial
applications is estimated at lolslrm Acceptable focusing and propagation
of heavy ion pulses through cavity atmosphers may be possible only for numbe

]‘/ , which corresponds to ~ 1 §: torr cavity

densities as low as 10
atmosphere pressurcs. Thus, an upper limit on cavity operating temperature is
determined by the vapor number ¢ .sity in thermai equilibrium with liquid
metal leaving reactor cavities. . ‘ractice, the protective film liquid must
exit cavicies at somewhat lower temperatures.

Experimental values for Li and Liz partial pressures and derived total
Tithium itom number densities in equilibrium with the liquid are displayed in
Fig. 4. Thus, the inlet temperature of lithium used for first wall prntection
in wetted-wall inertial fusion reactor cavities must be greater than ~ 510 K
(the melting temperature plus ~ 100 K). Its outlet temperature cannot exceed
~ 810 K (the temperature corresponding to an equilibrium 1ithium atom vapor
number density of |015/c£5m1nus ~ 100K) if a CO2 laser driver is to be
employed. If a heavy fon driver is to be accomodatec and the critical number
density 1is lolzlcﬁs. then with a 100 K safety margin, the 1ithiumn out'et
temperature



would be = 525n, In the C02 laser case, the permissihle temperature rise of
the lithium s thus ~ 300 K, whereas, unless one or both of the safety marqins
are reduced, the allowable temperature rise with heavy ion drivers is
discouragingly small, i.e., only -~ 15 K. The large liquid metal circulation
rates implied by such small temperature rises mean large pumping power
requirements

The above result fur heavy ion drivers 1s one reason why the use of
alternative liquid metals with lower vapor pressures than lithium in the
temperature range up to = 100U K are being considered for first wall
protection n wetted-wal)l reactors adapted for use with this class of
grivers. The liquid metal 1n fluid-wall reactors that employ thick layers to
reduce neutron, as well as x ray and ion, damage to first walls must stall
contain lithium for tritium breeding purposes. Thus, severely restrictions nn
the choice of protective liquid-metal systems in ssuch reactors. The thin
protective liquid—ietal films in wetted-wall reactors need not breed tritium
and tnerefore any liquid metal suitable on other grounds can be used for first
wall protection in this class of reactors. Furthermore, while the blanket
must breed tritium to close the tritium fuel cycle, the blanket need not
contain a liquid metal and can operate at substantially different temperature
and pressure levels. Even if the low cavity vapor density requirements
currently projected for heavy ion drivers prove to be unnecessary, the
separation of first wall protection and tritium breeding functions could turn
out to be imnortant for successful commercialization of inertial fusion with
laser, as well as heavy ion, drivers.

Even if 3dllowable temperature rise considerations are not significant for
d particular liquid metal, higher operatiny temperature levels can result in
rore efficient utilization of fusion energy and, e.g., less expensive electric
power, {f the cost of materials required for alternative liquid metal
coniainment and circulation at higher temperatures are not excessive compared
to lower-temperature operation with 1ithium. Favorable characteristics of
l1iquid metals for first wall protection in wetted-wall reactors, in addition
to a large allowable temperature rise and a low melting point, include high
liquid thermal conductivity and specific heat capacity, low liquid viscosity
and density, low vapor specific heat and high ratio of vapor



specific heat capacity at constant pressure to specific heat capacity at
constant volume (e.g., monoatomic rather than polyatomic vapors), and a hig
molar heat of sapor ‘.ation. The liquid properties determine heat transfer an:
transport characteristics and pumping power requirements. The remaind&rt) rv
affect cavity clearing times and hence reactor pulse repetition rate.

Alternatives to lithium that have been suggested for use in wetted-wall
reactors include various lead/l1th1um mixtures (e.g., 83 at “, lead, MP -
533 Kk, 107 -4 torr vapor pressure'! K), the lead/bismuth eutectic (-~ 44 at .
Pb, = 398 K, ~ 860 K), and tin (- 505 K, = 1090 K). In general, tnes:z
alternatives exhibit physical property values that are less favorable thar
those of lithium, e'cept for higher upper operating temperatures, resulting 1
higher pumping power requirements, less efficient heat transfer, and slower
cavity clearing. In particular viscosities and densities of the liquid arv
greater, liquid specific heat capacities and thermal conductivities are lower,
vapor specific heat capacities are higher and molar heats of vaporization are
lower. Melting points for some of these aiternatives are only moderately
higher than for pure lithium, while for others, melting points are
substantially lower. Thus, theﬂlower'operating temperzzbre ]}mitﬁ and
allowable temperature rises for %Bese liquid metals in wetted wall reactor
acvities are acceptable.

