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Abstract 
In the Cascade inertial fusion reactor, the 

innermost blanket zone consists of solid granules of C 
or BeO. The X rays from a fusion pulse of 300 MJ will 
vaporize up to 1 kg of material. The temperature of 
this vaporized material may reach 1 to 2 electron 
volts. The CONRAD code Mas used to calculate the 
energy and mass exchange between this hot plasma and 
the cold xall until complete recondensation of the 
material reduces the chamber particle density to 
3 x 1 0 1 5 cm - 5, which is required for propagation 
of the next laser pulse. Our calculations indicate 
that recondensation times are in the few to tens of 
milliseconds range even if only the first layer of 
granules is available for recondensation. Gas flow 
calculations indicate that several layers or granules 
should be available for recondensation. We discuss 
phenomenology, not currently In the CONRAO model, that 
could lead to increased recondensation times. 

Introduction 
One of the Issues that will determine the ultimate 

economic viability of Inertial confinement fusion 
(ICF) power reactors is the pulse rate that can be 
achieved in the reaction chamber. Recent economic 
studies1 indicate that pulse rates of 5-10 Hz are 
desirable. To keep capital costs down, most ICF 
reactor designs use a small chamber with a renewable 
first wall of liquid metal or solid, granular 
material. Usually, the main issue limiting pulse rate 
in such designs is the time necessary for 
recondensation of vaporized material. The chamber 
niist have a particle density below 3 (10") cm" 3 

(about 0.1 torr) before the next driver pulse can 
propagate to the target. In general, mechanical 
pumping is sufficient to remove tire nonccndensables 
(e.g., T, D, He) and up to a few grams of other 
material but for the large amounts of material 
vaporized, it is impractical because of the large 
chamber volume and short time available. Therefore, 
recondensation may be the only way of handling the 
vaporized material. 

There have been many studies 2" 1 0 of the 
phenomena important to recondensation in reactor 
cavities containing liquid-metal sprays, jets, or 
curtains, but the phenomena are still not well 
understood and relevant data are sparse. The Electric 
Power Research Institute (EPRI) has undertaken an 
experimental program 9' 1 0 to obtain some of the 
necessary data on fragmentation of isochorically 
heated liquids. Among the computer codes that attempt 
to model some of the recondensation phenomsna is 
CONRAD, being developed as a successor to the widely 
available MFFIRE 1 1 code. 

In this article, we estimate the reccndensation 
time In the reaction chamber of the Cascade 
•Work performed under the auspices of the U.S. DOE by 
the Lawrence Livermore National Laboratory under 
Contract No. W-7405-ENG-38. 

reactor 1 2 shown in Fig. 1. Solid, sand-sized 
(~ 1 mm) granules of ceramic material flow along the 
wall of this reactor. This granule, first-wall 
blanket is composed or three layers A slow-moving, 
outer zone of LiA10 2 in which trltk is bred, a 
faster zone of BeO in which the neuUjns are 
multiplied, and a very fast, inner surface zone that 
absorbs the X rays and debris. It is material from 
the first granule layer of the innermc t zone that 
will vaporize. Both BeO and Carbon art being 
considered for this first zone. The BeO can sustain a 
higher temperature which would lead to a higher 
thermal-to-electric conversion efficiency, but its 
possible dissociation could impede recondensation. 

The processes that must be modeled to estimate 
recondensation time are shown in Fig. 2. -irst, the 
high energy densities created by the depos.tion of 
X rays must be calculated and an estimate ;<ade of the 
amount of material that is vaporized. The Interaction 
between this vaporized material and the expending 
target debris must be considered. Then, the low of 
hot vapor into the granular blanket must be 
estimated. Next, we consider the energy and mass 
transfer between the hot vapor and the surface of the 
granules, and, finally the thermal conduction into the 
granules is calculated. These steps are considered in 
turn in the remainder of this paper. 

Vaporization of Material 
Approximately one-third of the 300-M3 pellet yield 

is in the form of x-ray and debris energy, while the 
remaining two-thirds is in neutron energy. It is the 
X-ray and debris energy that will cause vaporization 
of blanket material because of its short range. 

We used the BUCKL code 1 3 to estimate the 
deposition of X-ray energy in the first layer of 
blanket granules. The energy-deposition profile is 

q'" (x) = *[A exp(-vix) 
• B exp(-w2x)] (0/kg) (l) 

for the Tirst 10 pm, and thereafter, 

q'" (x) = •CX-M3 (J/kg), (2) 

where x is the distance (in m) from the granule 
surface, • is the surface energy flux (in 3/m 2), 
and A, B, C, Mx, V2> and u 3 are constants calculated for each material. 

