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Summar y

Limitations on reactor pulse repetition rate and uncert%pties with
respect to assurance of first wal)l 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 pellet
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 mzthods of
cavity clearing and protective film formation. Simpley @xploratory analyses
indicate that our modified wettecd-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 corcept requiring further work, are presented.



Introduction

The original Los Alamos 5cientific Laboratory wetted-wall inertial
fusion reactcr concept for commercial applicat'&ons]'2 incluaes:

protection of reactor cavity first walls from damage by soft x rays and
pellet debris ions released by pellet microexplosions by thin liquid
metal (lithium) iilms 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—tieuid-metal
spray condenser—ysed—to MaINtain @ JOwWSpressore downstreamof—theTozzle.

iN'D

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

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

reactor pulse reps/tition rates an agarriers 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, illustrateu 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 n th cavity can be

removed as sensihble 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 meta)l 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 Reactor Cavity Phenomenology

The sequence of events in a wetted-wall reactor cavity following a pellet
micro.s«plosion can be summarized as follows. Soft 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 walls over 2 very short time interval. If
the films are thin, very little £usion neutron energy is deposited in them.
Part os—at+t of the liquid mnetal in the fiims is vaporized, heated to high
temperature, and expands 1o fill the cavity. If the reactor has been suppliad
with an exhaust nozzle, va5or 15 Ccondonssddownstream—of—the—Rodila Lo
ma vatair-the—£low, and the walls of the reactor cavity are sufficiently hot,
then vapor will leave the ccvity 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 ozzle, but the 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 ihe 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 wettued-wall reactor concept to which we
will devote most of cur attention.‘_ﬁ3;333c1—4—cambinaxinn_nfizandugli;;-_F
t hroughthe walland—removal—as—Hauid—sensimie—bhaeatcould also beused to
extract-trapped—fusion—energy—fron -the—cevity.

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 continuous. Therefore,
the original wetted-wal) concept must 1nvolvé:?333ensation. as well as exhaust
through a nozzle, and—must—dteplay come OF the Charictertstics—of—the—modified

nettedawu11"EUnceptT—-4n_£4c1,_§s-ua_shaJ4—dcmUﬁttF]tET“tUndeusaLinn_nnﬁlinuhi-

me tat—fHms—omthe Tavity-walls _would probabiy-de—tho—domimantmecareom—for
vapar-removal-from-reference-wettadewall cayities.

_.__-f-/l



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 £usioa neutron energy is deposited in ther.

Part oe—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
masataia-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 conditiors 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 a5 iater:
and sensible heat of the vapor.

If. on the other hand, there is no nozzle, but the cavity walls are coclel
or cool liquid metal is pumped through the cavity at a sufficiently nigh ravs,
then the vapor will condense onto the cavity walis or liquid metal in thy
protective films that was not vaporized by the pellet microexp:osion. 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 whmch_!g
will devote most of our attention ‘-Tiiiﬁﬁuapa—cnmblnaiﬁnn_ni_cnndugj_p'

t hrough-the will-ard—removal—as—Hauid—senstbie—heat-Lould alsa be-used.- to
extract—trapped—fusion-erergyfron the—ecavrty.

The temperatures required to prevent all condensation 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 metal -
through porous first walls to form protective fiims is continuous. Therefore,
the original wetted-wall concept must 1nvolvé"€333ensation. as well as exhaust _
through a nozile, GMMWMG
wetted=walT TONCept+—in_fact . as—wo—shall-demONSTrATE, tOndensation on liguid-
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metat—f+imsomthe cavity—walls would probably—be—the—dumiminmtTeTartsn—tor
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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, condensatior does not occur.

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

The liquid metal protective film surface area available for
condensation in modified wetted-wall reactor cavities equals tne
first wall surface area (the effects of condensation 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

criticpl value.

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

encompasses buth conventional and modified wetted-wall concepts can be
expiressed 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 the vapor phase in tne cavity by
flow through nozzles) = 0 P

The second term is zero for the conventional wetted-will reactor caviiy
mode)l defined above ang tne third term is zero fo- the modified

wetted-wall mocei. The first term car be written as:
v do (T
C at -

where VC' p, and t are respectively tne reacter cavity veolune, the
uniform, quasi-Ssteady density of vapor in the cavity, and time.

