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LITHIUM FLOW ON THE INSIDE OF A SPHERICAL

FUSION-REACTOR CAVITY

by

I. O. Bohachevsky, L. A. Booth, and J. F. Hafer

ABSTRACT

A model is described for steady-state liquid-
lithium flow on the inside of a spherical reactor
cavity. The governing equations are derived and
discussed together with the physical assumptions
implicit in the formulation of the problem. solu-

‘—~tions are determined for different distributions
~myand rates of mass supply from the outside through
.~~j.the porous wall to the inside of the cavity. The
%~cn~ Self-consistency of the model is demonstrated, and
‘n~~~-from computed flows it is concluded that inside a5—-~L

~~g~_ sphere of 1.5-m radius a liquid layer several milli-—
~:~.ne-s~hick can be maintained easily with a circu-
!=== latlng flow of only a few kilograms per second.

–k

The
‘===S?8===a thickness of the layer can be made nearly uniform
‘~~+over most of the sphere with relatively simple mass-
~ /’-supply d“istributions. The need for transient sta-
---—-~- biliiy- analysis is pointed out.

I. INTRODUCTION

The conceptual design of laser fusion reactors is based on ‘the

supposition that a sufficient amount of laser energy will be de-

posited in the fuel pellet (deuterium-tritium) to initiate thermo-

nuclear reaction. The reaction will be terminated by the pellet

expansion, but not before a significant quantity of thermonuclear

neutrons and other emissions is generated. The neutrons will be
“)

absorbed in a lithium blanket in which their kinetic energy is

converted into thermal;, the remaining products of the pellet

microexplosion, consisting of photons, alpha particles, and plasma

debris,will be, in most part, stopped by the first wall of the
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reactor cavity. To ensure a long life for the reactor (dictated by

economic considerations) the first wall must be protected from the

damage inflicted by these microexplosion products.

In the case of a solid first wall, several protection methods

have been suggested. Among them are protection with a thin film of

liquid lithium, the wetted-wall concept;
1,2 with a magnetic field,

the magnetically protected concept;
3 or with a layer of solid

carbon, the dry-wall concept. 4 Each of these approaches has its

merits and demerits. The pellet burn characteristics and the

interaction of reaction products with wall materials must be known

in greater detail before an optimal design concept can be selected.

In the meantime, the technical feasibility of different alternatives

should be explored.

Various aspects of the wetted-wall concept have been investi-

gated in considerable detail;l’2 however, in these studies, the flow

of liquid lithium on the inside of the sphere was not modeled in

sufficient detail, and the analysis has been found to be deficient

in the treatment of the viscous drag and of the effect of spherical

geometry. In the present report we will formulate and justify a

model for a thin film of liquid flowing under the action of gravity,

discuss some special properties of the governing equations, and

present results describing the flow. We will find that the present

analysis , in general, validates the observations made in Ref. 1.

II. FLOW MODEL

A. General Description

The configuration of the liquid-lithium film is shown in Fig.

1 together with the coordinate e used to describe the flow. The

physical problem is stated as follows. Liquid lithium is forced

through the porous wall of a spherical reactor cavity at a rate of

ms”g/cm2”s, collects into a layer of thickness 6 on the inside of

the sphere, flows downward along the wall (positive f3direction)

under the action of gravity, and drains through an opening at the

bottom, which also serves as an exhaust for evaporated lithium

mixed with the remnants of the pellet microexplosion. The opera-

,.
1.

tion of this type of reactor is described in greater detail in Ref.
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Fig. 1.
Flow configuration.

1. We wish to determine the variations in tangential flow veloc-

ity, v, and layer thickness, 6, with the position on the sphere,

e.

Before proceeding,we examine if the above postulated flow is

realistic, i.e., whether lithium will adhere to the reactor wall

and have enough cohesion to support itself. According to Ref. 5,

purified lithium will adhere to (“wet”) stainless steel above 625°K

or 675°K and impure lithium above 760°K; later investigations,6

however, determined that the nettability of stainless steel by

lithium is improved by small additions of oxygen or nitrogen.