The cohesive energy for the granule material is 
calculated as the difference between the enthalpy of 
the vapor at the vaporization temperature and the 
enthalpy of the solid at the initial temperature. The 
material properties used for BeO and C are shown in 
Table 1. The initial temperature profiles in the 
blanket are generated from neutronics calculations and 
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Fig. 1. The blanket of the Cascade reactor consists of three layers. Innermost is a fast-moving, thin 
layer of carbon or BeO that absorbs the X-ray and debris energy; next is a lower and thicker layer of BeO 
to multiply the neutrons, and finally, there is a slow, thick layer of LiAlO- to breed tritium. 
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Fig. 2. Vaporization and recondensation phenomena can be considered in several steps, (a) BUCKL is used to 
calculate X-ray deposition in the granules. The vaporized material stops the target debris and absorbs its 
energy, (b) Vaporized material flows into the granular bed where the CONRAD code is used to calculate heat 
transfer, recondensation and thermal conduction into the granules. 
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Table 1. Material properties of BeO and C 
BeO C 

Melt temperature, 
TmOO 

Vaporization temperature, 
T v (K) 

Heat of fusion, 
H f (J/kg) 

Heat of vaporization, 
H v (J/kg) 

Density, 
P (kg/m') 

Specific heat at 1270 K, 
C p (J/kg-K) 

Thermal conductivity r*. 1270 K, 
k (W/m-K) 

2B00 
4200 3925 
2.6x10s 

19.8X106 60xl0 6 

3000 2100 
2100 2000 
28 280 

calculation!' indicated that there would be 27 
collisions in the first 6 granule layers (0.6 cm). 

As another limit, we used Darcy's law to estimate 
the flow velocity of hot vapor through the front 
surface of the blanket, 

granular flow velocity profiles. For BeO the Initial 
granule temperature near the inner surface is 2300 K, 
while for C it is 1600 K. We assume that all the 
material having an energy density greater than the 
cohesive energy is vaporized. Some of the material 
beyond that will also be vaporized since more energy 
is supplied than is necessary to heat the material to 
its boiling point. As an upper limit we Integrated the 
energy density profile between the point at which the 
energy density just equals the cohesive energy and the 
point at which the energy density is just able to 
raise the temperature to the boiling point. We then 
assumed all that energy is available to vaporize 
additional mass. The granules have a diameter of 
about 1 mm and only the first pro or so is 
vaporized. However, for BeO the total mass vaporized 
with each pulse ranges between 0.36 kg and 0.84 kg, 
while for C the range is 0.06 kg to 0.43 kg. In all 
cases much more mass is vaporized than the few 
milligrams of DT fuel injected into the chamber in 
each capsule or the 0.3 g of background gas in the 
chamber before the fusion pulse. This vaporized 
material has an inward velocity of the order of 
10* m/s for a momentum of the order of 10* kg-m/s. 
The expanding debris has a velocity of the orde. of 
10 7 m/s but a mass of only a few milligrams; it has 
a momentum of only about 10 2 kg-m/s. We, therefore, 
assume that the debris is completely stopped by the 
inward-moving vaporized material and deposits its 
energy there. Thus, about 100 HJ of energy (the sum 
of the X-ray and debris energy) less the cohesive 
energy In each case heats the vaporized material. The 
MIXERG code 1* was used to estimate the pressures 
(about 10 5 Pa) and temperatures (1-2 eV) of this 
material. 

Vapor Flow Through the Granular Blanket 

Th; vaporized, granular material will expand 
toward the center of the chamber, rebound, and 
eventually reach the blanket again. During this time, 
the energy exchange is between the vapor and the 
inside surface of the granular blanket. However, when 
the vapor reaches the blanket again and starts to 
penetrate it, the available surface area for energy 
and mass exchange increases considerably and, at the 
same time, the relevant surface temperature drops. 
Because of these changes, it is important to estimate 
the rate at which the expanding vapor penetrates the 
blanket. 

