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Abstract 

Research is in progress to determine the feasibility of the vetted 
first vail concept for a future laser fusion reactor. The basic Idea 
involves the use of a thin coating of lithium on the inner vail of the 
laser fusion containment vessel to protect it from the micro-explosion 
blast debris. TbiB report contains a reviev of the available informa
tion on contact angles end vettability of alkali Mtals on various 
metal substrates as veil as a reviev of literature on thin falling 
liquid files. A proposed experiment to measure the contact angles of 
lithium on stainless steel and niobium is described. The requirements 
for a second experiment to measure certain key characteristics of thin 
falling filns are also included. 
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RESEARCH OF THE SUPPRESSED-ABLATION 
WETTED-FIRST-WAIL CONCEPT 
FOR USER FUSION REACTORS 

1, INTRODUCTION 

The objective of this -.research is to provide some basic design data on 
the coating of solid metallic walls with thin, uniform films of liquid lithium. 
The specific application is to the laser-induced fusion reactor concept of the 
Lawrence tivemwre Laboratory described in References 1.1 and 1.2. In order 
to appreciate the unique requirements of this application, a brief description 
of the salient features of this so-called suppressed-ablation LCTR (laser con
trolled thermonuclear reactor) concept will be given first. Then the lithium 
coating requirements for the protection of the hiast-chambei first wall which 
faces the plasma will be discussed. 

a. Suppreaeed-Ablation LCTTt Concept 

The LCTR concept of Reference 1.1 is an attempt to create a laser-induced 
micro-explosion which produces relatively low pressure pulses on the blast-cham
ber first wall and structure. The overall reactor layout is shown in Figure 1.1 
(Ref, 1.3) and the key parameters of the LLL reference design of Reference 1.2 
are shown in Table 1.1. This design has some general features in coomon with 
several other proposed laser-fusion conceptual designs. Provision is made for 
multiple laser beams to simultaneously Irradiate a small pellet containing deu
terium and tritium. If adequate spherical symmetry of the radiation flux is 
achieved the pellet will ablate uniformly enough to cause a thousand to ten-
thousand fold density compression of the core. As described in Reference 1,4, 
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thermonuclear conditions can thereby be reached, followed by a micro-fusion 

explosion of the pellet core, Energy gains, defined as the ratio of the TN 

(thermonuclear) energy released to laser light energy Incident on the pellet, 

of between 10 and 100 appear possible with bare D-X spherical pellets. 

The combination of design, features unique to the "suppressed-ablation" 

concept which result In relatively low pressure pulses on the first vail are 

described by Hovlngh et al. In Reference 1,2: 

1) Reduced energy yield per shot 

2) Improved pellet design 

3) Increased first-wall area 

The first Item implies that the laser light energy input per shot Is greatly 

reduced compared to other designs, For example, the LLL reference design of 

Reference 1.2 uses 10 J per shot compared to 10 J per 6hot for an early LASL 

reference vet-wall design. This would imply about an order of magnitude lower 

fusion energy yield per shot for the LLL design, all other things being equal. 

However, as Indicated by the typical gain curves of Figure 1.2, the yield for 

bare D-I spheres say be reduced by an additional factor of -5 to .8 due to the 

order of magnitude lower laser light energy input per shot of the LLL design. 

Consequently, the fusion energy yield per shot for an assumed gain of 70 Is 

7MJ for the L U reference design (compared to abuut 100MJ for the LASL wet-vall 

reference design referred to above). 

Clearly, this feature alone can result in over an order of magnitude re

duction In the amount of lithium blow-off from the wet first wall. Since It Is 

thli lithium blow-off or ablation which can cause a strong reaction pressure 

pulae on the first wall and any structure connected to it, this also implies 

over an order of magnitude reduction in the pressure pulse. 
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The Improved pellet design of Item (2) abow refers to the use of a low 
-4 itass (10 grams) hollow D-T pelle: without any layers of high Z material on 

the outside. This results in much less pellet debris Impinging on the first 
wall, and henca much leasi lithium ablation. (The hallow pellet allows some re
duction In peak laser power required conspired to a solid D-T pellet but doei 
not appear to improve the gain significantly according to Reference 1.4.) 

Further reductions In the energy flux impinging on cha first wall are 
achieved by using a blast chamber of larger radius to increase the first-wall 
area, as mentioned «n Item (3) above. In addition the LLL reference design em
ploys a pyramidal-shaped surface on the first wall to increase the effective 
surface area as shown In Figure 1.3, 

The combination of all these features results In a low energy flux of only 
2 2 

about 1.1 J/co normal to the first-wall surfaces (compared to about 70 J/cm 

in the early wet-wall reference design of U S D . The resulting pressure puUe 

in this suppressed-ablation design is reduced to a peak value of less than 0.1 

bar (Ref, 1.2). 

this impressively lav pressure pulse is not achieved witho*: some penalty, 

however. Clearly, the power output of u c h laser cavity would be ovez an order of 

magnitude lower than other wet-wall designs for the sania pulse race. Hovever, 

the very much lower lithium vapor load on the vacuum pumps may pern it use of a 

pulse rate of 10 Hertz (rather than the 1 Heru pulBe rate used in sone other 

vet-wall deolgns). This higher pulse rate can result in an economically rea

sonable power output per cavity while still retaining the advantages of the 

suppressed ablation concept. 

While the LLL reference design appears to result in relatively low energy 

fluxes to the blast-chamber first vail, protection of this wall from thermal 



shock damage, »putteiing rod surface ablation is still essential. The i l l 

reference design euploys a very thin "flm-wall liner" or shield of niobium 

(0.4 mm thick) coated with a 0.3 ma layer of liquid lithium. These are made 

up of triangular plates i co on a aide, farming the pyrsaidal first-wall liner 

shown In Figure 1,3. 

The various contributions to the energy flux on the first well of this 

LCTR arrive on roughly the tiat scales shown in Table 1.2. The X-rays can be 

seen to arrive first at about 6 to 30 nanosecond* after the thermonuclear (TO 

burn. The neutrons arrive next (with some overlap) at about 20 to 100 ns. Fi

nally the pellet debris including unburned deuterium and tritium ions as well 

as some of the alpha pirtides arrive after roughly 1 microsecond. 

The corresponding penetration depths of the various components are shovn 

in Figures 1,4 and 1.5. The unburntd deuterium and tritium ions (about 75 to 

80S of t'ne original pellet mass) can be seen to be able to penetrate up to about 

10 herons in liquid lithium (Fig. 1.5). The 3.5 MeV alpha particles which lose 

moat of their energy in the plasma have about: the sane orde. of magnitude pene-

tiatlon distance. However, the alpha particles which do not Ante a significant 

portion of their initial energy can penetrate up to 50 microns. Also from Fig

ure 1.4 we tea that the 1-10 MeV knock-on deuterium and tritium to is can also be 

neeri to penetrate several hundred microns. 

AB a result of preliminary calculations such as these, the Laser Systems 

Studies Group at HI. has requested a study of t,ie feasibility of coating large 

antes of the first vail of the blast chamber with liquid lithium. The liquid 

lithium must be thick enough to protect a first-wall liner or shield from seri

ous erosion and sputtering in order to obtain n reasonable lifetime, perhaps on 

the order of a year or more. 
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The original U L preliminary design study of Reference 1.2 suggested the 
possibility of costing a 400 micron thick niobium first-wall liner or shield 
with a iOO micron thick lithium layer utilizing capillary pumping. Th« multi
ple lithium feed ports envisioned are euown in Figure 1.3. Many basic quest lone 
regarding the feasibility o£ this scheme as well as other possible schemes re
main to be answered. One basic question regards simply tha feasibility of coat' 
ing such a complex surface wlch a relatively uniform film of liquid lithium. This 
is the subject of the present research program. 

It must be '^cognized that this question is only part of a much broader de
sign proolem, The complexity of the overall first-wall design problen for ar. 
LCTR is illustrated by Figure 1.6 (prepared by J. Hovinfth of LLL). It will take 
nany research prog-ams and many years of affort and experimentation to fill In 
all cue details of the varlouB Interactions which determine the ultimate reasi-
bility and lifetime of a first-wall design concept. 

Commoi. to many of the lithium coating schemes aire some basic questions re
garding the behavior of thin films of lithium on metal vails at various Inclina
tion angles. As a result, one of the fundamental objectives of this research is 
to provide basic data on lithium contact angles and wettability which can be used 
in a wide variety of design concepts employing thin lithium films. The factots 
affecting the contact angle and its measurement are discussed in Section I and 
the initial ontact angle experiment design is described In Section 4. 

The whole question of the wettability of a metal surface by liquid lithium 
is obviously very closely related ta the contact angle. However, it Is clear 
that many additional factors Influence whether a stable liquid film of relatively 
uniform thickness can be produced and maintained on tha complex first-wall, geometry 
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of the blast chamber. Some of these factors which ultimately oust be considered 

are the following: 

1) Surface inclination angle 

2) Dimensions aud shape of the surface segnent to be coated 

3) Liquid feed mechanism 

4) Change in surface condition with tide (e.g., due to X-ray, ion 
and/or neutron bombardment) 

5) Te.aperature and teopetat'ire gradient time dependenco during a cycle 

6} Nature cf other disturbances suffered by the film during and after 
a shot. 

For the first vail of a closed, roughly spherical blast chaaber, all inclina

tion angles froc 0° (horizontal with the file on the top of the surface) to 180° 

(horizontal with the film on the bottom of the surfauj) are theoretically possible. 

In practice, It may be possible to limit 'he range of inclination angles somewhat 

to avoid the region near 180*. 

The dimensions Anil shape of the individual surface segments co be coated are 

clearly strongly coupled to Item (3), the liquid-feed mechanism proposed. Some of 

the possible conventional end unconventional feed mechinismu which can be considered 

are: 

«) Capillary pumping of films (often involving .lsing films) 

b) Gravity pumping of films (i.e., so-called falling flima) 

c) Porous-plate liquid-feed systems 

d) Centrifugal force coating (e.g., in rotating chambers) 

e) Solid extrusion from holes or other feed ports (e.g., liLhium hydrid 
as proposed by R. W. Werner of ILL) 

f) Flash evaporation followed by vacuuu deposition on the walls (e.g., 
employing a low-power laser to evaporate a lithium pellet in between 
D-T pellet shots as suggested by M. A. Hoffman) 

g) Combinations of tue above. 
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Which nf the abov. feed B '..nanisms are considered "conventional" and which "un

conventional" depends entirely on one's prejudices and past experience, of course, 

lo: this particular application, we began our study and literature search on 

what we consider to he the conventional feed mechanism (b), the so-called falling 

film approach, for the following reasons. First of all, the falling-liquid films 

utilize the relatively large gravity forces rather than capillary forces. This 

offers the possibility of employing rather simple, widely-spaced feed ports, or 

slots, and o£ coating relatively large surface areas from each feed port. Sec

ondly there is a wealth of theoretical and experimental data on falling-film be-

havlcr, primarily fron the field of chemical engineering. However, al&ost all of 

thrse data are for water; in fact, we have not yet found a single experiment speci

fically on liquid metal falling films. 

In Section 'S we describe the falling-fiiai d^ta for water and show some predic

tions for liquid Jithium based on the. available theoretical scaling laws. These 

laws have been verified for a few othur liquids than water but r.ot for any liquid 

metals as far as we Twow. 

In Section 5 we discuss the first experiments we plan to run on thin falling 

water films. The&fc experiments are primarily to calibrate our measuring instru

ments and to refine our measurement techniques for conditions of variable plate 

inclination angle. We plan to continue to study and compare the other possible 

liquid-film coating mechanisms to the falling-film approach while performing 

these initial calibration experiments. The research program status and plans 

are summarized in Section 6. 

Prepared by R. Gilmer and M, A. HoffinRii 
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2. RiiVILIV OF THE ItTF.KATURI ON UquID-SOLID INTERl-'ACIAL FHEXOMEHA 

A. Review of Fundamentals 

While experimental data of contact angles between liquids and solids are 

relatively abundant, thjy tend to be highly restr icted in furms of the inves

tigated materials and the chosen parameters. In this section we shall f i rs t 

n vieii th. fundamentals of the interaction between liquids and solids and then 

examine recent results demonstrating the influence of various parameters on 

the wettability of solids with special emphasis on licuid nthium data. 