From simole ideal gas kinetic theory, the flux @* of molecules
througn a reverence plane n either direct:on 1n a pure, umiform,
quiescent gas 1S given by:

-~ -
(74

RT )

0 = oM

where k, P, M, ara T are respectively the 1deal gas constan:
and the pressure, molecular weignt, and apsolute temperature of
the gas. I!f there is a net current ¢ throug. the reference

e —-

e P TR T
plane, then the flux ¢ through the plane in the diréciion ot
the current is given by:
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2
f(a)=e + g2 [1+erf (1))
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and f(a) is greater than one for ¢* greater than zero.3 Now

6= 0" - ¢ ey

Our model for cavity blowdown ircludes uniformity of the vapor phase
remaining in the cavity at all times and negligibility of ¢  at liquid
metal film surfaces at which ~ond2nsation is occurring. Therefore, for
our model théﬂr{:x of molecules strikitg liquid metal film surfaces is
given by: r

ot fRT fo )
¢0=om\ ¢

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 raactor cavity can be expressed as:

RT ¢, ) ak»ﬁrv |4
ob = op %L " &.X )

Existing theory for estimating o is not considered reliable and
xperimental values for o are scarce, with unambiguous measurements
pparently performed only very recently. Because we have no experimental
ata for systems of poiential interest for modified wetted-wall
pplications, we have used a value of one for o, while being aware that
eported values for some liquid metal systems are somewhat lower and
Jparently tend to decrease aporuximately linearly with decrease ,n
mmperature. , For very rapid condensation, other effects will act to
:duce corﬁgsation rates, but by taking f(x)’;-_as unity we believe that
te Above simple expression for twe condensation rate in modified

m L)



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 o 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
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2 |
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where the sound speed in the vapor in the cavity a is given by
RT P
T AL B A8
a j " ]‘ - \\z,>

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

DT =
g
aT =

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

do , RT W (1 ]
VC ﬁ op -2—@ AC ily,“\ )
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1
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For an 1deal gas undergoing adiabatic, reversible expansion:

e, (;53-“ (15)

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

oo ()



The cavity vapor mass balance can therefore be transformed
nto a diiferential equation relating a single i1ndependent
-ariable and single dependent variable:
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e solution to this equation that satisfies the initial
ndiLior:
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o= o /(1 + 5L ct) -1

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

-1 2 - N
T- 100+ By REN

o RT

P-—‘-’n-e/n+lalclé* o]

number of moles m and numaer density N of vapor in the
ty as a function of time can be computcd using the
ective relations:
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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* regquired for acceptable
transmission of driver energy pulses following pellet
microexplosions is obtained by inverting Equation 20 and

7"}

combining with Equation “7 to arrive at:

oo T |
e = (a2 -U/@;—‘, : C5)

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

1
. y-1 RT_ A P
C. = _£_5; V_gl _o T °.
N Y*] Y+] M ‘v’c
and for clearing by condensation C becomes:
— (‘1 7~)
(RT A
C .\‘-__0 <
C M Vc

The ratio of cavit:’ blowdown time for the modified wetted-wall
concept to that for the conventional wetted-wall concept is
simply:

]

. 2\ L [2p v
wcc//cN .(Fﬂv VH A o)

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:

ATAC << ) @

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 exhaust through supersonic nozzles is the
mode of cavity clearing, everything else being equal. It is
also interesting to note that accorc‘ng to Eq. (¢ ), t*
decreases with increase in To' Po, For Yo Vc' N*, and

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

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 tie present we
have parameierized 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 1nto evaporation of Jliquid
and heating of the vapor. The modest amount of volumetriczlly
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 vapor sensible heat is
ixpressed in terms of the fraction fv that goes into
raporization and YXD represents the fusion energy release per
vicroexplosion that appears as soft x-ray and ion energy

missions by-the—expandirg—plasmaresyHtimg—from pellet-—burm,
>



then the moles o of protective film liquid meta! evaporates

per microexplosion and the temperature T_ to which the venor
. JB“‘R-* IRy ©

is heated are given,by" A

n e fV YXD \ i )
0 AHV
and:
: _— AHV l-tv
o 'V C f
v v
aH 1-f :
- __Vv v ] N
Cv T for TO ))Tv \ %b |

where AHV. Cy» and 1y are respectively the heat of
vaporizating, the molar specific heat of the vapor, and the
temperature at which the vapor 1s gcnerated. We use
representative average values tor these properties, The amount
of vapor formed per pellet microexplosion can also be expressed
in terms of a vapor density:

vKXDM (o, )

and the corresponding pressure is given by:

