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Executive Summary 

Abstract 

The HYLIFE-II inertial confinement fusion power plant design study uses a 
liquid fall, in the form of jets to protect the first structural wall from neutron 
damage, x rays, and blast to provide a 30-y lifetime. This is a progress report of an 
incomplete and ongoing study. HYLIFE-I used liquid lithium. HYLIFE-H avoids the 
fire hazard of lithium by using a molten salt composed of fluorine, lithium, and 
beryllium (Li2BeF4) called Flibe. Access for heavy-ion beams is provided. 
Calculations for assumed heavy-ion beam performance show a nominal gain of 70 
at 5 MJ producing 350 MJ, about 5.2 times less yield than the 1.8 GJ from a driver 
energy of 4.5 MJ with gain of 400 for HYLIFE-I. The nominal 1 GWe of power can be 
maintained by increasing the repetition rate by a factor of about 5.2, from 1.5 to 8 Hz. 
A higher repetition rate requires faster re-establishment of the jets after a shot, 
which can be accomplished in part by decreasing the jet fall height and increasing 
the jet flow velocity. Multiple chambers may be required. In addition, although not 
considered for HYLIFE-I, there is undoubtedly liquid splash that must be forcibly 
cleared because gravity is too slow, especially at high repetition rates. Splash 
removal can be accomplished by either pulsed or oscillating jet flows. The cost of 
electricity is estimated to be 0.10$/kWh in constant 1990 dollars, about twice that of 
future coal and light water reactor nuclear power. The driver beam cost is about 
one-half the total cost. 

Introduction 

The HYLIFE-I design (Blink et al., 1985) in which a molten salt composed of 
fluorine, lithium, and beryllium (Flibe) is substituted for liquid lithium is called 
HYUFE-II (Moir et al., 1991). It will work with minor modifications of the HYLIFE-I 
design (e.g., beam access) if targets having a yield of 1.8 GJ (a gain of 400 with a 4.5-MJ 
driver) can be obtained, as assumed in HYLIFE-I. Splash clearing, however, was 
never satisfactorily accomplished in HYLIFE-I. High gain (400) results from advanced 
targats and is beyond the state-of-the-art. Conventional targets are predicted to have 
gains of 70 at 5 MJ with projected beam parameters giving a yield of only 350 MJ. 
Such low yields (350 MJ rather than 2000 MJ) push the design to high repetition rates 
to obtain either the same power or higher driver energy and result in major 
departures from the HYLIFE-I design. Because, for any target design, the gain 
increases with driver energy, a larger yield can be obtained with higher driver 
energy, but drivers are expensive and costs increase as the driver energy increases. 
The cost of electricity is expected to decrease as the repetition rate increases and 
eventually to rise again when pumping power becomes large. We find this rise is 
above 10 Hz. We looked at three ways to obtain a higher repetition rate: use three 
chambers, pulse the flow, and use oscillating nozzles. We chose the oscillating flow 
configuration. This report discusses progress of the ongoing HYLIFE-H design study. 
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Flibe Compared to Liquid Lithium 

The lithium fire hazard in HYLIFE-I will be eliminated by using the low-
viscosity molten salt, Flibe (Li2BeF4>. Flibe can operate compatibly with Hastelloy N 
or 316-stainless steel at a much higher temperature than lithium (923 K vs 770 K). 
The heat-transfer properties, while different, should remove heat and serve the 
purpose of a liquid protecting the permanent structure from neutron damage and 
blast. Because it is not a single element like lithium, dissociation may slow 
condensation and limit the repetition rate, however, our calculations show that 
recombination is fast enough to not be limiting. There is also a potential corrosion 
problem from fluorine compounds formed during the evaporation process. Again, 
our calculated rates of recombination suggest this problem is minimal. 

Plant Parameters 

The plant parameters (Hoffman, 1991) for the base case using pulsed flow are 
shown in Table 1, The power balance diagram is Fig. 1. Much of the information on 
the use of Flibe and the power plant characteristics rest heavily on Rosenthal, 
Haubenreich, and Briggs (1972). System studies are underway to vary the driver 
energy, thus changing the repetition rate. For a constant thermal power output, the 
drive;' cost should drop as repetition rate increases, if the gain does not drop too fast 
with the increasing repetition rate. We have shown the cost of electricity falls 
rapidly as the repetition rate increases from 1.5 Hz to about 4 Hz. There is very little 
further cost decrease as the repetition rate increases from 4 Hz up to our design 
point of 8 Kz. A key concern is the pumping flow rate (Table 2). We have reduced 
the flow rate from the 96 m 3 / s of HYLIFE-I to 66 m 3 / s and the liquid inventory from 
1600 m 3 to 750 m 3 . However, the density of Flibe is four times that of lithium and 
we should try for further reductions. By decreasing the radius to the first wall from 
0.5 m to 0.3 m and decreasing the flow speed, the flow rates and inventories might 
be further reduced, thereby lowering the costs. 

Table 1. Plant parameters 

Driver energy 5MJ 
Target gain 70 
Yield 350 MJ 
Blanket multiplication 1.15 
Repetition Tate 8.2 Hz 
Fusion power 2835 MW 
Thermal power 3312 MW 
Recirculating power 282 MWe 

Pumping power 37 MWe 
Beam electrical power 203 MWe 
Auxiliary power 42 MWe 

Net electrical power 1083 MWe 
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Fig. 1. Detailed power balance for the base case HYLIFE-H. The driver efficiency of 
035 is used in the SAFIRE code (Fig. 9). 

Table 2. Jet array and primary loop parameters. 

No. of chambers 1 
Fall distance between shots (m) M 
Repetition rate thz) 8.1 
Injection velocity, V 0 (m/s) 16.2 
Static head required to produce Vo (m) 13.4 
Vol. flow rates (m 3/s): 

Jet array (bypass flow) 53.6 
Spray (max.) 9-7 
First wall U Total Flow 65-9 

No. of main pumps (rated flow per pump = 5mVs): 
Bypass flow 11 
IHX flow 3 

Method used to produce V 0 Static head Press, pipes 
Bypass pumping power (MWe): (for up = 80%) „37 JS. 
Bypass pump head 

Gravity head above pool (m) 19.8 10.4 
Friction + minor losses (m) 75 J&Z 
Total pump head (m) 27.3 27,1 

Bypass pipes: inner diameter (m) 1.0 1.0 
Estimated total Flibe inventory (m3) 960 750 
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Target 

The target is designed for heavy ions such as 20°Hg+ at 10 GeV, which have a 
range at 0.1 g/cm 2. The gain depends on energy delivered to the target, beam radius 
(2 mm), and ion range (0.1 g/cm2). Target gain curves for a zero-degree beam half 
angle are shown in Fig. 2a (Bangerter, 1988). (The target is irradiated with, in this 
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Fig, 2, Target gain vs driver energy ami beam half-angle. The beam spot size r is given as a 
parameter. The design point is 5 Ml, gain 70, range 0.1 g/cm2, and spot radius 2 mm. The 
effect of the beam angle of about ±13° has yet to be put into the analysis. 
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case, 12 independently focused beams converging on one side of the target. The 
angle the furthermost beam makes with an axis normal to the point of irradiation 
on the target is the beam half-angle, Fig. 3.) We assume 30% of the energy, 5 M] for 
example, is delivered on a long "foot" pulse of about 30 ns and 70% is delivered in 
the main pulse lasting about 8 ns. If the beam half angle is ±13° then the gain is 
reduced by 19% (Fig. 2b). To obtain a yield of 350 MJ will require about 6 MJ input 
energy (as can be worked out from Fig. 2 for a range of 0.1 g/cm 2 and 2 mm focal spot 
size). The correction for beam angles leading to the 6 MJ driver were not 
incorporated in the rest of this work. The design work did not consider the target 
factory, target injection, and tracking. 

Driver Interface Issues 

The driver is assumed to be a heavy-ion beam, although we also considered 
laser and compact-torus drivers, both of which are discussed elsewhere in this 
report. Because energy in a single beam is limited, 16 separate beams are assumed to 
provide the nominal 5 MJ total energy. These can be directed from two sides of the 
reactor or from only one side. One difficulty is to get a close-packed array with 
enough shielding. The beams are shown in Fig. 3. Two views of the 16 beams are 
shown in Fig. 4 as they enter the reactor chamber. A heavy-ion driver at 5 MJ, based 
on 200Hg+ at 10 GaV, has direct costs in the range of $1B to $2B (109 $), a factor of 3 or 
more too high for good economics. Other drivers, such as a recirculating induction 
accelerator with fewer components have been suggested. Another possibility is the 
mirrortron, which has as a goal to shorten the heavy-ion beam lines by obtaining an 
order of magnitude higher average gradient than is possible with induction 
accelerators (400 m long vs 4000 m). Compact tori that are accelerated and focused 
require a much different target and transport system design are interesting because 
of their order-of-magnitude lower cost (about $100 M). However, they are 
speculative because the experimental parameters of compact torus accelerators are 
orders of magnitude away from that needed. Laser drivers have been considered but 
are not leading candidates at this time because of high cost, low efficiency, and poor 
target performance as well as the need to illuminate the target from many angles. 
Our back-up strategy to cut the driver's contribution to the cost of electricity is to 
either have one driver switched to up to four reactors, each of 1-GWe size, as done 
in the HIBALL-II study (Badger, 1984) or to increase the power out of the reactor 
chamber up to 4 GWe. The cost and complication of switching is probably acceptable 
when the total power is as high as 4 GWe, but is not acceptable at 1 GWe. 

Steady horizontal and vertical, neutronically thick, liquid jets shown in Fig. 5 
will clear the beam path and protect the beam ports from radiation damage. The 
spacing between these jets should be less than 5 ( S = 0.5 gt2.), where S is the distance 
liquid droplets or splash can fall by gravity between shots, g is the gravitational 
constant, and t is the time between shots. For 8 Hz, S=7.7 cm. If splash starts out 
with an upward velocity the distance S can drop by up to a factor of four. With this 
system, splash is not cleared from all regions of the beam. 
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Fig. 3. A one-sided configuration of HYLIFE-II with 16 beams using heavy-Ion induction linear 
accelerators. The length is approximately 4 km. The final beam focusing magnets (last 50 m) 
are in a very preliminary design stage. The half-angle encompassing all beams is ±13° for tliis 4 
x 4 array. By eliminating the four "corner" beams, the array better fits into the induction 
accelerator so in the next part of the study we will use a 22-beam array with a half-angle of ±9°. 
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Fig. 4. Beam components are shown entering the reactor. We assume each beam is independent of the 
other. The half-angle encompassing all beams is ±13 for this 4 x 4 array. This was a version 
before that of Fig 3. 
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Fig. 5. Thick horizontal and vertical liquid jets protect the beam ports from radiation and help 
clear splash liquid for the next shot 
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Mechanical Design 

Hydrodynamics 
Table 3 shows the sequence of the events after a microexplosion with time 

starting when the fusion burn begins. We show this example for 8 small 
microexplosions of 350 MJ each per second (8 Hz repetition rate). 

Chamber Mechanical Design 
A liquid fall is used to protect the first structural wall from neutron and blast 

damage. The liquid breaks up as a result of sudden neutron heating and the wall 
must be strong enough to contain the flying liquid (Chen and Schrock, 1991a and 
Chen and Schrock, 1991b). We investigated three chamber designs to get high 
repetiaon rates: use of multiple chambers, use of pulsed flow, and use of oscillating 
flow. We chose the oscillating flow configuration for the final design. 

Steady flow with multiple chambers. The HYLIFE-I chamber shown in Fig. 6 is 
a steady-flow chamber. The structural wall is protected by weir flow. This requires 
slow flow (10 m/s) and a long fall distance (about 5 m) to protect the nozzle parts 
from neutron damage by the curvature of tlie flow over the weir. The repetition 
rate is low (1.5 Hz) because of the long reformation time of the jet array. Splash is 
only partially cleared by gravity. The large distance above the target (over 8 m) 
would not be cleared. 

To obtain enough power in , we considered using up to three 2.7-Hz chambers 
(1/3 GWe each). This system would have the complication of switching beams, 
high pumping power, high cost for a 1-GWe power plant, and still not be cleared of 
splash. The three-chamber design option was thought to be so undesirable it was 
dropped from further consideration. 

Pulsed flow. The pulsed flow case shown in Fig. 7 uses continuous flow 
everywhere except for a slug of liquid 0.3 m in radius and about 1 m long, injected at 
12 to 16 m/s for 6 to 8 Hz. The high repetition rate is achieved by a short fall 
distance of only 2 m. A pulsed pump to inject the slug needs to be designed and 
developed to withstand cyclic fatigue. The slug will clear splash from the beam path 
near the target. It is vital that the trailing edge of the liquid slug be sharply cut off 
and not leave too many splash droplets in the beam path. Other pulsed jets may be 
needed to clear splash from the rest of the beam path. One issue that requires 
solution is the isochoric neutron heating of the top of one slug that reduces its 
velocity and diminishes the volume for the next shot (thereby possibly limiting the 
repetition rate to 4 Hz). Many issues need 'jrther thought. 
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Table 3. Chronology of physics events in HYLIFE-II. 

Time Realm Physics Event Description 
Fuel pellet enters 3-m-radius chamber at 50 m/s. 

-15 x IQ~9 s Driver beams begin contacting the target. 
0 x 10 - , 2 s Fusion bum begins. 

10 x lO - 1^ s Fusion bum ends, having released up to 350 MJ. 
X rays begin vaporizing inner surfaces of inside row of jets at radius of 50 cm. 

10 x IO - 9 s Neutrons (traveling at 5 cm/ns) begin volumetrically heating inner jets. 
20 x lO - 9 s Neutron volumetric heating of all jets is complete. 
11 x lO-** s Neutron-generated isochoric-heating tension in inner-most row of jets causes 

cylindrical fracture to begin (7-cm wide jets, v = 0.33 cm/us). 
20-30 x 10~ 6s Vaporized (and partially dissociated and ionized) jet material (v = 6 cm/us) 

reaches chamber center, thermalizes, radiates to the first row of jets (causing a 
second wave of ablation), and begins to expand radially. 

10-30 x 10~6 s Vapor expanding f:om center of chamber reaches vicinity of jets, re-thermalizes as 
it impacts the slower vapor near the jets (and the second ablation wave), and begins 
two-phase shock propagation through jet structure, vaporizing more material as 
the shock transits the jet structure, imparting momentum via drag to the jets. The 
reflected shock creates a second considerably weaker blast wave traveling towards 
the center of the chamber. 

0.1 x 10~3 s Major vapor propagation through jet fragments is well underway, imparting an 
outward momentum that adds to outward momentum created by the gradient in the 
neutron isochoric heating (which caused the jet expansions not to cancel one another 
completely) and to the x-ray ablating momentum. The total outward momentum 
begins to consolidate the jet fragments as they move outward, with the fragment-
fragment collisions increasing and the void fraction decreasing to zero towards the 
inner region of Flibe globules (closing off further gas flow). Some Flibe is blown 
inward by the neutron heating, creating a chaotic, two-phase mixture in the central 
volume. 

0.1-0.2 x 10~3 s First vapor blast penetrates jet curtain. 
0.3 x 10~3 s Vapor impacts first wall after fragmenting the existing condensation-spray jets and 

accelerating the small droplets toward the vessel wall. This impulse stresses the 
first wall. 

2.5 x 10~3 s Uninhibited condensation jet spray begins to enter chamber (i.e., the continuous jet 
spray is allowed to propagate, uninhibited by blast effects). 

1-2 x 10~3 s Uniform vapor pressure established within chamber. Massive transient 
condensation of vapor is initiated. 

20 x 10~3 s Jet fragments consolidate to form a thick annular two-phase mass. 
0.05-0.1 s Critical time period for chemical kinetics to affect vapor condensation. 
02-0.3 s Two-phase annular mass hits and imparts momentum to first wall of chamber near 

the bottom (7 m/s outward and 16 m/s downward). 
0.065 s Clearing is completed along the path for the next pc,let to enter the 3-m-radius 

chamber at 50 m/ s. 
0.1 s Enough vapor has condensed to permit another driver pulse. 
0.125 s New Flibe jets are established for next chamber pulse (assuming 16 m/s over 2 m). 
0.125 s Driver beam-path clearing is completed and next fusion burn begins. • 
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Fig. 7, HYLIFE-II, pulsed flow. The flow speed for 8 Hz is 16 m/s with a 2-n> fall 
height, giving a flow rate of 34 m3/s. 
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Oscillating flow. Another way to achieve a high repetition rate and short fall 
distance with splash clearing is to oscillate the jet nozzles horizontally, as shown in 
Fig. 8 (Petzoldt, 1991). / pocket is formed in the flow where a target is injected and 
the microexplosion occurs. The oscillating flow sweeps splash liquid from the target 
region. The beam path can be cleared with more oscillating flows or with pulsed 
flows of liquid. It will be necessary to design mechanical moving parts, including 
bellows, to allow nozzles to oscillate at up to 8 Hz through a motion of up to ±0.1 m. 
Fatigue and vibration will be design problems-

Fig. 8. HYLIFE-H, oscillating flow. 
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Jet Design, Clearing, and Condensation 
The energy from the 350 MJ microexplosion will evaporate about 8.8 kg of 

liquid Flibe. The density of the vapor cloud when it has filled the chamber is about 
10 1 8 /cm 3 , assuming 8.8 kg at 5000 K in a 5-m-high chamber with 3-m radius. By the 
time of the next shot (0.125 s for 8 Hz) the density must drop from lO^/cm 3 to about 
3 x 10 1 3 /cm 3 in 0.125 s for propagation of heavy ions, a factor of 3 x 104. This density 
reduction can come about by condensation of the vapor on the liquid jets and on the 
droplets left from the explosion. One strategy is to inject "cool" Flibe at 873 K in a 
spray of droplets in the vicinity of the beam paths (Bai and Schrock, 1991). 
According to our calculations, this injected spray can provide enough condensation 
area without depending on the explosion itself making enough small droplets in 
the chamber. Our present model indicates the temperature in the cloud drops 
quickly ( « 1 ms) to 5000 K. Below 5000 K, radiation is slow and conduction and 
convection bring the temperature to about 1500 K when the liquid surface and cloud 
temperature are equal, after about 1 ms. After this time, condensation proceeds at 
the rate heat can be transported from the liquid surface of the droplets into the cool 
liquid interior. Although we predict condensation will be fast enough to allow an 
8-Hz repetition rate, we recommend a definitive experiment on condensation with 
Flibe because of the complication of condensation of Flibe dissociation products, etc. 

Neutronics 

Neutronics analyses of the reactor concept (Tobin, 1991) include calculating 
the tritium breeding ratio (TBR), the system energy multiplication factor (SEMF), the 
energy deposition in the Flibe and first structural wall (FSW), and the radiation 
damage rates for displacements per atom (dpa) and helium production. The TBR is 
1.17,1.02 of which is bred in the Flibe fall and 0.15 is bred in the reflector behind the 
FSW. Nearly 15% of the tritium is bred in 7Li. The SEMF is 1.15, bringing the 
2835 MW* of fusion power to 3260 MWt- The thermal decay power of the activated 
Flibe is some 80 MW, a small but significant addition to the energy multiplication 
caused by the tritium breeding in the 6Li and other exoergic reactions. This decay 
power was inadvertently left out of the power flow diagram. 

Three candidate wall materials were considered for the FSW, two Hastelloys 
and a modified 316-stainless steel where manganese is substituted for nickel. There 
is a problem with corrosion of manganese so this option probably will be dropped in 
favor of unmodified 316-stainless steel. Results show that the 316-stainless steel is a 
superior choice for helium-generation-limited lifetime, dpa-limited lifetime, and 
shallow burial index. The areas where the Hastelloy steels are superior include 
decay thermal power, corrosion resistance, and high-temperature strength. For 
either material, however, in the event of loss of coolant flow under normal 
conditions, the decay heat in the activated first wall is not enough to cause melting. 

The impact of a range of possible impurity concentrations in the Flibe was 
considered. These included eroded first wall material, high-Z heavy ion target 
material, natural impurities from production processes, NaBF4 assumed to leak 
from the secondary coolant system, and some MoFg possibly used as an 
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anticorrosive agent. No range of impurity considered increased the hazard to the 
public of the base case, pure Flibe. 

The main safety issues for HYLIFE-H are the large shallow burial index (106) 
requiring burial of parts of the reactor vessel in a high-level waste depository upon 
decommissioning and the requirement to contain 99.9964% of the 1 8 F inventory to 
prevent its release to the public. Although fluorine is very chemically active, in the 
form of Flibe it is well tied up and not volatile. Therefore special nuclear 
certification as in the ASME (so-called N-stamp) is not needed. This certification is 
required for system components that, in case of failure, would cause significant 
(25 rem) off-site radiation release. 

Tritium Systems 

Practically all of the tritium gas emitted by exploding targets will be removed 
by the vacuum pumping system, but almost none of the tritium bred in the Flibe 
will diffuse out of the Flibe droplets while in the reactor chamber (Longhurst, 1991). 
At a fusion power of 2835 MWth with a breeding ratio of 1.17, the tritium 
production rate in the Hibe is 1.16 * I0 2 1 atoms/s. The corresponding radioactivity 
production rate is 4.8 MCi/d, of which most will be recycled in new targets. The 
fraction of tritium removed from Flibe by the primary loop vacuum disengager 
(wherein a fine spray of Flibe droplets permits tritium to diffuse out and be 
pumped) is about 99%. The fraction of tritium leaking through the intermediate 
heat exchanger (IHX) per pass of the coolant through the IHX is 6.5%, according to 
detailed calculations of mass transfer during turbulent flow in the IHX. The fraction 
of tritium removed from the NaBF4 intermediate coolant by the gas exchanger is 
greater than 99%. Because data on tritium behavior in NaBF4 are lacking, the 
fraction of tritium leaking from the NaBF4 through the steam generator tubes is 
conservatively assumed to be about 1%. For these conditions, the tritium leak rate 
is held to less than 40 Ci/d, which satisfies the safety goal for routine releases. 

Almost all of the intermediate coolant must flow through the gas exchanger 
tritium removal system to achieve this goal. The tritium removal system could be 
very large because the intermediate coolant flow rate is very large. With the 
primary loop vacuum disengager in series with the IHXs, the tritium leak rate is 
independent of the fraction of Flibe that flows through the IHXs. The blast chamber 
and Flibe piping must be double-walled, to prevent significant tritium leakage 
under normal and off-normal conditions. Beryllium metal will be used to 
neutralize free fluorine liberated in the Flibe by nuclear reactions. The beryllium 
may be a metallic grid in a side stream of the primary coolant system or part of the 
fusion targets. An air cleanup system will remove tritium routinely or as a result of 
accidental leakage into the containment building. Data on tritium behavior in 
NaBF4 are needed so that the fraction of tritium removed per pass in the removal 
system can be better quantified. Tritium flow out beam ports to vacuum pumping 
systems associated with the driver beams will not be a significant safety problem, but 
the associated plumbing and costs remain to be quantified. The greatest need for 
future work is to design the vacuum disengager and gas exchanger to quantify the 
size, power dissipation, and cost associated with achieving 99% efficiencies. 
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Materials and Molten Salt Technology 

Compatibility and Corrosion 
We chose a high-nickel steel for our vessel material and pipes. A 316-

stainless steel will work with adequately low corrosion rates, and modified 
Hastelloy N (a high-nickel steel) will work even better. In the future we might 
consider the use of carbon-carbon composites for the vessel material because 
graphite is compatible with the molten salt if tritium retention is not too serious. 
Pyrolytic graphite has low retention but porous forms of graphite have higher 
retention. The use of a graphite vessel will reduce activation, increase tritium 
breeding, and reduce the heat leak to the shield. 