The uri°uwl contdUut.ov.s of Uylate lww« been rood; C'.-.si by f<.>w.j tp us 

to describe the interact.or. between a liquid drop and a sM.d -ulistrate iReFs-

2.1-2.4). The contact angle, 6, shown in Figure 2,\ define- ;he follow.n;; 

equilibrium relationship between the 'hree interfaciai energies: 

where y r v v„. ar.d Y [ V represent, respectively, the energies of the solid-

vapor, solid-liquid and liquid-vapor interfaces. Complete wotting is attained 

when the value of ft is zero degrees and an arbitrary value of 9U° has been 

selected as Lhe boundary between par t ia l wetting and nonwetting. The early 

work of Dupre has introduced the concept of a reversible work of adhesion 

between liquids and solids (Rcf. 2.5). In terras nf the interfacial energies 

defined in Kq. [2.1] ' h i s work term is def.ned as: 

A similar and somewhat more useful term is that defining spreading as; 

s " Y sv ' c \ v * W ^i] 

For spreading to occur the spreading coefficient, S must be positive. Further
more, a corresponding but not sufficient condition for spreading is that y < v,,, 
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Tins latter criterion is otten used as a screening device in the selection pro

cess of wetting liquids. As defined by Harkins (Reis. 2,6-2.9), the spreading 

coefficient Js the difference between the work of adhesion and the work of cohe

sion, or 

S = WA - Mc [2.4] 

Relating this equation to Eqs. [2,2] and J2.3], it can be sesn that the rever

sible hrork of cohesion, W r, is twice the vapor-liquid interface energy. 

The importance of adsorbed gases on the contact angle between a liquid 

drop and a .-.olid jubstrato has been demonstrated by Bangham and Razauk [l-sfs. 

2.10 and 2.J1). The relationships obtained by these authors are a generalized 

form of the Ifoung-Dupre equation. The relation between the contact angle and 

the now-modified interfacial energies are 

and 

where y.t is the solid-vacuum interfacial energy and y v < ! and y „„ are the 

energies of the interfaces when the condensed phase is saturated with the 

adsorbed vapor, Thus by substituting the value of y s (Eq. (2.1]) into Eq. [2.6] 

the work of adhesion for this case becomes 

M A s C V * ysr] * 7LV ( 1 + c o s 9 ) [ 2 , 7 ' 
The concept of a contact angi> hysteresis is associated with the differ

ence between angles at advancing and receding edges of a liquid drop. The 

difference between these two contact angles arises from the fact that the 

advancing angle is that between the liquid and the dry substrate while the 

receding angle represents the interfacial equilibrium between the liquid and 

a wetted solid surface. For a tilted si'bstrate, the balance between gravita

tional and surface forces gives the following approximate relationship: 



2.3 

mg sin a - 00 Y,y (COS 6 R ' - cos G,') [2,8] 

where a is the angle nf tilt of the substrate, u is the average width of the 

drop and 9 ' and 9.' represent the angles of the advanr.ng Mid receding edges 

of the drop. *U ;i critical valve of a a balance between the surface and gravi

tational forces can be maintained. Beyond this value, the drop will no longer 

he able to adjust itself and will roll off the substrate. In most cases, 

hysteiesis does not necessarily result from the difference between "wetted" and 

clean surfaces, hut rather from possible chemical changes at the sol id-liquid 

interface. Such changer- can come about as a result of the diffusion of the 

liquid into the ?-n)'u\ substrate. An experimental verification of such a process 

will be given in a later portion of this discussion. 

The above formalism, while being useful in relating the y quantities to 

each other is not without serious shortcomings. For example, the derivation 

of Eq. [2,1] ignores the contribution of the vertical component of y „. Since 

we normally deal with rigid substrates, this simplification is not unacceptable. 

A more serious shortcoming of this formalism, however, is that it cannot be used 

to calculate y values from observed contact angles. Surface energies, at least 

two of the three shewn in Figure 2,1 must be determined independently, Attempts 

aimed at calculating these quantities theoretically are necessarily based on 

idealized surfaces, i-or instance, calculations of the solid-vapor surface free 

energy can be made on the basis of bond considerations, between atoms on a well-

defined crystalline plane. As nn example of such calculations, the high density 

plane (111) of a face-centered cubic (fee) meta1 will he considered. The co

ordination number (Nc) >'' :urfaee atoms :• !> (ennpared to 12 in the bulk). Thus, 

by cleaving an fee metal along the (111) plum: a total of three bonds per atom 

a n broken. Since two planes are created in this process, this number must be 

divided by two. To calculate the energy of e;ich bond we take advantage of the 
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enthalpy of sublimation All which, of course, is equal to the product of 
the total number of bonds broken and the energy per bond, i.e., 

AH s = <j> [~ Nc] N Q [2.9] 

where $ is the energy per bond, N is the number of atoms in the crystal, and 
>' is the coordination number which is equal to 12 for fee structures. The 

3 enthalpy of suTface formation AH as stated earlier, is jiji per surface atom. 

Therefore, 

AH - (per atom) = i f l [2-10] 
S I WW 

or, for an fee metal, 
N C N 0 

AH , (per atom) = ̂ s [2.11] 
o 

Since it. is convenient to consider surface energy per unit area, we introduce 
the quantity N as the number of surface atoms per unit area. For a large 

number or metals, an atomic diameter of *3 A is tvpical. This gives an atomic 
IS 2 

density of 1,1 x 10 atoms/on 
face formation per unit area is 

IS 2 
density of 1.1 x 10 atoms/on on the (111) plane. Thus, the enthalpy of sur-

M , • " 1 1 • El [2.12] 
Sf 4 s 0 

Since heats of sublimation are usually given on a molar basis, N Q is then 

Avogadro's number. 

When those calculated surface enthalpies are compared with measured sur

face free energies, a reasonable agreement is obtained for many face-centered 

cubic metals. In accordance with the method outlined above, the calculated 

enthalpies of surface formation for Cu, Ag and Au are 1409, 1185 and 1S80 
2 ergs/cm , respectively. These compare reasonably well with the experimentally 

determined surface free energies of 1650, 1140 and 14(f) ergs/cm , respectively 

(Refs. 2.12-2.14), It should be emphasized, however, that the calculated values 
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are enthalpies and that agreement with the surface free energies is only an

ticipated at low absolute temperatures since the entropy of surface fyrmation 

is expected to have a finite positive value. Aside from its failure to account 

for the entropy change, this approach suffers from the assumption of first-

neighbor interaction only. In other words we have neglected the influence of 

second and subsequent neighbors in our calculation of the bond energy. Indeed 

it has been suggested that the discrepancy between calculated and measured 

values is in part the result of this simplification. For crystal structures 

with lower coordination numbers, body-centered cubic solids with N c = 8, the 

theoretically calculated surface enthalpies are significantly different from 
2 measured surface free energies. For iron we calculate a A H * of 964 ergs/era 

while the reported experimental value is about 1800 ergs/cm2 (Ref. 2,15). 

Similarly, the calculated value for Nb is 1742 ergs/cm2 and the experimentally 

determined quantity is about 2200 ergs/cm [Ref. 2.1£). 

Calculations of the liquid-vapor surface energies are more complicated and 

involve additional simplifying assumptions. The coordination number in liquid 

metals ranges from about 6 to 11 with most metals having an .\'c value between 9 

and 11. Lacking long-range order, liquids are more difficult to deal with. Cal

culations of the number of bonds broken in the process of forming a surface can 

only be based on a statistical estimate of j N c. Furthermore, the density of 

surface atoms must be estimated. In spite of these difficulties, in principle 

at least, surface energies of liquid-vapor interfaces can be calculated. 

The picture concerning the solid-liquid interface is much less clear and 

simplifying assumptions cannot be justifiably nude in this case. Unlike solid-

vapor and liquid-vapor interfaces yhich are created by breaking bonds, the solid-

liquid interface results from breaking solid-solid and liquid-liquid bonds and 

then creating new solid-liquid bonds. As shown above, the energies associated 
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with the solid-solid and liquid-liquid bonds can be calculated, albeit with 

J varying degrees of assumptions. This is not the case for the solid-liquid 

bond which in the absence of diffusional processes across the interface, can 
1 not be assumed to be the same as that of an intenuetallic compound or a solid 

I solution between the metals of liquid and solid phases. In the case of Li/Nb, 

information is not available for the thermodynamic properties of this binary, 

Thus, even crude assumptions cannot be made. What complicate the problem 

further, are interdiffusional processes across the liquid-solid interface. 

! The composition, and hence energetics of the phases near the interface change 

r with time in accordance with Fickian's laws of diffusion. In a subsequent 

section the influence of diffusional process will be demonstrated. 

i: 
B, Review of Recent Findings 

I. In reviewing published results on contact angle and wettability meas-

i urements, only those investigations with a critical analysis of the para

meters were carefully examined. Of these parameters, temperature has been 

• the most widely investigated. A generalized behavior for contact angles 

between liquids and ceramic systems has been proposed by Rhee (Ref. 2.16): 
cos 9 = 1 + B(T-TC) [2.13] 

In this equation T c is the temperature at which complete wetting is attained 

and B is a constant. The obvious conclusion from this relationship is that 

the contact angle is a decreasing function of temperature. Experimental veri-

j fications for this conclusion are at hand (Ref. 2.17). However, their inter

pretation is made complicated by phase changes occurring at higher temperatures. 

Thus it is difficult to assess Unambiguousl) the influence of temperature on 

the v values (and hence 9) of Eq. [2.1]. In other words observed changes in 9 
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may result from changes in y caused by compositional variations rather than 
by temperature changes. The recent work of Zee and Munir (Ref. 2.18) on the 
system Au-Ge(JE)/GaAs(s), shown in Figure 2.2, is an example of this point. 
Contact angles fall into three distinct temperature regions. In the first, 
[low temperature) region a decreasing contact angle is interpreted as an in
dication of equilibration of the liquid dTop with the solid substrate, No 
significant dependence of the contact angle on temperature is observed in the 
second stage. However, the decrease of contact angle values with temperature 
in the last (high temperature) region has been shown to be the result of dif
fusional processes altering the original interface. Electron microprobe analy
sis showed extensive phase changes at the high temperatures. Figure 2.3 shows 
an electron microprobe scan of the interface demonstrating considerable compo
sitional changes. Electron microprobe scans of the interface between liquid 
Au-Ge alloys and oriented galllira arsenide established at temperatures corres
ponding to the flat portion of the curves of Figure 2.2 are demonstrated by 
Figure 2.4. No diffusional process across the interface appears to have taken 
place in this sample and all others corresponding to the flat portion of Figure 
2.2. 

The influence of substrate characteristics on the wettability by a liquid 
has beer, examined (Ref. 2.19). Figure 2.5 demonstrates the influence of sur
face roughness on the contact angle. The ratio between the real (8) and ap
parent (9') contact angle; has been utilized by Wetzel to define a surface 
roughness factor: 

In accordance with the basis of derivation of such a factor, apparent contact 
angles should increase Kith r for 8'>90° (Refs. 2.20 and 2.21). The influence 
of the crystallographic orientation of the substrate on the contact angle is 
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demonstrated by the curves of Figure 2.6. Since our plans call for the utili
zation of polycrystalline substrates, such information is of no direct use. 
However, the dependence of contact angles on the degree cf prefened orienta
tion of the grains may very well be a factor. Preferred grain orientation can 
result from the anisotropic rolling of the material in the fabrication process. 

The wettability of solids by liquid lithium has not been extensively in
vestigated. Of the few reported investigations, those of Achner (Ref. 2.22), 
Jordon and Lane (Ref. 2.23] and Taylor (Ref. 2.24) are useful sources of in
formation. The surface tension and contact angle uf pure lithium and lithium 
containing nitrogen or oxygen impurities were determined by Achner, The maxi
mum bubble pressure method was used for surface tension measurements and con
tact angles were determined by the dip tube method. From the capillary rise 
in the 304 stainless steel tube, the contact angle is calculated in accordance 
with: „„._ 

cos 9 • 2f2£ (2.15] 
where g is the gravitational acceleration, h is the height of the capillary 
rise, r is the radius of the dip tube and v is the liquid-vapor surface tension 
(in this analysis Y S V and Y S L are ignored). Temperature ranges within which con
tact angle measurements were made were 210-617'C for pure Li, 240-514'C for lith
ium containing two concentration levels of nitrogen and 220-545"C for lithium con
taining :000ppm of oxygen. Achner observed that both surface tension and contact 
angles varied with temperature and N and 0 content. In the case of pure lithium 
complete wetting (contact angle of 0') occurred at about 200'C above its melting 
point, when a clean dip tube was used. However, if the dip tube was exposed to 
the atmosphere after cleaning a contact angle of :ero was never attained, Fig
ure 2,7 demonstrates these results. The presence of nitrogen had a significant 
effect on the wettability of lithiun. Figure 2.8 shows that even at the highest 
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experimental temperature the lowest contact angle measured was about 45°. 
Furthermore, changing the nitrogen concentration from 1040 to 2000 ppi had 
no discernible influence on the wetting characteristics between lithium and 
niobium. 