The throughput of liquid metal required to remove all pellet energy
release and neatron interaction energy trapped in reactor cavities can be
expressed as:

» e vYq (4»1 )

where 6, Q, YT' CLv P and ATA are respectively the mass and volume
throughputs of liquid metal, trapped energy per pellet microexplosion, tre
specific heat capacity and density of the liquid, and the mean rise in
temperature permitted the liquid in passino through the cavity. For example,
for a 200-K temperature rise in a wetted-w. 1] cavity operated at 10 hertz and
trapping 50 MJ per pellet microexplosion in the cavity with 1ithium (with

= 0.494 glcm ~at—the—temperabure and an average value for cL of
4“)8 J/gK) as the liquid metal, we have values of 399 kg/s and 0.81 m /s
respectively for hm and V. Neither of these values is particularly large.



Hydrodynamics and Stability of Protective
Liquid Metal F'lms

The hydrodynamics of protective liquid metal films that are bombarde:
with pulsed radiation of both limited (soft x rays and pellet debris ior.’
and substaniial (neutrons and hard x rays) penetrating power wil) be
complex. Pulsed near-surface soft x-ray and pellet debris energy deposition
resulting in surface ablation, followed by subsequent condensation, pulseq
nonuniform hard x-ray and neutror volumetric energy deposition that may
generate significant shock waves, and possible vibration of cavity first
wills wiil act to disrupt such films. Centrifugal forces (when first walls
are curvec¢ in the direction of flow) and forces developed by ahlation,
condensation currents, and high gas pressures during part of cavity crcles
may aid in preserving the films and forcing them to re ain on cavity walls.
Jur present understanding of the complex pne:omena involved and available
resources no not permit accurete analysis of film flow under these
conaitions. Therefore, we have concentrated on ana'yses of what is required
to completely restore the films, assuming complete disruption, between
successive pellet microexplosions and to pruvide the thermal enerqv transport
capacity required to remove nellet x ray, debris ion, and neutron energy
trapped in reactor cavities. In the procesE’various details of steady film
flow have been examined by analyzing a simple mod: | of the flow. We have
confined our attention for the present to spheri al reactor cavities with
tangential, downward injection of liquid metal through horizontal,
circular-slit nozzles located at specified angular distances from the top
(upper pole) of the cavities. The injected liquid meta) exits through drains
in the bottoms of the cavities.

As we discuss in a subsequent section of this report concerned with
protection of injection nozzles and admission of laser beams and recoverage
of cavity walls after e¢ach microexplosion, we consider it likely that
fnjection nozzles at only a single location will not be satisfactory in all
instances. In addition, other cavity geometries, especially cylindrical, may



also be of interest. If vertical cylindrical cavities are of interest, the
only way to use centrifugal force to aid in holding protective films on first
walls is to inject fluid in a tangential partially horizontal direction,
whereas with horizontal cylindrical cavities, directly downward injection can
be used. However, at present we do not have definitive results to establish
the importance of the contributions of centrifuga) fo-ces to satisfactory
oper “ion of the concept and may be quilty of overemphasizing their
impo) .ance. In any event, film flows in cavities with different geometries
and with multiple injection nozzles involve the same basic ,rinciples and can
presumably be attacked by the same methods.

Our analysis of the protective liguid-metal film flow in modified
wetted-wall reactor cavities is based on a number of simplifying assumptions
and approximations:

* The film flow is everywhere fully-developed, turbulent, steauy, anc
one-dimensional. In particular, the distance in the direction of flow
from the injection nozzle required for change from the turbulent velocity
profile in the injection no2zle to that of the wall jet is small and/or
the difference between the two is small. Also, second-order effects due
to changes in flow path width, curvature of the reactor cavity first
wall, and slowing down and thickening of the film along the flow path are
neglected. Changes in flow path widtn, except where diversion around
beam ports, which we will discuss later, is required, may not be a
significant consideration for cylindrical cavities. Effects of curvature
of reactor cavity first walls on film flow will not generally be of much
concern for the thin films under consideration.