RT (,.4\;\

J—
0" M ‘o

For a particular commercial applications pellet design inertial
fusion reactor cavity first wall area is often scaled with
pelliat yield. We have adopted this convention and therefore we
have:

Ac = k Yyp (3"\

Ca m\,)ic;wd V.g P’N@"TW T‘C-?j J
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and, 1f geometric similitude 1S maintained when scaling, then:

32 Ce
=6 (k Yyp) (

Ve
where 6 15 a geometry factor. G has the form:

G = (3fan)"! .

——~
W)

for spherical reactor cavities angd:

G=@3/2(:§)'1 5

for cylindrical cavities, wnere.g 1S the ratio of cavity length
to cavity diameter.

Substitution of these results into our expression for the
clearing time givces us:

o[l ey 00

where for the case of exhaust through a nozzle:
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iIn¢ for cavity cledaring by condensation:
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For modificd wetted-wal! reactor cavities, thermal transport throngh
protective liquid metal tilms s sufficiently rapid and the ratr of



i CAn now deduce that t* decreases with increase n Tv
although the effect 1s minor because typically To ))Tv).
nd 4H,, and increases with increase n C_, ’&’ ang ‘*“&
X0 ey

In order to generate specific results using the preced:ng
heory, we have investigated the use of lithium as the
rotective liquid metal 1n spherical reactor cavities., We have
1so introduced an addivional simplifying approximation:
ithium vapor 1s taken to be ertirely monoatomic, rather than
11y mostly moroatome. The values that we have used for Tv,
o AHV, and y are respectively 1000 k, 25.0 J/mol K,
58 x lub J/imul, and 1.67. Some results of our parameter
.udies are summarized 1n Figs. 2 and 3. The most important
plication of these numerical results is a reinforcement of
w ear lier clamm that removal of evaporated protective liqu1id
tal from wetted-wall reactor cavities can be accomplished

¢ch more rapidly by condensatiun than by exhaust through a
221e.
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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, pl.s a
reasonable safety margir, determines the lower limit.

The upper limit i< determined by cavity conditions required for
transmiscion of driver enurgy pulses through cavity atmospheres to—pedlets
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 densitiey.
For, e.g., lithium cavity atmospher2s, the estimated critical atom number
density for acceptable transmission of COZIaser light pulse~ of wme pulse
durations (- 1 ns) and total energies (~ 1 to 10 MJ) required for commercial
applications is estimated at lolsjcm. Acceptable focusing and propagation
of heavy ion pulses through cavity atmosphery may be possible only for number
densities as low 4as 10]2/cm , which corresponds to ~ 1 4:torr cavity N
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 caviiies at somewhat lower temperatures.

Experimental values for L1 and L12 partial pressures and derived total
Jithium :tom 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 11thium atom vapor
number density of |015lc£5m1nus ~ 100K) if a CO2 laser driver is to be
employed. If a heavy fon driver is to be accomodated and the critical number
density is lolzlcﬁs. then with a 100 K safety margin, the 1ithiun out'et
temperature



would be = 525.. In the C02 laser case, the permissihle temperature rise of
the lithwum 1s 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 15 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 in wetted-wall reactors adapted for use with this class of
arivers. 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
contan lithium for tritium breeding purposes. Thus, severely restrictions nn
the choice of protective liquid-metal systems in ssuch reactors. The thin
protective liquid-netal films in wetted-wall reactors need not breed tritium
and tnherefore any liquid metal suitable on other grounds can be used for first
wall protection in this class of reactors. Furthermore, while the blankcet
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. Etven 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 mnortant for successful commercialization of inertial fusion with
laser, as well as heavy ion, drivers.