Taylor (Ref. 2.24) determined the surface energy and its temperature 
coefficient for pure lithium in the temperature range "^200-500'C. Surface 
energies were determined by adopting the maximum bubble pressure technique. 
Subsequently Bohdanslcy and Schins (Ref. 2.25) used the above-mentioned tech
nique to determine surface energies of lithium at significantly higher tem
peratures, 120O°-1600°K. 

Jordon and Lane (Ref, 2.23), in their investigations on the wetting of 
various metals by liquid alkali metals, considered the copper-lithium systca. 
They used the vertical plate balance method to measure surface tension and 
then calculate contact angles. Complete wetting between liquid lithium and 
copper was attained at 2S0°C. In contrast, copper substrates could not be 
completely wetted by liquid sodium or potassium. The role played by the rela
tive stabilities of the substrate and the liquid metal oxides is an interesting 
consideration at this point. Relative to the oxide of copper, Li,0 is more 
stable than the oxides of sodium and potassium. In other words, the reaction 

Cu 20 + 2 Li + Li 20 + 2 Cu [2.16] 

is energetically more favorable than either 

Cu 20 + 2K * K 20 + 2 Cu J2.17] 
or 

Cu 20 + 2 Na + Na 20 + 2 Cu [2.18] 

Calculated standard Gibbs free energies at 473'K for the reaction represented 
by Eqs. [2.16] through [2,18] (-91.8, -47,2 and -SI.8 kcal/mole, respectively) 
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are in agreement with this conclusion, Using such an approach, the presence 

of oxides on niobium is judged as detrimental in terms of its wettability by 

lithium. If we consider the reaction: 

N b 2 0 5 + 10 Li GO + 5 Li 20 + 2 Nb [2.19] 

a A G ° S 0 0 o K of approximately -247 kcal/mole Nb-Oj is calculated. However, to 

make a meaningful comparison with the values calculated for Eqs, [2.12] through 

[2,18], this number must be divided by five and hence a resulting value of -49.4 

kcal is not significantly different from that given for the Cu-O/K system. Since 

the oxidation behavior and the resulting phase for niobium is not clearly under

stood, it is instructive to examine NbO as an alternative for a calculation simi

lar to that presented above. Unfortunately, high temperature thermodynamic data 

for NbO are not available. Based on the reaction: 

NoO + 2 Li + LijO + Nb [2.20] 

a AG 0,., of -37 kcal/ntole KbO was calculated, with a more negative value jitici> 

pated at higher temperatures. 

The concept of misfit energy arising from atomic differences between the 

liquid metal and the solid substrate at the liquid-solid interface, has been 

shown to give a correlation with wetting for numerous metals with liquid alksH 

metals. Jordon and Lane (Ref. 2.23) showed that as the ratio between the atomic 

radii of the liquid to solid metals exceeds an approximate value of 1.4, com

plete wetting is not attained. A corresponding ratio for Li/Nb was calculated 

to be approximately 1.1, Thus, presumably if clean Nb surfaces can be prepared, 

they will be netted by liquid lithium. It is our feeling, however, that while 

such a correlation may be useful in a general way, it Ucks the fundamental 

approach necessary to make understandable predictions. In other words, the in

teraction between metallic atoms must be viewed and analyzed from an electronic 

energies point of view. The Engel-Brewer theory and the proposals of Samsonov 
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CRefs. 2.26 and 2.15) are examples of the needed approach. Unfortunately, 

however, the Engel-Brewer analysis has been limited to interaction between 

transition metals only, 

The influence of surface strain, resulting from the preparation and 

polishing of the substrate has been cited by others (Ref. 2.23) as the reason 

for the high degree of scatter in contact angle determinations. In the work 

of Jordan and Lane (Ref. 2.23), no attempt was nade to anneal the specimens 

prior to their use as substrates. The work on Ga(Z)/GaAs(s) by Kashkooli and 

Munir (Ref. 2,19) had also demonstrated the significant influence of the sur

face strain on cmtact angles and hence wettability. It was necessary to 

dissolve the strained surface layer by chemical etching. Such a technique 

may also be necessary in the planned work on Li(£)/Nb(s). 

The solubility of niobium in lithium is another parameter which enters 

the present considerations. The resulting changes in the surface energy of 

lithium are a function of concentration and the nature of the binary diagram 

between these metals, Unfortunately no phase diagram data are available and 

reported solubility data arc at higher temperatures than those planned for 

this study (Refs. 2.27 and 2.28), The other side of this Li/Nb interaction 

is the susceptibility of Nb to liquid lithium attack. The key factor according 

to experimental observations (Refs. 2.29-2.31) is the oxygen content of the 

niobium, If the oxygen content is below SO ppm, lithium and niobium are com

patible up to 1200'C. 

Prepared by: K, Saurasekera, Research Assistant, and 
I, A. Munir, Professor 
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3. REVIEW OF TBE LlIERATifRE OS THIS FALLING FHJiS 

1.1 Nondtmensional Groups 

There is a great deal of Information on falling films, but primarily for 

uater. In this report we shall only highlight the historical background of 

falling film studies and the key Ideas presented that relate to our specific 

application- A detailed survey of falling film research was presented in 

1964 by Fulford (F-l). 

As In any field of fluid mechanics there haB been a development of 

dimensionless groups that can be used to characterize the flow. A dimen

sional analysis has shown that three of the key dimensionleea parameters 

are the Reynolds, Weber and Froude numbers. A fourth dimensionless pars-

meter, the surface tension number N , occurs often in recent literature and 

is a combination of the three previously mentioned groups. In this report 

the following definitions of these groups are used: 

Reynolds Number = N„. A — - £ • 3.1A 

- - 2 
Weber Number = N ^ h fi-~— J.1B 

- 2 
Froude Number = H _ - — 3.1C 

™ gb 
2 ^ro^/v^ 

Surface Tension Number = N. A a /-:—;— • s 
0 IpVgJ I % 

3.ID 

The factor of 4 appearing In the Reynolds number corresponds to a 

Reynolds number based on the hydraulic diameter of an infinitely vide film. 

In many papers on falling films, one encounters the Reynolds number defined 

without the 4, but we adopt the use of the A since thin form seems to pre-
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dominate In the literature. However, to alert tha reader and ourselves to 
the potential problem In comparing our values with others, we will adopt 
the symbol N „ for oar Reynolds number In this work. 

One also encounters in the literature the Weber and Froude numbers 
defined as the square root of Equations 3.IB and 3.1C, respectively. How
ever, the definitions used here are consistent with the forms that appear 
in the nondimenslonalized equations of motion. The surface tension number 
represents the nondimensionalized fluid properties group and is very use
ful for the purpose of data presentation. An alternative fluid properties 

_3 group used by Fulford (F-l) and others is IL, • 2 N , 

In addition to the above parameters, the surface inclination angle 

from the horizontal, B, is a fourth independent parameter, If waves are 
present, additional dimensionless parameters such as the wave number and 

amplitude ratio appear in the problem. To the theoretician these ate often 
independent parameters, while to the experimentalist they are functions of 

the four normally independent parameters N _, N, (or » ), N _ and 8. 

3.2 Qualitative Description of Falling Film Flow 

The flow in thin liquid films is a special case of flow in which grav

ity, surface tension and viscous effects are all significant. In order to 

have a feeling for the nature of the flow, the case of the fully-developed 

flow of water on a vertical surface will be described qualitatively in 

terms of the flow rate Cor euuivalently the Reynolds number] In the next 

section. Then a brief description of the spatial development of the thin 

film flow down the plate will be given. 
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3.2,1 fully-Developed Thin Film Flow on a Vertical Plate 

After the thin film has had a chance to fully-develop, usually after 

many centimeters or meters of flow from the entrance region, Its character 

is completely determined by the flow rate for a given fluid. The mass 

flow rate per unit film width, T, is related to tbr> Reynolds number by: 

N • — — BE U 
At very lov flow rates (up to a Reynolds number o£ perhaps 15 for wa

ter), the film surface appears completely smooth to the eye. There may be 

an occasional small random disturbance, usually in the form of a dimple, 

but it is damped out in the flow direction. This regime Is called the 

smooth laminar flow regime. 

At slightly higher flow rates small, symmetrical regular vaves appear. 

The wave fronts are fairly straight and perpendicular to the direction of 

flow. The appearance of periodic waves on the surface has been called the 

wavy laminar regime (F-l). At larger flow rates the regular, symmetrical 

waves tend to become lesB regular, and the cross section of the vaves as

sumes the nonsymmetrical shape with a steep front and a long gentle slop

ing tail. Fulford refers to these waves as roll waves. These roll waves 

are frequently preceded by a number of small waves, called push waves, 

which move as a group with the mean wave. 

There is really no sharp division between these two wavy flow regimes 

and they are sometimes grouped together and teferred to as the transitional 

flow regime between amootn laminar and fully turbulent film flow. Shows 

in Fig. 3.1 are some time traces of water waves recorded by Dukler (p-ij 
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at four Reynolds numbers at a distance of 2.133 m from the entrance. In 

Fig. 3.1a, steep-fronted, nearly-periodic, symmetrical waves characteris-

tic of the fully-developed wavy laminar flow regime can be seen QL^ • 213) 

There are often regular small waves between the large waveB even in this 

flow regime. As the Reynolds number is increased the wave amplitude tends 

to Increase, in Fig. 3.1b, the appearance of the steep-fronted roll waves 

precede!1 by the small amplitude push waves is evident. (These two wave 

typeB can be seen even more clearly in Fig, 3.2, to be discusied later). 

This push wave phenomenon is due to the fact that the radius of curvature 

at the base of the step leading edge of the roll waves is small enough to 

lead to the formation of surface-tension-dominated ripples. Uhen there is 

a complex mixture of large roll waves and smaller waves this is often re

ferred to as the wavy turbulent flow regime. However, it is usually very 

difficult to distinguish the transition between wavy iaainar and turbulent 

flow regimes. 

As the Reynolds number is increased further, the wave fronts are no 

longer always straight but show a tendency to form bulges and to split and 

overtake each otherj thie is beginning to be evident in Fig. 3.1c. 

As the liquid flow rate is increased a stage Is reached where the roll 

waves and their accompanying push waves coalesce and becooe randomly mixed, 

as depicted in 3.Id. This random mixing is to such an extent that the in

dividual wave fronts can scarely be distinguished, and the surface appears 

to be covered with a naee of small and large jagged waves. The waves in 

this region, due to their randomness, are called turbulent waves. This 

final regime is called the fully turbulent film flow regime. 
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There is a lack of agreement among experimentalists regarding the 

values of the transition Reynolds numbers between the various film flow 

regimes (and even the names of the regimes). This 1B due to at least two 

factors. First, the transitions in film flow ere not expected to be aa 

sharp as in pipe flow due to the fact that the laminar sublayer of the film 

will occupy a rather larga fraction of the total film thickness even at 

large flow rates (F-l). Secondly, the recorded character of the waves is 

quite, sensitive to the laboratory setup, measurement techniques, recording 

instruments and to the extraneous disturbances and vibrations (see, e.g., 

P-l). (This latter effect may account for some of the differences In the 

wave profiles of Figs. 3.1a and 3.2b which are quite similar Reynolds num

bers) . 

In addition, as we stated in Section 3.1, the Reynolds number is only 

oris of at least four independent parameters required to specify the behavior 

of a thin falling film. If we restrict ourselves to water films on a ver-

ticle surface (H • 4280 and 6 • 90"), we can provisionally define the var

ious flow regimes as indicated on Fig. 3.3, baaed on the Reynolds numbers 

where there appear to be important changes in the slopes of various film 

flow parameters such as the mean film thickness, the mean wave speed and 

so forth. 