*  Friction factors and velocity profiles derived from pipe flow experiments
can be ad»pted to accurately predict wall jet friction factors and
velocity profiles.

*  Shear stress at the free surface of the film can be neglectsd, a very
good approximation when vapor densities are low.



* (hanges in important, physical property values &lona the fiim in the
direction of flow can pbe reglested, e.a., pecause the film s very nearly
isothermal during the portions of the reactor cycle for which the
analysis is intended to be aoplicable, or, alternatively, the use of
representative constant average values of the physical properties will
not introduce unacc.ptahie e ror into the analysis.

The geometry of the model 15 i'lustrated schematically ir Fig. 5.

A simple, but accurate, fully-developed, turbulent, time-averaged
velocity profile model based on the results of pipe flow experiments‘was
adapted for the present wall-jet analycis by substitution of the film
thickness for pipe radius:

X RL Y i
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where v(x,e), vM(e). é(e), and "(NRJ(O) are respactively the

time-smoothed velocity parallel to the solid surface as a function of
distance x from the solid surface ana anguiar oosition @ from the upper pole
of the spherical reactor cavity, the angular pesition-dependent (or local)
maximum film velocity (at the free surface of the film), the local film
thickness, and the so-called flow irdex, a function of the luca! film
Reynolds number NRe(e), defined as:

N(”_Tpgqq K%q\
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where(ﬁ{ is the kinematic viscosity of the liquid and v’q} is the angular

position-dependent time-smoothed &verage (over the film thicaness) velocity.

Some values of the function n(NRe(o)) are listed in Table [ . ¢

The correlation: Q\b“w (b
Ppr

£2(6) = 0.8686 1n [zéo)(ﬁ%-



0.8686 1r. [1 + 4.64 e N, (o) f'/%(6)/4(0)]) + 1.14

= 0.8686 1In [6(0)/8] - l‘\,_.f_L_/, «.\r"kh’
o /2,
0.8686 In [1 + 9.28 nL/ev(e)f (e)]+1.14 (* ¢ !
for ~iction factor f(e) as a function of Reynolds number, film
th and equivalent sand roughness e was adapted from a very accurate
empi. al correlation for flow in artificially roughened pipeseby replacing

pipe radius with film thickness. The equivalent sand roughness can be
interpreted as a height characteristic of so.id surface roughness elements
and 15 obtained for pipes constructed of a specified material by



comparing experimental friction factor values for these pipes with those
measured unger 1dentica) conditions in pipes artificially rougrened with sana
particles of known, uniform si1ze attached to the pipe walls by adhesives.
Representative values ot e for common pipe materials of construction are
listed in Table 11.

Mass conservation for the 11Qu1d metal protect ve fi1im Can L3> expresses
in the form;

(local flow patn wiatn)(local f1lm tnickness}(local average velaci1ly ! =
(constant)

or:

[Z'Rs‘n(e)][6(9}][o£7(6)]=L::F s]n(eo)d(eo)ait(go)] (4 7!

where the subscript O denoteS conditions at the point ot injection of +#
film ang L l1quid density. Conservation of momentum 1n rhe direction
of flow for an element 0f fi1lm lying betweer the angular positions 0¥ e and
846 r.an be formulates as: -

(net rate of accumula:iion of momentum within element) +

~

(net rate of convection of momentum from element) = [+ = )
(summation of forces acting on fluid «ithin element)

Because the flow, although a function of anqular position, is steady, the . £{}
. i B ——~~ ATy
first term in thi1s momentum balance is zero. The selind term 00 the/fT;ht %

hand side is given by: B
T A“"-»u,

.
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2R s1n¥(o)_§0 va(o.x) dx
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5 6(0);’3
2R sin (o) 0 (BLV (0,x) dx\i

The forces acting on the fluid within the element are components of the body
force gravity in the direction of flow that acts throughout the element to



drive the flow and the surface friction force which acts at the film/first
wall boundary to oppose the flow. These two forces give rise to the
respective terms:

[pg sinﬁ(o)] (208 $1ny(6) (o )Ra0] | .. so/2 L[S0 )
— —:/’4
and: A}u{"‘{ A"’j}."”‘f" L hr“’,L/{L
1&2!R sin“(e) Rae] Etw(e)] ,9 + pe)2 < o

on the right hand side of the momentum balance, wherc g is the acceleration
of gravity and'tw(e) is the local momentum €iux or sheer stres, at the
fluid/solid interface. Combinatiun of the various terms, rearrangement, and
the taking oi limits as approaches zero results in.