Reference 7 indicates that liquid lithium will wet copper. Hence

materials and temperature ranges exist for which an adhering film

can be maintained; this topic is discussed more extensively in

Refs . 6 and 7.



To estimate the maximum layer thickness dm that can be sup-

ported by adhesive and cohesive forces, we utilize the phenomenon

of negative pressure, i.e., the tensile strength of liquid. This

phenomenon is well established;8 however, the numerical values

published vary greatly depending on the method of determination.

For example, the values of negative pressure for water in Ref. 8,

Table 2n-1, range from 2.80 x 108 dyne/cm2 to 2 x 105 dyne/cm2, and

the value listed for mercury is 4.29 x 10
8 dyne/cm2. On the basis

of such information,we make a conservative assumption that the

tensile strength of liquid lithium, o, may be 1 x 10
8 dyne/cm2.

By isolating a l-cm square of the layer as a free body, shown

in Fig. 2, we determine from the equilibrium of vertical forces

(1)

For a = 1 x 108 dyne/cm2, p = 0.50 g/cm3, and g = 981 cm/s2, we

obtain 6m = 2.04 x 105 cm, which is at least 10S times greater than

required. Clearly, an adhering film of liquid lithium will be

destroyed by instabilities and not by its inability to support

itself. A stability analysis will have to take into account the

dynamic response and surface tension of lithium. Such an investi-

gation is beyond the scope of the present report in which only the

steady-state flow is being determined.

B. Governing Equations

The steady-state flow of liquid lithium in a film of thickness

6 on the inside of a sphere of radius R, as shown in Fig. 1, must

conserve momentum and mass. To express these conditions in math-

ematical form,we consider a control volume shown in Fig. 1 and use

the standard derivation technique of fluid mechanics. The assump-

tion of uniform pressure inside the reaction cavity eliminates the

pressure gradient in the layer (incompressible liquid) and leaves

only inertia, gravity, and viscous forces to be considered. Their

balance in the tangential direction yields

.
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~d”A
2PV ~ At do+pv~ 2P

d6=pg$$ AtdO - v An& , (2)
(0.16)2

●l where v is the tangential velocity in the 0 direction, p is the

viscosity, and At and An are the cross-sectional areas perpendic-
V

ular to the tangential and normal directions. The second term on

the left-hand side is the geometric effect due to diverging (0

< n/2) and converging (e > n/2) streamlines, and the second term on

the right-hand side is the viscous drag force calculated by as-

suming that the flow will contain a laminar sublayer of thickness

0.16 in which the velocity distribution will be parabolic. The

consistency of this assumption will be determined from the values

of Reynolds number of the resulting flow.

Substituting into Eq. (2) the expressions for the geometric

●

factors

h=R(l-cos O),

At = R sin 13d$ 6’,

An = R2 sin 0 dO d+ ,

where @ denotes the angle about the vertical axis, we obtain

dpvdv+~d
(
Cos 6.—

R de 2 R sin 0 ‘m2n6 )
= ~pg sin 0 - 100 ~ .

62

Similarly, from the condition of mass conservation we obtain

d At
mA= p$$de At+pv Tdo,

n

(3)

(4)

(5)

(6)

(7)

.

where



m= m-ms ev (8)

is the difference between mass supplied through the porous wall,
2ins(0), and that evaporated at the free surface, m , in g/cm “s.

Substitution of the proper geometric factors tran~~orms Eq. (7)

into

dv
P~+Pv

(

COS e + d
m

,gn~)=}m.
sin (3 (9)

With the aid of some algebra, Eqs. (6) and (9) are simplified

into the form suitable for numerical integration,

dv sin e
m=gR v

dZ Rm ~—= —.
de p

z =

c. Behavior at f3=0and Initial—— —
Clearly, Eqs. (10) and (11)

Cos e vsin e ‘

Vd .

Conditions

are singular at f3=0and this

(lo)

(11)

(12)

singularity must be disposed of before the equations can be inte-

grated. Towards this end,we observe from flow symmetry that the

initial condition

v= O at 13= O (13)

must hold, and that the apparently singular term v/sin e is there-

fore indeterminate; it can be evaluated by using L’Hospital’s rule

to yield

●

lim .V . dv

e+o sln e m“

6

(14)
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Fig. 2.
Adhesive and cohesive support of
a liquid film.