Flibe Vapor Pressure 
Flibe density (vapor pressure) is shown in Fig. 9 and is expected to consist 

mostly of BeF2. We believe a heavy ion beam will propagate to the target with a 
focal spot size of 2 mm radius if the density is less than 3 x 10 1 3 /cm 3 and the path 
length from the last focusing magnet is 5 m. 
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Fig. 9. Density and vapor pressure vs temperature for low-viscosity Flibe (Li2BeF4) 

from Cantor, Hsu, and Ward (1965). 
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Chemical Kinetics of Dissociated Flibe 
We know that when Flibe is dissociated into its constituents by the 

microexplosion about 8.8 kg of Flibe is raised to 5000 K. (Recent investigations not 
folded into this work suggest this temperature may be as much a ten times higher.) 
These constituents will reform Flibe and not other species. That is, Flibe is stable 
under radiation and the recombination reaction is strong. However, based on 
preliminary study, we believe that the recombination is sufficiently fast not to be a 
limiting factor in the condensation of Flibe vapor on liquid droplet surfaces, but this 
is not proven. In a gaseous state, Flibe dissociates into LiF, BeF2, and other species. 
An issue with condensation is that the constituents of Flibe must chemically 
recombine and stick on striking the droplet surfaces. Too low a sticking ratio will 
slow condensation. We think LiF and BeF2 will have sticking coefficients of at least 
0.5. We have shown all other processes are fast enough to permit a repetition rate as 
high as 8 Hz. This is an area for further study and a definitive experiment is needed. 

Choice of Target Material 
We chose tantalum for use in the target because it is relatively high Z (Z = 73) 

and is soluble in Flibe. We can make coatings by chemical vapor or liquid 
deposition. Many other high-Z materials we could have chosen, *uch as lead and 
tungsten, would precipitate on the walls of the vessel and pipes, making recovery 
difficult and causing other problems. 

Balance of Plant 

The power-flow diagram of the plant is shown in Fig. 1. The components 
emphasizing the balance-of-plant (BOP) (Hoffman, 1991) are shown in Fig. 10. We 
have shown the eutectic composition of Hibe that melts at 636 K (363 °C ) is practical 
but costly because of its high viscosity, therefore the low-viscosity composition that 
melts at 733 K (460 °C) was chosen. The intermediate coolant NaBF4 was chosen 
(based on earlier work at ORNL) (Briggs, 1971) in part because of its tendency to hold 
up tritium in the form of T2O and retard its passing on into the steam system and 
hence to the environment. Some parameters for the intermediate heat exchanger 
are given in Table 4. We are currently considering the use of a double-walled steam 
generator and completely eliminating the intermediate heat exchanger and the 
NaBF4 coolant loop. 

Safety and Environment 

An outstanding feature of the reactor is its favorable safety characteristics 
(Dolan and Longhurst, 1991). Safety and environmental goals for HYLIFE-H include: 

• offsite dose from severe accident less than 2 Sv (200 rem) for passive safety, 
• no N-stamp requirement for most components, requires less than 0.25 Sv 

(25 rem) offsite dose, 
• working area dose rate less than 50 mSv/h (5 mrem/h) for a low 

occupational risk, 
• dose from routine atmospheric effluents less than 50 nSv/y (5 mrem/y). 
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Pig. 10. The reaction chamber and power conversion system for HYUFE-II. 

To evaluate the potential to meet these goals, the consequences of a severe 
accident involving blast chamber failure and breach of containment are studied, 
including the effects of activation products, tritium, and beryllium toxicity. 
HYLIFE-H has no large sources of energy available to disperse radioactive materials. 
The tritium inventory in the Flibe could be kept very low (about 1 g). The 
dominant activation product is about 300 MCi of 1^F (half-life 110 m). A very small 
fraction (6 x 10*6) of the Flibe activation products would be mobilized, because the 
microexplosion vaporizes about 9 kg from the 1500 t of Flibe. Only a fraction of the 
mobilized vapor would escape from a hole in the blast chamber, and only a fraction 
of that, from a hole in the containment building. The 1 8 F offsite dose from a severe 
accident (breaching both the blast chamber and the containment) would be less than 
0.2 mSv (20 mrem). Thus, N-stamp requirements can be avoided in the main 
reactor components, and the passive safety goal can be met. 

If the maximum vulnerable tritium inventory in the target factory and 
tritium handling systems were less than 2.5 kg, then the maximum offsite dose 
from its release would be less than 0.25 Sv (25 rem), and the N-stamp requirement 
could be avoided for those systems as well. Some contact maintenance should be 
feasible on the NaBF4 secondary loop, but not on the Flibe primary loop (unless a 
very effective impurity removal system were operating and activated impurities did 
not plate out on pipe walls). Activation of metallic impurities in the Flibe from a 
NaBF4 secondary coolant leak from corrosion products, from target materials, or 
from a MoF6 corrosion inhibitor (if used) could result in high dose rates. The 
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occupational risk goal can be met if personnel do not work in the primary coolant 
loop area. The routine effluent goal is met provided the tritium removal systems in 
the primary and intermediate coolant ioops are made large enough. After 30 y of 
operation with a 50-cm-thick Flibe jet curtain, the dose rate from the blast chamber 
(made of high nickel steel such as Hastelloy or stainless steel) would be too high for 
shallow land burial. However, since the chamber is expected to last the life of the 
plant, the amount of material needing deep burial is not so great and occurs only on 
decommissioning. 

Table 4, Intermediate heat exchangers 

Key parameters 
Low-viscosity 
Flibe/NaBF4 

Primary Fluid Inlet Thi (K) 
Primary fluid outlet, Tho (K) 
Secondary fluid inlet, Tcj (K) 
Secondary fluid outlet, T c o (K) 

943 
8" 
7^ 
823 

Nominal Thermal raring, Pth (MVVjh) 
Tube length, L* (m) 
Tube bundle height, H (m) 
Tube bundle depth, DTB (m) 
Vol. of tube Bundle (m3) 
Tube outer diam., D 0 (m) 

Tube Side 
Hot, primary flow rate (kg/s) 
Pressure drop <MPa) 
Pumping power (MWC) 

10G0 
10 
3.0 
3.7 

ni.r 
0.02 

8400 
0.070 
0.36 

Shell Side 
Cold, secondary (kg/s) 
Pressure drop (MPa) 
Pumping power (MWC) 

22,100 
0.020 
0.29 

Overall heat transfer coefficient, U 0 (W/m^-K) 
Heat transfer area, A^HT) (m2) 
Number of tubes 

2324 
4950 
7880 

Ao(HT)/vol. of tube bundle (irrVm3) 
P f c/vol. tube bundle (MW/m3) 
Steam powerplant efficiency (%) 

44.3 
9.0 
41.2 

"vapor (Th) (cm"3) 
Acceptable nvapor for ion beams (cm'3) 
Acceptable nvapor for lasers (cm*3) 

- 1 0 1 3 

~ 5 x l 0 1 3 (?) 
- 1 0 1 5 (?) 
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Economic Analysis and Systems Issues 

The SAFIRE economics and systems analysis code was used to study .some 
trends in HYLIFE-H (Bieri, 1991). Some but not all of the algorithms in SAFIKE were 
changed to model the chamber and IHX using Flibe instead of lithium, therefore the 
trends are only suggestive. A series of curves plotted against repetition rate show 
the important features (Fig. 11). As the repetition rate drops, the yield per shot goes 
up dramatically to maintain power. To get a higher yield, the driver energy must go 
up, which adds drama ically to the total plant cost, especially as repetition rate drops. 
The electrical power to the driver is practically independent of repetition rate above 
a few Hertz for our base case gain curve. The driver power is about 100 MWe. As 
the repetition rate increases the pumping power increases, but not enough to 
compensate for the falling driver cost, thus the cost of electricity is a falling function 
of repetition rate. The repetition rate of 1.5 Hz of HYLIFE-I has a cost 60% higher 
than at 8 Hz. HYLIFE-I was optimized for targets that were then thought to have 
much higher gain. 

The cost breakdown is given in Table 5 for a case with a 5-MJ driver operating 
at a 7.5 Hz repetition rate. This code result is somewhat different from the 8.1 Hz of 
the rest of the study. The cost of electricity is about 0.10 $/kW-h for noninflated 
(constant) 1990 dollars. If the driver direct cost were to drop by a factor of 4, from 
$1300 M to $325 M, the cost of electricity would drop by 31% (to 0.071 $/kW-h). For 
comparison, the future coal and light-water reactor (LWR) nuclear power cost is 
predicted to be 0.058 and 0.043 $/kWh. 

Summary and Conclusions 

In the design known as HYLIFE-n, we have substituted Flibe for lithium and 
modified the HYLIFE-I design to obtain repetition rates up to 8 Hz. We examined 
pulsed and oscillating flow concepts to obtain this high repetition rate and to 
remove splash liquid from the beam lines before the next shot. Condensation is 
predicted to reduce the Flibe vapor to low enough values to permit an 8-Hz 
repetition rate. The fire hazard has been eliminated and safety requirements met 
(but not shallow burial of chamber wall material upon decommissioning). 

At present, the design and performance of the system depend on many 
assumptions that must be verified by future analysis and experiment before we can 
have a high level of confidence in the predicted performance. Some of the key 
issues include verifying splash removal techniques, tritium removal effectiveness 
and permeation rates, condensation phenomena and sticking coefficients, heavy-ion 
accelerator technology and cost reduction, and beam propagation. To be competitive 
with future coal and LWR nuclear power, the cost of electricity needs to be reduced by 
about a factor of 2. A reduction of the driver cost, which is one-half of the total cost, 
would have a very good impact on economics, 
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Tig. 11. Parameter dependencies for a given plant electric output (a) Yield vs repetition 
r~ .e. (b) Driver energy vs repetition rate. The gain is given as well, (c) Direct 
capital cost vs repetition rate, (d) Recirculating power vs repetition rate. The driver 
power differs from that of the rest of the paper by a factor of 2 because the injection 
efficiency used in Fig. 1 was 20% and about 35% was used in SAHRE. The peaking of 
driver power near 3 Hz is probably not real but rather due to a modeling problem, (e) 
Cost of electricity vs repetition rate. Note that this cost is close for the design point 
of the 9.6 t/kWe-h in the paper by Hoffman, 1991. 
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Table 5. Plant cost breakdown for reference Case E 

Acct- Item Cost (millions 1990 $) 
R+D+TF* BOP 

20 Land and land rights 5-4P 
21 Structures and improvements 1B5.8 119.5 
22 Reactor plant equipment 

22.1,2,3,4.6 Chamber & equip. 
22.5a Recirc. jet array system 
22.5b Heat transport system 
22.7 Tritium recovery system 

114.3 
159.1 

646.4 
39.1 

23 Turbine plant equipment 259.2 
24 Electric plant equipment 102.7 
25 Miscellaneous plant equipment 65.9 
26 Main heat rejection equipment 44.3 
27 Driver equipment 1290 
28 Target factory equipment 89.6 

Total direct coat 1838.8 1282.5 
Indirect cost factor 1.83 1.83 

Total Capital Cost 3365.0 2347.0 
Cost of Elec.b (mills/kW/hr) 

COE for 0&M/SCR7Fue] 
Total COE 

45.7 

25.4 
103.0 

31.9 

aReactor + driver + target factory 
bThe assumed availability was 85%; the capital charge rate for noninflating 
dollars was 10%. 
'Scheduled component replacement 
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1. Introduction 

1.1 General Perspectives 

The HYLIFE-I design that substitutes Flibe (Li2BeF4) for liquid lithium is called 
HYLIFE-ll. It is thought to be a workable design, with minor modifications (realistic 
beam access, for example), provided targets having a yield of about 2 GJ (e.g., gain of 
400 with a 5-MJ driver) can be obtained, as assumed in HYLIFE-I and a means for 
splash clearing is found. Conventional targets described in Sec 2 are predicted to 
have gains of 70 at 5 MJ. Such lower yields (350 MJ rather than 2000 MJ) result in 
major departures from the steady flow-no moving parts HYLIFE-I design and push 
the design to high repetition rates to obtain the same power. The high-gain (400) 
targets are beyond the state-of-the-art, more complicated, will likely be more 
expensive and need more testing to prove out, and, therefore, are more speculative. 
Because, for any target design, the gain increases with driver energy, a larger yield 
can be obtained with larger driver energy, but drivers are expensive and increase in 
cost with increased driver energy. At high repetition rates the power to produce the 
beams and pump the liquid rises rapidly. For these reasons, the cost of electricity is 
expected to have a minimum value as a function of repetition rate between 2 and 
8 Hz. 

We have looked at three ways of obtaining a higher repetition rate: use of 
three chambers, use of pulsed flow, and use of oscillating flow. 

Three chambers reduce the repetition rate for each chamber so that the 
conventional HYLIFE design is workable in the sense that the fall can reestablish 
between shots, but splash was not cleared. The disadvantages are the much higher 
flow rate, extra cost of the three chambers, and the extra cost and complexity of 
driver beam switching. The three-chamber design option was considered so 
undesirable it was eliminated. 

The pulsed-flow method of obtaining high repetition rates minimizes the 
high flow rate and partially addresses the splash clearing issue. Only the center 
0.6-m-diameter portion needs to be pulsed. Pumps that can be subjected to pressure 
surges will need to be designed and developed-

Oscillating flow to obtain high repetition rates positively clears the beam 
paths of splashed liquid. The liquid flows continuously from oscillating nozzles. It 
will be necessary to design mechanical moving parts, including bellows, to cause 
nozzles to move at up to 8 Hz through a motion of up to ±0.1 m. Fatigue and 
vibration will be design problems. 

1.2 Design Objectives of HYLlFE-n 

By substituting molten salt for liquid lithium and using recent understanding 
of beam and target performance, we can retain many desirable features of the 
HYLIFE-I reactor. Some safety features are improved. Plant costs are not well 
known. The HYLIFE-I concept (a wetted-wall-class ICF reactor design) of prolonging 
the chamber-wall lifetime by. shielding it from neutrons, x rays, and debris with a 
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neutronically thick flowing liquid will be retained. The HYLIFE-[ lithium fire hazard 
will be eliminated by using molten salt (Li2BeF4>. 

In HYLIFE-I a gain of 400 was used. Current target designs result in gains from 
70 to 100. Because of the high cost of ICF drivers we must keep the driver energy 
low (less than about 5-MJ); therefore the pulse repetition rate must be increased 
from 1.5 Hz (HYLIFE-I) to 8 Hz or more to retain an equivalent average power. To 
obtain this high repetition rate, multiple chambers may be needed—an undesirable 
feature. 

By way of comparison, conventional designs of heavy ions or lasers yield 
costs in the range of $1B for 5 MJ, which appears to be a factor of three higher l.han 

. will compete with fission power in future systems. [This assumes future constant 
dollar costs for fission electricity will be 1.3 times current costs, the 0.3 factor added to 
account for high-priced fuel and reprocessing as uranium supplies diminish. This 
high-priced fuel can be thought of as coming from hybrid fusion-fission breeding 
An LWR system with this fuel results in a cost sometimes called the hybrid limit of 
the LWR (1.3 times LWR electricity costs is a reasonably good estimate)]. Hence, high 
driver cost remains an issue blocking the way to economical ICF power plants. In 
addition, demonstrating that targets can be made from a facility costing only about 
$100M remains to be made plausible. 

The HYLIFE-1 driver beams were directed along two very narrow cones on 
each side of the reactor. Present target designs, even for indirect drive, require tens 
of beams. These target design requirements are incorporated in HYL1FE-IL 

In HYLIFE-1, the volumetric flow rate of the lithium was ten times higher 
than needed for heat removal, blast suppression, and neutron attenuation. If pulsed 
jets in HYLIFE-II could be used, we would expect to reduce the volumetric flow rate 
and pumping power by a factor of 2 to 5, however, with steady flow and three 
chambers, the flow rate will be more than that of HYLIFE-I. 

In HYLIFE-II the vessel and target materials must be compatible with Flibe and 
minimi2e activation so that accidental releases of radioactivity can be minimized 
and radioactive waste disposal requirements reduced. Alloys that have considerable 
nickel will be compatible with Flibe. A carbon-carbon composite vessel might be 
considered in the future because it is compatible with Flibe and would reduce 
activation. 

All of these features are to be achieved with essentially existing materials and 
technology, insofar as possible. 

1.3 Assumptions on Level of Technology 

The design philosophy adopted for HYLIFE-II is to use existing technology or 
reasonably small extrapolations likeiy to be developed in time to build 
developmental facilities. Insofar as possible, we do not use "black boxes." That is, 
we use target designs that exist but are unproven; however, we do not assume a 
target performance just because it would make a nice reactor. One counter example 
is the target factory, which has had so litLie work it is sssentially unknown. We 
intend to use a conventional steam cycle, not direct cycles that are not in practice. 
The steam cycles would use super heat but not supercritical steam because that 
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would tend to be less economical. We plan to use conventional or existing 
materials that are compatible with Flibe and conventional engineering practices. 
We assume some component R&D will be needed, such as for heavy-ion beam 
development for low cost. 

The assumptions on targets, beam propagation, chamber design, and 
accelerator technology for the HYLIFE-H study are shown in Fig. 1. 
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Fig. 1-1. HYLIFE-H uses reasonably conservative assumptions selected from a range. 
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2. Target 

2.1 Target Design 

The target design for HYLIFE-II uses heavy ions with an indirect drive. We 
discuss a laser drive as well, but a laser is a less likely candidate for an ICF reactor at 
this time until the following problems are solved: high cost of laser, low electrical 
efficiency, and need for illumination from a large number of directions. There are 
many possible types of targets for both lasers and accelerator drivers. These targets 
can be dl. ided into several general classes. For example, one normally 
distinguishes between direct-drive targets and indirect-drive targets. In direct drive 
the beam energy directly heats the target ablator, providing the pressure for the 
implosion. In indirect drive the beam energy is converted to radiation that provides 
the required implosion energy. The indirect-drive targets have less stringent 
requirements on irradiation symmetry and driver beam quality, however, at least 
for ions, they usually have lower gain. For many years indirect drive has been the 
main approach at Lawrence Livermore National Laboratory. We have accumulated 
a wealth of data on mis approach and have more confidence in our calculations. 
Because of this confidence and the relaxed requirements on illumination geometry 
we have chosen indirect drive as the base case for HYLIFE-n. To be conservative we 
have also chosen to use relatively simple target designs. There are advanced target 
designs that give higher gain than our best case; however, the design work is far less 
detailed and we consider these advanced target-, speculative. The ion species is 
important. For background the reader is referred to Bangerter (1988). 

2.2 Target Performance 

Figures 2-la-d give target gain as a function of driver energy, ion range, and 
focal spot size for targets driven by two diametrically opposed beams or beam 
clusters. The peak power requirements for these targets are given in Figs. 2-2a-d. 
Ion range as a function of ion mass and kinetic energy is given in Fig. 2-3. An 
example of gain curves appropriate to our case for 10 GeV mass 200, Hg + or 7 GeV 
Cs + is given in Fig. 2-lc where the range is 0.1 g/cm 2. For a range of 0.05 g/cm 2, the 
energy would drop to about 5 and 3 GeV. 

There is some flexibility in pulse shape; however, once a pulse shape is 
chosen, subsequent pulses must be very repeatable, that is, the power at any time 
during a pulse must be within 3% of the average value for all pulses. This 
requirement must be met for all beams. 

Alignment consistency is also crucial such that the centroid of each beam or 
beam cluster must be reproducible within 20% of the focal spot radius on each shot. 
If beam clusters are used and if the beam errors are statistically independent, each 
beam can c.early have looser tolerances than the tolerance on the entire cluster. 

Misalignment and imperfections in the beams and lenser may lead to some 
fuzziness in the beam radius. If the conditions on power balance and centroid 
alignment are satisfied, the effect of beam fuzziness can be estimated by using only 
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that fraction of the beam energy that falls in the focal spot radius when using 
Figs. 2-1 and 2-2. Thus, within limits there is a trade-off between target gain and 
beam alignment. 

As noted above, the target gain shown in Fig. 2-1 is for two-sided 
illumination. In designing HYLIFE-II we have found that it simplifies the jet array to 
arrange the beams in as few vertical planes as possible. This means that the beam 
cluster may not be a simple, approximately circular beam cluster with a small 
opening angle as assumed in the target calculations. For this reason the target gain 
curves given in Fig. 2-1 are not entirely correct. Specifically, if we were to use targets 
designed for small angle beam clusters with the wider, elongated illumination 
geometry preferred by reactor considerations the gain would decrease. The incident 
beams will be separated from one another, where they penetrate the vessel wall, to 
allow spacing for neutron shielding and focusing magnets. Therefore, the beams 

Fig. 2-1. Curves for radiatively driven targets giving gain as a function of driver energy, focal spot 
radius, and ion range. The curves assume two-sided irradiation. 
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will ba spre*;U in angle as they strike the target. The target gains shown in Fig. 2-1 
will be degraded as the entrance angle increases as shown in Fig. 2-4. Until we have 
more fully evaluated these effects we recommend adding 0.5 mm to the expected 
beam radius before obtaining target gain from Fig. 2-1. 

From a reactor standpoint it could be advantageous to illuminate the target 
from only one side. Such an illumination geometry has previously been suggested 
for light ion fusion, but target gain curves are not available. We arbitrarily assume 
that the gain for one-sided illumination is the same as the gain for two-sided 
illumination. Design work is required to determine if one-sided illumination is 
possible, and if so, to calculate the gain. The effect of beam angle and onesided 
illumination has not been folded into the design work yet. 

2.3 Target Factory Design and Cost Analysis 

'Typical cost estimates fall into the range of $0.25 to 0.45 per target. The 
estimated target cost contributing to the total cost of production of electrical power is 
typically 4 to 7 mill/kW-h" (Pendergrass, Harris, and Dudziak, 1988). Assuming a 
7-mil/kW'h target cost and an electrical power-to-fusion power ratio of 0.38, the 
allowed target cost is directly proportional to target yield. For a 350-MJ yield, the 
allowed target cost is $0.26. 

A direct-drive ICF Target Factory Model is being developed (Woodworth, 
1991). The process used to manufacture capsules may be applicable to indirect-drive 
targets. The capsule production technique is shown in Fig. 2-5. 
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Fig. 2-5. Schematic c(. assumed capsule fabrication process. 
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Shell? of polystyrene are formed by injecting liquid polystyrene sandwiched 
between two aqueous layers through cylindrical, triply concentric nozzles, into a 
water bath. The spherical shells are swept out of the column before the solvent and 
water are removed. Ij has been shown that very smooth spherical shells can be 
mass produced by this microencapsulation technique; reactor-sized shells have not 
been demonstrated. We assume that this process can be scaled to the required 
production rates, sizes, and quality by implementing the above scheme. The 
fabricated capsules would undergo irspection and be placed in canisters to be filled 
with DT fuel and cooled down. 