E% i;sin (e)_fos(e)szi?,x)dx j
P khm.ii iy

= g R sinz‘(o)a(e)—-B unhe)fw(e)j
oL :

b

for the momentum balance.

The integral in the preceding equation can be evaluated as follows.
First we note that:
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The variation of the function of n(NRe(o)an the right hand side of t 1is
relation with variation in NRe(o) is also indicated in Table 1. We see
that this factor is very nearly constant and that setting it equal to a
representative constant value K represents a useful approximation, which we
have adopted, that will not introduce significant inaccuracy into the
analysis. Also, by definition:

— - g
- w(e) = [1/2 o V2 (e)] [f(e)] ( €]
Thus, we have approximately for the momentum balance:
2 [sin (0) se) V¥ (0)] = K sin’(e)s(e) -
G
N e T T
o a sin*(e) ¥¥(e)f{e) (57

where f(e) is obtained by solving the friction factor correlation. The
continuity equation can be used to eliminate &(e) from the momentum balance
and the fraction factor correlation to give respectively:
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then leads to-
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A FORTRAN computer prcgram called LMFILMS has heen written to inteqrate
this differential equation using the fourth-order Runge-Kutla metho’.
Newton-Rapheson interation is used to solve the friction factor equatior.

The output of the program includes local film thickness, average velocily,
Reynolds number, friction factor, and time for a fluid element travelling at

the local average (across the film thickness) velocity to move from the

location of the injection nozzle to any angular position as functions of

angular position on the first wall. The sensitivities of protective film

flow characteristics to variation< in reac.or cavity radius, injection

velocity, initial film thickness, location of the injection nozzle, and the ///
roughness of the first wall surface have been investigated for lithium at ,£~
600 K (nL = 0.006895 cmzls). Some results of these parameter stud.es

are presented in Figéy é;jy . "1t must be recognized that at <cme point near

the bettum of the spherical cavity as the film becomcs very thick and the

liquid metal mcre properly viewed as constituting a shallow pcol, the model

used in the analysic is no longer valid. However, it should also be

recognized that at tnis pnint film stability, first wall coverage, etc.,

probably are no longer in doubt.

The injection velocity required for complete reformation of a protective
film over thc upper portion of a spherical reactor cavity Letween the angular
position of injection eoand another anqgular position e following each
pellet microexplosion can be estimated as follows. We approximate thc film
flow during the reestablishment period by the fully-developed, steady flow
described above. The angular distance travelled by a fluid element moving
everywhere at the local average film velocity in a time equal to the fraction
f“ of the intermicroexplosion time 1/v available for film reestablishment
is given by:
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The function ™ (o) is}plotted in Figf. €= . An upper bound on the

anqular distance over which the film is reestablished during the specified
fraction of the period betu;;n pellet microexplosions can be estimated rp O
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However, as noted previously:
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and the value of the factor containing n(NRO(e)) varies py only a3 tew
pe. cent from 0.9 in the Reynolds number range of interest. Thus, the upper
bound differs from the more conservative estimate by only about 10,