Even if Jdllowable temperature rise considerations are not significant for
da 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
containment and circulation at higher temperatures are not excessive compared
to lower-temperature operation with lithium. Favorable characteristics of
Tiquid metals for first wall protection in wetted-wall reactors, in addition
to a large allowable temperature rise and a low melting point, include high
Y1iquid 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 remainder J [ *
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/lithium mixtures (e.g., 83 at 7, lead, Mp -
533 Kk, 107 -4 torr vapor pressure -’;K), the lead/bismuth eutectic (- 44 at .
Pb, - 39¢ K, -~ 860 K), and tin (- 505 K, = 1090 K). In general, tnes:
alternatives exhibit physical property values that are less favorable than
those of lithium, e.cept for higher upper operating temperatures, resulting n
higher pumping power requirements, less efficient heat transfer, and slower
cavity clearing. In particular viscosities and densities of the liquid arc
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 temperzzhre aimitﬁ and
allowable temperature rises for %hese liquid metals in wetted wall reactor
acvities are acceptable.

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

y s vYq (41)

where ﬁ. Q, YT' CLr oL 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 passing through the cavity. For example,
for a 200-K temperature rise in a wetted-w. 11 cavity operated at 10 hertz and
trapping 50 MJ per pellet microexplosion in the cavity with lithium (with

= 0.494 g/cm ~at—the—temperadure and an average value for L of
4"18 J/gK) as the liquid metal, we have values of 399 kg/s and 0.8 m /s
respectively for m and V. Neither of these values is particularly large.



Hydrodynamics and Stability of Protective
Liquid Metal Films

The hydrodynamics of protective ligquid 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. Puylsed 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 Adeposition that may
generate significant shock ~aves, and possible vibration of cavity first
wills wiil act to disrupt such films. Centrifugal forces (when first walls
are curved in the direction of flow) and forces developed by ahlation,
condensation currents, and high gas pressures during part of cavity c,cles
may aid in preserving the films and forcing them to rer.ain on cavity walls.
Jur present understanding of the complex pne omena involved and available
resources o not permit accurote analysis of film flow under these
conaitions. Therefore, we have concentrated on analyses 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 procesi,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-siit nozzles located at specified angular distances from the top
(upper pole) of the cavities. The injected liquid metal 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 each microexplosion, we consider it likely that
injection 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 cylindrica: cavities are of interest, tne
only way to use centrifugal force to aid in holding protective films on first
walls s 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 centrifugal fo-ces to satisfactory
oper 'ion of the concept and may be gquilty of overemphasizing their
impo: .ance. In any event, film flows in cavities with different geometries
and with multiple injection nozzles involve the same basic principles 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 everywhrere 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 nozzle 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 adzpted 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.



* Changes in important, physical property values &lona the film in the
direction of flow can pbe regleted, 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 tne model is i'lustrated schematically in Fig. 5.

Ak 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 analy«is by substitution of the film
thickness for pipe radius:

. 1in N -(O)K
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where v(x,e), vM(o), é{e), and n(N // are respactively the

time-smoothed velocity parallel %o tﬁe s0lid surface as a function of
distance x from the solid surface ana arqu:ar 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(o), defined ais:
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where(ﬂ{ 1s the kinematic viscosity of the liquid and‘;}qy is the angular
position-dependent time-smoothed é&verage (over the film thiciness) velocity.
Some values of the function n(N. (9)) are listed in Table I

The correlation: b)\b"w (b
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for viction factor f(e) as a function of Reynolds number, film
th and equivalent sand roughness e was adapted from a very accurate
emp:. 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 is obtained for pipes constructed of a specified material by



compar1ng experimental fraiction factor values for these pipes with those
mecasured unger 1dentical conditions in pipes artificially roughened with sang
particles of known, uniform si1ze attached to the pipe walls by adhesives.
Representative values ot e for common pipe materials of cunstruction are
listed in Table I1.

Mass conservation for tne 11Qu1d metal protect ve f1im carn L= expressed
in the form:

(local flow patr. wiatnj(local t1lm thickness)(local average velocilyt =
Iconstant)

or:
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where the subScript O denpotes conditions at the point ot injection of v+
film angd HRE 11quia density. (ounservation of momentum 1n the direction
of flow for an element 0f film lying betweer the angular positions 0¥~ e ard
40 ran be formulatec as: '

(net rate of accumula:ion of momentuym 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 ) i — - S
first term in this momentum balance is zero. The seclnd term 00 tne/fT;;?')

hand side 1s given by:
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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:

[prg sinﬁ(o)] (2#R sigd(o) 6(e)Rae] l o+ 80/2 (50 )
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on the right hand side of the momentum balance, wherc g is the acceleration
of gravity and'tw(o) 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.
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for the momentum balance.