Substituting Eq. (14) into Eqs. (10)

ing quadratic equation, and choosing

physical reasons, we obtain the pair

dv R—=
de peso

8

Fig. 3.
Mass flux at the origin.

and (11), solving the result-

the.positive square root for

of equations valid at 0=0,

2
gp26 2 1/2

-(

m<+ 100 p + ~+ 100 P +
2 60 ) [( 2 60 ) RO I

(15)

dZ ‘mo ~ dv—. — -
de p Om’

where the subscript o denotes quantities evaluated at

(16)

0=0.

To determine the initial condition for 6, i.e., 6., we con-

sider the mass flux in a AO neighborhood of 0=0 as shown in Fig. 3.

Using the expansions

6=60 +61AO+ ... ,

V=gl A13+ ... ,
0

7



to express the conservation-of-mass condition

Af3
27rf m R sin 0 R df3= 27rRsin A(36pvlAe

o

accurately to within linear terms in AO,we obtain

[17)

(18)

This value of dv/dO is independent of Eq. (15) (because one

expresses conservation of mass, the other conservation of momentum)

and is not identical with it (because it does not contain gravita-

tional acceleration g). However, for consistency, the two ex-

pressions for dv/dO must be equal; and that equality is a rela-

tionship between do and m.

32+
100 m. p gp%02

T ‘o (SO - R = 0’
(19)

which, when solved for 6., provides the initial condition for Eqs.

(15) and (16). Thus the formulation is complete. In practice,Eq.

(19) may be used either to determine 60 when m. is specified or to

determine mo when 60 is prescribed.

D. Integration

Equations (10), (11), (12) with initial relations (15), (16)

and initial conditions (13), (19) constitute a well-posed initial

value problem for two nonlinear, ordinary differential equations.

To obtain a solution, they are integrated numerically from 6=0 to

some value 9m < m, thus avoiding the second singularity at e=n.

This restriction does not constitute any loss of realism because
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the neighborhood of 13=mis taken up by an opening in the cavity

necessary to drain liquid lithium and evacuate gaseous reaction

products.
\ Before integration can proceed,we must specify the mass-supply

function ins(e). We used two forms for ins(6) in our investigation.
)

a. ins(0) = mos (const) O ~ 0 ~ ef ~ em

= 0, ef< e < em—

b. ins(e) decreasing linearly from

For mev we used a constant

EevPrr
m=
ev 4TR2Hv

where Eev is the energy absorbed in

mOs at e=o to 0 at e = ef ~ ‘m”

(g/cm2.s) ,

the liquid layer per pulse

(20)

(ioe., microexplosion) , Prr is the pulse repetition rate, and Hv is

the heat of vaporization.

A test for accuracy of the integration scheme can be derived ~

from the mass-conservation condition at tl=em;it is

RJ‘f m(e) sin e de

W[e =
o

psin em .
m

(21)

In all computations, condition (21) was satisfied within four

significant figures.

III. RESULTS

Results have been calculated for the following set of param-
*

eters:

R = 150 cm,
Hv = 21.5 X 103 J/g

1

mev=3.64 x 10-3 g/cm2”s
E = 22.1 x 106 J/pulseev
P=l
rr

9



P = 4.5 x 10-3 dyne”s/cm2

P = 0.50 g/cm3

To facilitate comparison among different solutions, mos in each

case was determined in such a way that the mass flow of lithium

across the porous wall, integrated over the sphere,was 2000 g/s.

Equation (19) was then used to calculate the appropriate initial

condition 6.. In all solutions f3m= 15m/16.

A. Uniform Mass Supply

For ins(e) represented by a step function ins(e) = mos, O ~ El

~ ‘f; ‘s(e)
=o,ef<e<em, three cases were computed corres-—

pending to ef = lm/2, 3n/4, and 15n/16. The results presented

graphically in Fig. 4 show that, as expected, the lithium layer

becomes thinner and more nearly uniform as the supply is spread

over larger portions of the spherical surface. In ail cases,the

thickness 6 builds up rapidly towards the bottom of the reactor

cavity.
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Fig. 4.
Lithium layer thickness.
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Flow velocity.
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Layer thickness For mass supplied
equal to mass evaporated.