The best fill method is to diffusi DT gas into the capsule through the 
polystyrene shell. Quicker methods, si °h as drill and plug, result in intolerable 
roughness to the capsule's surface. We inmate '*• *t 40 h is required to fill the 
capsule. Thus, a DT inventory correspoh ling the L>T fuel required for 40 h of 
reactor operation is dictated by this step L i the process. 

Alter filling, the pellets are cooled to just below the triple point of DT, about 
18 K, so tha; the capsules are depressuriz^d. The DT plate:, uniformly onto the 
inside of the polystyrene through the p-layering process The process is assumed to 
take about 30 min. (The p-layering process has yet to be demonstrated for low-
conductivity capsules.) 

The estimated tritium inventory for the target factory is about 4 kg; about half 
of the tritium is in the capsule fill canisters and half is in the associated piping. 

2.4 Target Injection, Tracking, and Beam Pointing 

We will assume, as in most studies in the past, that targets can be injected, 
they can be tracked to time firing of the beams, and the beams can have their 
pointing corrected to account for inaccuracies of target injection. We expect to focus 
the energy of heavy ion beams inside a circle of radius 2.5 mm. We assume the 
beams point of focus can be changed by ±3 mm, as an example. The target would 
have to cross the midplane to within ±3 mm. It would have to avoid splash on its 
way to the midplane and to avoid any liquid jets. It must survive the vapor cloud 
from the previous explosion and do it all at a repetition rate of up to 8 Hz in some 
examples. The injector must be able to withstand radiation and debris or it must be 
shielded. 

Two methods to inject targets have been investigated at LLNL: the gas gun 
(Monsler, 1978} and electrostatic levitation and transport (Johnson and Hendricks, 
1980). Recently, rail guns and induction accelerators have been studied. 

In the gas gun concept, the target is surrounded by a protective sabot that fits 
snugly into the gun barrel (Fig. 2-6). Once out of the gun barrel, centrifugal force 
caused the sabot to be released in two haives from the target. The vacuum system 
must be capable of reducing gas density to 10 1 3 molecules per cm3 for ion-beam 
propagation. A two-dimensional array of light beams provide initial target-timing 
and trajectory information. A continuous-wave laser then illuminates the target so 
it can be tracked into the reactor chamber and the driver beams can be timed and 
steered to hit the target. 
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The electrostatic levitation and transport method suspends an electrically 
charged target in a rapidly oscillating (60 Hz) electric quadrupole field. A DC field is 
supplied to counteract gravity. A traveling electric field is applied to transport the 
target. Additional studies of the target injection, including injection design, the 
tracking system, and the beam pointing system is a high priority item for future 
work. 

• Pellets arc encased in low-tolerance Sabots (or 
— Prevention of blowby 
— Protection against damage from handling, rifling, and acceleration 

• 2-D array of light beams used for 
— Timing gates 
— Trajectory determination 

Fig. 2-6. Schematic of pellet injection gun and sabots. 
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3. Driver Design 

A driver for any iCr reactor must deliver 2 to 10 MJ in a shaped pulse at 2 to 
10 Hz. The shaped pulse must consist of a relatively long (tens of nanoseconds) 
prepulse followed by a very high-energy (5 to 10 ns) spike that contains most of the 
pulse energy. Power balance considerations for an economical reactor lead to a 
required driver efficiency of at least 10%. To limit the initial capital investment 
required to build a commercial reactor, it is assumed that the driver should not cost 
more than about $300 millior.. Our base design assumes a 5-MJ driver operating at 
8 Piz with an efficiency of 10%. At present, no driver concept can claim to meet all 
of these reactor requirements. New driver ideas or major breakthroughs for present 
drivers could have a tremendous impact on 1CF power plant prospects. 

3.1 Laser Driver Design 

Although the primary challenge in designing a competitive laser driver for a 
commercial ICF reactor is to significantly lower the cost/W of the laser itself, there 
are many feasibility issues related to long lifetime reactor applications that must be 
addressed first. As a result of our study of the required elements for the transport 
systems of 32 beam lines we propose a design that includes grazing incidence metal 
mirrors, flowing high-Z gas, and fast-shutter windows. 

3.1.1 Spaceframe Design and Beam Transport 
The design of the final focusing mirrors and the spaceframe that holds them 

is largely unaffected by tho type of laser used. To achieve high target gain, the laser 
illumination must be as F/inmetric as possible; however, reactor vessel 
considerations lead us to limit the number of reactor vessel illumination openings 
to eight. If eight illumination directions is sufficient, a cubical spaceframe 60 m on a 
side, can support final focusing mirrors approximately 50 m from the target 
(Fig. 3-1). If multiple chambers are required to achieve the desired repetition rate, 
beam switching and multiple spaceframes may be used (Fig. 3-2). If advanced 
Pockels cells able to switch large beams cannot be developed, movable mirrors may 
be used for beam switching. (For a chamber repetition rate of 3 Hz and a laser 
repetition rate of 9 Hz, two of the three spaceframes would require mirrors that can 
be focused and removed in about 0.1 s.) Each of the four beam lines coming from the 
eight corners of the cube must contain a 1-m-diameter focusing mirror, a frequency 
conversion crystal, a grazing incidence metal mirror, a section where high-Z gas is 
pumped in then rapidly removed, a high-speed shutter, and a neutron "get-lost 
hole" for trapping unthermalized neutrons. The beam layout is shown in Fig. 3-3. 
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Fig. 3-1. Cubical spaceframe. Each of the eight beam paths contains four separate beams. 

Fig. 3-2. Multiple chamber and spaceframe configuration. 
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Fig, 3-3. Beam layout. 

3.1.2 Protection of Optical Elements 
The optical elements of the laser beam lines must be protected from damage 

caused by neutrons, gamma rays, x-rays, target (and breeder) particles, and from the 
laser beam itself. Optical damage from the laser beam limits the allowed energy 
density on a dielectric mirror to 20 J/cm 2, which corresponds to mirror diameters of 
1 m for the final focusing mirrors on each of the 32 beam lines in a 5-MJ driver. 
Surface-temperature-rise limits on a grazing incidence aluminum mirror require 
mat the mirror in each beam line have an illuminated area of 1.5 m 2. It is hoped 
that grazing incidence metal mirrors will solve the problem of lifetime-limiting 
neutron damage to optical beam elements (Bieri and Guinan, 1991). 

To protect the optics and the mirror from gamma particles, x-rays, and 
corrosive Flib* vapors (LiF, BeF, HF, etc.), there must be a section of the beam tube 
where high-Z gas is introduced then removed by vacuum pumps both in front of 
and behind the gas jets. The gas pressure must be high enough to block the Flibe 
vapor from passing and also to block the gamma and x rays. The final protective 
device needed is a set of high-speed shutters to prevent solid and liquid debris from 
traveling down the beam line. One shutter would open at the chamber repetition 
rate (3 Hz); the other would need to open and close fast enough to stop the first 
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debris. For rotating shutters, the speeds are about 3 and 500 rotations per second, 
respectively. 

3.1.3 Laser Candidates 
The three principle requirements for an ICF driver are: a repeatable (10 Hz), 

shapable, short (10 ns), high-energy (5 to 10 MJ) pulse that couples well with the 
target (i.e., pulse energy is deposited in the target rather than being scattered); 
reasonably high wall-plug efficiency (depends on target gain and allowable 
recirculating power, least 10%, preferably higher); and a cost less than $300 million. 
Unfortunately, no presently available laser can meet all of these goals. 

Flashlamp-pumped solid-state glass lasers. Because of work done with Shiva 
and Nova at LLNL, the performance and target-coupling of high-power Nd-Glass 
lasers is probably better understood than that of other candidates. A flashlamp-
pumped solid-state laser, such as Athena, could be made to run at high-average 
power by replacing the laser slabs with many thin, flowing-gas-cooled slabs. 
Assuming this change added 20% to the projected cost of Athena, it would be 
possible to produce a well-understood 10-MJ driver for less than $1 billion. The 
cir^wback of flashlamp-pumped lasers, however, is the low wall-plug efficiency and 
correspondingly high operating cost ($/J). Predictions for the Athena wall-plug 
efficiency are slightly better than 10 times that of Nova, but still less than 2%. 
Significant improvements in the storage efficiency of flashlamp light in large 
systems must be made before this laser scheme can produce a laser driver with an 
overall efficiency greater than 10%. (Storage efficiency is the efficiency at which the 
laser converts pumping light to stored energy.) 

Diode-pumped solid-state glass lasers. Because diode-pumped lasers produce 
a narrow-band source that couples well with the laser medium, they have much 
higher storage efficiencies than flashlamp-pumped sources. This efficient coupling 
leads to less waste heat in the laser slabs v?td thus lower heat removal requirements. 
Unfortunately, there are two problems in taldng advantage of it. First is the lack of a 
robust laser host media that can absorb and store energy on the time scale of an 
efficient diode and release it in the time scale of an ICF driver shot (10 ns). Second is 
that diode lasers are very expensive. Preliminary studies (Krupke) indicate that the 
cost of bulk diode lasers would have to drop by a factor of 104 for this type of laser to 
be affordable. While demand and learning curve arguments make this seem 
possible, affordable diodes do not exist. 

Crystal solid-state lasers. Another possibility for a solid-state laser medium is 
a crystal such as Nd-YAG. Because crystals conduct heat so much better than glass, 
heat removal is easier. The major drawback of such a system is that the narrow
band laser beam it produces does not couple as well with the target because of 
Raman scattering. Unless a highly efficient narrow- to broad-band converter can be 
created, crystal lasers will be unattractive in an ICF reactor system. 

KrF excimer lasers. KrF excimer lasers have been studied as possible ICF 
drivers (Hunter, 1986). Although they can be extrapolated to the required 
performance and cost ($50 million for a 1-MJ facility), the inherent efficiency of 
present designs (4 to 5%) is too low for reactor applications. Theoretical inherent 
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efficiencies of 10% are possible, but significant work must be done to determine if 
they can be achieved at a reasonable cost. 

Other gas lasers. Although gas lasers, such as CO2 lasers, are well understood 
and have reasonable efficiencies, their operating wavelengths are generally much 
longer than the fraction-of-a-micrometer wavelength necessary to drive an ICF 
target. 

Advanced concepts. If none of the othei laser systems can meet ICF reactor 
system requirements, more exotic lasers may have to be developed. The free-
electron laser is one concept being studied. Exotic JCF drivers cannot be built with 
off-the-shelf technology and will require a long development time. 

3.1.4 Costs 
Detailed costing for many ICF point designs is available for various driver 

concepts. Future work planned for costing laser-drivon HYLIFE-II concepts includes 
examining cost differences resulting from the use of a molten salt coolant/breeder 
(which will allow a different operating temperature and require different reactor 
dimensions) for both the reactor and the balance of the plant as well as modifying 
the SAHRE economics code (McCarville et a l v 1987) to allow for parametric 
sensitivity analysis of each driver-reactor system. 

3.2 Heavy Ion Driver 

In 2974 A. W. Maschke suggested heavy ion accelerators as ICF drivers. Light 
ion (proton and alpha particle) accelerators were suggested by others. Maschke 
recognized that by using heavy ions, one could use very high ion kinetic energy to 
obtain the power and ene: gy required to drive ICF targets. This is illustrated in Fig. 
2.3. This figure shows that for ranges of interest to ICF (-0.02-0.2 g/cm 2), light ions 
are limited to energies less than 100 MeV whereas very heavy ions are usable at 
energies of the order of 10 GeV. At 10 GeV the ion current required to produce say 
400 TW of beam power (see Fig. 2-2) is 40 kA. Maschke showed that conventional 
high-energy accelerator technology could be adapted to provide the required kinetic 
energy and current. This fact has important consequences for fusion. Most high-
energy accelerators are known to be reliable and durable and many have pulse rates 
exceeding those required for fusion. The kinetic energy, beam quality, power 
handling capability, total beam energy, and general scale of existing and planned 
accelerators are comparable to or exceed the requirements of inertial fusion. The 
new requirement is high peak ion current. From a purely scientific standpoint the 
main issue is maintaining good beam quality at high ion current. From a technical 
standpoint the main issue is cost 

It is now believed that two types of "conventional" accelerators are promising 
ICF drivers. These are r.f. linacs followed by multiple storage rings to give current 
multiplication and multiple beam induction linacs. Induction linacs are 
intrinsically high current devices and rings are not required. The U.S. has chosen to 
emphasize induction linacs, a choice we follow for HYLIFE-II. The r.f. approach is 
being studied in Western Europe, Japan, and the U.S.S.R. 
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Earlier studies such as HIBALL (1985) and HIFSA (1988) have shown that the 
cost of electricity produced by heavy ion fusion can be competitive with other types 
of fusion and some other advanced energy sources. To be competitive with future 
coal and LWR nuclear energy one accelerator could drive four chambers each of 
1 GWe each or the cost of the accelerator would have to be reduced by about a factor 
of four or equivalently other parts of the plant would have to be appropriately 
reduced in cost. These studies showed that the accelerator cost was a substantial part 
(-50% in the HIFSA study) of the total plant cost. Accelerator cost reductions are 
clearly desirable. Consequently we are currently studying concepts such as 
recirculating induction linacs that appear to have the potential to lower cost by a 
factor of two or more. We are planning, but have not yet begun, a technology 
development program to reduce costs for both straight and recirculating induction 
accelerators. 

The HIFSA study was based on our physics understanding of the early eighties. 
It was recognized that additional work was needed on technology, beam dynamics, 
beam propagation in the reactor, final focusing systems, etc. Therefore, since the 
HIFSA study, the Heavy Ion Fusion (HIF) program has concentrated on improved 
physics understanding, the design and execution of experiments, the development 
of new theoretical and numerical models, and the evaluation of new concepts, 
rather than on developing new driver designs for studies such as HYLIFE-H. 
Consequently for this preliminary report we adopt the accelerators design used in 
HIFSA. 

The state-of-the-art has now advanced enough that new driver designs are 
warranted. These designs are currently being developed and will be incorporated 
into HYLIFE-II as they become available. 

3-6 



3.3 Advanced Drivers 

We have two advanced driver candidates: a compact torus accelerator driver 
and a heavy-ion driver, called a mirrortron ion accelerator. The first concept uses 
low-cost capacitive energy storage and switching to slowly accelerate a plasma ring, 
thus promising to reduce costs, possibly by an order of magnitude. The ring 
accelerator driver requires design of a new target and disposable (or renewable) final 
transport tube. The second increases the accelerating gradient over conventional 
accelerating technology by more than an order of magnitude, thereby hoping to 
significantly lower costs. We welcome more advanced driver concepts that might 
alleviate some of the limitations of conventional concepts and deliver a reliable 
cost-efficient driver. 

3.3.1 Compact Torus Accelerator Driver 
The Compact Torus Accelerator (CTA) can serve as an efficient, low-cost-per-

joule driver for ICF targets (Hartman et al., 1987), Magnetically confined plasma 
rings are accelerated in a coaxial rail gun and then focused to centimeter dimensions 
to provide a high-power, high-energy-density source for indirect drive of an ICF 
capsule. Relatively slow precompression and acceleration (tens of microseconds) 
allows the use of low-voltage capacitor banks, or possibly inductive storage, as the 
main driver source while high ring speed and focusing results in short energy 
delivery times (several nanoseconds). When combined with the high efficiency of 
rail-gun-like acceleration (about 50%), it appears feasible to consider CTAs of 100 MJ 
or higher that deliver tens of MJ to a target for less than 10$/J. 

At LLNL, we have constructed and are testing a proof-of-principle experiment, 
RACE (Ring Acceleration Experiment), aimed at demonstrating acceleration of 
magnetically confined compact torus plasma rings to directed kinetic energies well 
in excess of their magnetic and thermal energies. The RACE apparatus (Fig. 3-4) 
consists of a magnetized coaxial plasma gun for compact torus formation (50 cm 
long, 35 cm outside diameter, 20 cm inside diameter) and coaxial acceleration 
electrodes. The gun has both inner and outer solenoids that can be energized vo pre-
establish a magnetic field. Gas is fed to the gun through eight electromagnetically 
driven valves that have a total plenum volume of 0.5 cm3. The gas (Hz) is broken 
down and ejected from the gun by discharging a 60 kV, 200 kj low-inductance 
capacitor bank between the inner and outer gun electrodes. As in similar 
magnetized gun experiments, firing the gun results in the emergence of a 
spheromak type of compact torus near the gun muzzle. 

In RACE, the ring is formed in the inter-electrode region at the beginning of 
the accelerator section. The coaxial accelerator electrodes are 4 m long (50 cm 
outside diameter, 20 cm inside diameter) with a 2-m long focusing cone. They are 
housed in a 1.5-m-diameter vacuum vessel. The accelerator is essentially a coaxial 
rail run with the ring acting as a moving short, accelerated by J B forces when the 
260-kJ, 120-kV capacitor bank is discharged. The center electrode of the accelerator 
passes through the center electrode of the gun and extends the length of the 
accelerator. The accelerating B field is fed through the annular slot between the 
inner gv •* and inner accelerator electrodes, as shown in Fig. 3-4. 
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Fig, 3-4. Schematic of RACE magnetized coaxial plasma gun. 

Experiments conducted to date have verified the accelerator dynamics based 
on an axisymmetric magnetohydrodynamic model of ring acceleration (Hammer et 
al. 1988). In addition, acceleration forces exceeding predicted limits for Rayleigh-
Taylor instability have been applied without significant disruption of the ring. 
Successful acceleration of low-mass rings (10 to 20 ng) up to 20 kj kinetic energy and 
speeds of 1 to 2 x 108 cm/s (about 20 keV kinetic energy per nudeon) has been 
achieved afc 30 to 40% efficiency. Initial experiments of ring focusing have exhibited 
the predicted field intensification as well as stagnation and bouncing of rings 
injected into the focus cone. 

Scaling of the CTA to a high energy appropriate for ICF driver applications has 
been considered using a point design based on the verified model of acceleration 
using the RAC (Ring Acceleration Code) 0-D Code. Reasonable constraints on the 
maximum IB-field (less than 300 kG) and wall heating by ring radiation have been 
applied; however, detailed considerations in this area await experimental study. A 
point design model for a 100-MJ (driver bank energy) CTA, ICF driver is summarized 
in Table 3-1. This CTA design, which uses a precompression cone, is 30 m long and 
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delivers 36 MJ of focused ring energy at a l.l-cm ring radius. For reactor 
evaluations, a target gain of 50 is used, assuming that an indirect drive capsule can 
be designed to convert the ring kinetic energy into properly pulse-shaped radiation. 
At a rate of 1.5 pulses per second (pps), this driver would correspond to a 500 MWe 

fusion power plant. 
The primary cost of a CTA driver is the energy storage system for the 

accelerator. (In Table 3-1 a capacitive energy storage is assumed.) Because the 
acceleration time is relatively long (8 us to peak current), the bank can be low voltage 
and have relatively high inductance (2.5 nH). Consequently the energy storage cost 
can be low (0.06$/J capacitor cost for a 104 shot lifetime), as shown in Table 3-2 for an 
off-the-shelf, 100-MJ, 500-kV capacitor bank. Here the total driver bank cost for a 
10* shot lifetime is estimated to be 0.35$/J (35M$/100 MJ). In Table 3-1 the driver 
bank cost has been increased to 0.50$/J, reflecting increased lifetime requirements. 

The capacitor cost has been increased from 0.06$/J to 0.25$/J for a 1-y lifetime. 
The capacitor replacement cost is an acceptably low fraction (0.08) of the annual 
electrical revenue. 

Clearly the energy and power density achieved near the ring focus greatly 
sxceeds material limits (Table 3-1). Final focusing and transport of the ring to the 
target inside the reactor containment vessel can be provided by a disposable end 
section of the CTA, as shown in Fig. 3-5. Because the ring residence time at any point 
along the end section is short (a few nanoseconds), the mass of the disposable end 
section can be small (1 kg or less) and the section can be replaced for each shot at an 
acceptably low cost. 

Appropriate targets for the RACE driver are under investigation. The design 
must shape the puise appropriate to an indirect drive target. 
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Table 3-1. 100-MJ compact torus accelerator for ICF.a 

Accelerator bank energy 100 MJ 
Accelerator bank voltage 2.5 MV 
Accelerator length 30m 
Initial ring radius 100 cm 
Initial ring magnetic energy 50 kj 
Ring mass 2mg 

Peak accelerator current (t = 8 ms) 5.6 MA 
Ring B-field during acceleration 280 kC 

Focused ring radius 1.1cm 
Focused ring length 05 cm 
Focused ring kinetic energy 36 MJ 
Focused ring velocity 600 
cm/ms 
Focused ring magnetic energy 3MJ 
Focused ring magnetic field 20 MG 

Target gain 50 
Fusion yield 1800 MJ 
Pulse rate 0.8 pps 
Shot life (1 y) 3x10? 
shots 
Shot life revenue (50 mill COE) 265 M$ 
Bank cost 50 M$ 
Capacitor cost 25 M$ 

Capacitor Cost/1 y revenue 0.08 
aPoint design using RAC code 
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Table 3-2. Cost accounting of a 100-MJ, 500-kV CTA capacitor bank1 

System Cost <K$) 
Marx module 11,826 
Inductor module 768.4 
Cables trans. line 330 
Water trans, line 1,010 
Coupler 439 
Trigger system 1,195 
Charging system 1,696 
Crowbar system 20 
Module frame structure (includes assembly) 2,300 
Capacitor testing (500 shot cap.; 10 at a time) 728.3 
Bank performance monitoring system 909 
Oil system (includes assembly) 795 
Complete system testing 784 
Miscellaneous 475 

Preliminary cost 23,276 
Contingency costs (factor, amount) 3,491 
Preliminary total cost 26,767 
Design (preliminary total cost factor, amount) 4,015 
Management/coordination (P.T.C factor, amount) 1,338 
Total cost 32,121 
Pee (8% of total cost) 2,570 
Adjusted total cost 34,691 
Concept and Cost Estimates by Pulse Sciences, Inc., PSI-FR-365, 

April 1988. 