The question of stability of protective liquid metal films perturbed by
pellet emissions in modified wetted-wall reactor cavities will be extremely
difficult to answer using present theory and computational tools. Resort to
experiment will probably be necessary. We are not concerned here with more
familiar instabilities such as transition from laminar to turbulent flow,
free surface waviness, el ., and have no doubt that first wall coveraje can
be maintained with films of the type under consideratinn provided they are
not perturbed. Instead, we are interested in whether or not the films wil)
separate from cavity walls and fragment as a result of the impulses generatcd
by x-ray, pellet debris ion, and neutron energy ueposition, ablation from
film free surfaces, and wal) vibration. We have already listed the forces
that may aid in preserving film integrity. Undisturbed films become very
thick at the bottom of spherical cavities and we do not expect complete
disruption of the films over the bottom portions of spherical cavity first
walls. If any portion of the first wall is uncovered by pellet
microexplosions, then the protective film in this region must be



reconstituted before the next pellet burn if excessive rates of damage to the
first wall is to be avoided. If recoverage of the entire first wall is
required after each pellet microexplosion, then the results in Fig. GE;;7§;’
indicate that undesirble limitations may be imposed on reactor pulse
repetition rates unless multiple injection nozzle locations are used. In
addition, severe fragmentation of protective film liquid or condensation t:
form droplets could rasult in formation of an aerosol that is difficult to
clear rapidly from reactor cavities, This latter possibility, which has a-
yet not been investigated in a definitive way, is common to all fluig-wall
jnertial fusion reactor concepts.

However, we are optimistic that the fast-moving, relatively thick film.
under consideration will he relatively stable, especially over the lower
hemisphere of spherical cavities. We also recognize that probably only
experiments can definitively confirm this view. We al?p“feel that rapi!
condensation on first walls and other structure that 15 maintained
sufficiently cool, but exposed by film disruption, may also reduce the
necessity for complete recoverage after every peller microexplosion,



YABLE 1: Reynolds number (NPC) dependence of turbulent flow ndex (n)
for pipe flow.
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N “ n ol ?
be n N+ /)
4 6.0 1.0200
23 6.6 1.015Y4
110 7.0 1.0126
1100 8.8 1.000
<00V 10.0 1.008 1

3200 10.0 1.0083



Table 11: Equivalent sand roughnesses (e) for some pipe
materialc of construction.

Material e (cm)
Polished metals 0.000
Commercial steel or wroight iron 0.005
Asphalted cast iron 0.012
Galvanized iron 0.01%
Cast iron 0.026

Smooth concrete 0.030



Centrifugal Accelcration and Pressure of Falm

in Spherical Cavities

Neglecting gravity and second order effects due to the
inge in velocity, thickness, and flow path width of the film
.1 distance 1n the direction of flow, the magnitude of the
celeration imparted to a fluid element as it is forced to

low a curved path 1s;

ii%ﬁl). .
the pressure at any point in the falm 15 given by: e
pﬂ'JLhN;DJ " AT r2\
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-he pressure at the free surface is taken as equal to zero

onzero pressure at the free surface 1s acditive), where «x

.he distance through the film from the solid/fluid

wface, The pressure at the pipe wa]lHPw(o) is therefore:
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\s an example, 1f v (&), &8{(e), K, and o are respectively 100U cm/s,
Yem, 2 m, 0.5 g/cmj. and n(NRe(o))\s 10, then the acceleration at
he free surface is = 5.5 G, bul P,(e) 15 only ~ 4.3 x 1077 atr.



Nozzle Design
v

Alitroogh e are not yet 1n a position to ascertain the wmportance of
influences of the initial velocity and pressure distribut\22;~j?kdﬂge(m{qsoagi L
the injection nozzle, on such significant characteristics 0f~]1qu10 metal
films used—a modified wetted wall inertial fusiom—reactor—taviites—tor
proteciver—f first walls and remowal of trapped—seft—x—rey—end pollet debmre
enemgy as uniformity, stabrlity, abiiity to split the flow around beam ports,
etc. However, uniform exit pressures (outside of thin boundary layers) anu
negligible secondary flows are probably desirable. Large discharge
coefficients (ratre of mass fiow rate to mass—fiow rete throvgr—ean—iden )
nozzle that expands-ap Ademticatworkmg—otoTrom THE Same Trrevel
conditions to the SIME BXTt—preseure) are also clearly desired for
minimization of pumping power. The noz2le geometry required for injection of
liquid metal films into wetted wall reactor cavities 1S unusual - they must be
in the form of long, narrow slits - and only recently has design of such
nozzles received much attention. In addition transition from a circular
condurtl to the planar nozzle geometry is of concern.