3.2.2 Development Lengths in Wavy Film Flow 

In nearly all of the observations of falling film flow, a smooth re

gion near the liquia inlet has been noted at all flow rates. The length 

of the smcoth entrance condition varies with the flow rate and with the 
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manner in which the liquid Is Introduced. In general, the length of the 
smooth zone Is usually only a few centimeters long for water, and Increases 
as the flow rate Is Increased, but the Increase Is not In direct proportion 
to the flow rate (F-l). 

Fulford proposes that this entrance regime is a potential-like flow 
Vlth the boundary layer growing In thickness, Once the boundary layer 
reaches the free surface Its vorticlty is sufficient to trigger the wave 
disturbances, which propagate or not, depending on whether the flow Is 
unstable or stable. Thus, one observes.the dimples dissipating in the 
smooth laminar flow regime while the onBet of waves is observed at this 
point at higher Reynolds numbers. 

At the onset of observed waviness a small disturbance region exists 
where the waves are small In amplitude and fairly periodic. In Figs, 3.4a, 
b and c, Pierson has photographed waves characteristic of this region (P-l). 
There ie a little randomness, but one can visualize a periodic solution to 
the equations of motion using small disturbance theory which would fit the 
observations. The linear growth region in water is typically of the order 
of a few centimeters long at moderate flow rates. 

The next region is characterized by a nonlinear growth of the waves. 
The length of this region Is highly sensitive to external disturbances due 
to Its unstable nature. Fig. 3.2 gives an indication of the changes which 
can take place In this region. The shape of the waves has changed drasti
cally from 3.U to 3.2b. Furthermore, there are important stochastic fea
tures that are now evident. The wave amplitude, while not as regular as 
before, Is still about the same for all waves. But note that the aepara-
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tlon distance or tine between waves, the slope of the front and the slope 
of the back, all vary significantly for different wives. The nonlinear 
growth region can extend for many centimeters up to a few meters. 

Following the nonllnetr growth region, the fully-developed flow region 
occurs, where changes of the statistics of the wave profiles with length 
are small. This is the region where the measurements of Fig. 3.1 were 
taken. 

The complicated flow patterns described above for falling thin films 
Indicate the existence of potentially undesirable characteristics as far 
as our laser-fusion application is concerned. Ideally, we would want to 
produce and maintain a thin film of liquid lithium without any waveB on 
the surface. In this way we could insure that ihe entire surface vould be 
covered by a known thickness of lithium, which would enable us to make ac
curate predictions on the energy transfer characteristics of the lithium 
during the pulse cycle. 

Unfortunately the description of falling film flows Indicates that 
some waves at the surface will almost certainly occur. Thus, we need to 
develop scaling laws, based on the nondlmensionul groups, to predict what 
the surface characteristics of liquid lithium films might be at various 
flow rates and surface inclination angles. We can then decide if there 
are regions where the £11- thickness might be sufficiently uniform to be 
attractive for the laser-fusion application. 

In order to develop scaling laws for thin falling r"tu.\ we will exam

ine the theoretical results published in the literature first. A comparison 

with experimental results will be made wherever possible. Then using these 
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ratulti, estimates of falling lithium film charactariatica will be made. 

Thai enphaala in the following lections will be on the lover Reynold* number 
flow regimes, principally the smooth and wavy laminar leglmea, because of 
the greater attractiveneaa of these more uniform films to the laser-fusion 
reactor application. 

3.3 Smooth Laminar Flow Regime 
Nusselt (N - 2) originally developed the equations for the fluid me* 

chanics and heat transfer of falling thin films by applying a force balance 
on an element of fluid. He assumed viscous flow with no ahear or wave mo
tion at the surface (i.e., smooth Vmir.sr flow). Thus, the only parameter 
needed co describe the geometry of this laminar falling film is the film 
thickness, which is uniquely determined by the flow rate for constant film 
properties and angles of inclination. His equation for the film thickness, 
ty with a modification to include the angle of inclination from the hori
zontal, 8, la: 

N ^Cgain 6) d' 

3 v 2 i \1/3 

3.2B 'v A g sin 8 

The experimentalists attempted to obtain verification of Equation 3.2. 

However, the inception of wavy motion of the falling vater films made these 

measurements vary difficult, except for creeping or near-horizontal flows. 

Ultimately, excellent agreement between the measured and tin; predicted Nua-

selt film thicknesses has been obtained in the smooth laminar flow regime 

(iL S 25). 

"'r'lF" 



Using the Nusselt film thickness in place of b in Equations 3.1A to 

3.1C, it is possible to uniquely relate the Froude and Weber numbers to the 

Reynolds number for a given liquid: 

•WV • % 8 i n e 

< V / 3 <* •1/3 

These relationships are strictly valid only for the smooth laminar flow 

regime. However, it will be shown in the next section that the average film 

thickness in the wavy laminar and wavy turbulent flow regimes up to Reynolds 

numbers of as high as 800 to 1000 are only slightly smaller than the Nusselt 

film thickness, As a result, the relationships anong the nondimensional par

ameters retain their significance up to these Reynolds numbers. This will 

be shown to have great importance with regard to the interpretation of the 

observed characteristics of the waves in the transition regime. 

The Froude and Weber numbers are plotted aa a function of the Reynolds 

number for water and lithium in Pig. 3.5a. The corresponding Nusselt film 

thicknesses for vertical film flow are plotted in Fig, 3.5b. 

3.4 Onset of Wavy Flow 
In 1948 Kipitza (K-l) developed the pioneering work in stability anal

ysis of thin films. By introducing a small perturbation to the equations 

of motion that included surface tension, Kapitza showed that In the small 

disturbance region the mean film thickness for waves at the surface was 

slightly smaller the.i the case of no waves. His equation for the mean film 
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thickness, \ , li 

His analysis yielded the result chat If tht mean thickness with waves vera 

smaller than without waves, then the vave state would be the more stable 

state. A necessary condition for vave Inception developed by Kapltza w(.s 

that the Xeynolds m a b t t matt be. largtr than a critical Reynolds number cal

culated from; 
" -1/11 

\ ' l M Lfl sin 6 
P 0 

3.4A 

• 2.29 [ N ^ 3 Bin S ] " 1 / n 3.4B 

For a vertical falling water filn this relation predicts the onset of 

waves at a Reynolds number of about 23. Kapitza's analysis was valid only 

for long wave-length waves where A/b > 13.7. 

It ahould be noted that for such long wave-length wives, the gravity 

forces would tend to be dominant. It can be seen from Fig. 3.5a that for 

N R„ of about 23, the Troude number Is almost unity. However, the surface 

tension effects evidently still exert a crucial influence even though the 
-3 

Ueber number It only about 10 . This Influence of the surface tension 

forces may be explained by the approximate method of solution of the equa

tions of motion developed by Javdanl and Gorsn (J-l). This method obtains 

solutions for the stream function, ¥, expanded as a power series in wave 

number, a, where; 

. 2 it B 
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This method of solution generates terns In the equations with coefficients 
2 proportional to a /N^. Thus the Importance of surface tension t«rw Is 

related to a / £ _ , and for wave numbers aa null as 0.03, this ratio la on 

the order of unity for IL_ only 0.001. 

The variation of Kapltta's predicted wave-inception Reynolds masher 

with water surface Inclination angle, 6, is shown as curve 3 on Fig. 3.6 

(taken from Fulford's review paper, F-1). Two other theoretical prediction* 

by Benjamin (curve 1) and lahlhasa (curve 4) are alao shown. Benjamin pre

dict? the onset of waves at; 

thus, Benjamin's simplified theory as will as Ishihaaa's more refined ver
sion lead to the conclusion that the film la unstable to waves at all Rey
nolds numbers for vertical film flow (6 * 90'). 

The last theory, curve 2, la based on the simple idea that if the waves 

are gravity-dominated at the onset of wavlness, they should first appear at 

Froude numbers or. the order of unity for a vertical surface; from Fig. 3.5a 

this implies a wave-inception Reynolds number of about 12. The equation 

for curve 2 for arbitrary surface inclination is simply: 

" 12 
N R E 1 " sin B 

The data for water show fair agreement with both Kspitza's curve 3 and with 

curve 2. 

The more recent theoretical work (e.g., L-l, J-l and F-1) tends to 

agree with the predictions of Benjamin CB-1) that the flow is unstable to 

waves at all Reynolds numbers. However, the amplification ratio of the 
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unatable waves Initially li to small that they are not obierved until a 

Reynold! number of 25 or ao. Ihua, In recant literature the Reynolds 

nuwer for the Inception of wave* at measured visually or by ordinary sensors 

has been termed the "visual" vave Inception Reynolds number, More refined 

measurement techniques such as later lntarferonetry on longer plates could 

possibly detect waves at even lower Reynolds numbers If it were possible 

to create an absolutely disturbance-free environment for the falling film 

measurements. 

Based on Kaptiza's results (Equation 3.3), we have estimated the visual 

wave Inception Reynolds number for lithium at 500°C. Thi6 is shown as the 

dashed curve 5 on Fig. 3.6. 

Even though the concept of a critical Reynolde number for wave incep

tion does not appear to be correct, we believe the work by Kapitza does show 

an appropriate trend. For example, a higher surface tension nurher should 

cause the growth rate of the instability to be less (L-l). Thus, we would 

expect the observed waves in lithium with S s 67,840 to b« produced at a 

higher Reynolds number than for water, where S • 4280. 

A lower limit on the visual wave inception for lithium may be the Froude 

number criterion, curve 2. These estimates are the best we can do at pre

sent In trying to scale the water experimental observations to lithium for 

the onset of wave flow. 

3.5 Average Film Thickness 

Early experimental results did not appear to agree with Kapitza's pre

dictions for the mean film thickness, b~K, near the onset of wavlness. How

ever, according to Fulford (F-l), more recent results are in reasonably 
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good agreement with Equation 3.3 ovtr I lialccd range of Reynold* numbers 

near S ^ . 

In order to estimate the mean filk thickness at higher Reynold* numbers, 

Dukler and Bergelin (D-2) proposed In 1952 that eh* thin fill man vtloclty 

profile could be approximated by "unlvenal" velocity profile* for the laalnsr 

sublayer, a buffer zone and a turbulent tone. Uilng the Von Karnan univer

sal velocity profile for tl.ii latter zone, In analogy with pipe flow, they 

integrated these velocity profiles to obtain mean f11a thicknesses, An 

Improved version of this model was published by DuUer In 1960 (D-3). The 

mean film thickness parameter, N., obtained from this improved model i« 

shown plotted in Fig. 3.7s (F-l). H_ 1* defined as follows: 

„ Ab (3NRE] **'\\— J 
This parameter is also useful for comparing various liquids. 

Also shown in the figure are the Nusielt and Kapitza film thickness 

lines. The water data can be seen to agree reasonably veil with Dukler's 

"smooth" turbulent film flow model over a Reynold* number range from about 

200 to several thousand. At very high Reynolds numbers, the data systema

tically fell above the Dukler curve and were matched better by a eeiU-

empirical equation of Broti (F-l): 

N ? = (3.2 x 10 N ^ ) 

At lower Reynolds numbers, Fulford states that modem data approaches 

the Kapltza line and then at still lower Reynolds numbers tends back toward 

the Nusselt line. It can be seen that the Dukler curve goes smoothly into 

the Nuaselt line at low Reynolds numbers. 
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In Fig, 3.7b, Fulford has compiled all the experinental data he could 

obtain In 1964, and several emplrlcul and theoretical curves to predict 

the fila thickness. Ai one can ae« from this figure, many of the early 

film thickness data which were obtained mainly by the micrometer or staple 

drainage technique* were not of t hijjh degree of accuracy. However, the 

figure Indicates chat the bulk of the da;;i fell between the Uuwelt and the 

Improved Dukltr curves over the Reynolds number range shown, 

3.6 Wave Characteristics In the Initial Regions 

The smoothest regions of a falling film are generally the entrance re

gion and the snail dlstrubance region immediately following it (e.g., see 

Figs. 3.4a, b and e). At indicated previously, these two regions are on 

the ordei of several centimeters long for water. He believe, as does 

Whiteker 01-2), that due to the increased surface tension of lithium, the 

characteristic length of these two regions will be greater than for water. 

Thus, the combined length nay be as much as 5-10 en for lithium. This 

region is of particular Interest for the laser fusion application, as mentioned 

previously, because the lithium flis would have the greatest uniformity of 

thickness. 