Compact torus energy =10MJ-50MJ 
Compact torus velocity = 3x10* -3x10* cm/s 

[depending on coupling schema] 
Accelerator length = 20 m 
Driver bank cost < 0-5$/j single pulse v- Reactor 

* vessel wall 

Target 

Disposable pipe or 
hollow Fllbe or lithium Jet 

Fig. 3-5. Compact tori focused to 10 1 5 tV/cm2 may provide an inexpensive inertial fusion driver. 
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3.3.2 The Mirrortron Ion Accelerator Concept as a Heavy-Ion Driver 
Preliminary studies have been made of a new concept for a heavy-ion driver: 

the mirrortron ion accelerator concept (Post, 1989). This concept may offer a new 
means of achieving the tightly focused megajoule heavy-ion beams that are 
required for inertial fusion, but at a size and cost that could be much lower than the 
induction linac. The mirrortron, also an ion linac, employs space-charge fields 
generated in a low-density, hot-electron plasma to create its accelerating fields. The 
use of fields of space-charge origin should permit much higher accelerating 
gradients and higher peak beam currents than are possible with conventional (i.e., 
vacuum-field) ion accelerators. At the same time, the theory of the mirrortron 
predicts that it should be able to preserve the precise control of the fields 
(characteristic of vacuum-field accelerators) needed to deliver highly focused, time-
compressed, heavy-ion beams to an inertial-fusion target. Thus with this concept 
we may be able to overcome one of the central problems, inadequate beam control, 
of ion accelerators based on the use of collective effects in a plasma. 

As shown in Pigs. 3-6 and 3-7, a mirrortron ion linac would consist of a series 
of accelerator cells (equivalent to the cavities or induction cells of a conventional 
ion linac) that would be activated sequentially in synchronism with the arrival of a 
tightly bunched beam of heavy ions. These cells, or a collection of cells, would be 
immersed in a strong, axially directed magnetic field having "magnetic mirrors" 
(regions of strengthened magnetic field) at the ends. Within each mirror cell a low-
density, hot-electron plasma would be created by electron cyclotron resonant heating 
(ECRH) using microwave sources of moderate power. 

Given such a plasma, the method of generating the space-charge fields at the 
point in time and space required to accelerate a bunched beam of heavy ions is based 
on an application of the theory of mirror plasma confinement: A plasma confined 
between magnetic mirrors will be characterized by a so-called loss-cone distribution 
function in velocity space. That is, only the hot electron particles that spiral around 
the field lines with sufficiently steep pitch angles are contained; the density of these 
particles will approach zero at the peak of the end mirrors, beyond which point 
there is no confinement in the axial direction. This situation having been created, 
the fast-rising space charge fields needed to accelerate an ion bunch are generated 
simply by pulsing on (in a time of order 10 ns) an additional mirror coil located in 
the "flat" field region between the bounding mirrors. In the absence of the inertial 
effects of the plasma ions, the effect of this new mirror would simply be to expel 
most, or all, of the electrons from this region. However the plasma ions, being 
more massive than the electrons, remain nearly motionless on this time scale. 
Because in a plasma the electron and ion density must remain essentially equal 
(quasi-neutrality condition), the end result is that only a small fraction of the 
electron population will leave the region, thereby creating a local region of positive 
space-charge potential that retains the remainder of the electrons. This is the 
transient potential that is to be used to accelerate the injected beam of fast ions. 

Three characteristics of the mirrortron, each important in establishing its 
special advantages over a conventional ion accelerator, should be noted. First is 
that theory indicates that accelerating fie'.ds 10 to 100 times those possible in an 
induction linac should be achievable. Second, analysis shows that the spatial and 
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temporal variations of these fields should be tightly controllable from outside tbe 
plasma, through control of the pulsed mirror. Third, the fact that the acceleration is 
taking place in the presence of a plasma, and in a region permeated by a strong 
magnetic field, augurs well for the achievement of much higher peak beam 
currents than are possible in an induction linac. 

In considering the economic aspects of a mirrortron vis a vis an induction 
linac all three characteristics should all contribute to lowering the size and cost. 
Also, another factor, unique to the mirrortron concept, should be advantageous 
economically: In a conventional ion accelerator all of the electromagnetic energy 
delivered to the beam must be propagated into the accelerating region across the 
vacuum and at the time of the acceleration. In the mirrortron a large part of the 

Fig. 3-6. A schematic representation of a Mirrortron heavy-ion Iinac driver. Components include 
microwave power sources to generate a minor-confined hot election plasma, laige-diameter 
magnetic coils to produce d-c magnetic-minor fields, and an array of sequentially pulsed mirror 
coils to generate the traveling wave of space-charge potential that accelerates and focuses a 
bunched beam of heavy ions injected from the injector shown on the left. 
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Fig. 3-7. A close-up view of a typical cell of a Minortron heavy-ion linac showing the azimuu-ally 
segmented pulsed mirror coils. Segmentation reduces the inductance of the coils and thus 
simplifies the technological problems associated with achieving the few tens-of nanoseconds 
pulse rise times required for acceleration. 

accelerating energy can be derived in situ directly from the kinetic energy stored in 
the electrons during the heating of the plasma. Because this heating can occur over 
a much longer period of time (tenths of seconds) than the accelerating pulse (tens of 
nanoseconds), an intrinsic power amplification mechanism exists that should yield 
an economic advantage. 

The preliminary studies of the mirrortron as a heavy-ion driver are being 
accompanied by a small-scale "proof of principle" experiment that should 
demonstrate a key element of the idea, namely the generation and control of high 
transient space-charge potentials in a mirror cell. Plans are also being made for 
computer simulation studies of the beam dynamics of heavy ions subjected to 
accelerating fields of ihe type that would be generated in a mirrortron. 
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3.4 Constraint on Residual Gas Density In Laser Fusion Target Chambers Due to 
Stimulated Raman Scatter* 

Abstract 
Laser Propagation through an ICF reactor target chamber establishes a 

maximum on the allowable gas density, and hence on the chamber shot repetition 
rate. Small angle forward SRS is an important process in limiting propagation and 
setting this constraint. A conservative model—propagation through a uniform 
plasma with saturated plasma wave amplitude—leads to a fractional energy loss 
that scales as the square of wavelength and is independent of intensity. For a 10-MJ 
target in an argon atmosphere, we expect substantial energy loss to onset very 
abruptly as the gas density increases beyond about 10 1 6 cm-3; for a Flibe atmosphere, 
the acceptable density of LiF molecules may be about a factor of 3 smaller 
(3 x 10 1 5 cm' 3). If the gas ionization process is dominated by x-ray photoionization, 
then density gradient stabilization will substantially increase the allowable density. 

Introduction 
When an ICF target explodes, a large quantity of material is vaporized by the 

emitted x rays. Irradiation of the next target cannot begin until the target chamber 
has been pumped to a vacuum sufficiently hard to allow propagation of the driver 
beam. This process may be the limiting constraint on reactor pulse repetition rate. 
It is therefore important to estimate the maximum ambient gas density through 
which a fusion driver can propagate sufficient energy onto the target to ignite the 
capsule. 

For a laser driver, a principal energy loss mechanism is beam decollimation 
by small angle forward stimulated Raman scatter (SRS) from the plasma created in 
the vapor by the early portion of the beam. Atoms and molecules in the ambient 
atmosphere can be ionized by a high order interaction with the laser beam in which 
multiple photons are simultaneously absorbed, they can be photoionized by x rays 
emitted from the target which was heated by earlier portions of the laser beam, or 
they can be ionized by collisions with electrons which were previously photo-
ionized. Later portions of the drive beam must propagate for a very long path 
length through this low density plasma. For sufficiently high plasma density, SRS— 
the coherent scattering of photons from state (ao,ko) to (<as,kE) with the emission of a 
plasma wave (w,k) = (oo-<BS,ko-ks)—can efficiently remove energy from the beam. 

This mechanism of beam loss appears to have been first addressed by Sparks 
and Sen (1977), who predicted substantia] beam loss due to a high order process even 
at very low plasma density. Eimerl (1978) pointed out a conceptual error in their 
approach, and presented a classical derivation, arriving at a beam energy loss which 
scales as (laser intensity)-1''2 assuming a saturated plasma wave in a uniform slab of 
fixed thickness L. 

We present an estimate for the plasma density at which SRS becomes 
important, along with numerical results for expected ionization levels in a gas as 

* This article, in essentially this form, has been published1. R. A. Sachs and E. A. Williams, Nucf. 
Fusion, 13,1343 (1991). 
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functions of time and distance from the target. Our model closely parallels that of 
Thomson (1978), but we arrive at the more intuitively pleasing result of a fractional 
energy loss which is independent of laser intensity (since the plasma wave is 
assumed to be saturated). Ultimately, we will find that a simple atmosphere, such as 
argon, may have density up to about 10 1 6 cnr 3 for a typical 10 MJ target scenario. 
Allowing for density gradient stabilization may substantially increase this limit, 
depending on the dominant mechanism of plasma production. Detailed modeling 
of a more complicated atmosphere—such as the non-equilibrium state of rapidly 
dissociated Flibe—is beyond the scope of this study, but the final answer is probably 
not very different. 

SRS Theory 
The coupled wave equations for the incident and scattered light waves and 

the electron plasma wave in a uniform medium are (Thomson, 1978; Kruer, 1988) 

[d2/9t2- C2V2 + (0p2 + VAd/dt] Ao = -<0p2T]As, 

[d 2/3t 2 - c 2V 2 + ©p2 + v Aa/3t] A s = -cop2r1Ao, 

[ a 2 / 3 t 2 - 3vt2V2 + o>p2 + V e a/3t ] ij = ^ V2r A 0-A s ), n ) 

where Ao and A s are the vector potentials for the incident and scattered waves, n is 
the relative electron density perturbation in the plasma wave, &>p is the plasma 
frequency, vt is the thermal velocity, and VA and ve are the collisional damping rates 
for EM and plasma waves. Introducing normalized coordinates 

**> = l / V ^ o " a ° eKk0'I'1O0t) + C - C J > 

A s = \r\l — ai e«ksT-cost) + c x . , 

T i = L ' " V ^ E " a 2 e ' ( k r " & , t , + c - c - J ' (2) 
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and disregarding all second derivatives of ao,ai, and a2 (the slowly varying envelope 
approximation) leads to the standard paraxial wave equation 

T3 c2 1 I 

b + ̂ ks'V + 5 V A | a i = C a o a 2 * ' 
p 3v,2 
L i " — 1 
"3 3 v t

2 , „ i 
g + ^ k - V ^ v . a2 = Caoai*, 

where C I ao I is the usual growth rate of the Raman instability 

(3) 

_eAp 
'' mc (4) 

We consider a model of an undepleted pump geometrically focused onto a 
target of size ro through a uniform plasma slab of thickness L. The pump amplitude 
is easily shown to be 

*>-figrpM (5) 

The plasma wave amplitude is assumed to be everywhere at the limit set by electron 
trapping 

a 2 = 
3n e mv t

2 n-i 
2t0p 

1/2 

where 

p = 3k2v,2/<op

2

 r 

^ } = l + 2^ 2 - |p 1 / 4 -lp (6) 
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The scattering geometry is as shown in Fig. 3-8. Distances are measured away 
from the target. We are interested in scattering which stimulates a plasma wave at 
given angle 9, to be determined later. The scattered light, at angle ^will still strike 
the target for scattering which occurs at z < l. Conservation of transverse and 
longitudinal momenta, along with the plasma wave dispersion relation, yield 

Laser light paraxial ray 

Pig. 3-8. Argon ionization level due to photoionization by x rays emitted by the target. 

sin ij) = ro/i 

= ^ s i n e , 

i = cos8± c o s 2 6 - 2 ^ + K ko . ceo W 
1/2 

(7) 

The + (-) sign above refers to backward (forward) Raman scatter. With the low 
density plasmas envisioned for this problem, the plasma wave for backscatter 
(k « 2 ko) will be strongly Landau damped (k A© * 0-3), so we concentrate on forward 
scatter. Choice of e, then, determines both k and I. 

With &2 constant, and ao a known function of z, the second of Eqs. (3) is easily 
integrated in the steady state, undamped limit to give 

^ z > = g k ( s r L v - ( L ) i o g < y (8) 

3-18 



If P(z) is the laser power crossing a plane a distance z from the target, then 

A P = 2 wo A(z) Ttt(z) a2 aj(z) f ( 9) 

so the fractional energy lost to scattering coupled to the mode with plasma wave 
number k is 

where 

h(x): ; . -x 2 + 2x2log(x). m) 

Equation (10) predicts a fractional energy loss which is independent of laser 
intensity and scales as (wavelength)2- Both of these scaling behaviors differ from 
those reported by Thomson (1978). The factor g(p> accounts for damping due to 
plasma wave saturation, and peaks for e = 0 (directly forward scattering) where k is 
minimum. The factor h(i/L) accounts for the geometric constraint that only whe'n 
the scattered light misses the target is the energy actually lost; h, of course, peaks at 
small I, corresponding to large a. 

Typical Target Parameters 
The energy lost to SRS depends not only on the plasma density, but also on 

the length of the ionized region L and, through p, the plasma temperature. So long 
as plasma generation is dominated by x-ray photoionization, it is reasonable to 
assume a temperature of roughly 100 eV. We have written a small computer 
program which solves an approximate rate equation for ionization levels as a 
function of time and distance from the target. For a typical x-ray emission spectrum 
and power from a reactor-scale target, Fig. 3-9 shows the predicted average 
ionization level expected in a low density argon atmosphere at the beginning, 
middle, and end of the peak power portion of the drive pulse. As expected, the 
outer shell of electrons is fully stripped very near the target At intermediate 
distances, Z falls like 1/z2, and is small beyond about 20 cm. 

For laser wavelength Xo = 0.35 urn, target radius ro = 2 mm, plasma path 
length L = 20 cm, and plasma temperature kfiT = 100 eV, Table 3-3 shows the value 
of e which maximizes fE and the conesponding value of fE at several densities. We 
see a very sharp onset of significant energy loss around n e = 3 x 10 1 6. This result is 
found to be insensitive to plasma temperature within about a factor of 2. 
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Fig. 3-9. Scattering geometry. The plasma is a uniform slab of thickness L. The 
incident laser light interacts with a plasma wave whose wave vector is at 
angle 6, forming a scattered light wave at angle •,. Scattering must incurs at 
distance greater than I from the target (size rg) for the scattered light to 
miss the target 

Table 3-3. Fractional laser energy, fg, lost due to Raman interaction with most deleterious 
plasma mode at angle e. Plasma is assumed to be a uniform slab of thickness 
L x 20 cm, electron number density n*, and electron temperature T e. Target size is 
j 0 « 2 mm. Sudden onset of significant energy loss is seen as rte increases through 
about 2*3 x 10 1 6 cm'3' and this value is only weakly dependent on T e . 

n. Tt e 1 fE 
(cm 3) (eV) (deg) (cm) 

10' 5 100 88.1 18 5.1 x 10* 
10 1 6 100 86.1 12 7.1 xlO-1 

2 x l 0 1 6 100 85.4 10 0.061 
2 x l 0 1 6 200 84.7 12 0.028 
3x10" 100 84.5 10 0.20 

The interplay of the rates of the various ionization mechanisms will be 
sensitive to the composition of the target chamber atmosphere. A truly accurate 
prediction of the SRS density constraint must include a study of the dynamics of 
plasma creation—its density and temperature as a function of time—for the 
particular atmosphere and targeting scenario of interest. A rough estimate can be 
obtained, however, by simply assuming that the ratio of free electrons generated to 
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gas molecules present is equal to that in argon times the ratio of "easily strippable" 
electrons. For example, the HYLIFE H reactor envisions protecting the chamber walls 
with freely flowing Flibe jets. In that case, the residual gas in the chamber would be 
a mixture of LiF and BeF2 in the ratio of 2:1. For each LiF molecule present, then, 
ther? would be 23 electrons which could be easily stripped by target-generated x rays. 
(MuMphotoa ionization from the incident laser would be considerably more 
complicated since the outer electrons are more easily removed, especially from the 
lithium, while the inner electrons are effectively impervious to laser ionization.) 
The acceptable residual density of LiF might thus be expected to be roughly 3 times 
smaller in a Flibe atmosphere than is the acceptable density of argon in an all-argon 
atmosphere. Since this section of this report was written and published we have 
revised our view of the vapor and believe it to be composed almost entirely of B F2, 
as shown in Fig. 6-2. 

Gradient Stabilization 
The model calculation described above assumes a uniform plasma. As 

illustrated in Fig. 3-9, x-ray photoionization will, in fact, decease away from the 
target because of spherical divergence of the x-ray flux. It is well known (Kruer, 
1988) that the Raman instability is stabilized by a gradient in the plasma density, 
although this effect is usually unimportant unless the density scale length is of 
. "der microns or smaller. Here, because we are interested in forward scattering in a 
pxasma whose density is far below critical, a simple calculation shows that gradient 
stabilization is important even with gradient scale lengths of centimeters. 

Trc«;f the density variation as locally linear, with a scale length (slope) L. The 
convective gain is, then, 

G = exp(27tk2v0^L/8a)oc)). (12) 

From Eq. (7), k/kg £ "V/2e)p/t00/. S O / interpreting all the symbols gives 

G < exp(2.16 x 1 0 - 2 4 1 V L "e 1 / 2 ) / (13) 

where I is the laser intensity in W/cm 2, lp is the wavelength in jun, and n e is the 
plasma density in cm - 3. For I •= 5 x 10 1 4, XM = 0.35, and L - 10, then even growth (from 
noise) of G = exp(2) requires n^ = 2 x 10 1 8. 

There are a number of reasons why this simple estimate of the effect of 
gradient stabilization shouldn't be taken altogether seriously in terms of the actually 
permissible gas density. The other two ionization mechanisms, especially 
multipholon ionization, will tend to produce more nearly uniform plasma. As gas 
density increases, so does the electron-neutral collision rate—leading to higher and, 
hence more uniform, Z. At density in the neighborhood of 10 1 8 , we expect inverse 
bremsstrahlung absorption to strongly affect the plasma temperature and 
composition. Nevertheless, it is clear that gradient stabilization plays an important 
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part in setting the maximum gas density constraint, and that including this effect 
will substantially increase the allowed density. 

Conclusion 
We have addressed the question of the maximum gas density in an ICF 

reactor target chamber through which a laser driver can successfully propagate to the 
target. A uniform plasma, saturated plasma wave model similar to that by 
Thomson (1978) was shown to \v;.d to a fractional energy loss which scales as X1 and 
is independent of I. We observe a very sharp onset of significant energy loss as 
electron number density is increased. For plasma parameters approximately 
appropriate for a 10 MJ target in an argon atmosphere, this onset occurs at electron 
density of 3 x 10 1 6 cm - 3, or gas density of about 10 1 6. We predict that gradient 
stabilization will substantially relax this constraint. 

3.5 Constraint on Residual Gas Density for Heavy-Ion Beam Propagation Through 
the Target Chamber* 

Abstract 
Propagation of a heavy ion beam to the target appears possible under 

conditions realizable by several reactor designs. Beam quality at the lens is believed 
to provide adequate intensity at the target—but the beam must pass through 
chamber debris and its self fields along the way. 

Ballistic propagation through very low densities is a conservative mode. 
"Low" is defined by stripping cross-sections and standoff distances: 

< 3 x 101* cm-3 (1(H Torr at 273 K) for light elements (e.g., lithium) 
< 10 n cm*3 (3 x 10 -6 Ton) for heavy elements (e.g., lead), 

(corresponding to standoff I of 7 m and nastnp L = 0.05, or 5% stripping, a cautious 
criterion). The cross-section for Flibe is expected to be higher, implying lower 
densities. The major constituent of the vapor is expected to be BeFj. (See Figs. 6-2 
and 6-3.) 

Higher densities (- 10 x) may be usable especially if there is adequate 
neutralization of beam charge. More speculative propagation modes at 10*2 to 
10 Torr offer reactor advantages and should be reexamined. 

Introduction 
Target gain increases rapidly as spot intensity increases (Fig. 2-2). Thus the 

first concern is design for a small spot. With this in mind, this section considers: 
• Propagation through hard vacuum as. modified by beam photoionization. 
• Propagation through soft vacuum, subject to beam stripping. 
• Propagation at high densities-neutralized ballistic and self-pinched. 

* Tliis article h?s been published in essentially this form: A. B. Langdon (1992), "Reactor Chamber 
Propagation of Heavy Ion Beams/' Particle Accelerators, Vol. 37-38, pp. 175-160. 
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Density Regimes 
Heavy ion beam transport appears possible in several reactor pressure 

regimes. Assuming chamber gas is lithium vapor, and quoting pressures as if the 
temperature were 273 K (i.e., 10 -3 Torr really means number density 3 x 10 1 3 cnr 3 ): 

1. Below about 10"4 Torr, there is not enough gas density to affect propagation. 
2. Between about 10 -4 Torr and 10 - 3 Torr, mild stripping occurs; plasma effects are 

weak. 
3. Between about 10° Torr and about 10"1 Torr, stripping and plasma instabilities 

are expected to defocus the beam. 
4. Between about 10"1 Torr and about 1 Torr, neutralized ballistic propagation 

may be possible. Two-stream instabilities are suppressed by collisions; 
filamentation may be acceptable at low current densities. 

5. Between about 1 and 10 Torr, pinched mode (channel) propagation may be 
possible. 

6. Above about 20 Torr, multiple scattering destroys propagation. 
Propagation through hard vacuum (ny <3 x 10 1 2 cm - 3 ' 

Propagation through hard vacuum has always been believed to be a 
conservative choice of mode. This is partly because of a special result: A pure ion 
beam (no electrons present), with charge density uniform across the beam, and equal 
charge state, can be focused without loss of brightness due to emittance growth, in 
principle. For our purposes "hard vacuum" means low enough densities that there 
is negligible ionization of beam ions from beam-gas collisions. The physics of 
propagation is well-understood in this regime—no interaction between beam and 
gas. 

Beam ionization decreases brightness in unneutralized propagation. A self-
similar decrease in beam radius as it propagates to focus is made possible by a 
balance of electrostatic self-repulsion and inward momentum. Ions stripped or 
photoionized to higher charge states respond more strongly to the defocusing radial 
electric field. As a result, the intensity at focus decreases with dependence on history 
of beam current and target temperature. 

The hard vacuum mode is complicated by beam ionization due to 
photoionization by thermal x rays from the heated target (Langdon et al., 1989). 
Focal spots of area about 0.3 cm 2 on the outside of the target reach about 100 eV. The 
cross-section for photoionization by 400-eV photons is about 5 x 10~18 cm 2 for lead in 
charge states from 1 to about 12. The insensitivity to charge state is because the 
interactions of 400-eV photons are with electrons in inner shells that change little as 
a result of loss of a few outer electrons. From this, one can estimate that half the 
beam ions near the end of the pulse are photoionized at least once before they reach 
14 cm from the target for ions near the end of the pulse. (Post-processing of x-ray 
output from target calculations changes this to 20 cm). Beam ions then ionize 
further on approach to the target. 

Beam simulations predict little loss of spot intensity for a beam initially in 
charge state one. Even with photoionization, most ions arrive within the 
3-mm-radius spot desired for target drive. 
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Propagation through soft vacuum (3 x 10 1 2 < ny < 3.5 x 10 1 3 cm - 3) 
At higher pressures, collisions ionize the beam ions and chamber vapor and 

any debris or liquid droplets in the beam path. Beam ionization by collisions with 
chamber vapor degrades focal brightness similarly to photoionization. Unlike beam 
photoionization, collisional ionization takes place throughout the pulse and all 
across the chamber. 

More beam stripping may be tolerated if there is adequate neutralization of 
beam charge. Streaming instabilities have recently been predicted to be stabilized by 
gradients (Stroud, 1986). 