The four nozzle configurations depicted schematically in Figure-7 have
been examined recently in a series of experiments designed to permit rating of
them on the basis of uniformity of flow, turbulence intensity, total pressure

loss, and discharge coeff\'cient.1

Table I1l is a summary of the resultant
rankings and experimental discharge coefficient values are presented in
Figure C.. Nozzle geometries A and C both appear to be superior to nozzle
geometries B and D and to have acceptable characteristics. However, a few
words Of caution are necessary here. The experiments whose results are
summarized here were performed at low Reynolds number values (for slit lengtt
the characteristic dimension, 3.4 «x 103 to 2.5 x 104). whareas nozzle
Reynolds number values of interest for the present application may approach
108. On the other hand, the experimental discharge coefficient values
appear to approach asymptotically constant values as the Reyrolds number

increases.



A further concern is erosion and corrosion, which generally increase witn
increase in velocity in liquid metal flow loops, of nozzles. Periodic
replacement of nozzles may be required and designs that permit inexpens.ve
(low mainterance costs) and rapid (short downtimes, if replacement during

necessary shutdown for other scheduled maintenance is not possible)

replacement may be essential.



TABLE & Rating of ™az2'e (cnfigurations

Nozzle Characteristics Quality

Best Fair Worst
Uniformity of flow £ AL, U ---
Turbulence 1ntensity At ( ——--- )
Total pressure l0ss$ B AL D

Discharge coefficient A, ( v b



PUMPING PUwEK REQUIRED FOK CIRCULATION OF .1yl

R

The steady-flow mechanical energy equation for the external portion cf
the liquid metal circulation system depicted schematically 1n Fag. Ca car
be expressed n the form:

- /
b a. v
r .
n P -f.nrlph .r.n‘—b * g2 * ._cﬁ.,'_’“___¢ T
PP ¢ p Lo, o ( f
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where np, wWp, 2, a, v, he, and Pp are respectively the pump ettiCiengy
(for co%verzlon of electrical power anput 1ni - flow energy;, actual pur;
work per umt mass, height above a horizontal reterence plane, velooit,
factor (ratio ot v\ to Vy), local average velocity of tne flowing liguic
conversion of tlow energy 1nto nternal energy by viscous forces (fractyror
loss) per unit mass flowing through the external portion of the (ircuirt, an:
the actual pumpiny power requirement and the subscraipts A, B, and ¢ derte
the wndicated stations around the flow loop. The statron ( vy ioceted at
the vena contracta of the ingectyon nozzle.

The friction loss in the external portion of the flow loop can be broxen
up Into a variety of terms:

" ()



where ( and U are p pe length ang diameter, k 1S A So-callec resistar, «
coefficient, and the subscripts P, B, CE, Fv, and HX reter respect veiy t:
pipes, bends, contractions and expansions, valves and otner fittings and the
heat eachangers. Typical valves ofgﬁp are -~ 0.85. - - i _*Clwlj AP N

The velocity 'n the vena contracta of the injection nozzle can be

relatea to the presure drop across the nozzle accoraing to:
/)". Ly

v “yoU Le 9i2g=20 )t (Pp=Pc)vage vy |

where hy 'O tne restistance coeftrcient of tne nozzie. Tniy relatioe

results trom a mechanical energy balance across the noszle ot the same ty;n
L)

as tnat for the external pa: 't of tne flow 100p. bBecause A( <« ABQ(Q\

tnat v, << v _, stations b and ( are close togetner:(so that 7~ IA.

i
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ans F o must be very low, the preceding eQuation becomes:
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where Lb 1s the discharge coefficient (maxymum value ~ 0.9) discusses ar.

tne preceding section. Also:

v =rv(eo} A
so that:
V(o) | -
P~ oL v 00 ( 7-} 3
8 D

We further simplify our analysis by introducing a number of additional
assumptions and approximations:

0 The external portion of the liquid metal circuit is generously sized so
that the friction loss per unit mass in this portion of the flow loop
can be neglec:ed.



o The veloCity at stations A and £ are eitner low enougr tc De negielle:
or differ negligibly.

o The nozzle outlet correspords to 1ts vena contracta.

0 Neglect of variationy n ligquid properties arounz tre flow Joop will n

introduce significant error,

In aggition P i

must be very srm: These assumptions and approxi~atior .