The integral in the preceding equation can be evaluated as follows.
First we note that:

n n(N (e))
:;06(9) vi(e,x)dx = Re 02;? M ) &(e) ‘g; \
and that:
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The variation of the function of n(NRe(o)an the right hand side of t is
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:

- - <
2 u(e) = 1172 o, V¥ (e)] [f(0)) (¢
Thus, we have approximately for the momentum balance:
3% [sin (8) a(o)'Vz(o)] = 9% sinz(o)s(e) -
T
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) zg sin(e) Vo(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 velocity,
Reynolds number, friction factor, and time for a fluid element travelling at
the local average (across the film thickness) velocity to move from th:
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 variationc 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 (n_ = 0.006895 cm’/s), , Some results of these parameter stud.es

are presented in Figf} Yo . "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 pcool, 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 between the angular
position of injection ooand another angular 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
1s given by:

./
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The function“ﬂ(o) 1s}plotted in Fig£L efti . An upper bound on the
angular distance over which the film is reestablished during the specified
fraction of the period betu;;n pellet microexplosions can be estimated 1”? T

bccnmdénq_bof '”"Z" .

AN /kﬁ%}- iy

However, as noted previously:
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and the value of the factor containing "(NRO(O)) varies by only a 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 107,

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 coverage 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 will
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 wall 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
mizroexplosions, then the protective film in this region must be



reconstituted before the next pellet burn if excessive rates of damage to tn:.
first wa'l 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 1s difficult to
clear rapidly from reactor cavities. This latter possibility, which has a-
yet not been investigated in a definitive way, 1s common to all fluig-wail
inertial fusion reactor concepts.

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



YABLE 1: Reynolds number (NPC) dependence of turbulent flow index (n)
for pipe flow.
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4 6.0 1.070:

23 6.6 1.0154

Y 7.0 1.0124
1100 8.8 1.0101
00V 10.0 1.0048
320U 10.0 1.0083



Table 11: Equivalent sand roughnesses {e) for some pipe
materials 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%
Last iron 0.026

Smooth concrete 0.030



Centrifugal Accelcration and Pressure of Film

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
.eleration imparted to a fluid element as it is forced to

low a curved path 1s:

ii%ﬁl). v
the pressure at any point in the film 1s given by: "y
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.he pressure at the free surface is taken as equal tn zero

onzero pressure a'. the free surface is acditive), where x

.he distance through the film from the solid/fluid

'rface. The pressure st the pipe wallNPw(o) is therefore;
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\s an example, if v (o), 8(0), K, and o are respectively 1000 cm/y,
Yem, 2 m, 0.5 g/cmj. and "(Nke(‘”“s 10, then the acceleration at
ihe free surface is ~ 5.5 G, but P (e) 15 only - 4.3 x 1077 atr



Nozzle Design
v
Alttroogh e are not yet 1n a position to ascertain the importance of
influences of the initial velocity and pressure d‘StriDUt‘22;,j?kdﬁspﬁWIQ3dJ§ﬂ,J4;
the injection nozzle, on such significant characteristics Ofkllquld metal
fiims used—a madified wetled wall inertisl fugiem—resctor—cevites—tor
proteciver—-f first walls and remowal of trapped—soft—x—ray—end pallet debrre
enengy as uniformity, stability, abiiity to split the flow around beam ports,
etc. However, unmiform 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 throvghr—ean—iden |
nozzle thal expands-ar ddemtiecet-workimg—fHotu—from TnE Same Trreval
conditions to the SIME BXTt—preseure) are also clearly desired for
minimization of pumping power. The nozzle geometry required for injection of
liquid metal films into wetted wall reactor cavities is unusual - they must be
in the form of long, narrow slits - and only recently has design of such
nozzles received much attention. |n addition transition from a circular
conduit 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 coefficient.1

Table 111 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
sommar ized here were performed at low Reynolds number values (for slit lengt!
the characteristic dimension, 3.4 x 103 to 2.5 x 104), whereas 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

i{ncreases.



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 maintenance costs) and rapid (short downtimes, if replacement during

necessary shutdown for other scheduled maintenance is not possible)

replacement may be essential.