Avoidance of collisional ionization limits the vapor density in the chamber. 
For vapor consisting of a heavy element like lead, we use o = 7 x 10"16 cm2, based on 
the HIBALL-II report. For 7-m standoff (the distance from the last focusing magnet 
to the target), strong stripping (n<jstIjp L = 1) occurs for npb >2x 10 1 2 cnr 3 . For 
lithium vapor, we use u = 2x 10 - 1 7 cm2. For 7-m standoff, strong stripping occurs for 
nij > 7 x 10 1 3 em - 3. "Soft vacuum" propagation (weak stripping) requires lower 
densities. 

Neutralization of beam charge could be very helpful. More beam stripping 
may be tolerated if there is adequate neutralization of beam charge. Use of charge-
state >1, to reduce accelerator costs, may require neutralization for propagation to 
the target even in hard vacuum. This time-dependent two-dimensir»rial problem 
has not yet been treated adequately. A process to achieve beneficial neutralization in 
a reactor should be sought. 

Neutralization of an ion beam is more complicated than neutralization of an 
electron beam (Olson, 1986}. For electron beam propagation, electrons produced by 
ionization of the gas are readily expelled, leaving an ion background to provide 
neutralization. For ion beam propagation, neutralization requires either expulsion 
of plasma ions or that electrons be somehow entrained axially or radially. Electrons 
produced by ionization within the beam do not reduce the net positive charge of the 
beam. 
Propagation through high densities 

Propagation through higher densities is less well understood. Two modes 
have been considered in the past: 

• Neutralized ballistic transport at 0.1 to 1 Torr. (Electrostatic streaming 
instabilities are predicted to be suppressed by collisions. Filamentation limits 
beam current and standoff.) 

• Pinched mode propagation through a small aperture. (This could have great 
advantages to reactor design. This mode is the least understood. It has been 
proposed for light ions and may be easier for heavy ions because of their 
much lower transverse temperature.) Pinched mode propagation is being 
reconsidered by Yu and Fowley (1990). 

Conclusion 
Propagation of a heavy ion beam to the target appears possible under conditions 
realizable by several reactor designs. 

• Propagation through very low densities is a conservative mode 
< 3 x 10 1 2 cnv 3 (1(H Torr at 273 K) for light elements 
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< 10 1 1 cm*3 (3 x 10 - 6 Torr) for heavy elements 
• Higher densities (~ 10 x) may be usable if there is adequate neutralization of 

beam charge. This possibility is under active study. The cross-section for lead 
(HiBALL-n report) may be uncertain by a factor of two. We have no 
information on the cross-section for Flibe. Firmer estimates of cross-sections 
would be helpful. 

• More speculative propagation modes at 10"2 to 10 Torr offer reactor advantages 
and should be reexamined. 
Less conservative propagation modes are worth pursuing. For example, 

pinched mode propagation could allow Cascade reactors to operate without a 
lithium x-ray and debris shield and in general operate at higher pressures with a 
small beam port. The idea is to use the self-magnetic field of the beam to guide the 
beam to the target. 

Many physical processes affecting propagation physics are being reexamined 
uting computer modeling and theory, but experiments are needed. A 10 to 100 kj 
accelerator experiment would be able to test propagation physics. 
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4. Chamber Design and In-vessel Phenomena 

4.1 Design Summary 

The HYLIFE-I chamber design appears workable at low repetition rates (about 
1 Hz). However, the target gain now predicted at 5 MJ is 70, down from the gain of 
400 used in HYLIFE-I. To get the same power requires either increasing the yield or 
using a higher repetition rate. To increase the yield requires higher drive* energies. 
This is undesirable, because drivers are already a large portion of the pUmt cost For 
these reasons we suggest increasing the repetition rate from the 1.5 Hz of HYLIFE-I to 
about 8 Hz, and possibly higher, for HYLIFE-IJ. 

The higher repetition rate requires both higher liquid jet speed and shorter 
fall distance to reassemble the liquid fall for the next shot. Higher injection speeds 
prohibit using weir flow in this design and would expose some solid materials, (e.g., 
Flibe injection pipes) directly to radiation from the microexplosion if the Flibe were 
injected vertically downward, as in HYLIFE-I. Because this is undesirable for a long 
reactor plant life, the shot point (except for beam and target access) must be entirely 
surrounded (enveloped) with Flibe at shot time to protect these materials. Energy 
from the explosion (x-ray ablation, vapor expansion, and neutron heating) will 
dissemble this envelope into a chaotic mix of liquid and vapor. The envelope must 
then be re-established before the next shot and the beam access and target injection 
volumes cleared of splash. Two approaches for forming such an envelope have 
been suggested: oscillating Flibe jets and pulsed Flibe plugs. 

Figure 4-1 shows an oscillating Flibe flow design, the choice for HYLIFE-H. The 
chamber radius is nominally 3 m (5 m in HYLIFE-I). The effective jet thickness 
(thickness times packing factor) is about 0.5 m (1.0 m thick times 7/12 packing 
fraction), which results in the same neutron damage [6 displacements per atom 
(dpa) per full power year (fpy), where 200 is considered a lifetime limit] to the walls 
as in the HYLIFE-I design. The goal of a structural first-wall lifetime of 30 y is met. A 
thicker liquid layer would further reduce wall damage but would add to the cost by 
increasing the pumping volumetric flow rate, and therefore power, and by 
increasing the cost of the primary heat transport system. The packing fraction might 
be raised from 7/12. This would decrease the volume of liquid to pump, therefore 
costing somewhat, but the gas venting through the open spaces would be impeded 
more, thereby transferring more momentum to the liquid by gas drag. Such a trade
off requires further study. 

The splashed liquid left from the previous shot (0.125 s earlier) may interfere 
with the injected beams or the injection of the target. The region within 1.8 m of 
the target firing point will be cleared of splash by the sweeping action of the 
oscillating jets. For distances greater than 1.8 m small droplets will intercept only a 
small portion of the driver energy. (A 6.5-mm-diameter droplet would intercept 
only about 3% of a beam at 1 m radius for a heavy ion beam 0.3 m in diameter at 
8 m, assuming the droplet does not expand appreciably during the pulse.) Droplets 
will be removed from most places in the beam lines either by shutters (not shown 
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in Fig. 4-1) or by gravity causing the droplets to move out of the beam path. More 
studies of clearing the droplet debris from the beam path are needed. 

The present design using oscillating jets appears workable and therefore lends 
itself to analyses. Simpler designs with no moving parts would be preferred, but 
such designs have not been invented. For the sake of having an integrated system 
to analyze, the oscillating jet design is recommended. 
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Fig. 4-1. HYL1FE-II reactor vessel showing oscillating Flibe jeta. 
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The jet configuration wanted for HYLIFE-II is similar to that of HYLIFE-1, 
except for its oscillating nature and rectangular cross section, with a packing factor of 
50% or somewhat higher. Because the density of Flibe is higher than lithium by a 
factor of four, the effective thickness is 0.5 m rather than 0.74 m. The outer radius is 
3.0 m rather than 5 m and spray nozzles are needed for condensation enhancement 
(~1 mm diameter). The projected first-structural-wall damage is 6.0 dpa/fpy for 
HYUFE-ll, compared with 9.5 dpa/fpy for HYLIFE-I. 

The alternative approach for creating the Flibe envelope around the shot 
point is a pulsed flow sy=tem (Fig. 4-2). It uses continuous flow everywhere except 
for a slug of liquid (0.3 m radius, about 1 m long), injected at 12 to 16 m/s for 6 to 
8 Hz. The high repetition rate is achieved by a short fall distance of only 2 m. A 
pulsed pump to inject the slug needs to be designed and developed to withstand 
cyclic fatigue. The slug will clear splash from the beam path near the target. It is 
vital that the trailing edge of the liquid slug be sharply cut off and not leave too 
many splash droplets in the beam path. Other pulsed jets may be needed to clear 
splash from the rest of the beam path. One issue requiring solution is the isochoric 
neutron heating of the top of one slug that reduces its velocity and diminishes the 
volume for the next shot (thereby possibly limiting repetition rate). Many other 
issues need further thought. 

The increase to 8 Hz in HYLtFE-ll (from 1.5 Hz in HYLIFE-I) requires both the 
shorter fall distance and increased injection speed. An alternative would be to use 
multiple chambers with one driver being alternately switched to each chamber, 
which would have a lower repetition rate (e.g., three chambers at 2.7 Hz). However, 
switching beams is an additional and troublesome issue. In our opinion, such a 
design would not be desirable. 

The higher injection speeds in the present oscillating flow design would 
result in a larger volume of liquid to pump. If the flow could be injected in batches 
or pulses, the flow rate would be reduced. Our study of a pulsed injection system 
resulted in designs which, while they may work and could be pursued, looked 
technologically demanding with respect to pulsed stresses and reliance on 
undeveloped pulsed pumps. 

Until a steady flow system with no moving parts is invented, we recommend 
pursuing either the oscillating jet system or the pulsed system rather than the 
multiple chamber system. We have chosen to develop the oscillating jet design and 
recommend the pulse jet as a back-up for future study should the oscillating jet 
design be undesirable. 

A discussion of in-chamber phenomenology related to the microexplosion 
effects on the liquid wall, which help dictate chamber design, is presented in Sec. 4.2. 
The comprehensive chamber mechanical design in Sec, 4.3 is based on the 
oscillating jet system. Solutions are presented for the problems of clearing the beam 
path, splash control, partial head recovery, and vessel wall configuration. 
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Fig. 4-2. HYLIFE-H pulsed flow. The flow speed for 8 Hz is 16 m/s with a 2-ra fall height, 
giving a flow rate of 34 m3/s. 

4.2 Chamber Fluid Dynamics 

The HYLIFE-H design incorporates a combination of oscillating and stationary 
Flibe curtains. Each curtain is 7 cm thick with a 5-cm void between curtains. Cross-
sectional views of the Flibe jet array are shown in Fig. 4-3. This array is preferable to 
a contiguous annular fall because large pressures are not able to build up inside the 
array—the high-pressure plasma is quickly vented between the curtains into a larger 
chamber volume, thereby avoiding acceleration of the liquid to unreasonable 
velocities and high-impact stresses for the first wall. As indicated, the oscillating 
curtains allow an envelope around the shot point at shot time. The vents are 
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arranged to maximize venting while prohibiting line-of-sight paths for neutrons 
from the shot point to the first structural wall 

By way of outline, when a high-yield target explodes in the center of the 
evacuated HYLIFE-H target chamber/a pressure is exerted on the front, narrow 
surface of the jets. This pressure varies rapidly in time. A first spike in pressure is 
caused by the x rays emitted from the target heating the surface of the jets in 
nanoseconds and creating an internal pressure that ablates mass off the front 
surfaces of the jets and causes the so-called ablation impulse. Subsequently, 
vaporized materials from both the target region and the jets traverse the chamber 
volume (2.1 m 3) interior to the jets, finally coalescing and thermalizing to form a 

OSCILLATING JETS 

View AA 

View AA 

Fig. 4-3. Schematic of Flibe curtain arrangement for HVLIFE-II. The section view is idealized 
to flat, washer-like slabs for mathematical modeling. 
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uniform internal chamber pressure of tens of atmospheres, with a temperature of 
about 5 eV (6 x 104 K), and a mass of 0.5 kg. The vaporized gas then cools, primarily 
by radiating to the jets and vaporizing more jet material. As long as it is confined, 
the total vaporized matrrial {with pressures on the order of tens of atmospheres) 
applies pressure to the liquid wall, causing an induced outward momentum in 
addition to the ablation impulse. On the sub-millisecond time scale, the gas flows 
outward through the jet structure, experiences further cooling, and partially 
condenses on the jet surfaces in transit. The jets are in the process of disassembling 
at the time because of the high internal pressure (thousands of atmospheres) from 
the neutron isochoric heating. The chaotic disassembled liquid has an outward 
velocity from the ablative impulse and vapor pressure (as well as from the neutron 
heating and resultant splash) and moves out as a two-phase mass. 

The gas escaping through the jet structure impacts the first wall in a fraction 
of a millisecond, but the two-phase annular mass does not reach the wall radius 
until much later. The impact to the wall is expected to occur near the bottom of the 
chamber, if at all. The average radial velocity of the Flibe liquid mass is expected to 
be about 2 m/s. (The velocity spread will be large, with some small Flibe pieces 
probably having velocities as high as tens of meters per second. See Sec. 4.2.5.) The 
chamber is designed such that, given the 16 to 20 m/s downward velocity of the 
material, any liquid with a radial velocity less than 7 m/s will not strike the 
chamber wall (3-m radius) before falling into the turning vanes at the bottom of the 
chamber. The dynamics of these processes are considered below. 

4.2.1 Time Sequence of the Phenomena 
Table 4-1 outlines the time sequence of the dynamics for one pulse, as 

obtained from the equations and discussion that follow. The sequence is 
qualitatively the same as for HYLIFE-I, except for the isochoric breakup modeling and 
the details of the gas-jet interaction. For HYLIFE-I, Glenn (1980c), and Blink, et al. 
(1985) assumed that isochoric heating would cause the jets to break up into small 
droplets, to the extent that energy considerations would allow. We now find this 
assumption questionable because dynamics suggest that material strengths should 
increase at shorter time scales. In particular, Chen and Schrock (1991b) have shown 
that some slab fracture should be expected, but probably not total disintegration of 
the liquid jets into small droplets. For this reason, HYLIFE-H adds condensation-
spray jets to facilitate vapor condensation. The discussion of this and other physics 
below is better understood by keeping in mind the chronology shown in Table 4-1. 

4.2.2 Ablation of the Inner Jets 
The amount of mass vaporized from the front surface of the inner row of jets 

depends on the target yield, its x-ray spectrum, the duration of the x-ray emission 
pulse, and the distance between the target and the jets. For typical pulse durations of 
1-2 ns (during which the jet surface blowoff is minimal) and a typical soft x-ray 
spectrum, the estimated ablated mass mab can be calculated from the ablated 
thickness shown in Fig. 4-4 as a function of the x-ray fluence. 
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Table 4-1. Chronology of Physics Events in HYLIFE-H. 

Time Realm. Physics Event Description 
-60 x 10~3 s Fuel pellet enters 3-m-radius chamber at 50 nt/s. 
-15 x 10~9 s Driver beams begin contacting the target. 
0 x 10~ 12 s Fusion bum begins. 

10 x Kr 1^ s Fusion bum ends, having released up to 350 MJ-
2 x 10~9 s X rays begin vaporizing inner surfaces of inside row of jets at radius of 50 cm. 

10 x 10~9 s Neutrons {traveling at 5 cm/ns) begin volumehically heating inner jets. 
20 x ID - ' s Neutron volumetric heating of all jets is complete. 
11 x 10~6 s Neutron-generated isochoric-heating tension in inner-most row of jets causes 

cylindrical fracture to begin (7-cm wide jets, v = 033 cm/us). 
20-30 x 10~6 s Vaporized (and partially dissociated and ionized) jet material (v >= 6 cm/us) 

reaches chamber center, thermalizey. radiates to the first row of jets (causing a 
second wave of ablation), and begins to expand radially. 

10-30 x 10 -6 s Vapor expanding from center of chamber re~;hes vicinity of jets, re-thermalizes as 
it impacts the slower vapor near the jets (and the second ablation wave), and begins 
two-phase shock propagation through jet structure, vaporizing more material as 
the shock transits the jet structure, imparting momentum via drag to the jets. The 
reflected shock creates a second considerably weaker blast wave traveling towards 
the center of the chamber. 

0-1 x 10~3 s Major vapor propagation through jet fragments is well underway, imparting an 
outward momentum that adds to outward momentum created by the gradient in the 
neutron isochoric hearing (w- dch caused the jet expansions not to cancel one another 
completely) and to the x-ray ablating momentum. The total outward momentum 
begins to consolidate the jet fragments as they move outward, v/ith the nagment-
fragment collisions increasing and the void fraction decreasing to zero towards the 
inner region of Flibe globules (closing off further gas flow). Some Flibe is blown 
inward by the neutron hearing, creating a chaotic, two-phase mixture in the central 
volume. 

0.1-O-2 x 10"' s First vapor blast penetrates jet curtain. 
03 x 1 0 - 3 s Vapor impacts first wall after fragmenting the existing condensation-spray jets and 

accelerating the small droplets toward the vessel wall. This impulse stresses the 
first wall. 

25 x HT-* s Uninhibited condensation jet spray begins to enter chamber <te., the oontiivuous jet 
spray is allowed to propagate, uninhibited by blast effects). 

1-2 x 10~3 s Uniform vapor pressure established within chamber. Massive transient 
condensation of vapor is initiated. 

20 x 10~3 s Jet fragments consolidate to form a thick annular two-phase mass. 
0.05-0.1 s Critical time period for chemical kinetics to affect vapor condensation. 
0.2-0.3 s Two-phase annular mass hits and imparts momentum to first wall of chamber near 

the bottom (7m/s outward and 16 m/s downward). 
0.065 s Clearing is completed along the path for the next pellet to enter the 3-m-radius 

chamber at 50 m/s. 
0.1 s Enough vapor has condensed to permit another driver pulse. 
0.125 s New Flibe jets are established for next chamber pulse (assuming 16 m/s over 2 m). 
0.125 s Driver beam-path clearing is completed and next fusion burn begins. 
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Fig. 4-4. Depth of Flibe vaporized by x rays. 

These results assume that the cohesive energy density ec0h for Flibe is 
7.3 MJ/kg and that the heat of vaporization is 5.3 MJ/kg. (The cohesive energy 
density is the sensible heat required to bring the material to the boiling point plus 
the heat of vaporization.) They were calculated based on the energy-dependent x-ray 
absorption cross-sections of Flibe constituents, including edges, and a 350-eV 
blackbody as the radiation source. Given that the x-ray fluence in a microexplosion 
is about 15% of the yield (and the fragment kinetic energy another 15%), for a 350-MJ 
target the average x-ray fluence on the Flibe surface of the '*mer cavity closest to the 
shot point (0.5 m) is about 17 Mj/m2;, This corresponds to the vaporization of 41 
nm. The total mass ablated mflj, would be about 0.4 kg for the geometry of the 
current design. 

The mass mat represents material vaporized by the x rays. It includes the 
portion of the surface layer that absorbs sufficient x lays to be heated to an energy 
density above the cohesive energy, and the portion vaporized in the two-phase (gas-
liquid) region at depths where the energy deposition is between eCohesive and cboiling-
As will be shown, this ablated mass is much less than could be vaporized by the 
amount of energy in the x rays, so it is greatly superheated. (The x-ray range limits 
the mass vaporized.) 

The ablated mass may leaves the jets at an rms speed of 

(4.2-1) 
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where E is the total kinetic energy delivered to the vapor. Although the target 
debris does not encounter the ablated mass until the mass has moved about 1 cm 
from the surface, as a conservative assumption we let the value of E be the total 
x-ray energy (about 15% of the target yield Y) minus the residual x-ray energy left at 
greater depths in the jets (which is very small, and can be ignored), plus the debris 
energy, minus the potential-energy-storage mechanisms of dissociation at 21 MJ/kg 
and ionization at 75.7 MJ/kg. In particular, it is usually a good approximation to 
assume complete dissociation and complete ionization, so E is given by 

E(MJ) = i Y(MJ) - 96.7 mob (kg) . (4-2-2) 

The momentum imparted to mg\> is equal to that given to the jets as the 
ablation impulse 

Itb = fi^E = ^8nR2SpE , (4.2-3) 

where S is the thickness of the ablated layer. As an example, for a 350-MJ target yield 
and a jet radius of 0.5 m, Fig. 4-3 and Eq. (4.2-2) indicate that E is near 79 MJ, and 
Eq. (4.2-3) indicates that the ablation impulse Iab is about 6.3 x 103 kg m/s. 

To convert the ablation impulse to an induced wall velocity, we must include 
the mass of the wall. To avoid confusing the spherical geometry of the blast with 
the quasi-cylindrical geometry of the jets (Fig. 4-3), we convert the total impulse to 
an impulhv? per unit area and then include the areal mars of the wall at the closest 
radial distance from the shot point. The impulse per unit area is Jflfc/4jrR2. 
[2000 kgm/(s m2) m the above example]. The areal mass (mass per unit inside area) 
of a cylinder of Ar wall thickness is 

_ px[(R + Ar)2 - R2] _ p(2R + Ar)Ar 
m'"d 2nR ~ 2R 

which, for a 0.5-m-radius Flibe cylinder of 1 m wall thickness is 4080 kg/m 2 . (It 
should also be noted that the ablation-induced impulse calculation does not include 
the wall void fraction. This is because the x rays relate material from the front 
surfaces of Flibe slabs, which are at full liquid density. As wil De discussed, the void 
fraction does have impact on the velocity induced by the ?jibe vapor as it vents 
from the chambar.) 

Hence, the velocity is 

a r t/4aR 2) 
Arp(2R+Ar)/2R ' 

or 0.5 m/s in the above example. Figure 4-5 gives results for various yields and 
radii, all for &r = 1 a They correspond to the induced velocity for the Flibe nearest 
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Figure 4-5. Ablation-induced velocity of FUbc Jet* for Jet radial thickneis of 1 m. 

the shot point. In the cylindrical geometry of the present design, Flibe further away 
would receive a correspondingly lower impulse. 

For scaling purposes., this velocity can be rewritten as 

J 2mJ0.3Y -96.7m« 
4nR2 

p(2K+Ar)Ar 
2R 

_j2mJ0.3Y-96.7mJ 
2xRp(2R+&r)Ar ,or 

n_Y-322m% v e c £ 
P O C J?p(2K + Ar)Ar 

The ablated mass, mab> does not lend itself well to parameterization, but can oe 
calculated from Fig. 4-4. 

Once thermalized inside the chamber volume, the fraction of a kilogram of 
superheated Flibe vaporized by the x rays will radiate to the wall and continue to 
ablate more material. Uncertainties in predicting the mass of this additional 
material are discussed in the following section. Nevertheless, the additional 
material leaves the wall at such low velocities it does not significantly add to the 
imparted wall momentum through direct momentum transfer. On the other hand, 
the residence time of the vapor can, under certain conditions, add significantly to 
the internal pressure vs time integral and, hence, the wall impulse. Accordingly, if 
the small mass of vapor ablated by the x rays can be vented before evaporating more 
Flibe from the wall, the overall wall impulse from the total Flibe vaporization will 
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be minimized. The drag-imposed momentum imparted to the wall is also 
minimized by having the smallest possible amount of vaporization.) 
4.2.3 Interior Pressure Equilibration 

The adiabatic expansion of ma\, from the front surfaces of the jets is not a 
quasi-static state; no pressure or temperature can be assigned until the vapor 
thermalizes, which occurs as the radially-inward expanding gas coalesces at the 
chamber center. Upon thermalization, the temperature and pressure are determined 
by an equation-of-state calculation for the material (including ionization and 
dissociation fractions). 
4,2.3.1. Comparison of two equations of state 

As an approximation based on extrapolation from an ideal diatomic molecule 
to the polyatomic Flibe, a thermalized temperature and pressure can be assigned as 

T(f) = ( r - 1 M - * ML (42-4) 
8314.4(1 + [/- l]orD + jaDat) m^it) 

and 

Pit) =vr J , | C W = II + (;-l)aD{t) + jaDit)ai(t)}nmol(0)kT(t) , (4.2-5) 

v^here 

E(t) = hnm+(j-l)aD +to,or iKM ((0) , 

and nmoi (0) is the number of molecules prior to ionization or dissociation, Y is the 
ratio of specific heats (which must be estimated), / is the number of atoms per 
molecule, Am0\ is the molecular weight, ap is the fraction of molecules dissociated, 
a\ is the fraction of atoms ionized, m m f i is the total mass vaporized, t is time, and Si 
units are assumed. [A discussion of this approach is given by Orth (1989).J Note that 
the temperature is determined by the dissociation and ionization fractions as well as 
by the energy-to-mass ratio. The time dependence is included to indicate that these 
parameters vary following the microexplosion, although P{t) is relatively constant, 
as will be shown. 