A
allow us to write:

"Pb ( X
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L
Then we let: .
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Z, -2, = /F *on

where H 5 large enough to accommudate a blanketl and necessary roor tor

pumps, pipe bends, etc, combination of these results with Eg. 7% reculty ar:
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We also recall that:
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wWe see that the effects of increasing P, ON PD are minimized by / P
minimiz2ing K and H and that reducing m reduces Pp. Both/K; and CU
are, for practical purposes, fixed.

As an example, f we use lithium as the protective liquid metal . }\

v

p

(pL = 0.494 g/cm3}, use the recommmended va'ues 10r CD (0.9) and/N
8{e ), vie_), R and H be respectively 150. 2 cm,

(O.8%), ang let e _,

0 0 0 3 i
20m/s, 2 m, and 6 m (givino V = 1,30 m7/s anu m = 643 kg/s), we obtain [
- (.26 Mae. By way of comparison, the above parameter values mignt
correspond to a 5-hertz reactor with 150-MJ yield pellets whose gross
tnermal power 15 at least 750 Mwt. Tne corresponding electric power Oulp.!
would typically exceed 250 Mwe. Furthermore, 1f the required increds n
v(eo) with 1ncrease n pellet yield, and hence with R, 15 not excessive,

then because R inCreases approximately as Y”z

a symilar ratio ot power
consumpt-on for liquid metal circulation to power prodiction per cdavily
woulg be representative. Power consumption becomes a more signifacarnt
concern if the use of much high atomic numher liquid metals is contemplate.,
for not ¢nly are they generally considerably more dense, but also typircally
have cubstantially lower specific heal capacites so that ciarculation at o
mucn agreater mass rate for tne same duty may be necessary. By way of
example, if the protective liquid metal were Li2 Pb; and the allowab le
temperature rise remained the Same, we would have oL ~ 10.5% g/cmj

instead of - 0.5 g/cm> and ¢, = 0.155 J/gK instead of ~ 4.2 J/gK, s

that m would Save to be ~ 570 times as great if the circulation rate were
determined by thermal transport considerations alone with no transfer
through walls. However, the flow rate assumed above for lithium is almost
four times that required for thermal energy transport. Also, because of
much higher density, the required volume flow rate increase is less and
pressure drops through nozzles depend on volume flow rate squared rather

than mass flow rate and on density only to the first power.



Prctection of Injection Nozzles,
Splitting cf Fiow Around Beam Ports, Etc.

The injection nozzles (and any other equipment that must protrude into
wetted-wall reactor cavities) must be protected from pellet soft x ray and
debris ion emissions. In addition, the protective liquid metal film must be
pierced by openings for passage of driver beams and some [irst wall structure
requiring protection could be exposed in forming these openings. The—dattesr—
set--0f design pFab]ems Te—rommen—te—gd—FITIn Inertial YUsTon—sedctor
caﬁcepts. We do have some ideas for protection of injection nozzles. Assured
protection of small areas by controlled seepage of iiquid metal through porous

walls is believed to be easier than similar protection of large areas. Thick
sacriticial shields could be used over small areas and these small areas could
be designed for convenient periodic changeout.

The types of liquid metal films under consideration for first wall
protection in modified wetted-wall reactor concepts apparently will place som:
restrictions on location of driver beam parts or at least make design for
arbitrary placement more difficult. A substantial degree of uniformity of
illumination may be required for commercial applications pellets, although
this has not yet been established and current trends are away from
uniformity. On the other hand, sheer bulk of beam i -‘~<port and final
focusing equipment for some drivers may force spreading out of beam ports.
This s+tuetien +s—common to_all fluid-wall inertisd—fuston -Teector—concopts.
If complete reformation of protective films after each pellet microexplosion
is necessary and cavity sizes are such that this cannot be accomplished by
injection nozzles at only one location, the use of multiple slit injection
nozzles may make design for relatively uniform illumination easier. 1f beam
ports can be clustered in a vertical linear array extending from reactor top
to reactor bottom, then simple raised 1ips, which will, however, require some
protection, can be used to kecp film liquid injested—fnr protestton—of—otier
reastor—firet—wallaraas from intruding into heam tubes. If only a single
location for protective film injection at the top of a reactor cavity is



prcvided and diversion around beam ports is required, raised lips and
auxiliary vanes (which can perhaps be submerged) are sugrasted for splitting
and rejoining of the films.