TABLE & _Rating of *oz22'e (enfigurations

Nozzle Characteristics Quality

Beut Farr Worst
Oniformity of flow £ AL, -
Turbulence 1ntensity AE,( - )
Total pressure loss B ALl D

Drischarge coefficient A, (



PUMPING PUWEK REQUIRED FOR CIRCULATION OF Jly.il

The steady-flow mechanical energy equation for the external portior of

the liquid metal circulation system depicted schematically 1n Fag. Ca car
be expressed 1n the form:

-
P a. v,
. s b [N
- = () —_— + —_— _
R R

where np, wp, 2, a, V, hF' and Pp are respectively the pump etticren,y
{tor cotver:1on ot electrical power 1nput ni - flow energy ;. actual purm;.
wOrk per umt mass, height above a horizontal reference plane, velouit,
factor {ratyo of v2 to V?). local average velocity of tne flowing liguid
conversion of tlow energy 1nto Internal eneryy by viscous forcen (fractaine
loss) per unit mass flowing through the external portion of the (ircull, an:
the actual pumpiny power requivement and the subscraipts A, B, ant « den t»
the wndicated stations around the flow loop. The statiron (14 ioceted at
the vena contracta of the injection nozzle.

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

" ()



where . and DU are p pe lengtn anc driameter, Kk s a so-callec resistar,.
coefficient, and the subscripts P, B, CL, Fv, and HX reter respective.y t;
pi:pes, bends, contractions ana expansions, valves and otner fittings and tne
heat eachangers. Typical valves ofiﬁp are - 0.85. - - ) U1 0.\ st

The velocity 1n the vena contracta of the injection nozzle can be

related to the presure arop across the nozzle according to:
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where hy 1Y tne resistance coefticient of tne nozzle. Tnay relatier
results trom a mechanical energy balance across the nos2le ot the same tyi:
L]
as tnat for tne external pa't of tne fluow l00p. Because A < ABQ(;.\
that v, << Yoy stations b ana ( are close toqelner.(so lhat 7, " IA.

v
and bomust biev very lom, the preceding equation becomes:
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where Lb 15 the discharge coefficrent (maximum value - 0.9) discussed ¢
Llne preceding section. Also:

- o e URS
Ve * v(eo) .

so that:
N oL Kv(o ) (<73 3

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

o 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.



0 The veloCity at stations A and & are either 10w enougr tc De negielte:
or differ negligibly.

o The nozzle outlet correspords to 1ts vena contracta.

0 Neglect of varirations »n liqurd properties arounz tr: flow loop will n

introduce signmificant error,

In acarthon PA musl be very srsi)

allow us to wrate:

These assumptions, and approxi~atir .

ek

where H '+ large enough to accomnudate a blanket and necessary routr ftor

pumps, pipe bends, etc. combination of these results with Eg. 7% reculty 1o

R 0.
bty :
SV
We also recall that:
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we see tnat the effects of incressing o on P are minmimized by ) .
minimizing K and H and that reducing m reduces Pp. Botn/K; and CU
are, for practical purposes, fixed.

As an example, 1f we use li1thium as the protective liquid metal : };

v

p

(0.8%), and let €y 6(90). 7(90), R and H be respectively 150. 2 cm,

20mfs, 2 m, and &6 m (givina Vo 1.30 m3/s anu m = 643 kg/s), we obtain P

(pL « 0.494 g/cm3}. use the recommmended values 1)r CD (0.9) and/N

- 0.261 Mwe, By way of comparison, the above parameter values mignt
correspond to a 5-nertz reactor with 150-MJ yireld pellets whose gross
tnermal power 15 at least 750 Mwt. Tne corresponding electric pawer outpul
would typically exceed 250 Mwe. Furthermore, f the required Increas In
v(eo) with 1ncrease 1n pellet yield, and hence with R, 15 not excessive,

thern because R increases approximately as Y”z

a symilar rat o ot power
consumpt-on for liquid metal circulation to power prodiction per cdvily
would be representative. Power consumption becomes a more significant
concern 1f the use of much high atomic numher liquid metals is contemplate.:,
for not ©nly are they generally considerably more dense, but also typircally
have substantially lower specific heat capacites so that circulation 4t o
mucn a-eater mass rate for tne same duty may be necessary. By way of
example, if the protective liquid metal were Liy Pb; and the allowatile
temperature rise remained the Same, we would have oL ~ 0.5 g/cmj

instead of - 0.5 glcm3 and L~ 0.155 J/gK instead of - 4.7 J/gK, su

that m would “ave 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, Eic.