An alternate solution can be derived from a curve fit to results from JANAF 
thermoequilibrium calculational data. (This method does not require assumption 
of a Y) Results by Chen, Schrock, and Peterson (1992), which also include ionization 
and dissociation, are shown in Fig. 4-6. A comparison between predictions by the 
two methods for temperature and pressure as a function of mass, given 100 MJ of 
energy in a 0.52-m3 insulated volume, are shown in Fig. 4-7. The Orth pressure vs 
temperature values were taken from the CHAMBER computer code by Orth, which 
utilizes Eqs. 4.2-4 and 4.2-5 to calculate the evolution of many variables in time 
following a microexplosio;. in a closed cavity with liquid wall (to allow mass 
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Fig. 1-6. Equation of state for Flibe at derived from JANAF tablet. The model i» a curve fit to 
the data (from Chen, Schrock, and Petenon, 1992). 

ablation) and no external heat loss. Values in time were chosen corresponding to 
the masses indicated in the figure. The slightly different shape of the Chen pressure 
data is a reflection of the difficulty of interpolating the log-log graph by Chen 
(Fig. 4-6). The comparison is reasonable for pressure, using an assumed t of 1.2. The 
discrepancy is significantly larger between the temperatures. Both modeling results 
are shown here because they represent preliminary studies into the equation of state 
for Flibe. Future efforts should help clarify which model to use. 

The important point to note in Fig. 4-7 is that both temperature and, 
especially, pressure are relatively insensitive to the indicated order of magnitude 
change in mass. This is because the energy tied up in ionization and dissociation in 
a small mass does not contribute to the pressure and is available to vaporize the 
additional mass, keeping pressure relatively constant. (This mass-independence is 
indicated in the commonly-used equation P = (y-1) E/V.) The insensitivity of 
pressure to the amount of mass vaporized is useful in approximate calculations of 
pressure-induced momentum transfer to the Flibe jets; it allows us to estimate the 
pressure without knowing the temporal mass evolution. 

Upon expansion of the ablated Flibe vapor away from the jets, the energy-to-
mass ratio would not change except for change in the alphas upon cooling. Because 
the ablated mass and momentum are much more than those of the target debris 
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Fig. 4-7. Comparison of models for Flibe equation of state as calculated from Eqs. (43-4) 
and (42-5), with JANAF table data from Chen, Schrock, and Peterson (1992). 

4-13 



expanding from the center of the chamber, the target debris does not offer much 
resistance to the ablated vapor, and the vapor absorbs the target debris energy, about 
doubling its energy. When the vapor cloud reaches the center of the chamber it 
recompresses to some extent because of the partially convergent geometry 
(essentially a cube around the shot point). This will cause some heating of the 
vapor. The hot vapor will radiate energy, vaporizing additional wall material, then 
quickly cool as it reexpands toward the jets. 

One might expect this process to repeat, with waves of ablated vapor 
reverberating in the chamber before coming to equilibrium. This is not the case for 
many reasons (e.g., dispersion of velocities upon ablation and nonsphericity of the 
chamber). A uniform pressure is therefore established in the chamber as the 
ablated-vapor wave returns to the jets. This pressure is not static for two reasons. 
First, at a time scale of several tens of microseconds, the hot vapor vaporizes more 
Flibe because its chief mode of cooling is through radiation, not thermal conduction 
to the Fliba liquid. This energy loss reduces E. Second, at a time scale of hundreds of 
microseconds, the vapor flows out through the jet structure, thereby reducing the 
pressure by occupying a larger volume. 

The end result of the cooling processes of vapor radiation and liquid heat 
conduction up to the millisecond time realm is that a mass mvap is vaporized and is 
at a temperature only slightly above the boiling temperature of Flibe for that interior 
pressure. Past numerical studies on the radiation-induced (x-ray and thermal) 
ablation of the first liquid wall have detailed specific cases of previous HYLIFE 
designs (Glenn, 1980a). These studies point out the difficulty in determining the 
exact amount of liquid material vaporized in those designs, primarily because of the 
lack of opacity data on lithium in the near-liquid or liquid/vapor regions. (There is 
a similar lack of data for Flibe.) This is crucial in determining the quantity of liquid 
wall that will be vaporized because of radiation from the hot x-ray induced plasma 
during the time the plasma remains in the inner cavity. 

Computer code calculations that model all of the dynamic processes, other 
than expansion through the jet structure for HYLlFE-n, and that assume the Flibe 
vapor is a black body radiator (opaque) suggest that mmp is about 11 kg for a 350-MJ 
yield, if external venting is excluded. It is anticipated that the actual vaporized 
quantity will be somewhat less because venting will not allow the vapor to cool all 
the way to saturation temperature. The analysis that follows predicts about 8 kg 
vaporized for a 350-MJ yield. 

4.2.4 Vapor-Induced Jet Motion during Venting 
As in the original HYIJFE design, the present jet array has a significant void 

fraction (5/12) to allow venting of the vapor. This was necessary because a solid 
liquid wall would gain too much outward momentum from the high-pressure 
vapor before the vapor recondensed and caused large liquid impact stresses on the 
first structural wall. Even with this void fraction it takes long enough (- 0.5 ins) for 
the vapor to vent, that a significant radial velocity is induced in the liquid wall. The 
approach considered here is to obtain an analytical solution that can be used for 
scaling purposes, comparing its predictions to more accurate modeling for specific 
cases. 
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Momentum is almost exclusively transferred to the liquid wall beef use of the 
pressure of the vapor on the wall surface exposed to the inner chamber (fcrm drag). 
There is some skin drag present as the vapor flows between the jets. Studies by 
Glenn (1980b), however, showed this effect to be small, so it is neglected here. 

For these calculations, we assume the vapor in the chamber has cooled to 
about 5000 K before venting begins. At this temperature there is little dissociation or 
ionization (Chen, 1992). This is based on the consideration that the plasma should 
stop radiating near this point, so it is limited in cooling by heat conduction. As will 
be seen, the temperature dependence on the momentum transfer is weak (square 
root in the sound speed), so the assumption is not overly limiting. 

The mass of material that can be ablated and cooled to 5000 K can be estimated 
from 

7 
£ = mec +—nLiTkT + ^n^JcT , 

where e c is the cohesive energy (7.3 MJ/kg),»/ is the number of molecules (LiF or 
BeF2), k is Boltzman's constant, m is the vaporized mass, and E is the total available 
energy (30% of the yield). The values 7/2 and 6 are the ideal heat capacities of LiF 
and BeF2, respectively. For f = 5000 K, with an average molecular weight of the gas 
constituents (2 LiF + BeF2) of 33, this becomes m(kg) = E(MJ)/12.8. For a 350-MJ 
yield, the mass is about 8.2 kg. (Note that the initial x-ray fluence only ablates about 
0.4 kg, so most of the mass is generated by the radiating plasma. Also, the wall 
conduction heat loss is neglected in this analysis. Because of the poor thermal 
conductivity of liquid Flibe and the short time scales, it is expected to be negligible.) 

For purposes of the HVLIFE configuration considered here, the velocity 
imparted to the liquid is calculated as the momentum transferred to the wall due to 
the pressure of the Flibe vapor during the time venting takes place. 

{wall areaj Pdt 
{wall mass) 

IPS-"* 
{wall mass per unit area) 

PS 
(wall mass per unit area) 

where P0 is the pressure as venting begins, and x is the venting time. 
With the cylindrical geometry imposed by the oscillating Flibe jets, the wall 

mass per unit area closest to the shot point is given as 

4-15 



pnKR + Ar)2-R2] 
wall mass per unit area = *- —— 

2itR 

= P 2R + Ar 

where Ar is the Flibe curtain thickness (1 m), R is the inside fall radius (0.5 m), and p 
is the Flibe liquid density (2040 kg/m 3). 

Hence, the induced velocity becomes 

v = 
P.r 

P0 can be approximated by 

P,=(Y-l)Eg/V, 

where Eg is the energy in the gas (energy deposited less that required for Flibe 
vaporization), and yis the ratio of heat capacities [assumed to be about 1.2 at 5000 K 
for Flibe (Chen, Schrock, and Peterson, 1992)]. The volume V is %R2L with L being 
the length of the Flibe envelope (2.2 m). 

Considering the maximum mass vaporized, the energy Eg becomes 

£ i = E 1 — mee 

iHe,+-B„CT + 6Ha<flW - < " & ) - 0.43E 

for T = 5000 K, where E is the total energy deposited. Using this equation for a 
350 MJ yield in the current design, 

P0 = (1.2-1K0.43 • 105 MJ)/2.1 m 3 = 4.2 MPa. 

This is in good agreement with the 4 MPa predi ied by Chen (1992) in a more 
detailed equation-of-state model for Flibe. 

The venting time constant t is approximated as 

x = V/CAi, 

where V is the volume, C is the speed of sound, and A\ is the void wall area. 
Note that this void wall area can be denoted as nAo, where A0 is the area of 

the enclosing central volume (liquid wall area plus void) equal to (2nRL + 2KR2) 
and i) is the fraction of that area which is void (5/12 in the current design). 
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The sound speed is calculated as Cc OyRT/M)1''2, where R is the gas constant 
and M is the average molecular weight. This weight is taken as 33, the average 
molecular weight of the Flibe vapor (actually 2UF + BeF2). A temperature of 5000 K 
yields a sound speed of 1200 m/s. 

For a 350-MJ yield in the current design, this gives a venting time of 

V 2.1m* r = ——— = -r-^— = 0.4ms 

{£>-
This estimate of the venting time compares well with results by Liu, Peterson, and 
Schrock (1992) in which they performed detailed hydrodynamic modeling of the 
HYL1FE-H chamber with a 350-MJ yield and showed that venting was well under way 
in this time frame (0.3 to 0.5 ms). 

Combining the above relationships gives a Flibe curtain velocity of 

v s (y-D(0.43)£ 

2icRCiipiR + L (IH 
Using this equation for the HYLIFE-II design with E = 105 MJ, y = 1.2, Tj = 5/12, 
C = 1200, R = 0.5, L = 2.2, p = 2040, and &r = 1 gives v = 0.5 m/s. 

For purposes of scaling, considering f and C as about constant, it fbl'ows that 

RT)(L+ <fH' 
The direct scaling with yield is noted. 

It should be noted that the above results could prove to be significant'y in 
error by underestimating the final liquid velocity if either of two effects is more 
important than assumed here. One effect is the condensation of vapor in transit 
through the jets accompanied by radiative vaporization of jet material by the hot 
vapor, which would clog the vents. The other is the closure of the vents due to 
neutron isochoric heating, as discussed below. Further studies must establish the 
importance of these dynamical processes. 

4.2.5 Neutron-Induced Isochoric Heating 
At early times, the inner jets experience ablation from the x rays. Later, the 

vaporized mass penetrates the jets and accelerates them outward by drag 
interactions. At about the same time, the jets respond to the neutron isochoric 
heating (i.e., volumetric heating caused by target neutrons that deposited their 
energies in the Flibe immediately after the target exploded). 
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The isochoric heating (about 100° C) to a volumetric energy density en creates 
an internal (Gruneisen) pressure 

P 0 = r £ n (4.2-6) 

in Flibe at density p with Gruneisen parameter r (Gschneider, 1964), where 

- 0 1 • 
which is usually of order unity and is 0.98 for Flibe. 

In the slab geometry of HYLIFE-n, we have done modeling (Chen, Schrock, 
and Peterson, 1992) that indicates a pressure relief \/ave will propagate into the jet at 
the sound speed from both sides, meeting at the center plane. The pressure behind 
the relief wave will be zero in this geometry, so if fracture occurs, it will be along the 
center plane, essentially cleaving the slab in two (Fig. 4-8). 

Fig. 4-8. Breakup of Flibe jets by neutron isochoric heating. 

There is some question as to what extent this fracture will occur in HYLIFE-II. 
The estimated tensile stress induced in the ends of the slabs closest to the shot point 
as the pressure relief waves converge to the center is about 1000 MPa tension. (P0 

from Eq. 4.2-6 is 500 MPa, based on an energy deposition (Chen, Schrock, and 
Peterson, 1992) of 250 J/gm. The value is doubled when the waves converge.) This 
is less than the estimated spinodal limit for Flibe of 2000 MPa tension (Chen, 
Schrock, and Peterson, 1992). But, as materials are known to often fracture as low as 
10% of their spinodal limit (Chen, Schrock, and Peterson, 1992), this tension may be 
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enough to cause fracture. As indicated in Fig. 4-8, however, at some distance 
radially from the shot point, the energy density will be insufficient to fracture the 
Flibe. This point is energy density and is difficult to estimate ffven the paucity of 
data on Flibe and the important effects of impurities, entrained gas bubbles, or solids 
that can act as nucleation sites in fractures. In addition, since the sound speed is a 
function of energy deposition in the material, in any slab, the Flibe closest to the 
shot point will begin to fracture before material further away. This may cause stress 
enhancement along the fracture line, as in crack propagation in solids. Given these 
uncertainties, nothing firm can be said about the extent ta which the slabs will 
fracture. For purposes of example, a limit on the energy deposition of 10% of the 
spinodal was used in the calculations below to determine the point at which 
fracturing would take place. As explained, however, this limit is not crucial in 
determining a rough estimate for the resultant average material motion as long as 
the limit is low compared to the peak energy deposition (i.e., most of the total 
energy deposited is at concentrations higher than the limit). 

The maximum velocity of the fractured Flibe can be estimated as 

i> = % , (4.2-7) 
PC 

where P0 is the pressure in the Flibe before expansion,, p is the Flibe density, and C is 
the sound speed (3300 m/s). For a distance of 0.5 m from a 350-MJ yield, this results 
in a velocity of 82 m/s (based on an energy deposition (Chen, Schrock, and Peterson, 
1992) of 230 J/gm. Because the gap between Flibe slabs is 5 cm in the present design, 
this indicates the vents will close off in 0.3 ms, or on about the same time scale as 
venting takes place (estimated as 0.4 ms). Because premature closure of the vents 
would have serious consequences, as a result of pressure-induced momentum 
transfer to the jets, further study is needed to better understand the phenomenon. 

Two components of the jet separation caused by the isochoric heating 
contribute to the outward momentum of the jets. First, is the pressure relief waves 
coalesce in the jets, the jet will split down the middle (assuming uniform heating 
across the jet) into two halves (Fig. 4-8). This ^plit will propagate into the jet (based 
on the neutron attenuation) to the point where there is insufficient energy 
deposition to cleave the liquid. That is, the tension in the liquid is less than 10% of 
the spinodal limit mentioned above. In addition, it is anticipated that a v-shaped 
wedge will fracture from the narrow front face of the slab. This torus wedge will 
travel radially inward at 82 m/s, causing the remainder of the slab to accelerate 
outward to a velocity of 0.7 m/s in a direction toward the wall perpendicular to the 
cavity axis (Fig. 4-8) 

The second component results from splitting the jets into two pieces. The 
pieces have velocities along the axial direction and will induce some motion of th-i 
FJibt in this direction. Consequently, different portions of the chamber wall? w • 
see different liquid velocities, depending on their location with respect to the cavity 
axis. However, the resulting net outward momentum for the Flibe mass is 
somewhat difficult to ascertain. The physical picture is one of the slab halves flying 
in opposite directions, colliding with the opposite moving pieces from adjacent 
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slabs. The colliding pieces, however, will have slightly less than equal velocLy 
magnitudes, based on the respective distances of the slabs from the shot point (and 
the correspondingly different heating-induced pressures). For example/ the front 
edges of the halves of the slab nearest the shot point in the current design are 
calculated to have an 82 m/s velocity for a 350-MJ yield. The pieces from the 
adjacent slabs would have velocities of 75 m/s (Fig. 4-8). 

The physical question not fully resolved for this report involves the extent to 
which the collisions of these slab halves are energy "dissipative."* That is, if, as the 
halves collide they coalesce into a single mass, the resulting velocity of this mass in 
the cavity axial direction would be the small difference between the two velocities 
(7 m/s in the above example). (Note that this velocity is perpendicular to the 
velocity induced from the momentum of the torus wedge described above.) If, on 
the other hand, the slabs, because of their significant size, experience a more elastic 
collision, then more momentum will eventually be transferred into an outward-
moving mass or set of masses. 

As a first pass, one-dimensional calculations were made at the two extremes 
of fully dissipative and fully nondissipative because of the difficulty of accurately 
including limited dissipation in the complex geometry of the design. Results for the 
fully dissipative case are shown in Fig. 4-9 for a 350-MJ yield. The positions of the 
front edges (facing shot point) of the slabs are shown as a function of time. (This can 
be envisioned as the front couple of centimeters of each slab. Material further from 
the shot point will have different velocities.) If these pieces are assumed to collide 
with each other forming coalesced masses on each collision (perfectly inelastic 
collisions), the location history of each piece can be plotted. (The geometry is shown 
on the axis of Fig. 4-9. This should be compared with Fig. 4-2.) No deformation of 
the liquid slabs was considered. That is, the liquid was assumed to move in only 
one dimension and the collision forces of the small pieces did not fan out into the 
greater mass. This resulted in a final outward-moving single Flibe mass of 5 m/s 
velocity that hits the 3-m-radius wall in 0.3 s. This also assumed that for those 
pieces having a heat-induced pressure less than 10% of the spinodal limit did not 
fracture. (See th.3 slabs at positions greater than 100 cm from the origin in Fig. 4-9.) 
By performing the same calculation for slab pieces further in from the outside 
surface then weighting the resulting velocities by the corresponding masses at the 
given radii, we determined an average velocity for the entire mass of slabs of 02 
m/s for the dissipative case. 

At the opposing limit of no dissipation, a calculation was done assuming that 
all collisions between jet halves were fully elastic. This resulted in no energy 
dissipation and no coalescing of jet pieces (Fig. 4-10). The resulting outflow to the 
wall consists of the individual pieces hitting one after another. The momentum 
transfer from the inner Flibe pieces with high velocity (£82 m/s) to the outer slabs 

* Dissipative is meant to infer the conversion of the kinetic energy of the Eibe pieces into internal energy in a 
coalesced mass. This internal energy will manifest itself as pressure oscillations in the mass until viscosity 
dampening truly dissipates the energy into thermal energy. The latter process, however, is unimportant for 
purposes of considering macroscopic Flibe motion. 
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with no velocity (no fracture) resulted in the first slab hitting the wall in 40 ms at a 
velocity of 75 m/s, with the other slabs following. 

An alternate approach to considering the fully nondissipative case is to 
assume all energy deposited in the total Hibe mass goes into velocity according to 
Eqs. (4.2-6) and (4.2-7). (This ignores the limit of 10% of the spinodal limit; this is a 
minor correction because most of the energy is deposited above this limit.) Tha total 
Flibe mass is about 18,000 kg, giving an average induced velocity of 4 m/s. It should 
be noted, however, that, as shown in Fig. 4-10, the spread around this average would 
be very large, with some small pieces likely approaching the maxir;um velocity of 
82 m/s. As a result, this method produces a prediction that is quite inaccurate. 

Comparing the two extremes, an average of 0.2 m/s for the dissipative case, vs 
an average of 4 m/s for the nondissipative case, the expected large range covered by 
these bounds is observed. The corresponding peak velocities are 5 m/s and 75 m/s 
for the dissipative and nondissipative cases, respectively. 

It is anticipated that because the above calculations are for liquid slabs of finite 
size, the dissipative extreme is probably closer to being correct. This conclusion is 
very preliminary, however, and deserving of further work, because the impact of 
Flibe jets on the reactor wall could pose a significant stress concern. These 
calculations are quite preliminary in that only one-dimensional motion was 
considered. Obviously, in a liquid mass collision, two dimensional effects will be 
important. Especially important, but overlooked, is the fact that as two adjoining 
slab halves come together they will do so (Fig. 4-8) with a slight angle between them. 
This may cause material to squirt out between the halves in a radial direction a very 
high velocities. 

For purposes of scaling, the energy deposition is linearly proportional to the 
yield and has a 1/R2 dependence on the radius of the inner cavity. Resulting 
velocities have, to a first order, the same dependencies. 

For historical purposes, some comments should be made on the 
correspondence of these results with previous detailed work by Glenn (1980c) for 
HYUFE-I. A significant prediction for his modeling is that the geometry of 
concentric liquid annuli around the shot point, which was envisioned at one time, 
would allow significant dissipation of the kinetic energy of Flibe set in motion 
through isochoric heating. This dissipation was linked to convergent/divergent 
geometry of the annular system that involved irreversible work losses in expanding 
the fluid in radial flow. (Glenn assumed divergent flow results in cavitation.) 
Resulting dissipation allowed about a 70% reduction in energy of the mass hitting 
the reactor walls. Results by Chen, Schrock, and Peterson (1992) and Chen and 
Schrock (1991a) have assumptions that conflict with Glenn regarding the initial 
velocity distributions of the Flibe slabs, leading to a result indicating no cavitation 
and no energy dissipation. No full resolution of these differences has been 
achieved. While these considerations are not fully applicable to the HYLIFE-H 
design, because of the flat slab geometry, they may be of interest for future work. 
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4.2.6 Total Induced Velocity of Liquid Jets 
The preceding sections have detailed the effects of x-ray induced ablation, 

vapor venting, and neutron isochoric heating, all of which contribute radial (or 
quasi-radial, in the case of neutron heating) impulses to the liquid Flibe jets. From 
a design perspective, the crucial point is the resulting velocity of the liquid. If the 
velocity is high, the jets will impact the reactor first structural wall, adding a 
potentially large stress to the wall. (The pulsed nature of the stress would cause 
additional problems.) A sufficiently low imparted velocity, however, would allow 
the jets to drop into the liquid at the bottom of the chamber first. At that point, not 
only is the stress to the first wall reduced, but the radial and downward velocities 
can actually be used to regain some of the pump head by directing the flow with 
vanes into the return lines. This is shown schematically in Fig. 4-1. 