A collection of experimental results for the visual wave inception line 

for water is shown in Fig, 3,6. Some attempts have been made using linear 

stability theory to predict the length of this smooth entrance zone for fluids 

other than water (e.g., C-1, C-2). However, as Atherton and Homsy (A-2) have 

indicated, the visual wave inception line is a function of the amplitude of 

the waves detectable by a given device, and is to that extent an ambiguously 

defined parameter. The authors compared the attempts made to predict this 



3.15 

length with experimental data which showed fairly poor agreement. They 

further concluded that the wave onset is basically a nonlinear phenomenon 

whose description needed a nonlinear hydrodynamical treatment feven though 

linear theory gives good results for the wave speed and wave length). 

thus, there are no scaling lavs or equations to enable us to predict 

the characteristic lengths of the smooth acceleration and small disturbance 

regions. However, by examining the wave characteristics (wave speed, wave 

number, growth rate, and equilibrium amplitude) it is possible to indicate 

trends observed in water and hopefully extendable to lithium by analogy. 

All these wave parameters except for the wave amplitude and the development 

lengths are, in principle, obtainable from linearized stability theory. 

The method of solution until recently has been to allow for a small pertur

bation to Che equations of motion and then Co assume a periodic solution to 

the resulting perturbation equation. Thus, the solutions are valid only in 

the small disturbance (periodic) regiou. This method was initially developed 

by Kapitza (K-l). He also employed a physical argument related to minimum 

energy dissipation to estimate the equilibrium wave amplitude. 

Lee (L-l) extended Kapitzab work and added mathematical rigor. In the 

small disturbance region he assumed a periodic solution of the form: 

/a ) 
* - J S S slq ((*) « A sin (<ox) 3.8 

and found that! A « (3 I U ) 3.9 

where A is the nondimensional wave amplitude. Fig. 3.9 shows a compari

son of theory with experimentj the solid curve line is Equation 3.9. Thus, 

it appears that Lee's work represents the lower limit of experimental data. 

Kapitza's original solution yielded a constant value of A « 0.46, 
eq 
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For the low flow rates associated with reasonably long small-disturbance 
regions, the Nusselt equation (3.2A) for the film thickness Is fairly accurate. 
Using this equation and the definition of the Reynolds number, 3.1A, ve can 
transform the Weber number (for 3 * 90°) as follows: 

N / 4 3 \^3 N 5' 3 

S . «L K H . JL— 3 l0 
flWE 14.5 I 3 / 11.5 K„ -3-1 

thus: 
N 5/6 

Aeq" 0- 5^T 

Again, this result is valid only in the small disturbance region. If we include 

the dependence of the film thickness on the angle of inrlination from the hori

zontal, Si we get: 

In Figure 3.10c we have calculated values using Equation 3.11 for water a: 20°C 

and lithium at 500°C. Ve note that the increased surface tension of lithium pro

duces a decrease in the predicted equilibrium amplitude by more than a factor of 

2 for a given Reynolds number. 

In order to show the effect of the angle, of inclination, 8, on the wave ampli

tude, we have calculated two curves for water from Equation 3.12 as shown in Fig

ure 3.10b. Unfortunately, the (sin 6) terra does not give us much help until 

we get to angles less than 30°. However, the trend does indicate that a small de

crease in the wave amplitude is possible if the plate inclination angles can be 

reduced to small values. 
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The range of validity for this method of predicting the wave ampli

tudes in the snail disturbance region is probably limited to Reynolds num

bers less than 100 to 200. In order to obtain estimates of the wave ampli

tudes at higher Reynolds numbers, we must look to the experiments. Dukler 

(D-l) has obtained experimental results up to a Reynolds number of 6000 as 

shown in Fig. 3.11. Looking only at the upper curve for a gas Reynolds 

number of zero (i.e., no gas flow above the liquid fila), we see that the 

dlmensionless wave amplitudes seem to "saturate" at an R.M.S. value of about 

0.7. 

We have now extended Kapitza's small disturbance theory about as far as 

possible, To obtain theoretical results for higher Reynolds numbers requires 

Che solution of the Orr-Somtnerfield aquation, In general (e.g., Whitaker, W-3). 

Even this powerful method cannot yield any information on equilibrium wave 

amplitudes or the length of the linear wave growth region, since these wave 

characteristics must come out of a nonlinear analyses. 

Pierson (P-l) has recently solved this equation numerically for sur

face tension numbers from 0 to 7000. In Fig. 3.12, we present Pieraon's 

cur i s for the diaeneionlesa wave number for the maximum growth rate, a , 
m 

versus Reynolds number at different surface tension nvrtirs, where 

(J • r 

m A 

He have included our extrapolation of his results to lithium, where 

N a - 67,840 at 500°C . 

In Fig. 3,13 are shown the predictions of two other theories reported 

in Pierson (P-l). There Is remarkable agreement between Pierson and Anshua 

and Goren (A-l). This agreement is startling at first as Anshus and Goran 
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developed approximate solutions to the Orr-Sommerfeld equation by neglecting 

the parabolic velocity profile in the fluid. The authors'a priori assumption 

was that surface effects were governing so that the velocity profile could be 

replaced by the surface velocity. The good agreement achieved with the more 

rigorous solutions of Pierson is clearly evident in Fig. 3.13 and seems to 

confirm that surface effects are controlling. Thus, It is reasonable to expect 

that the higher surface tension number fluids would be stabler than the ones 

with lower N . 

Figure 3.14 from Pierson shows the excellent agreement between his 

solution (and that of Anshus and Goren) with the available data on water up 

to t-'ne unexpectedly high Reynolds number of almost 4000. This good agree

ment is further verified in Fig. 3.15 where the nondimensional wave speed 

(relative to the nean surface velocity), C , is plotted versus nondimenaional 

flow rate. 

Pierson also presents the nondimensional spatial growth rate parameter, 

t , JS a function of the nondioenaional wave number o , for water, where: 

r 

This is reproduced in Fig. 3.16. The wave number of maximum growth rate should 

be a good Indication of the wave which is observed and this is corroborated 

for water by the data of Fig. 3.14. It also gives some qualitative indication 

of the length from the entrance where waves will first be observed. The visual 

measurements of the wave inception line shown in Fig. 3.8 seem to verify that 

the lower growth rates for Reynolds numbers above and below about 200 do re

sult in a longer inception distance. 



The data In these figures represent the type of results which have been 

published to date on numerical solutions of the Orr-Sommerfeld equation for 

thin falling films. Unfortunately, it is not sufficient to develop a complete 

set of analytical scaling laws applic^le to lithium. 

Before we diBcuss the requirements for complete surface wetting we will 

discuss very briefly the experimental approaches to obtaining statistical data 

on wavy films, particularly on the higher Reynolds numbers. 

3.7 Recent Experimental Wave Data 

In the recent work of Dukler and a few others, the older experimental ap

proaches aimed primarily at measuring the mean film thickness, average wave 

length and average wave speed, have been superceded by more detailed statistical 

analysis of the wavy surface. Due to the random waviness of falling film sur

faces at Reynolds numbers above a few hundred, these statistical data are felt 

to be essential for modern heat and mass transfer studies. This is particularly 

true in the wavy turbulent flow regimes (N D >300) where many practical applicant 
tlons are found. This statistical analysis can only be accomplished using high 

quality experimental data on the instantaneous film thickness. 

A relatively simple but powerful experimental technique developed by Wicks 

(W-4) using conductance probes, has enabled Dukler to obtain the wave profile 

traces as shown in Figures 3.1 and 3.2. If one considers the wave amplitude 

as a stochastic process, it can be'characterized by its moments, calculated 

from the measured probability density. 

Chu and Dukler (C-3) have recently presented a statistical analysis of 

the wavy films. They have shown that waves on falling films display certain 



stochastic features. The authors found that at least two classes of such 

random waves exist; large waves which carry the bulk of the flow and smaller 

waves uhlch appear on a sublayer film that exists between large waves. These 

two classes of random waves are illustrated In Fig. 3.17 and can be seen 

fairly clearly In Figs. 3.1b, c and d. 

The wave speed data of Fulford (F-l) for water, shown in Fig. 3.16 

seem to indicate a related phenomenon occurring at a specific Reynolds number. 

It can be seen that the wave apeed slope seems to change abruptly at a certain 

Reynolds number. This Reynolds number corresponds to a Weber number of about 

0,8, Indicating that small capillary waves are becoming important. Thus the 

existence of two classes of vzv&i, one class composed of the longer-wave

length, gravity-dominated waves, and the other class composed of short-wave

length, surface tension-dominated waves, appears to be reasonable above Hebei 

numbers near unity. 

The R.M.S. wave amplitude data shown in Fig. 3.11 are typical of the 

statistical results obtained by Dukler (D-l). They indicate that the wave 

amplitudes for water increase very rapidly between a Reynolds nuniber of 100 

and about 1000, and then tend to saturate, Thus, for our laser-fusion ap

plication , it appears that we may have to restrict ourselves to the low 

Reynolds number range of at most a few hundred in order to limit the liquid 

film nonuniformity, 

3.8 Effects of Wavy Flow on Transport Phenomena 

There have been many efforts made to examine the effect the wavy 

surface of a falling film has on transport phenomena (e.g., see D-l). Un

fortunately, the concepts used in these worts are for ordinary transport 



mechsntsma. The energy transport mechanisms involved in a pulsed fusion 

reactor cannot be compared to these works, due to the difference In tine 

scales, For the most part the film will be standing still during the trans

fer process. One obvious effect of any waves on the surface would be to in

crease the effective surface area of the first wall coating. Since this present 

study is focused on the establishment and maintenance of the thin coatings of 

lithium before the fusion shot, much additional research will have to be done 

on the behavior of thin lithium films during and after the laser-fusion micro-

explosion. 

3.9 Minimum Wetting Rated 

It is well known (H-l) that when a thin film flows over a aclid surface 

under the action of a driving force, dry patches can form and spread. If the 

flow rate is increased, the dry patch can be revetted. The flow rate neces

sary to cover a surface completely with a stable film is called the minimum 

wetting rate, I". . Experimentalists (H-l) attempted to develop empirical 

relationships to predict the minimum wetting rate. Unfortunately, these were 

valid only for the particular fluid or flow condition used, due to the depen

dence on contact angle. 

Hartley and Hurgatroyd (H-l) developed one of the first theoretical 

criteria for fluid breakup baaed on a force balance at the upstream stagnation 

Point of i dry patch. The flow condition was a vertical isothermal film flow

ing under the influence of gravity on a solid surface. This force balance led 

to the following equation fox the miniaum wetting rate, V . ; 
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^ . I > 6 9 ^ ( 1 . c < > a 6 ) 3 j 1 / S 
3.13A 

- 1.47 [N (1 - cot 9 ) ] 3 / 5 3.13B 

r where 6 is the contact angle. He note that N D, • 4 - so that this equation Kb y 
specifies the minimum Reynolds number for a stable vertical film. Here sta

ble refers to the absense of a dry patch. 

Equation 3.13 is plotted for lithium at 500°C In Figure 3.19. Also 

plotted is an equation developed by Fonter et al. (P-2) for the minimum 

wetting rate where the only difference Is that the constant is 1.116 Instead 

of 1.69 in Equation 3.13A. It is noted that If these equations are correct 

and If the contact angle Is large (e.g., 25" or larger), the Reynolds number 

required to produce a stable film on a vertical surface can be as high as 

1000 or more. One consequence of this is that a continuous film might not 

be attainable in the smooth, low Reynolds number film flow regimes. How

ever, there is some reason to believe that by preconditioning the substrate 

surface to cause diffusion of lithium into the metal substrate, that the 

contact angle can be reduced to low values. 