The mean velocity of a molecule of BeO at a 
temperature of 1 eV is about 2800 n/s. Unimpeded at 
this velocity, a molecule would take only 3 ps to 
travel the 1 cm thickness of the surface zone of the 
blanket. There are, however many collisions to slow 
the gas down. In fact, one kinetic theory 

(3) u - - 58 o*«> 
where k is the permeability, v is the viscosity, 
and 3p/3x is the pressure gradient. For 
spherical, 1-imn-diaroeter granules and a porosity of 
0.5, the blanket permeability has been estimated to 
be 1.5 x 10" 9 m 2 (Ref. 16). For BeO vapor at 
11600 K, the viscosity has been estimated to be 
1.4 x lO" 4 Pa-s (Ref. 16). The initial pressure 
gradient across the 1-cm surface layer is 10' Pa/m; 
therefore, from Eq. 3 the initial gas flow velocity 
is about 100 m/s. The time necessary to penetrate 
the 1-cm surface layer would, then, be about 0.1 ms, 
Even considering the pressure buildup in the blanket 
and neglecting condensation a more complete analysis 
of the flow 1 6 gave a time of much less than 5 ms to 
reach significant pressures at 1 cm. Any condensation 
during the flow would result in a much shorter time. 

Enemy and Mass Exchange Between the Vacor and 
the Granular Blanket 

In times much shorter than 1 ms the hot vapor 
should cool by radiation to about 0.5 eV. This 
radiation will cause some additional vaporization of 
wall material. Eventually, the condensation rate 
will be limited by the rate of heat conduction into 
the granules. One measurement of the condensation 
coefficient for monatomic carbon vapor on a graphite 
surface at 2300 K found a value of 0.4 (Ref. 17). 
The kinetic theory calculation referred to above 1 5 

concluded that in 6 granule layers (0.6 cm) there 
would be 27 collisions. With a sticking coefficient 
of 0.4 only one molecule in 10 6 would survive and 
the condensation times would be less than 100 ms. A 
more detailed calculation of this process has been 
done with the CONRAD code. 

The CONRAD code simulates the behavior of a solid 
or liquid layer that is exchanging mass and energy 
with a vapor. One-dimensional Lagrangian 
hydrodynamics and multifrequency radiation transport 
are used to model the vapor. The Lagrangian zones 
are automatically rezoned when mass transfer between 
the vapor and the solid or liquid fclgnificantly 
changes the mass contained in any zone. The maximum 
permitted mass change in any zone Is an in[ jt 
variable. Non-ideal equations of state for use in 
the CONRAD code are obtained in tabular form from the 
MIXERG code, which calculates ionization level, 
opacity, etc., to create such tables. The CONRAD 
code uses a one-dimensional, finite-difference method 
to determine the time-dependent temperature profiles 
in the solid or liquid layer. 

In CONRAD, heat transfer across the Interface 
between the vapor and liquid (or solid) is due to 
mass transfer (either condensation or vaporization), 
thermal radiation from hot vapor, and X-ray 
deposition. All of these deposit e,-«rgy either on 
the interface, or within the solid, the latter with a 
deposition profile of a multigroup sum of 
exponentials. Vapor within the 1-mfp-thick boundary 
region exchanges heat and mass with the surrace layer 
of solid or liquid material. The mass transfer is 
determined by the temperature of the solid or liquid 
layer at the Interface and by the conditions of the 
vapor in the boundary layer. Since the Lagrangian 
method is only valid within the hydrodynamlc 
approximation, the CONRAD code stops when the 
thickness of the boundary layer equals the thickness 
of the entire vapor region. 



No one-dimensional code can simulate the detailed 
geometry of the granular blanket or the vapor flow 
into it. Therefore, soon after the initial 
vaporization of granular material by the X rays, we 
use the simple geometry shown in Fig. 3. We assume 
the chamber to be spherical and to be divided into 
three regions: a solid spherical shell (between R3 
and R2), a high-density vapor region (between R;> 
and Ri), and low-density vapor region (between 0 
and Rjj. The outer boundary is made immovable; 
there should be no heat transfer across this 
immovable surface, because it will represent the 
center of each granule. The adiabatic boundary 
condition Is not yet available in the CONRAD code. 
Instead, we held the temperature at the outer 
boundary constant. Containing the 100 HJ of energy 
would have raised the temperature of the solid wall 
while decreasing the temperature gradient across it. 
However, if all the energy were deposited in the 
170 kg of BeO contained in the first three granule 
layers, the boundary temperature would be raised only 
about 280 K, changing the thermal gradient by only 
15%; therefore, we believe the non-adiabatic boundary 
condition used was not a serious error. From the 
x-ray deposition calculations above, we chose the 
mass of BeO vapor to be 1 kg, and the energy in the 
BeO vapor to be 77 MJ (the sura of the X-ray and 
debris energy less the cohesive energy). Initially, 
the high-density EeO vapor was spread over a few 
centimeters to make equal-mass zoning feasible. A 
similar setup was used for carbon granules using 
0.33 kg of carbon vapor with an energy of 80 MO. The 
temperatures at R2 and R 3 were chosen to be those of the surface and center of the granules, which 
depended on the number of granule layers considered. 
For one layer, the values were 4200 K and 2300 K for 
BeO and 3925 K and 1600 K for C. 