Based on the calculations in the previous sections, the induced velocity in the 
current HYLIFE-II design is estimated as ranging between 1.7 and 6.7 m/s for a 350-MJ 
yield, with the average close to 2 m/s. Contributions to this include 0.5 m/s from 
the x-ray ablation, 0.5 m/s from venting, 0.7 m/s from one portion of the neutron 
isochoric heating, and a component from 0 to 5 m/s resulting from the other 
contribution of neutron heating. The design basis for the reactor chamber described 
in Sec. 4.3 assumed 7 m/s for the shot-induced Flibe velocity. This velocity allowed 
the Flibe to drop into the intake volume at the bottom of the chamber in such a way 
as to regain some of the pumping head- The acceptability of the lower velocity 
(2 m/s) in the chamber has not been fully analyzed, but should not represent a 
major problem. The angle of the turning vanes at the bottom of the chamber could 
be modified to accommodate this change. 

It should be emphasized that there is considerable uncertainly (Sec. 4.2.5) 
regarding the neutron heating-induced Flibe velocity arising from colliding Flibe 
slab halves. The 0 to 5 m/s assumed full energy dissipation as pieces collide. This 
figure could have a considerably higher maximum if collisions are less dissipative. 
Hence, uncertainty in the neutron heating-induced velocity, the largest contributor 
to the total velocity, leaves this question of final jet velocities and consequent wall, 
stresses, incomplete. Work to this point has shown the adequacy of the current jet 
design in minimizing momentum transfer for the x-ray ablation and, perhaps, the 
venting Flibe vapor. Future work should study the neutron isochoric heating effect 
in more detail both theoretically and experimentally. If that work predicts short 
vent close-off times then the vapor pressure contributing to velocity may also 
become significant and quite uncertain. 

4.2.7 Wall Stresses 
The HYLIFE-I study (Blink, et al , 1985) concluded that the peak stress on a 

4-cm-thick wall would be composed of two parts: a stress of 38 MPa at about 1 ms 
after the explosion resulting from the vapor impulse, and a stress of 46 MPa at about 
110 ms resulting from the impact of the liquid lithium. Because HYLIFE-II uses Flibe, 
which is four times Ugher in density than liquid lithium, one would expect the 
stress due to Flibe impact to be about four times larger for the same liquid velocity. 
The liquid velocity for HYLIFE-II is not the same, however, because of the reduced 
target yield and the reduced isochoric disassembly. Moreover, it now appears that 
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Glenn, in nearly all of his calculations for HYUFE-I, used an incorrect starting 
condition that was presumably based on an incorrect use of the BUCKL code for the 
x-ray vaporization. 

Relatively little work has been completed to date regarding wall stresses for 
the HYL1FE-1I design. It appears that most of the liquid Flibe wall will have 
insufficient radial velocity to impact the first structural wall before dropping into 
the bottom of the reactor, therefore it will not add a stress to the wall. Some small, 
stray pieces of fast-moving Flibe may impact the wall. These should not be of 
significant concern. 

The Flibe vapor venting from the central cavity is the other source of shock 
loading on the wall. Liu, Peterson, and Schrock (1992) report hydrodynamic 
calculations that indicate significant induced pressures. These pressures are 
nonuniform, because the gas vents nonuniformly through the complex geometry of 
the liquid jets. Calculations carried out to 500 \iS in time showed pressures as high as 
3 MPa. Because of the long calculation times required, the durations of these 
pressures have not been fully determined. 

These calculated vapor pressures, however, are probably significantly higher 
than would actually be encountered. Reasons for this include an indication that as 
venting begins the vapor pressure will likely be considerably lower than that used in 
the calculations, by as much as a factor of 10. In addition, and most important, the 
modeling did not include condensation. As the Flibe vapor vents through the 
liquid jets and through the spray region outside the jets, it will likely condense very 
quickly, perhaps quickly enough to greatly reduce the resultant pressure to the wall. 
Work is underway at UC Berkeley to include condensation in the modeling. Based 
on those results it should be possible to make a more accurate estimate of the 
induced "wall stresses by coupling these pressures with the vessel design described in 
Sec. 4.3. 

As a first pass, a short duration (compared to the vessel wall period) blast 
pressure of 0.2 MPa was considered. Modeling the wall as a homogeneous mass of 
one type of material, the resulting stress can be calculated (Blevins, 1984; Glenn and 
Young, 1978) from 

-EL I E 

where o is the wall stress, P is the gas pressure, t is the pressure duration, T is the 
wall thickness, p is the wall density, v is Poisson's ratio, and E is Young's modulus. 
For a sphere, the equivalent equation (Karp et al., 1980) is 

-EL I E 

a ~ T ^ 2 p ( l - v 2 ) ' 

With an effective wall thickness of 5.08 cm and a pulse duration of 1 ms, a wall 
stress of 17.6 MPa is predicted, which is acceptable. This calculation neglects the 
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heterogeneous nature of the actual wall (Fig. 4-1), including coolant passages and 
support joints. Consequently, future calculations will need to evaluate the impact 
of vapor pressures on these structures. 

HYLIFE-II thermal stresses are less for a given wall thickness because of the 
reduced neutron and gamma fluences resulting from the greater attenuation of 
neutrons in Flibe—even if the wall radius is scaled to account for the reduced target 
yield for HYLIFE-II. The wall is segmented into layers to reduce the temperature 
gradient, thus further reducing thermal stress. A discussion of thermal stresses is 
included in Sec. 4.3. 

4.2.8 Experiment Basis 
University of California Berkeley (UCB) Experiments 

HYLIFE-I studies made rather simplistic assumptions about the interaction of 
the blast wave with the jet array. An experimental program was initiated in FY89 at 
UCB aimed at providing data that will improve our understanding of these processes 
and provide new insights for the development of improved computational 
methods. The experiment is intended to simulate, in small scale, the hydrodynamic 
interactions as separate effects, that is, without synergism with the complex thermal 
effects. A major question to be answered by the experimental results is that of the 
propagation of the blast through the array of jets. It is known that shocks in general 
propagate more slowly in two-phase media than in either pure phase. However, 
there is neither adequate theory nor data for the case of an array of cylindrical jets 
with their axes normal to the wave. The experimental program is also aimed at 
providing data on (1) the reflected shock, (2) jet fragmentation by hydrodynamic 
forces, (3) the gas impulse imparted to a simulated first structural wall (FSW), and 
(4) the liquid impulse imparted to the FSW. 

The experiment consists of a shock tube that delivers a high-Mach-number 
shock wave against an array of liquid jets in a transparent test section situated inside 
a vacuum chamber. Piezoelectric pressure transducers spaced along the length of 
the test section provide data on the structure of the approaching wave, the reflected 
wave, and the wave propagating through the jet array. The wave speed is also 
found from these data. Other transducers mounted in the simulated FSW will give 
data on the gas and liquid impulses. Included also are data indicating any presence 
of local pressure spikes caused by the impact of individual droplets. Additionally, 
windows in the pressure vessel facilitate visual studies using fast photography 
(high-speed movies). 

Tests hav: been conducted using first water as the jet array material and 
helium as the driver gas. Future experiments will seek to increase the shock 
strength by possibly using an organic test fluid or by heating the driver gas. A 
possibility may also be to investigate synergistic thermal effects such as 
condensation. We are considering a scheme utilizing the same shock tube but with 
a hydrogen-oxygen explosion to drive the shock. 
Laboratory Microfusion Facility (LMF) Experiments 

The thermophysical processes involved in an ICF reactor are highly complex 
and are characterized by extremely fast energy transport, extreme physical states, and 
exceptionally fast transients. Physical events are possibly unique to the 
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thermonuclear explosion environment. Thus, experiments using separate eitects 
such as blast effects or isochoric heating may not fully achieve typical conditions 
using previously available experimental methods. A task for future study is to 
define proof tests for future experiments utilizing nuclear drivers such as the LMF or 
underground nuclear explosion tests (or perhaps with the Nova Upgrade). In this 
way, the ICF environment can be fully achieved. The challenge is to develop 
suitable methods for providing initial conditions and diagnostics for obtaining 
quantitative results. 
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4.3 Chamber Mechanical Design 

A liquid fall is used to protect the first structural wall from neutron and blast 
damage. The liquid breaks up as a result of sudden neutron heating and the wall 
must be strong enough to contain the flying liquid (Chen and Schrock, 1991a; Liu, 
Chen, Schrock and Orth, 1991; and Chen and Schrock, 1991b). 

4.3.1 Steady Flow with Multiple Chambers 
The HYLIFE-I chamber shown in Fig. 4-11 is a steady flow chamber. The 

structural wall is protected by weir flow. This requires slow flow (10 m/s) and a long 
fall distance (about 5 m) to protect the nozzle parts from neutron damage by the 
curvature of the flow over the weir. The repetition rate is low (1.5 Hz) because of 
the long reformation time of the jet array. Splash is only partially cleared by gravity. 
The large distance above the target (over 8 m) would not be cleared. 

To obtain enough power in HYLIFE-II, we considered using up to three 2.7-Hz 
chambers (1/3 GWe each). This system would have the complication of switching 
beams, high pumping power, high cost for a 1-GWe power plant, and still not be 
cleared of splash. The three-chamber design option was so undesirable it was 
dropped from further consideration. 

Fig. 4-11. HYLtFE-I used steady flow. 
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4.3.2 Pulsed Flow 
There are three versions of HYLIFE-II under consideration, steady flow, pulsed 

flow and oscillating flow. The steady flow case is the simplest but is limited to rep 
rates under 2 Hz and even in the 1.5 Hz case of HYL1FE-1I has an unresolved splash 
clearing problem and the driver cost at 1.5 Hz is well over $1 B. The oscillating flow 
case might operate at up to 8 Hz and provides in a natural way splash clearing but 
has moving parts whose design is complex and is not yet satisfactory. The pulsed 
flow version might operate at up to 8 Hz and provides for clearing of splash from 
the beam line. The issues with pulse flow that stand out are the need to design and 
develop a pulsed pump and preventing the pump itself from producing splashed 
liquid that interferes with the propagation of the beams to the target. 

The pulsed flow configuration we have in mind is shown in Fig. 4-12 with 
specific numbers given for 6 Hz. Only the center portion of 0.6-m diameter is 
pulsed. The bulk of the flow is steady as in the HYL1FE-I design. for 8 Hz the yield is 
350 MJ. Potentially the stand-off distance to the first liquid could be reduced to 0.3 m 
down from 0.5 m for the HYL1FE-I case with 1.8 GJ yield. Then the example 
dimensions given in Fig 4-11 might work, The steady flow is 32.5 mVs and the 
central pulsed flow is 1.6 m 3 / s for a total flow of 34.1 m 3 /s . This is a considerably 
lower flow rate than other cases we have been examining and the pumping power is 
correspondingly reduced from an otherwise quite high value. 

We will need to design a pulsed pump whose capacity is 0.2 m 3 with a 8 Hz 
rep rate and an average flow rate of 1,6 m 3 /s . 

The need for beam access complicates an otherwise simple design. Fig. 4-12 
shows 5 beams coming in from each side. It may be necessary in order to get enough 
beam energy to use more like eight beams from each side for 16 total. It is hard to 
see how to stack much more than 5 beams vertically {1x5 array) much less a 1 x 8 
array. As discussed in Sec. 2 as the angle of injected beam increases the gain 
decreases, so too large an array will not be good. A 2 x 4 array may be needed. 
Further it would be desireable to illuminate the target from one side to simplify 
accelerator design and reduce its cost. The configuration is shown in Fig. 4-12 
looking from the top for two sided illumination with each beam stacked on top of 
each other (for example a 1 x 5 array as shown in Fig. 4-12). 

Some guiding principles of the HYLIFE design are protection of permanent 
parts from damage. We provide for an equivalent of 0.5 m of Flibe between the 
target and the structural components (e.g., 0.7 m at 71% packing fraction). In Figs. 
4-12 and 4-13, one can see how this is achieved. At the time of a shot the liquid from 
the prior shot is still in the chamber protecting components below the target. We do 
not know if this liquid will behave in the described way and depend on analyses and 
experiments to verify the behavior. In HYLIFE-I the liquid enters at 10 m/s with 
over a 5-m fall and the microexplosion is estimated to produce 50 m/s outward 
motion with a 1.8-GJ yield. 

Our analysis suggests the isochoric neutron heating and resultant outward 
momentum may have been overestimated. Furthermore, we have a 350-MJ yield, 
2 m fall and 16 m/s for 8 Hz. The distance to the liquid fall from the target was 
reduced from 0.5 m to 0.3 m. If the outward motion of the liquid were only 15 m/s 
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Fig. 4-12. HYLIFE-II, pulsed flow. The flow speed for 8 Hz is 16 mis with a 2-m fall 
height, giving a flow rate of 34 m 3/s. 

then the bulk of the expanding liquid would impact the first structural wall (FSW) 
below the beam ports. If this is true, protecting the beam ports and clearing them of 
liquid becomes an easier job. 

The liquid protects all structures except in the vicinity of the beams. For the 
one-sided case (Fig. 4-13) the target sends out radiation and debris in a fan shape as 
shown in Fig. 4-13). By adding another pulsed jet as shown in Fig. 4-13 we can 
narrow the radiation and debris fan. Then we add steady flowing liquid jets 
vertically and horizontally to protect the beam port regions as shown in Fig. 4-13). 
The horizontal jets will have to have pipes and nozzle structures inside the FSW. If 
these structures are hung from the top of the vessel they may be located such that 
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Fig. 4-13. Thick horizontal and vertical liquid jets protect the beam ports from radiation and 
help clear splash liquid for the next shot. Careful manifold and nozzle design will be 
needed to obtain a sharp edge to the jets. 

the outward going liquid does not impact them thus making the structural design 
easier. In principle all structures are protected by a thick layer of liquid and could 
last the life of the plant In practice the beam shield may receive too much 
radiation on its edges and need periodic replacement. 

We depend on clearing the beam path all the way to the target either by 
pulsed liquid jets physically clearing the beam path or by gravity clearing. For 
gravity clearing, the distance S that liquid can fall through and enter the beam path 
must be small: 

S=l/2gt 2 + V 

4-31 



Gearing distance S, m Rep rate, f (t _ 1) (v 0 = 0) 
0.05 10 
0.08 8 
0.14 6 
0.31 4 
1.23 2 
2.18 1.5 
5.0 1.0 

If a droplet starts with an upward velocity, the clearing distance can be up to a 
factor of four times smaller than that given above. There was no provision in 
HYLIFE-I even at 1.5 Hz for clearing the beam paths for a 5-m fall. In principle all 
regions above and below the beam where splash can originate should be cleared 
except for the space given in the table, 0.08 m for 8 Hz for example. To achieve 
clearing requires vertically stacked beam path with horizontal clearing jets located 
between each beam. 

The pulsed pump has not been designed and appears to be challenging. 
Fig. 4-14 shows a piston driven pump. Some of the problems are charging the 
chamber quickly, drive mechanism for the piston and splash or drips produced 
when the piston separates from the liquid. For example, for a liquid and piston 
speed of 12 m/s, a drop at 9 m/s would arrive at 1.5 m which is the shot point in 
1/6 s. If a nozzle plate is necessary that also becomes a design problem. 

3©: 

jffi: 

:®c 

L Drtvtred 

f mm mv*s u*ia oraprm* 
taiMMt tarmtampto 

JBL-~-* 

3 : 

CtnfHMoflbf 
dnlgiKil ID avoid 
pmriucmpdrlpi 
wNnipwdoi 
-iSnuston 
il-ni/ipttienspMd7 

Fig. 4-14. Pulsed piston pump. 
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Pumping power 
If we take a head of 7.4 m to produce 12 m/s flow velocity and have to lift the 

liquid 6 m with a 2 m pump suction head, we need to pump 25.6 m 3 /s against a head 
of 15 m. The pumping power with 62% efficient pumps is 12 MWe. 

P = (V x head x p x g )/n = (25.6 x 15 x 2000 x 9.8V0.62 = 12 MWe . 

This is remarkably low pumping power . This neglects pipe friction and 
pumping through the intermediate heat exchanger and the wall cooling. It also 
neglects pulsed and steady flows for clearing splash from the beam lines and flows 
for beam port protection. The flow rate, V, depends on rep rate, f, inner radius, r 0 

and packing fraction,, i\: 

V T\ iot 6 Hz and ro=0.3 m 
23mVs 0.7 
27 0.6 
34 0.5 
16 1.0 

V ro )l = 0.7 
16 0.2 
23 0.3 
32 0.4 
41 0.5 

V rep rate TI=0.7, ro=0.3 
3 2 
14 4 
23 6 
32 8 
40 10 

The pulsed flow is typically 5% of the total flow given above so the power to 
the pulsed pump is not a problem; the design requirements may be a problem. 
Pressure surge in pipes due to isochoric heating 

We need to make calculations of the pressure expected in example cases. 
Then we need to see what the consequences and mitigation possibilities there are. 
Pressure surge chambers should be able to prevent the impellers of pumps from 
seeing these pressure surges. We need to see if the pipes nearest the shot can 
withstand the cyclic stresses. We know the neutron heating per unit mass versus 
distance through Fiibe, so this problem can be assessed. 
Venting 

In Fig. 4-11 we show the target completely surrounded by a 0.7-m-thick liquid 
jet curtain of 0.7 packing fration. We assume the vapor can pass through these jets 
without imparting too much outward momentum to the jets. For a yield of 1.8-GJ 
HYL1FE-I assumed a packing fraction of 0.5 and a stand off distance to the liquid of 
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0.5 m. For our lower yield we must show the acceptability of a larger packing 
fraction and smaller stand off distance. 

The other aspect of gas venting is reducing the gas density low enough for 
beam propagation by the time of the next shot. The chamber dimensions shown in 
Fig. 4-12 are quite small (0.3 m inside radius and 2.5 m FSW radius). If the volume is 
too small and droplet area not large enough to achieve sufficient condensation in 
0.125 s, then openings can be made in the vessel wall to allow venting or escape of 
some of the vapor to a larger region where pumping can take place. In addition we 
can add spray jets of cool liquid especially near the beam path to enhance 
condensation. Condensation is discused in Sec. 4.4.3. 

4.3.3 Oscillating Flow 
Oscillating liquid flow is predicted to rapidly clear driver beam paths of residual 
molten salt. Oscillating flow will also provide adequate neutron and x-ray 
protection for the reactor structure with a short (2-m) fall distance permitting an 
8 Hz repetition rate. A reactor chamber configuration is presented with specific 
features to clear the entire heavy-ion beam path of splashed molten salt. The 
structural components, including the structure between beam ports, are shielded. 

The original HYLIFE reactor design (Blink, et al., 1985) had two driver beams 
and a repetition rate of 1.5 Hz. The repetition rate was based on a target yield of 1800 
MJ (4.5 MJ driver energy times target gain of 400) to produce 1000 MW of electrical 
power. Even with such a low repetition rate, gravity would not adequately clear the 
beam paths of splashed liquid from the previous shot before injecting a new target. 
Less optimistic target gain estimates and higher driver costs may require higher 
reactor repetition rates. For example, yields of 350 MJ (5 MJ driver energy times 
target gain of 70) would require the repetition rate to be about 8 Hz, which w uld 
not allow time for gravity to clear the beam paths. 

We must also ensure that all reactor structural components are shielded from 
neutron and x-ray damage. This can be accomplished by placing about 0.4 m of 
molten salt between th? structure and the target. High repetition rates require a 
short fall distance and do not allow for a weir flow to protect liquid nozzles, as in the 
original HYLIFE design (Blink, et al., 1985). The geometry of an oscillating flow can 
protect structural components and provide access for target and driver beam 
injection. 
4.3.3.1 Chamber and Molten Salt Configuration Based on Heavy Ions 

Flibe is injected down out of nozzle pipes into the reactor chamber (Fig. 4-15). 
Rotating cams and flywheels drive the motion of the oscillating pipes. Ion beams 
enter the cavity formed by the oscillating Fiibe and strike the injected target. Some 
of the pipes are stationary, others move horizontally to impart an oscillating motion 
to the Flibe. For clarity, some details were left out of Fig. 4-15 

The reactor chamber wall and the structural housing that encloses ihe ion 
beam path and directs Flibe from the path are shown in Fig. 4-16. The housing 
protrudes 1.2 m into the reactor chamber. Within the housing, a vertical clearing 
plate moves horizontally across ihe beam path to clear residual Flibe droplets. The 
neutron shield protects the ion beam focusing magnets. 
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Rotating flywheels attached by drive rods to the piping t r r t extends through 
the reactor chamber cause the sinusoidal oscillation of the pipes (Fig. 4-17). Bellows 
seal the vacuum inside the chamber. The nozzle motion imparts a horizontal 
motion to Flibe exiting the piping. 

According to calculations using basic kinematics (Petzddt, 1990) the 
instantaneous position of the Flibe (0.005 s before the closest ipproach of the 
nozzles) would be as shown in Fig, 4-17. The Flibe forms a cavity intc which the 
target is injected. At the time of fusion, the minimum standoff distance fro:n the 
target to the liquid wall is about 0.5 m. (The Flibe position a \̂d stupe shown below 
the dashed line is not based on calculations.) 

The fusion shot microexplosior. will cause an outward motion (on the order 
of a few meters pi t second) and chaotic splashing of the Hibe superimposed on the 
existing Flibe motion (which is mostly downward at about 16 m/s). 

Flitwftow 

Fig. 4-15. Oscillating flow HYLIFE n reactor chamber. Flibe from the oscillating pipes forms 
a cavity in which the miawxplosion takes place and results in an opening for the beatn 
to propagate to the target 
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Fig. 4-16. Cross section of the reactor chamber at target elevation showing oscillating and 
nonoscillating Flibe. (horizontal slice of Fig. 4-15) 
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Fig. 4-17. Reactor chamber showing the primary oscillating flows (vertical slice of Fig. 4-15 at 0 m). 

The two most important benefits of oscillating flow are the clearing of splash 
to provide open target and beam paths and the shielding of nozzles with short fall 
distances to allow high repetition rates. The Flibe moving down from above, 
including that in the piping when the previous shot occurred, sweeps a volume 
clear. Follow-on Flibe oscillates out of the target and beams paths. Additional Flibe 
closes in above the paths to provide shielding for the nozzles. Although further 
analysis is needed, adequate shielding should be provided by fall heights of about 
2 m. With a Flibe injection velocity of 16 m/s, a repetition rate of 8 Hz is obtained. 
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Driver Beam Path Formation and Clearing. Ion beams penetrate the beam 
shield and reactor chamber wall 3 m from the chamber center to converge on the 
target (Fig. 4-18). The structure between the ion beam holes is shielded from 
neutrons and x-rays by 0.4-m-thick horizontal jets about 2.8 m from the center of the 
chamber. The Flibe flows from the nozzles, between the ion beams, and into the 
receiver. 

Flibe from/ * Rib* to 
pump dbcbarg* pump suction 

Fig. 4-18. Beams pass through penetrations in the shield and reactor vessel. Horizontal jets shield 
beam ports from x-rays and neutrons. 

The structural beam housing (located 1.8 to 3.0 m from the shot point) 
prevents outward moving Flibe from the previous shot from entering the beam 
path, as shown in Fig. 4-16. The clearing plate oscillates within the housing to clear 
the beam and target paths of any remaining Flibe droplets. 