Another consequence of Equation 3.13 is that there is a minimum film 

thickness, since it Is specified uniquely by the flow rate for constant 

fluid properties and «ngle of inclination. Figure 3.20 shows a curve that 

represents the Nuiselt film thickness for lithium calculated for the mini

mum watting rates using Equation 3.2. He note that, unless the contact 

at<:le is smaller than about 25°, a film thickness less than 0.4 ran (400 

microns) la unattainable (according to Equation 3.13) for a vertical plate. 
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f Kobler and Czajka (H-2) measured minlmun wetting rates for fluids flow* 

lug over a aeries of inclined planes. The functional dependence of the oin-
| iiaus wetting rate on the angle of inclination from the horisontal, 0, was 
j found to be (based on plots o£ their data as reported in W-l): 

^ a ( s i a W V 3 3.14 
I P 

I In Fig. 3.21 we have included this angular dependence using Eq. 3.14. These 
curves give UB the hope that it may be possible to produce a thin fils .it a 

' relatively low flow rate for the surfaces at snail angles of inclination. 
[ Recently, Watanabe, at al.. ftf-1) have examined the predictions of the 

breakdown of falling films in the absence of mass or heat transfer, The 
authors showed that the experimental results often disagreed significantly 
In magnitude with Eq. 3.13, even though the trend was correct. The authors 
shoved that differences of the top shape of the wetted surface at the entrance 
region could produce a significant difference in the minimus vetting rate, 
thus, it seems reasonable to uee a scaling lav for the minimis wetting rate 
of the form: 

p 
-SiS. . Cj, [Ka (1 - coa 8) j 3 / S (aln g ) 2 / 3 3.15 

where CL is a constant detemined experimentally for the flow conditions. 
We hope to evaluate this constant experimentally for lithium, However 

to be able to use this scaling law, we will need the contact angle measure
ments provided by the other aeabers of oux research tean. 

3.10 Sunsiary 
As mentioned in the Introduction, we believed Initially that falling 

films were preferable to eiiabtng (i.e., capillary) films because of the 



opportunity to use the rather large gravity forces. The literature search 
has Indicated that it may be possible to work with falling films in spite 
of the complicated variation of the film surface with flow length, flow 
rate, surface Inclination angle and so forth. 

This literature search has indicated moBt of all the need for experi
mental data on the basic characteristics of falling liquid lithium films, 
since the literature haB failed to produce a complete Bet of scaling laws 
that would enable us to make a decision on the use of falling lithium films, 
Thus, we Intend to do some basic first experiments on falling lithium filas 
with the goal of determining the conditions under which it nay be feasible 
tc use such films in future laser-fusion reactors. 

Prepared by B. Gilmer and H. A. Hoffman 



I 
4.1 

[ 
4. DESIGN OF CONI\CT XNGLE EXPERIMENTS 

I After examining literature accounts of the various methods reported for con-

! tact angle measurements, it was decided to develop two approaches for short- and 

long-range plans. A general outline of the various experimental considerations 

j in contact angle determinations and a description of the two adopted plans will 

be given below. 

1 Basically there are two general methods for determining the contact angles 

i between liquids and solids (Ref. 4.1). In the first general method, knowledge 

of the surface tension of the liquid is essential. Eq. [2,15] in the second 

j section of this report (cos 6 » gphr/2v) describes the relationship of 9 to the 

height of the fluid's capillary rise, h. In addition to this approach, that of 

J capillary pull can also be utilized in contact angle measurements. The differ-

, ence in weight of a flat plate when in air, W n, and when partially immersed in 1 
' a fluid can be related to the contact angle by 
I W - W 0 • 2(4 + i ) y cos 9 - 4S»gp 14,1] 

j where I and $ are the width and thickness of the plate, i is the depth to 

which the plate has been immersed, p is the density of the liquid, v is its 

| surface tension and g is the gravitational acceleration, 

A more commonly employed general approach is the direct measurement of 

the contact angles, This can be accomplished through a variety of techniques, 

Perhaps the most popular is the measurement of 8 from the contact periphery of 

a sessile drop. Use of telescopes for direct reading of 8, or the use of a 

I camera to record the drop's image then measure the angle are two examples of 

the direct techniques. Calculations of the contact angles from known drop 

I dimensions are also possible. Referring to Figure 4.1, the contact angle 6 

can be calculated from the height, h, and width, w, of the drop in accordance 
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with the geometric relationship: 

h » R(l - cos 6) 

and since 

R a H n T 
the ratio 

h/w.wSjSZS. 

[4.2] 

[4.3] 

[4.4] 

A similar relationship can be derived for obtuse contact angles. 

Another less common technique is termed the level surface method. A par

tially immersed plate is moved around an axis parallel to the surface of the 

liquid and the angle is adjusted until the liquid surface remains horizontal 

all the way to the plate. At that point the angle between the plate and the 

surface of the liquid is the desired contact angle. 

A variety of sessile drop techniques have been reported in the literature. 

Each reflects the differences in the desired conditions needed to accommodate 

the specific properties of the materials being studied. Furnace configuration, 

the capability of measuring trailing and advancing contact angles, and direct 

or photographic measurement of the contact angle are some of the characteristics 

of the different systems. The furnace designs vary considerably, depending on 

the particular requirements of the experiment. An important distinction is 

whether the entire furnace is in an evacuated chamber or whether the furnace 

surrounds the evacuated chamber. 

The systems comprised of a furnace external to the evacuated system gener

ally consist of a fused-silica tube containing the sample and substrate. The 

section of the tube to be heated is placed in the furnace and the sample can 

be observed from the ends. In this system, only the stall glass tube requires 

evacuating, and any manipulation of the system can be accomplished directly. 

In other systems, the entire furnace and sample assembly is enclosed in an 
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evacuated chambei. When the whole system is enclosed, any manipulation or obser

vation of the sample is more difficult since viewing ports and remote control 

devices are required. 

Most furnaces examined had cylindrical shapes. This provides for symmetric 

heating and simple design. The tubes are long enough to provide a sizable region 

of constant temperature in the center and allow viewing through the ends. An 

assortment of other furnace designs comprised the remaining techniques examined. 

Several types of designs are shown in Figure 4.2 (Refs. 4.2-4.S), 

If successive sessile drop experiments are to be performed, the ability to 

make several determinations without breaking the vacuum or inert atmosphere seal 

is highly desirable. Only one reported system had the provision for measurement 

of several drops sequentially (Ref. 4.6, Figure 4,3). The entire system was 

enclosed in an evacuation chamber containing a circular convey.r that accommodates 

20-30 specimens. 

After considering all of the criteria pertaining to the lithium-niobium 

couple, a bell jar type vacuum system was designed to perform the sessile drop 

experiment. This preliminary design was reviewed and a simpler one suggested 

for the initial set of experiments. 

Our initial, short-range design will be directed towards individual sessile 

drop measurements. A stainless steel tube, housing the substrate, will be heated 

externally by a horizontal tube furnace. Provisions will be made for a viewing 

port on one end of the stainless steel tube and a vacuum coupling valve at the 

other. The tube will be first evacuated and back-filled with ergon. It will 

then be taken into a glove box which in turn will be evacuated and purged with 

argon gas. Small pieces of lithium will be cut and shaped, then placed onto 

niobium substrates and finally inserted into t'.\e stainless steel tube. After 

closing the tube, it can then be removed from the glove box and inserted into 

the furnace, Following evacuation of the tube, contact angle measurements can 
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commence. Alternatively, various atmospheres (e.g., N,, 0., etc.) can be intro
duced at previously chosen partial pressures and the contact angles determined 
under these conditions. 

Measurements of the angles of contact between liquid lithium and the niobium 
substrates will be nade directly by means of a cathetometer equipped with movable 
cross hairs and a goniometer. For low value contact angles, photographic tech
niques may be utilized to ensure a higher degree of accuracy, The vacuum system 
which will be coupled with the tube in which contact angles will be measured is 
a modified bell jar apparatus, This apparatus, which utilizes an oil diffusion 
pump backed by a mecharical pump, is capable of providing a vacuum in the range 
of 2-5 x 10" 7 torr. 

For the long-range design, we anticipate developing the capability of meas
uring sequentially a number of contact angles without changing the atmosphere of 
the experiment, The capability of rotating the substrate will also have to be 
developed, To accomplish these capabilities, a design has been made. 

The final long-range design is a system that incorporates all of the required 
features and is entirely enclosed in an 18" bell jar. The furnace is a Ta cylinder 
(Figure 4.4) 10 inches long, The lithium samples can be added from the dispenser 
shown in Figure 4.5 to the substrate which is a 4" long niobium strip. For suc
cessive tests, an unused portion of the strip can be positioned under the loading 
tube with the mechanism shown on the left side of Figure 4,4. The substrate can 
be tilted with the mechanism on the right side of this figure, By tilting the 
substrate beyond the critical angle, the old drop can be forced to roll to the 
side. Because of the sophisticated mechanical linkages needed to perform the 
required functions from the outside of the bell jar, the simpler interim de-ign 
described has been adopted, 

Prepared by: M, Bommersbach, Bngineering Aide 
H, Samarasekera, Research Assistant and 
Z, A. Munir, Professor 



5. REqUIHBIENIS FOR 1HE IHITIAL FALLING FILM EXPERIMENTS 

5.1 Liquid Metal Alternatives 

the literature review on falling films discussed in Section 3, has Indi

cated the need for experimentation to adequately verify and extend the seeling 

lavs presented. In order to verify these sealing laws, the basic experiment 

must be designed to give us data on the following parameters for a fluid with 

a surface tension number significantly higher than that of water: 

1. Film thickness as a function of flow rate and angle 
of inclination. 

2. Characteristic Reynolds and Weber numbers at which waves 
appear and grow. 

3. Characteristic lengths of the smooth acceleration region 
and the snail disturbance region. 

4. Minimum flow rate required to insure the existence of a 
stable film (minimum wetting rate)• 

The minimum wetting rate depends crucially on the contact angle, and conse

quently the Interpretation of these experimental results requires prior know

ledge of the contact angle for the particular liquid/metal-substrate combination. 

Since reliable contact angle data for lithium are not yet available, we 

have given some consideration to the possible use in the initial experiments 

of another liquid where contact angle data are available. 

In Table 5.1, we have listed the pertinent theme-physical data for some 

liquid metals. Elimination of the calculated values of the surface tension 

number indicates that all of these liquid metals probably have values of N^ 

significantly higher than room-temperature water, where 

ti„ « 4280 " 4660 at 20°C . 

This indicates that any of these liquid metals would be suitable for testing 

the scaling of the falling film equation with 8 . However, only limited con

tact angle data have been uncovered so far, mostly for sodium. 
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We have found some Interesting data from tvo experimental programs which 

evaluated the contact angle of sodium on stainless steel (A-l, H-l). The ex

perimental conditions Here basically the nave with close to identical results, 

even though the measurement techniques employed were quite different. The re

sults are discouraging as can be seen from Figure 5.1. It appears that very 

high sodium temperatures are required to obtain the desired small contact angles. 

It ia not clear from these reports whether preconditioning the substrate surface 

by allowing it to soak for a period of time in a pool of liquid sodium at high 

temperature would improve the low-temperature contact angles. 

Although the use of sodium does not look promising, we are still exploring 

the possibility of using BOine other lower-melting-point liquid than lithium for 

the first liquid metal experiments. This would have several potential advantages. 

First of all, operation at lower temperature, preferably near room temperature, 

would simplify the experimental procedures required inside a glove box. Ihe es

tablishment of high purity conditions Inside the glove box will be complex enough 

without the added complexity of the several heatera required to maintain the de

sired temperature distributions. Lower temperature operation should facilitate 

achieving either iiotheraal conditions or producing a controlled temperature gra

dient; once again, near room-temperature operation would probably be the best 

from this point of view. 

Operation at thi lower temperature would also enable ue to use a relatively 

inexpanslvt Bently-Neveda proximitor probe for film thickness measurementi. This 

could provide us with a check on an optical reflection technique for measuring 

film surface smoothness which we plan to investigate. This optical technique is 

extendable to higher temperatures than the Bently-Hevada probes, and is relatively 

inaxptnslve but potentially of high accuracy. This technique Is described further 

in Saction S.2. 
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'h are continuing o'ir Investigation of various possible liquids to see If 

any one of them seems preferable to lithium for the high surface tension number 

experiments- In the meantime, ve are designing a simple falling water film 

apparatus for use as an Instrumentation test bed. This is described in the 

next section. It is even conceivable that we may be able to use hot water in 

place of a liquid metal for our high surface tension number experiments since 

8 - 16,250 at 90'C . (See Table 5.1.) 

5.2 Instrumentation Development Apparatus 

In order to perform the liquid-metal thin-film experiments, It will be 

necessary to make measurements of the instantaneous film thickness, flow rate 

and fluid temperature distribution. Most of the fluid properties may be cal

culated with sufficient accuracy If the fluid temperature is known. Since It 

Is known that heat transfer affects the minimum wetting rate, the (temperature 

of the plate must also be controlled and measured accurately. As mentioned 

previously, we intend to design the system for both isothermal operation and 

Tor operation with a controlled temperature gradient. 