Immovable 
boundary -

High-density 
C or BeO vapor • 

Low-density 
C or BeO vapor 

Solid 
Cor BeO 

Radius 

Fig. 3. Initial problem geometry for the CONRAD 
calculations. 

Ideally, we would use area and mass multipliers 
as a function of radius in the solid zone to properly 
mock up the thermal conductivity and the heat 
capacity of the granule blanket in CONRAO's one-
dimensional geometry. The area (or thermal 
conductivity) should be multiplied by a factor of 
3nd 2 where n is the number of granule layers 
penetrated by the vapor, and d is the fractional 
distance remaining in the solid layer. This latter 
factor accounts for the decrease in area as the heat 
penetrates to the center of each granule. The solid 
layer thickness that should be used in this case is 
0.5 m , the radius of a single granule. At the same 
time, in order to maintain the proper total heat 
capacity, the mass should be Multiplied by a factor 
of ml' in the solid layer. 

These radially dependent changes proved difficult 
for CONRAO; to bound the problem we ran twc cases 
with constant multipliers for each material. Only 

the first layer of granules, (n=l), was considered. 
In the first case we used a thermal conductivity 
multiplier of one and a shell thickness of 0.5 mm. 
For one layer of granules, the area multiplier at the 
surface Is three but since it should fall as d 2, 
the average value of the area multiplier is one. 
Because we are using the granule radius as the layer 
thickness, the heat flux is calculated correctly. 
However, in this case, the mass and , thus, the total 
heat capacity is a factor of three too large. 

For the second case for each material we chose a 
thermal conductivity multiplier of three 
(corresponding to the correct multiplier at the 
surface of the granules) and a thickness of 0.17 mm. 
This results in the correct heat capacity but a 
thermal conductivity that is a factor of 9 too large 
(the thermal gradient is a factor of three too large 
also since the thickness is 1/3 of the granule 
radius). 

The results of our calculations are shown in 
Figs. 4 and 5. A number density less than 3 x 1 0 1 5 

atoms/cm3 is necessary for laser propagation to the 
target. 

It can be seen in Figs. '1 and 5 that even though 
the initial mass of carbon vaporized was smaller than 
the mass cf BeO vaporized, reradiation from the 
carbon caused a great deal of additional carbon to be 
vaporized and the total mass of carbon vapor ended up 
being greater than the mass of BeO. On the other 
hand, the carbon recondensed at a much faster rate 
than the BeO and the time to reach the desired number 
density was actually shorter (about 6 ms compared to 
about 25 ms). For neither n>aterial did there seem to 
be much difference between the two bounding cases. 
Since these calculations consider only the first 
granule layer, the results encourage us to believe 
that sufficient chamber clearing can take place that 
the desired 5 Hz pulse rate can be achieved. 

Conclusions 
The combination of CONRAD code results and the 

estimate of gas 'low into the granular blanket shows 
that the recondensation time is likely to be 
considerably less than the desired 200-ms interpulse 
time. However, there are a number of calculations! 
uncertainties that could alter the results. The 
CONRAD code contains a very simple condensation 
model: if a vapor molecule is within one mean free 
path of the wall and is moving toward the wall, it Is 
assumed to be condensed. Material will vaporize if 
the energy density in the solid remains high enough 
after the thermal conduction is calculated. No 
account is taken of the effect of the presence of 
noncondensable gases, sticking coefficients not equal 
to unity, dissociation and recombination of the BeO 
molecules, and any effects of surface chemistry. All 
these effects could make the condensation time much 
longer than calculated here, particularly for BeO 
compared to carbon. On the other hand, the rapid gas 
flow into the blanket allovs contact with a very 
large surface area that is considerably colder than 
the first granule layer. This would accelerate 
condensation. We must further investigate all 
potential effects to provide a definitive answer but 
carbon would appear to be a safer choice than BeO, 
and it would appear likely that the vaporized 
material will condense in much less than 200 ms. 
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Fig. 4. Recondensation of BeO on the first granule layer for two cases; a) correct average heat 
flux, heat capacity x 3, and b) correct heat capacity, heat flux x 9. 
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Fig. 5. Recondensation of C on the first granule layer for the same two cases (a) and (b) as in Fig. 4. 
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