The injection nozzles (and any other equipment that must protrude intou
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 desiga pFAh]pms—e—rommen—to—att—fITIn Jnertial YUsTon—sedctor

concepis.~ We do have some ideas for protection of injection nozzles. Assured
protection of small areas by controlled seepage of iiquid metal through porou-

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 tniformity of
illumination may be required for commercial applications pellets, although
this has not yet been established and currant trends are away from
uniformity. On the other hand, sheer bulk of beam . -~<rport and final
focusing equipment for some drivers may force spreading out of beam ports.
This s+tuetion +s—commop to all fluid-wall inertiad—fusion-Tesctor—concapts.
1f 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 1llumination easier. 1t beam
ports can be clustered in a vertical linear array extending from reactor top
to reactor bottom, then simple raised lips, which will, however, require some
protection, can be used to kecp film liquid 1injescted—fnr protestton—of—otier
ressiear—first—wall-araas 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 sugrested 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 PropoSeEd solutions Ire Shr-har—hrxind
and -degree-oP TEVETOpMent to soTutions To thE SamTrassof—destgn—protien:
for other 4iutd-waldi—inertiet—fusTomTresTtOT TONTEPLYS “tirat—have—bern

advaneed: Nonetheless, considerably more study of these problemgrwlll
probably be required. "~'_“

7,

Ten

~



Closure

A modrfication of the original wetted-wall inertial fusion rector

concept for commercial applications (in which restoratigon of caviiy—
__:ETEEBDSE:_&nnﬁJLiOax-iDllnuingwaejleL.microexplosions 10 those—required fur
driver energy pulse transmission to targets with _acceplebte degradstron—Ts
aézamgli1ngg_p);gznnuaLhQL_!ggéziggd lrquid metal u.ed for cavHty first wal,
pratection through a nozzle.and the—tiquid MeTAT ¥iIms are formed—by—forcing
the liquid-metlal-throvgh—e—porove irst wall) nas heen describeld. The
modification {(1n which cavity atmospherc restoration is accomplished hrouql.

condensation and first wall coverage by injection through slit noz:iles
offers a number of potential advantages when compared to the original
wetted-wall concept, including:
» assured reactor cavity tirst wall protection;

higher reactor pulse repetition rates;
* separaton of blanket and first wall prrotection function;
*  replacement of a supersonic nozzle and condenser by a simple drain; and
* adaptabrlity for use with heavy-ion drivers,
A number ot the topics that must be considered in establishing the technicaol
and economic viability of our modified wetted-wall concept have beon
addressed with tavorable results. Thes' include:
*  cavity clearing times,
*  pumping power requirements;

*  first wall recoverage time,

* fiim thicknesses;



. protection of exposed structure and diversion arount bea: narts.

. film stability;

- thermal energy transport requirement:

*  npeutron kinet:c and 11teraction energy deposition in the talme, amd
ax v :

* centrlrugal torces acting to kep the falms on cavity walls.

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

1nertial tusion reactor concepts and othoﬁ'peCullar to our new concept, thot

must be answered 1t viability of the new concept 1s to be confarmed, For

example, we must develop:

* theory or experiments to characterize possible film fragnentation and

T Laerosal tormataon;

’ a method for specrfying the extent ot first wall recoverayge required

after each pellet microexplosion;

* experiments or more accuratce 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 partitinnf and

» th: tools ty examine various aspects of reactor/driver interfaces,
peliot injection and tracking, etc.



in medified 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 orotective liquid metal and va-Ms_m.,_a..g_._I/,ab.)., o

afubi. U #r—¥r—4Ll,, 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, Wwill, in general, be different for different
drivers, energy conversion cycles, etc., and the;ﬁi_oie*&$uee—eenthkyug+
oplimum will undoubtedly change substantially as our Irvel of understanding
of modified wetted—wa)l cavity phenomenology increases. The effects of
g r Y LIPS SEVI AR TR T PO IS
changes 1n-V|LU;310¥—4JKH"1NHHNN§3£§ will extend throughout a fusion power

plant and therefore a major systems study will be required for optimization.
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