B. Linear Mass Supply

The cases when ins(9) decreases linearly from maximum value mos

at 6=0 to O at e=flfare shown in Fig. s for e
f = in/2, 3m/4, and

157T/16. Again the thickness 6 decreases and becomes more nearly

uniform as the mass supply is spread over a larger portion of the

sphere. When ms decreases steeply, i.e., when most of the mass is

supplied near the top, El=O,the layer is thicker at the top than in

the middle of the sphere.

The velocities corresponding to step and linear functions

ins(e) are shown in Fig. 6. The values increase monotonically with e

and the magnitudes are moderate.

c. Special Solutions

Of particular interest are solutions that are obtained when

the total mass supplied equals that evaporated,which is 1023 g/s

for the conditions listed at the beginning of this section. Shown

in Fig. 7 are the thickness distributions 6 for uniform (A) and

linearly decreasing (B) mass supplies over the top hemisphere. For

uniform supply, the layer thickens by 25% towards the equator and

11



then thins down to its original value. For linearly decreasing

supply, the thickness decreases monotonically, but remains greater

than 1 mm.

Figure 8 shows the layer thickness and flow velocity when the

same mass, 1023 g/s, is distributed linearly over the entire sphere.

In this case the layer thickness 6 has a minimum near the equator,

e=IT/2,which corresponds to the velocity maximum.

0.105

0.103

0.101

z~ 0.099
m

0.097

0.095

Q093

M.I023g/s

I 2 3

Position On Sphere ,8(rad)

Fig. 8.
Layer thickness and velocity for mass supplied equal to mass
evaporated.
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D. Self-Consistency of the Model.—
To demonstrate the consistency of the model with calculated

flows,we show that the velocity through the porous wall is suf-

ficiently low to resemble diffusion and the Reynolds number is

sufficiently high to make the flow turbulent; these two properties

justify one-dimensional approximation.

The velocity through the porous wall will be highest when mos

is largest; in our computations this value of mOs is 0.04 g/cm2.s.

The corresponding velocity is given by v
pw = mos/~ = 0.08 cm/s,

which is small indeed in comparison with typical tangential veloci-

ties presented in Fig. 6.

Using 15 cm/s as a representative maximum velocity (Fig. 6),

the Reynolds number based on the radius of the spherical cavity is

250,000. This value is sufficiently high to ensure turbulent flow

with uniform velocity except for a laminar sublayer. Thus, the

results are consistent with the hypothesis implicit in the formu-

lation of the problem.

Iv. CONCLUDING REMARKS

The model of liquid-lithium film on the inside of a spherical

reactor cavity and results obtained with it demonstrate that such

steady state flows can be easily sustained. Thus , the present

analysis confirms qualitatively the preliminary findings reported

in Ref. 1 which were part of the basis for the wetted-wall reactor

concept. The results also indicate that with a judicious choice of

the mass supply function ins(0), the liquid thickness 6 can be

shaped to have a maximum either at the top or in the middle of the

sphere; a second maximum will occur most of the times at the bottom.

The calculated average representative flow velocities are

approximately 10 cm/s and therefore the average residence time for

a parcel of lithium will be approximately 47.1 s. Thus, if a

steady-state flow as determined in this investigation persisted,

the same parcel would be subjected to numerous microexplosions.

The transient behavior and stability of lithium film under mechani-

cal and thermal loadings imposed by repeated pulses remain to be

determined.
13



Another type of stability analysis may be required because the

flow is in the turbulent regime (Re = 250,000). Turbulence in the

liquid layer could generate surface ripples which could grow into

droplets and separate from the main flow. Such a phenomenon appears

unlikely because of the high surface tension of liquid lithium

(m 380 dynes/cm5’6), however, it should be investigated.

In the above indicated transient and stability analyses, two-

dimensionality of the flow and surface-tension effects will have to

be included, and, therefore, numerical modeling will most likely be

required.
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