The solutions suggested above to the perceived problems of nozrle
protection and provision for driver pulsed energy injection are clearly only
conceptual in nature. However —thESP PrOpPOSEd solulions are Stmtrar—hrxind
and -degree-vP TEVETOpment to soTutions To thE SamTrassof—destgn—protien:
for other 4iutd-wali—inerttret—fusTomTEITtOT TONCEPLYS “tirat—have—bern

adveneed: Nonetheless, considerably more study of these problems‘rw\ll
probably be required. e,
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Closure

A modification of the original wetted-wall inertial fusion rector

concept for commercial applications (ig which restoratigon of caviiy—
__:ETEEBESIS_LQDAJLiOax-iDllnuingwaejleL.microexplosions 10 those—required -fur
dtl:er energy pulse transmission to targets with acceplebte degradatrom s
accomplished by exhaust ot vaporized liquid metal u.ed for Givrty €1rst wal!
pratection through a nuzzle.and the—4quid METAT TiTms are formed—by—<orcing
the_ liquid-metal-throvgh—oporeve first wall) nas heen described. The
modification (in which cavity atmeospherc restoration is accomplished hroun.

condensation and first wall coverage by injection through st noz:sles)
offers a number of potential advantages when compared to the original
wetted-wall concept, including:
* assured reactor cavity tirst wall prolection;

higher reactor pulse repetition rates;
* separation of blanket and farst wall protectiyon functions;
* replacement of a supersonic nozzle and condenser by a simple dvain; and
* adaptability for use with heavy-ion drivers,
A number ot the topics that must be considered in establishing the technica)
and economic viability of our modified wetted-wall concept have been
addressed with favorable results. Thes include:
* cavity clearing times,
*  pumping power requirements;

*  first wall recoverage time;

" falm thicknesses;



. protectyon of exposed structure and diversion arounc bear norts,

*  film stability,

- thermal energy transport requirements

d neutron kinet:c and 1ateraction energy deposition in the tilms, and
o :

* cengrltuga? forces actaing to kep the tylms on cavity wally,

fawever, there are additional questions, some common to all fluid-wall

inertial tusion reactor concepts and OthO;'DECu]ldr to our new concept, that

must be answered 1t viability ot the new conceptl 15 to be contayrmed. For

example, we must develop:

» theory or experiments Lo characterize possible film fragnentation and

v Laerosol tormataon;

’ a method for specifying the extent of tirst wall recoveraye required

atter each pellet microexplosion;

* experiments or more accurate theoretical methods for determination of

cavity clearing times,
* solutions to potential corrosion/erosion problem,;

*  designs for prntection of exposed structure and diversion of films
around beam ports;

* theory or experiments to better characterize the energy partitinn€ and

* th: tools t) examine various aspects of reactor/driver interfaces,
pelict injection and tracking, etc.



in mdified wetted-wall reactors. The required degree of uniformity of
pellet illumination also needs tu be definitively established.
We have not yet begun the difficult optimization process that would lead

to selection of a protective liquid metal and va-Ms_m.,_a..g_._I/,ab.)., o’y

afvbi. Ly f—¥r—sLl,, that would result in the minimum cost of, say,

production of electric,power using inertial fusion energy sources. The
Yie~alav (J.;-.J;LI A .
optimum set of p 5,will, in general, be different for different
drivers, energy conversion cycles, etc., and the;ﬁl_oiw*&$uee—eenthkyug»
oplimum will undoubtedly change substantially as our lIrvel 0f understanding
of modified wetted—wa)l cavity phenomenology increases. The effects of
g r Y LIS SE VN RO Vi PP I
changes in-v»Lu;j:oﬁ-4JnH-'1unwmuﬁ3£§ will extend throughout a fusion power

plant and therefore a major systems study will be required for optimization.
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of angular position for various initial film thicknesses withn
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Film thickness, reformation time, and average velocity as functrone
of angular position for various initial film thicknesses with
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Film thickness, reformation time, and average velocity as functions
of angular position for various initial film thicknesses with
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Nozzle geometries whose characteristics have been investigated
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Experimental discharge coefficients as a function of Reynolds
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