The moat difficult aspect of the diagnostics is the instantaneous film 

thickness measurement. We would like to use the simple but very effective 

conductance probe technique developed by Wicks (Sec. 3, Ref, W-4) and employed 

successfully by Dukler to obtain the water film profiles shown in Figures 3.1 

and 3.2. However, the probeB do not appear to be able to produce large enough 

output- signals in a highly electrically conducting liquid such as lithium, 

An alternate technique which is elegant but very expensive is laser inter-

ferometry. A typical laser system will give better than 1 tin accuracy but can 

cost $25,000 which is well beyond our limited budget, 

A survey of other available techniques suggested that we try to employ some 

form of light reflection from the wavy film surface rather than the more common 



light refraction techniques, since lithium is an opaque liquid. We have ten
tatively chosen to investigate the use of a helium-neon laser light source re
flected off the flowing liquid surface. The reflected light will be detected 
by an array of phototransistors or photodiodes. There seenB to be no obstacle 
to uBitig this light reflection technique at the relatively high temperatures 
encountered with liquid lithium, 

In order to develop and calibrate this optical diagnostic technique, we 
are designing a simple but versatile falling water film apparatus. The basic 
reason for this choice Is that the characteristics of falling water films are 
well know and thoroughly documented (as described in Section 3)) particularly 
at the lower Reynolds nunbers of greatest interest to the laser-fusion applica
tion, In addition, tie apparatus can be outside of a glove box and at room tem
perature. One potential problem with the use of water films Is that tfe will re
quire a higher laser Intensity than for lithium due to the relatively small per
centage of light reflected off a water surface at angles of incidence less than 
about 70 s. 

The optical measurements and the theoretical predictions for water films 
will be backed up by the use of Bently-Nevada proxloltor probes; however, these 
probes are limited to temperatures less than about 90°C. These probes radiate 
an 8F signal In the neighborhood of the probe tip and measure the displacement 
of any conducting medium In that neighborhood by the field attenuation, 

There are several additional Important problem areas which can be investi
gated by building a suitably flexible apparatus, including; 

1, Techniques for isolating the apparatus from external 
disturbances. 

2, Minimum usable plate widths and lengths for interpretable 
data, 

3, Minimum run durations for interpretable data, 
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4. Behavior of tin- films for various plate inclination angles 
including angles greater than 90° (i.e., for films on the 
underside of inclined plates) •. 

5. Variable N effects (e.g., by heating the water close to 
100 oC). ° 

6. Effect of small temperature gradients and small departures 
from isothermal conditions. 

All of this information is essential for the design of a minimum-size li

quid metal experiment which can fit conveniently into a glove box. In fact, we 

are fairly certalr that we will modify the falling water film apparatus to fit 

inside the glove box upon satisfactory achievement of the initial experimental 

objectives described above. 

In the modified apparatus, the fluid system will consist of two reservoirs, 

one constant head tank to introduce the fluid onto the plate and one to catch the 

fluid after it flows over the plate. These tanks will be under pressure from an 

inert gas. To replenish the source tank, we will either pump the liquid from the 

receiving tank, or we will interchange the two tanks. The reservoirs and plate 

will have heaters in order to cheek out higher temperature operation. (̂ -8' 5.2). 

To insurn fairly isothermal conditions (when we operate above rocm tempera

ture), additional guard heaters will be used. One will be placed below the plate 

to keep it at the desired temperature, and the other will be placed above the fluid 

to keep it at the proper temperature. Thermocouples will be attached to the plate 

to measure the plate temperature, and the temperature of the fluid will be measured 

in the two reservoir tanks. 

The flow rates will be measured by flowmeters and/or by the simple measurement 

of fluid height in the dump tank as a function of time, It may be necessary to 

separate the flow in the middle of the plate from the edge dominated flow before 

nieaBurenienta are taken. 
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The thermocouples and other Instrumentation will be sheathed and put through 
electrical feed-throughs in the glove box and connected to the appropriate elec
tronics outside the glove box. 

Since it will take some time to build the water film apparatus, we plan to 
test the laser reflection technique usin^ a vavy film analog in the meantime. We 
plan to construct solid wavy surfaces of amplitudes and wavelengths tjpical of the 
liquid films and then evaluate the accuracy possible with the measurement scheme. 
We will also search for the optimum angle of incidence and the optimum location of 
the photosensitive detectors using this analog. 

Once the concept is tested and shown to he sufficiently accurate on the wavy 
film analog, we will test it on our water film apparatus. The procedure will be 
to first statically calibrate both the laser reflection measurement system and 
the proximitor probes. Then we will make several experimental runs v.tth water 
measuring the film thickness as a function n£ flow rate and the characteristic 
lengths from the entrance, Those runs will hopefully verify the accurac of our 
measurement systems when used on falling films. 

After the initial water runs are shown to he reproducible and to compare favor
ably with other data, we will L.a'-e several runs with the modified apparatus in the 
glove box to show that we uen achieve the same results within the constraints of the 
glove box. Thus, when we begin to experiment with the liquid metals, we will have 
our procedures perfected as best ve cm-

Prepared bv B. Gilmer and M. A. Hoffman 
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6. SUMMARY 

The present status and future plans for the research on the wetted 
first wall concept for future laser fusion reactors can be summarized 
as follows: 

(a) In order to ascertain the feasibility of the wetted wall con

cept, it is crucially important to generate reliable data on 

the contact angle between lithium and various solid substrates 

including niobium and stainless steel. 

(b) The few available contact angle data for lithium are not useable 

quantitatively because of their large scatter. 

<c) However, the qualitative trends shown by these data indicate 

a significant sensitivity of the contact angle to surface con

dition and impurity level in the lithium. 

(d) A simplified initial experiment to measure the contact angle 

of lithium on various solid substrates employing the sessile 

drop technique has been designed and is partially built. 

(e) the principal objective of these initial experiments is to 

establish a technique through which reproducible contact angle 

data can be obtained. 

(f) A second objective is to determine the substrate characteristics 

and lithium purity conditions which provide for maximum wet

tability of liquid lithium. 

(g) The ability of the lithium to wet the materials of the reactor 

first wall is only the first basic requirement which must be ful

filled. Another basic requirement is the ability to uniformly 
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cover the relatively complex geometry of the entire first 

wall using reasonably simple lithium feed port and collection 

port configurations, 

(h) The Initial research on the coating of large areas of the 

first wall with liquid lithium has focussed on the use of 

thin falling liquid films. 

(1) This research has revealed many potential problems associated 

with the use of falling liquid films including: 

1) the probable occurrence of surface waves on the film after 

only a few centimeters of flow from the feed ports 

2) the uncertainty regarding the ability of falling films to 

coat the undersides of the surfaces near the top of the 

reactor 

(J) In spite of these potential problem areas, the use of falling 

films Is still sufficiently attractive for large portions of 

the reactor first wall that it has been decided to design a 

falling film experiment. 

(k) The principal objective of the Initial experiment will be to 

verify and extend the existing scaling laws for falling films 

to the higher surface tension numbers characteristic of liquid 

metils such as lithium. 

(1) In order to accompliih this objective the development of a 

relatively simple *nd inexpensive laser light reflection diag

nostic system for measuring liquid film thickness and smooth

ness will be undertaken. 
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(m) In parallel vith the above experimental efforts, research v t u 

continue on the other possible methods for coating all or cer

tain portions of the first wall vita liquid lithium. 



Appendix A 

Cleaning and Operating Procedures 

Hell Jar Vacuum System 

f 



Component^ and kt>&wbty 

The vacuum system referred to in the text was assembled from two incom

plete facilities, donated by Fairchild Semiconductor Corporation. They are 

typical high vacuum bell jar systems with a diffusion pump, copper piping 

and pneumatic valves. By cannibalizing the two units, a complete vacuum 

was built with the exception of a mechanical pump and a bell jar. The 

main platform required some hand grinding around the bell jar seal and the 

high-vacuum valve seal. The high-vacuum valve and roughing valve required 

no repair, A new solenoid was installed in the vent valve and a new activa

tion shaft was manufactured for the foreline valve. 

The mechanical pump, obtained on a loan basis from LLL required cleaning 

m d new oil. The new bell jar and seal was purchased from Van Maters and 

Rogers Corporation. The 0-rings were obtained from Porter Seal Company and 

are made of Viton. An iuniiation gauge was purchased from Veeco Corporation, 

During assembly, Dow'5 silicon vacuum grease was used exclusively in 

the system. 

Meaning 

The basic parts of the present system had been in storage for sonic time, 

and needed a thorough cleaning. This was accomplished by first cleaning with 

soap and water. Next, a cleaning apparatus was set up consisting of three 

plastic trays filled with water, acetone and trichloroethylene, respectively. 

The acetone removed any remaining grease or oil which might have been left 

from the soap and water treatment. The trichloioethylene removed additional 

grease and also the film left by the acetone. Freon R-U was used to remove 

the residue from the trichloroethylene. Varnish and scale from soUered 

parts were removed with concentrated HCl and, more successfully, with a 

nitric acid solution consisting of 4<ft nitric acid, 30t sulfuric acid, .5t HCl, 



29.S* II 0; or 50* nitric acid and 50% H 20, The acid bath was followed by 
rinsing with distilled water. Rubber gloves were used to handle the parts 
during the cleaning to protect the hands from the harsh chemicals and to 
keep skin oils from contaminating the cleaned parts. The ion gauge tube 
was cleaned by rolling a small amount of trichloroethylene, acetone and 
HC1 around on the inside of the glass. Care must be taken not to allow 
the fluid to cone in contact with the filament. 

Oftv&tion P-toceduAe 

1. Before starting any part of the vacuum system, a check should be made 

to ensure that cooling water is flowing through the system. Checking 

the drain outlets of the cooling water lines is desirable since it is 

possible to turn on the water at the tap and have a blockage somewhere 

in the lines. In addition, for operations involving the bell jar, the 

high vicuum valve must not be opened until the pressure has been sub

stantially equalized on both sides of this valve to within about 10u 

at about the 20u level or better. 

2. After preliminary checks, the main breaker may be turned on. If the 

panel key is off the switches will display red. If the switches are 

in the on mode they will not be activated until the key is turned on. 

At this point, the protect button may be seL after the high vacuum 

(Hi-Vac) valve is closed. (Caution: the protect button may be used 

to close the Hi-Vac valve, but will also open if the Hi-Vac button is 

not turned off,) Close all valves. (Note: turning the main breaker 

on with the panel key left in the on position causes a loss of any 

existing vacuum in the system, as valves will open if their switch 

has been left on.) 



1. The mechanical pump may be turned on to evacuate the primary systet between 
the roughing and foreline valves. Thermocouple gaugu No. 1 (TC 1) should 
read below 50u (usually about lOu) before the foreline valve is opened and 
the diffusion pump is evacuated up to the high vacuum valve. Once the 
pressure in the entire system up to the high vacuum valve has stabilized 
at about 10 to SOu, the bell jar may be evacuated if it is t o be used. Check 
to be sure that the vent valve is closed. Close the foreline valve then 
open the roughing valve. When the pressure cones close to the pressure under 
the Hi-Vac valve, tht foreline valve may be reopened to pump on the entire 
system. 

4. The diffusion pump has very poor efficiency at pressures above SOu. When 
the pressure in the entire system has stabiliied below SGu, the diffusion 
punp can be started, the lower the pressure in the system at which the 
diftusion pump is started, the faster the ultimate vacuum required can be 
attained, After turning on the diffusion pump, a warm-up time of about 
AS minutes is required before it is fully effective. The Hi-Vac valve 

may be opened. It may take severttl hours to reach a vacuum of about 
-7 s x 10 torr. 

5. Before the system may be left unattended, recheck the cooling water dTain 

to be sure that it is flowing properly, 

ShtU town 
1. Allow any heating facilities used in the bell jar to cool to room temperature. 

2. Close the Hi-Vac valve. 

3. Turn off the diffusion pump but continue pumping with the mechanical pump 
for at least 45 minutes. 

4. After the diffusion pump has cooled, close all valves and turn off the 
mechanical pump. 

5. If access is required to the bell jar, open the vent valve first. 
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1. Close the Hi-Vac valve. 

2. Close the roughing valve, 

3. Open the vent valve, 

4. Raise the bell jar - close the bell jar. 

5. Close the foreline valve. 

6. Open the roughing valve. 

7. After at least 20u pressure has been reached in the bell jar, close 
the roughing valve and open the foreline valve. 

L Open the Hi-Vac valve. 

I 

Prepared by: K, White, Engineering Aide and 
Z, A. Munir, Professor 



Appendix B 

Laboratory Handling of Lithium and Safety Considerations 



To ;i'event contamination of lithium by oxygen and nitrogen, lithium is 

usually contained in an inert atmosphere or in a vacuum. The recommended 

maximum impurity levels in inert gases for glove boxes in which high purity 

lithium is handled are as follows: water 5ppm, oxygen lOppra, nitrogen lOppm 

and carbon dioxide lOppm. In vacuum boxes samples of lithium are found to 

remain clean for long periods of time at vacuum pressures of 10 to 10 torr. 

Moisture diffusion through gloves in glove boxes is found to be a problem 

and this could be eliminated by the use of two layers of butyl rubber fur i.he 

gloves. Continuous removal of nitrogen, oxygen and carbon dioxide from the 

inert gas in the glove Lox is necessary to uaintair the purity of the lithium. 

Glasses, plastics and ceramics are generally attacked by molten lithium 

near its melting point. Low carbon steels and iron can be used to contain 

lithium up to about 500°C and for temperatures above 1000°C refractory metals 

could be used. 

The surfaces of apparatus in \>hich lithium is to be contained should be 

thoroughly cleaned, Degreasing with trichloroethylene followed by several 

acetone rinses is recommended. 

Since lithium is u highly reactive material, it can be dangerous if proper 

precautions are not taken. Lithium is generally stored in hydrocarbons, mineral 

oils, or in containers sealed with purified argon. Lithium is lighter than 

racst mineral oils and floats on the surface when stored in this manner. Hence 

these storage vessels should be opened with caution. The major hazard encoun

tered in the use of lithium are explosions OT fires that could ocuur when lithium 

is in contact with water, air, chlorinated hydrocarbons or other reactive materials. 

Those handling pound quantities of lithium in glove boxes should protect 

themselves by wearing fire-resistant aprons and safety glasses. Since molten 

lithium may burn with an intense u'lame when in contact with moist skin, containers 



should be leak proof. Personnel handling containers with liquid lithium should 

wear safety gloves and chrome leather protective clothing. 

Powdered graphite, zirconium silicate, potassium chloride and lithium chloride 

are effective lithium fire extinguishing agents. The povdered carbon preparation 

called Met-L-X is pressurized and stored in cylinders and is commonly used for 

extinguishing lithium fires. It is important that normal fire extinguishing 

agents are not used, as these compounds (water, carbon dioxide, sand, sodium 

bicarbonate and carbon tetrachloride] react highly with burning lithium. 

Any lithium that spills should be immediately transferred to buckets con

taining 100 mesh powdered graphite. Lithium-contaminated areas should be viped 

with flame-proof rags. All unopened packages containing lithium should be clearly 

marked, "Hazardous material - keep away from water". 

REFERENCE 

J. 0. Cowels and A. D. Pasternak, "Lithium Properties Related to Use as a 
Nuclear Reactor Coolant", UCRL-S0647 (1967). 

Prepared by: M. Somraersback, Engineering Aide and 
2, A. Munir, Professor 



TABU [,|~ NOMINAL REFERENCE DESIGN PARAMETER ( I I I , KEF. 1.2.) 

Net Electrical Power per Reactor, M 27.5 

dumber of Reactors 10 
Net Plant Efficiency, percent 36 
Pulse Rate per Reactor, Hertz 10 
Pellet (hollow sphere) 

Pellet mass, grams 
Pellet composition, atom percent 
Pellet Diameter, urn 
Pellet wall thickness, mr 

10 ' 4 

50/50 D/T 
2, 
.07 

Reactor 
Cavity shape 
Cavity dimension (radius of inscribed 

sphere), m 
First wall l iner thickness, mm 
Maximum pressure before shot, torr 

Icosahedron 
2.2 

.7 

.1 

First Wall Liner Parameter, per pulse » 
Energy deposition, charged part icle, J/m 
Energy deposition, x-rays, J/m^ 

First Wall Liner Materia' and Thickness 
LithiU"!, !!«! 
No, nrc 

.3 

.4 

First Wall , 
Neutron loading, Mw/nt (time averaged) 
Vacuum pumping area, steradians 
Laser beam area, steradians 

1. 
.5 
1.2 

Blanket 
Thickness, m 
Breeding ratios (tritons/14 MeV neutron) 
Materials 

1. 
1.15 
Lithium, Niobium 

Laser System Parameters 
Energy output, Joules/shot 
Wave length, micron 
Efficiency, percent 
Power supply (plant) 

Energy, Joules 
Pulse frequency, HertJ 

Lifetime, pulses 
Amplifier systems per reactor 
Number of beams to reactor 
Optics rating, J/m2 per pulse 
Peak power into pellet, watts 

105 

• 3< a < .6 
10. 

1 0 2 
1 0 1 
i o" 
i 
12. 
2 x 10?, 
5 x 10 J 



T"A6L£ \.2-
TIMESCALE OF EVENTS FOR LCTR PELLET FUSION PULSE 

-5MS 
-150MS 
-10NS 
0 
+10PS 
+6NS 

+30NS 
+20-
100NS 
+60NS ' 

0.3 TO 
1.2ns 
+1MS 
3.01 TO 
10 SEC 

SECONDARY FVFfllS v c l a n n i l c | d PRIMARY EVENTS 
PELLET ENTERS CAVITY 
LASER PULSE FIRED 
LASER PULSE ARRIVES AT PELLET SURFACE 
THERMONUCLEAR BURN BESINS 
Til BURN COMPLETE 
X RAYS STRIKE FIRST WALL 

ABLATIVE MATERIAL BEGINS EXPANSION FROM 
FIRST WALL 

X RAYS STRIKE LAST OPTICAL SURFACE 
NEUTRON'S DEPOSITED IN REACTOR VESSEL SHOCK WAVE INDUCED IN LITHIUM 

UEUTRONS STRIKE LAST OPTICAL 
SURFACE 

PELLET DE3RIS STRIKES FIRST WALL 

CAVITY SLOWDOWN BEGINS 
RESTORATION OF ORIGINAL CAVITY 
CONDITIONS COMPLETE 

ABLATIVE MATERIAL AND PELLET DEBRIS 
INTERACT 

CAVITY ATMOSHPERE EQUILIBRATED 

WERTED WALL BLOWDOWM COMPLETE, LITHIUM 
VORTEX RESTORED, TURBULENCE IN RAR1FIED 
DRY WALL CAVITY DISSIPATED. 



TABLE 3.1. Fluid Properties of Hater and Lithium 

F l u i d 
• 

. 3 
P. E/CJ» U, g / c « - s °» dynes/cm N o 

(cm) 
NFR - f < S RE> •CE " f { f W »> 

Water 
a t 

20"C 
1 .00 .00936 7 2 . 5 

4 2 3 0 -
4660 4.06 » M-H^Sff l S R E / 1 6 1 .9 x l O - 5 i ^ 5 ' 3 s i n B 1 / 3 

r 
L l t h i u u 

a t 
200°C 

.515 .00575 4 0 0 39 ,480 4 57 1 0 - r - r 4.57 x 10 | s l n g] *W 1 6 2.2 x 1 0 - 6 S ^ 5 ' 3 s in 6 1 / 3 

1 
jLithium 
'• a t 
. 500°C 

. 4 8 1 .00340 ; 349 

» 
6 7 , 8 4 2 3 37 1 0 - 3 f S - l 1 / 3 3.37 K 10 l s ± n g | >W 1 6 1 .28 x 1 0 ~ 6 N , ^ 5 ' 3 s i n J 5 1 / 3 

*H_ R, ^ U E * a t l <^ N H F based an Nusselt film thickness, b„+ It is noted that in this case N is Che sane as the Reynolds 
DLumber divided by a constant for all fluids-



ELEMENT 

TABLE 5.1. Thermophysical Data for Several LiouiJ Metals from the 
Handbook of Heat Transfer (P.-l) 

MELTING POINT TEMPERATURE 
C O 

DENSITY 
<e/cm3) 

V1SC0SITV 
(g/crn-s ) 

28.5 28. 5 1.84 .0065 

30.0 50 6.09 .0189 

179 500 .484 .0034 

-39.0 20 13-5 .0155 

63.7 100 .819 .00458 

39.0 39 1.475 .00673 

97.8 100 .928 .00686 

-11.0 100 .847 .00468 

SURFACE TENSION 
(dynes/cm) 

Cesium 

Gallium 

Lithium 

Mercury 

Potassium 

Rubidium 

Sod ium 

Sodlum~Fotassium 
Alloy (H a Z wt 22) 

735 

349 

465 

86 

206 

1.20 

33,720 

67.841 

36,340 

13,419 

19,590 

18,400 

Hot Water 90 .97 .0032 60.7 16,250 



DEUTERIUM 8UPPLY. , TRITIUM SUPPLY 

MIRROR 

LASER AMPLIFIER 

LASER PREAMPLIFIER 

LASER OSCILLATOR 

Figure 1,1 Schematic diagram of a laser fusion roaccor (Ref. 1.1). 
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Fipure 1,2 Gain of tamped pellets compared to bare pellets (Ret. l.A). 
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Fig. 1 * 3 . A conceptual wpprcssed-a button laser fusion mettn bUnfccl clement, ( f a f I . / ) 



FUSION " 
FIREBALL 

LffiUIDUTHIUMANO' 
• LIQUID L I T H I U M — - - • VANADIUM ~ V A t ^ L M STRUCTURE-

i r* ior* V ' nr' «r' 1 10 io" 
WALL THICKNESS (CENTIMETERS) 

Fiyuru 1.4 Typical penetration depcha of. the various particles produced 
in a laacr-fuslon micro-explosion into the containment vessel 
structure (Ref, 1.3). 

Ofplh, micionl 

Plgurtji. Charged Particle Pellet debris Energy Deposition In the Lithium Portion 
of the First Wall liner with a Fluence of Ik.} KJ/m2 tt en Angle of 
Incidence of 70.5* from the Normal to th« Surface.(Ret. U ) 
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Loser-Plasma Interaction 

Reflection 

Photons 
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Energy Spectrum 
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Energy Spectrum 
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Energy Escaped 

First Wall 
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Arto 

First Wall 
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First Wall 

Neutrons 

Energy Escaped 

Temperature 

cuum JSL. 
Lood 

First Woll 

Lifetime 

— * n P u l" Repetition Frequency S 
Vocuum Pump 

Figure 1,6 Schematic diagram of tome of the complex interactions ulildi must 
• be considered In design oC the first wall of a lascr-iuslon 

reactor (J. llovlngh, U.L). 



Figure 2,1 Scht.. -lz Representation of the Contact Angle 
Between a Liquid Drop and a Solid Substrate 
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TEMPERATURE, "C 
Figure 2.2 The Dependence of the Observed Contact Angle on Temperature for the System Au-GeC£)/GaAs(s) (Ref. 2.18) 
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Figure 2.3 Electron Microprobe Analysis of the Solid-Liquid Interface 

Showing Significant Compositional Changes 

in the System Au-Ge(f)/GaAs(s) (Ref. 2..18) 
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Figure 2.4 Electron Microprobe S e n Demonstrating the Absence of Oi£fusicna.l Processes f.c-ross 

the Liquid-Solid Interface Between Au-Ge(£) and GaAsCs) (Ref. 2.18) 
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Figire 2,5 The Dependence of the Contact Angle 

on Surface Roughness for the System Caf£)/GaAs(s) (Hef. 2,19) 
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Pipire 2,6 The Influence of the Substrate Crystallographic Miaorientation 
on the Contact Anglo for the System Ga(4)/GaAs(s) (Ref, 2.19) 
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Figure 2.7 - EFFECT OF AIR EXPOSURE OF STAINLESS STEEL Stt'.P'.ES ON TIE COHTACT ANGLE WITH LIOUID LITHIUM. 
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Figure 3.1(a,b,c,d) Time traces of water surface-wave amplitudes at 
increasing flow rates in the fully-developed region 
for thin film flow on a vertical plate (D-1). 
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FIjjurc 3.2(d,b) Tine traces of wave amplitude at low water flow rules 
for thin film flow on a vertical plate (D-l). 
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Figure 3.5b Calculated values for the Nusselt film thickness, b N , as a 
function of Reynolds number for tbin water and lithium films 
on a vertical plate. 
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