Flibe is shown in Fig. 4-19 at various locations (see scale on Fig. 4-16) just 
before the fusion shot. At 1.5 m from the center, the oscillating flow arrangement 
restricts neutrons and x-rays to a short narrow path, thus shielding the structure 
behind the Flibe. There is no exposed structural surface within about 10 m. Because 
five vertically stacked converging beam? enter through the beam path shown in 
Fig. 4-19, the beam height is shorter at 1.0 m off center than at 1,5 m, and shorter 
still at 0.6 m. The target, in a vacuum at the reactor center, is surrounded by the 
Flibe about 0.5 m from the target. 
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fig. 4-19. Flibc at various distances from the reactor center immediately preceding the 
fusion shot (a) 1.5 m, (b) 1 m, (c) 0.6 m, and (d) on centerline. These distances can be 
seen using the scale shown in Fig. 4-16. 

Target Injection. Targets could be injected through the same path followed 
later by the beam, perhaps through the center beam port. The clearing for the beam 
path subtends an angle of 25° (Fig. 4-20). As the target passes horizontally through 
the beam path formed by the vertically flowing Flibe, the lower edge of the path 
slopes 12.5° from horizontal. The target velocity must be high enough to reach the 
center of the reactor chamber before the Flibe surrounding the beam path falls past 
the target elevation. The relative motion of the target through the Flibe opening is 
such that the target is injected along the lower edge of the Flibe opening. 

VFMb./V»9«Stan (123)' 

v » « * « 2 tan 12.5° 

16m/» 
* 0.22 

x72m/s 

FWw 

Fig. 4-20. Target velocity geometry and calculation. Oscillating velocity is into and out of the 
plane of the paper. 

This work is based on a repetition rate of 8 Hz and a flow velocity of 16 m/s, 
giving a 2-m fall height between shots. Lower repetition rates can be accommodated 
by decreasing the flow velocity and increasing the fall height. 
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4.3.3.2 Design of Moving Components 
Main Oscillating Flow Components. To obtain the desired flow trajectory, 

some of the nozzles must oscillate. The required oscillation of the main nozzles is 
±0.10 m. In the base case arrangement (Figs. 4-17 and 4-21) nozzles are driven from 
outside the reactor chamber by a flywheel-linkage arrangement, the vacuum at the 
top is maintained by a bellows seal, and the piping is stiff to minimize flexing as it is 
driven back and forth by the flywheel. 

Because a significant amount of piping outside the reactor chamber must 
oscillate, the piping is fabricated in a U-shape to minimize twisting; the oscillations 
are driven from both sides of the U. 

There must be a point of flexure in the pipe below the bearings on the right 
side of Fig. 4-21. Two possible means of providing this flexure are to install either a 
bellows or a carbon fiber fabric in the pipe. The fabric connection would require a 
leak-collection chamber welded to the Flibe piping as well as a oellows seal at the 
upper edge. 

1 1 I ' ' • 
1m Om 1m 2m 3m 4m 

Fig. 4-21. Side view of an oscillating pipe (rotated 90° from Fig. 2). Oscillation velocity is 
into and out of the plane of the paper. 
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A cross-section at the pivot-pin elevation is shown in Fig. 4-22. The right side 
is upstream of the left side; the reactor chamber is directly below the left-side flow 
channels. Two pivot pins and two Flibe pipes are connected to each support 
structure. The horizontal forces exerted by the pins on the support structure are in 
opposite directions, therefore the net horizontal force on the structures is nearly 
zero. 

FiibaflowctMnrMl 

Pivot 
pins 
Supporting 
•tructurt 
•nd 
buringa 

Fig. 4-22, Bearings and flow channels (plan view). 

Two alternative approaches to the base case that have been considered and 
may have merit involve driving the nozzles from inside the reactor chamber 
(Fig. 4-23). A bellows provides a seal around the drive rod because the Flibe 
environment does not permit a standard lubricated seal. 

L*Mtng*4gtotFWM 

J I I I 1 I 

Fig, 4-22. Reactor and primary oscillating fuel flaw. 
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The first approach has no pivot joints in the piping and would require 
significant flexing of the steel pipes. To reduce the strain involved with the flexing, 
the nozzle pips could be composed of many rectangular tubes tied together at the top 
and bottom (Fig. 4-24). 

I f I I I I I 
3 2 1 0 1 2 3 

ftodhu<m) 

Fig, 4-24, Separated nozzle piping. 

The drive rod can be attached to the nozzles by a hinged joint if adequate 
lubrication and cooling are provided. Without a hinged joint, the drive rod will 
have to be very rigid So prevent buckling. The tubes would be held rigidly at the top, 
as shown. Without a hinged joint, the tubes would remain vertical at the bottom 
and motion would cause the tubes to oscillate from a straight to a flexed position 
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(Fig. 4-25). The problem with this approach is fatigue life of the tubes. To reduce 
strain in the tube and provide a fatigue life of 30 y, very long tubes with very small 
widths are required. 

<•) 

2e 
Rigid J 

connection 

Fig. 44-25. Flibe tube deflections (relative magnitude of tube bending is 
exaggerated). 

The relationship between the maximum distance from neutral axis, c (half 
width of the Flibe nozzle pipes) and the required length of a Flibe tube are shown in 
Fig. 4-26. Four cases are shown for 316 stainless steel. (Constant or ideally varying 
tube cross-section, and tubes fixed at both ends or cantilevered at top) The case of 
ideally varying tube cross-section has the tube wall thickness varying linearly from 
zero thickness at the bottom to maximum thickness at the top, and is not physically 
reasonable. However, some varying of tube wall thickness could be useful. 

As an example of the use of Fig. 4-26, consider a Flibe tube constrained at both 
ends (as shown in Fig. 4-25c) with a 4-cm-thick flow channel and 1-cm wall 
thickness on each side. 

4 cm + 2 cm c= 5 =3 cm . 

The required tube length is then approximately 12 rx Long, narrow Flibe 
pipes, with high flow velocities have high pumping power requirements. The 
graph in Fig. 4-26 is based on quasistatic bending of the pipe and does not include the 
effect of any additional pipe vibrations. 
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Fig. 4-26. Required tube length for 30-y fatigue life. 
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The second internally driven approach, uses a pivoting Flibe nozzle concept 
to reduce the strain and fatigue on the nozzle tubes, as shown in Fig. 4-27. The 
reactor chamber is sealed from the atmosphere by a bellows. The bending of the pipe 
is accomplished in the bellows above and below the pivot pin. An advantage of the 
internally driven arrangements is that only the Flibe piping inside the reactor 
chamber must oscillate. 

(•) 

3m 

2 m 

1m -

Cm 
(b! 

*10em 

Fig. 4-27. Internally driven pivoted Flibe nozzle. Motion is (a) into and out of the 
paper; (b) horizontal in v;*w. 

Beam Path Row Components. The nozzle piping that provides the beam 
path flow (Fig. 4.3.3.1-5) will be similar to but smaller than the main oscillating 
pipes. The nonsinusoidal pipe motion could be driven by a rotating cam. The 
general shape of the cam required to approach the desired trajectory of the Flibe for 
the beam path as shown in Fig. 4.3.3.1-5 is calculated in Petzoldt (1990). 

A vertical nozzle, with a constant horizontal velocity as well as the motion of 
the nozzle, produces a horizontal translating, vertical Fiibe profile. (To understand 
this it may help to consider the reference frame in which the nozzle is at rest.) An 
accelerated nozzle produces a curved Flibe profile. The nozzle need not move as far 
horizontally as the width of the beam path. The "sharpness" of the ends of the 
beam path is directly proportional to the acceleration that can be provided to the 
nozzle. 
Forces and Power Requirements 

For a repetition rate of 8 Hz, the maximum force required to be exerted on the 
base case main oscillating flow nozzle piping is about 1.2 x 106 N (Petzoldt, 1990). 

Most of the energy provided to the nozzle pipes to accelerate the pipes full of 
Flibe is returned to the flywheel as tli<? Flibe pipes are decelerated. The energy 
required to provide the horizontal motion of the Flibe that leaves the nozzle is not 
returned. The power provided to the motors to cause oscillation of the Flibe is 
about 2.7 x l 0 5 W . 
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Remaining Concerns 
There are several concerns regarding this concept that remain to be 

investigated. Some have to do with bellows life and are noted in Sec 4.3.3.4. Others 
require a more detailed nozzle design. Within each major section of the nozzles 
there are many individual nozzles 5 to 10 cm wide with spacing between the Flibe 
that is ejected from them. The spacing (30 to 50% void) between the Flibe flows 
allows expanding gases to escape from the fusion cavity. 

A base case nozzle spacing configuration should be developed. Based on this 
spacing the following studies should be performed: 

• Determine effect of fusion microexplosions on Flibe velocity. An area of 
particular concern is the Flibe directly above the target. Will this Flibe be 
slowed so much that it will not be clear of the target injection path in time for 
the next shot? 

• Veriry adequate neutron shielding of nozzles and all reactor structures. 
• Perform dynamic stress analysis of the chamber walls and internal structure. 

(This will require more detailed chamber design.) 
• Verify that beam and target injection paths are cleared with this nozzle 

spacing. 
These studies will very likely point out the need for changes in the base case 

nozzle spacing configuration. An iterative design will be necessary. 
Summary 

Oscillating flow permits a high-repetition-rate liquid-wall ICF reactor. 
Oscillating flow can provide clearing and subsequent reopening of the beam and 
target entry paths for an enclosed cavity in which the fusion blast may be contained. 
A combination of vertical and horizontal Flibe flows can shield the reactor structure 
around beam and target entry holes as well as the nozzles. A disadvantage of this 
concept is the requirement for moving parts in the reactor chamber. 
4.3.3.4 Bellows Design 

There are good reasons to believe that a long life bellows could be 
manufactured for application to HYL1FE-II. Double containment bellows pumps 
have been manufactured by Parker Metal Bellows Division of Sharon, 
Massachusetts.- They use a welded metal bellows with nested ripple plate. They use 
315 SS for the bellows material with about 25 convolutions, ~5 cm ID, -7 cm OD, -1 
cm nested length, and a ~l-cm stroke (+/- 0.5 cm). The puinps last billions of cycles 
at an operating speed of 1725 rpm (29 Hz). 

We discussed our requirement oi 20 cm stroke, 15 cm minimum ID, 773 K 
(932 Fahrenheit) and 8 Hz repetition rate with Joan Davies and Pete Driskell from 
Parker Metal Bellows. They stated that the operating frequency of the bellows 
should be less than about 1/3 of the natural bellows frequency. They did some 
preliminary strain calculations which indicated that a bellows with a 20-cm stroke 
and 8 Hz repetition rate would have to be driven independently from the end and 
center in phase to avoid being too close to resonant frequency. The bellows would 
have 176 convolutions total (88 each side) with a 0.15-mm wall thickness 16 cm ID 
and 17.5 cm OD. Joan Davies stated that tooling is available to make such a bellows. 
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4.3.3.4 Laser Illumination Alternative 
In Sec. 4.3.3.1 we presented a reactor configuration for a two-sided, ten-beam, 

heavy-ion driver. Here, we consider modifying the reactor to accommodate a four-
sided thirty-two beam laser driver. The intended illumination geometry is shown 
in Fig. 4-28. 

Fig. 4-28. Thirty-two laser beams in eight locations illuminate the HYLIFE-II target. 

We assume that a stack of four laser beams subtends a vertical angle of ±5 deg; 
the vertical angle subtended by the laser beams is ±45°. The beam paths must be 
clear of Flibe, and slots in the Flibe flow will have to be open along the beam paths. 
As shown in Fig. 4-29, we set up a spherical polar coordinate system, with Cartesian 
coordinates superimposed. The z axis is vertical, 9 is the angle measured from the r 
axis and $ is the angle measured from the x axis in the x-y plane, r = x 2 + y 2 + z 2 . The 
Ribe oscillations occur along 0 = 0 and 180 deg; the target is located at the origin. The 
beams approach along $ = 45,135, 225, and 315 deg. The beams approach along e = 45 
to 55 and 125 to 135 deg. The major concern is that the corner of the oscillating Flibe 
may not clear the beam path (Fig. 4-29). Consider the beam approaching at 4 = 45 deg 
and 9 = 45 deg. Let yo equal one half the width of the oscillating Flibe, as shown in 
the ion beam reactor nozzle of Fig. 4-30. 

Assume that y<> = 0.5 m. Then at the point of concern, 
r = yo(sin $ sin e) = 0.5 m/(sin 45° sin 45°) = 1 m. In Cartesian coordinates 
x = r sin 6 cos 4 = 1 m (sin 45°) (cos 45°) = 0.5 m, 
y = yo - 0.5 m , and 
z = r sin 8 = 1 m (sin 45°) = 0.71 m. 
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So at x = yo = 0.5 m we need clearance z = ± 0.71 m. 

Fig. 4-29. Laser beam clearance from main oscillating flow. 
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Fig. 4-30. Comparison of nozzle shapes. 

A vertical clearance z of ± 0.71 m at x = 0.5 m, y = 0.5 m is much greater than is 
available with the nozzle configuration, flow velocities, and osciUation magnitudes 
intended for the heavy ion beam design. Adjustments will have to be made in the 
main oscillating naszle, as shown in Fig. 4-30. 

Cutting the ivner corners of the oscillating flow nozzles permits the beam to 
better clear corners .> and A', the new distance y = 0.5 m/2 = 0.25 m. With beams 
approaching at e and o = 45°, x = y = 0.25 m, and z = ± (x2 + y 2 )V2 = 0.353 m. 

As we trace the beam path in Fig. 4-31 to x, y = 0.5 m, the beam would cut deep 
into the Flibe path if the ion beam reactor nozzle were used. The intended overall 
nozzle configuration is shown in Fig. 4-32. The oscillating Fiibe at the top center of 
Fig. 4-32 provides an opening for the target to be injected through. 
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Fig. 4-31. Oscillating Flibe trajectory with a nozzle motion of ±0.09 m at a frequency of 
8 Hz and a flow velocity of 36 mJs. 

Target injection path 

Oscillating 0 Not) osculating 
Fttbo Rlbe 

Fig, 4-32, HYLIFE-II Nozzle configuration. 
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As shown in Fig. 4-32, the closest approach of Flibe to the target is less than 30 
cm at points A and A'. This allows the Flibe from the main oscillating nozzles to 
protect the nozzles at points A and A' from neutrons and x-rays. It may prove 
necessary or desirable for this flow to have a component of its velocity radially 
outward rather than being a purely vertical flow. This will allow for greater 
separation between Flibe and target at time of fusion. The amount of radial velocity 
can be designed to give Flibe configuration from the section of interest shown in 
Fig. 4-33. The overall Flibe configuration at the target elevation is shown in 
Fig, 4-34. 

•THfM -1.« in W M M B I M 

t=̂  
Fig. 4-33. Portion of Flibe configuration at nozzle and target elevations. 

Fig. 4-34. Flibe configuration at target elevation. 
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The Flibe flow from the main oscillating nozzle comes much closer to the 
beam path in this configuration than in the heavy-ion case. If the leading Flibe is 
significantly slowed by residual Flibe from the previous shot, a higher Flibe velocity 
from.the main oscillating nozzles will be required to maintain a clear beam path. 

The nozzles on the diagonals oscillate independently to provide a clear path 
for the laser beams while protecting the reactor structure in a manner similar to the 
heavy-ion configuration. 

As shown in Fig. 4-35, the Flibe must flow a distance of 5 m instead of 2 m in 
one cycle, and must have higher flow velocity than the majority of the flow. Some 
of the adjacent stationary nozzles would also have the high flow rate. 

The requirement for higher diagonal oscillating flow velocity will make 
control of the beam path openings in the Flibe more difficult. 

A am K 
Fig. 4-35. Elevation cross-section of laser reactor with Flibe from diagonal oscillating 

nozzles. 

Fig. 4-36 shows a plan view cross section of the reactor with Flibe falling in 
the center. There are a total of eight structural beam housings (four upper and four 
lower). 

In conclusion, the reactor configuration is more complicated for the laser 
beam driver than for heavy ion beams. However, it appears possible to adapt the 
oscillating jet idea to more complicated geometries than two-sided heavy ion beams. 
HYL1FE-H should be able to allow for the more complicated illumination geometries 
required by lasers. 
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Fig. 44-36. Plan view of HYLIFE-H later driven reactor. 
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ABSTRACT 

Mechanical design features of the reactor 
chamber for the HYLIFE-II inertial confinement 
fusion power plant are presented. A combination of 
oscillating and steady, molten salt streams are used 
for shielding and blast protection. The system is 
designed for an 8 Hz repetition rate. Beam path 
clearing, between shots, is accomplished with the 
oscillating flow. The mechanism for generating the 
oscillating streams is described. A design 
configuration of the vessel wall allows adequate 
cooling and provides extra shielding to reduce 
thermal stresses to tolerable levels. The bottom 
portion of the reactor chamber is designed to 
minimize splash back of the high velocity (20 m/s) 
salt streams and also recover up to half of the 
dynamic head. 

INTRODUCTION 

HYUFE-n is a design study of a 1000 MWe 
inertial confinement fusion pever plant.' A 
molten salt called Flibe (I^BeEj) is used as a shield 
for neutrons and x rays and for heat transfer to the 
steam cycle. Flibe also serves to reduce blast effects 
on the vessel wall and as a medium for breeding 
tritium (used in the targets). The temperature of 
most of the vessel structure and the Flibe will be at 
6S0°C. Potential construction materials for the 
vessel are 316 stainless steel or Hastelloy N. 

Targets containing capsules loaded with nuclear 
fuel (D and T) are injected to the vessel centerline, 
then caused to implode by 12 heavy ion beams. The 
planned repetition rate for target detonations is 8 
Hz. Between esch shot, the Flibe protective blanket 
must be regenerated and Flibe droplets in the path 
of heavy ion beams must be removed. 

The subject of this paper is the mechanical 
design of the reactor chamber system. Internal 
diameter of the vessel. Fig. 1, is 6 m. 

FLIBE FLOW CIRCUITS 

Flibe shielding circuits inside the vessel vacuum 
chamber include oscillating flow, and steady flow 
(see Fig. 1). The remaining inside circuit terminates 
in spray nozzles. Flibe spray inside the vessel 
increases the liquid surface area to aid in vapor 
condensation after each shot. Two more circuits are 
contained in the vessel wall. They consist of a 
cooling circuit and a shielding circuit. 

rui! oscuAtnanowiuT 

- VACUUM n*ma Km 

run STEADY now t u r 

CALCULATED FLSE PARDCUI 
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Fig. 1. HYUFE-n Reactor Vessel 

This paper was submitted to 10th Topical Meeting on the Technology of Fusion 
Energy, Boston. Mass.. June 712. 1992. 
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The vessel first structural wall (FSW) and other 
internal metal components require about SO cm of 
Flibe shielding in order to obtain a 30-year lifetime. 
The shielding also provides blast protection and 
reduces neutron heating of the FSW. Oscillating 
flow is used to sweep out Flibe droplets from the 
previous shot and to create a pocket for the new 
shot. The pocket is bounded on two sides by the 
oscillating streams and closed at each end by steady 
streams. Twelve heavy ion beamhne paths and the 
target injection path, at one end of the pocket are 
shielded by a series of vertical and horizontal 
streams as shown in Fig. 2. Both the oscillating flow 
shields and the fixed flow shield at the other end of 
the pocket are made up of separate curved streams 
of Flibe. Line of sight shielding in any direction is 
assured by the stream curvature, and space between 
the streams allows venting of shot-induced vapor. 
Rapid venting is necessary in order to limit induced 
bulk liquid velocity toward the FSW, caused by 
pressure in the unvented vapor. 

The FSW is made from 10 cm diameter tubes 
with a 1.2 mm wall thickness. The tubes are 
separated by 2.5 cm spacer bars, 1.2 mm thick (see 
Fig. 3). This wall configuration lacks adequate hoop 
strength, so it is supported from ihe next shell by 
perforated rings spaced 30 cm apart. 

Neutron heating of the tube metal is 27 W/cm 3 . 
This results in wall heating of 3.3 W/cm 2 and 
requires turbulent flow inside the tube for cooling. 
A velocity of 1 m/s results in a Reynolds No. of 
28000 which is well into the turbulent zone. Spacers 
between the tubes are cooled by conduction to the 
tube walls, a Flibe spray on the outside, and low 
velocity (.26 m/s) Flibe on the inside. 

An additional 50 cm of Flibe provides shielding 
between the FSW and the second shell. Neutron 
heating of shell No. 2 is reduced to 0.8 W/cm 3 by 
the extra shielding. This reduction in internal 
heating was necessary to reduce thermal stress in 
the relatively thick (2.5 cm) shell No- 2. With Flibe 
cooling on the outside surface, the maximum 
thermal stress is 29.2 MPa. 

J STEAOT H » M S 
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Fig. 2. Shot Point Plan View 

VESSEL WALL CONFIGURATION 

The reactor vessel wall (Fig. 1), is necessarily 
complex in order to satisfy a number of 
requirements. The composite wall is a vacuum 
barrier and must also prevent tritium leakage to the 
atmosphere. In addition, the wall is subjected to 
cyclic pressure loads, and needs to be cooled to carry 
away neutron heating thermal loads. 

- SPACER 8AB5 

SPACER KNG3 

Fig. 3. Vessel Wall Construction 
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Fig. 4. Flibe Shielding Streams 

Shell No. 3 i? -.5 cm. thick also and is separated 
from shell No J. by a 2.5 cm gap. Flibe flowing in 
this annular space at 1 m/s velocity will cool both 
shells. The internal neutron heating rate of .57 
W / c m 3 in shell No. 3 results in a maximum 
thermal stress of 21 MPa. 

A gap of 10.2 cm separates shell No. 3 and shell 
No. 4. This gap is filled with a permeable insulation 
to allow flow of a purge gas. Shell No. 4 is 1.6 mm 
thick and is supporter1 from shell No. 3 by support 
rings spaced 46 cm arart. 

OSCILLATING FLOW 

Oscillating flow in two opposed Flibe streams, 
subsequent to a shot, establishes a new pocket for 
the next shot. Pressurized Flibe is piped to two fixed 
nozzles inside the vessel where downward velocity 
of 16 m/s is established (see Figs. 1 & 4>. Streaira 
from the nozzles enter an oscillating deflector 
system that is mechanically driven from outside 
the vessel. There is a small gap between the nozzle 
and the deflector. No seal is needed at this location 
as there is no change in pressure. Deflectors are 2 m 
in length from the shaft centerline and are rotated 
±_ 2.5 degrees. Shaft centerlines are 1.2 m apart. 
Streams emerge from the opposed deflectors with 
sine wave motion and merge to form the pocket 
(Fig. 1). As a new pocket is formed the previous 
one grows larger- Both the oscillating and fixed 
stream nozzles could be sectioned and supplied 
with.lower temperature Flibe to form a lower 
temperature (475°C) shot cavity liner. This would 
only be done if it were necessary to accelerate 
condensation of shot generated Flibe vapor. 

Pressure from Flibe vaporization at shot time 
causes additional pocket expansion and breakup. 
The calculated envelope of Flibe particles with a 
7 m/s shot induced motion of the pocket wall is 
shown in Fig. 1. 

OSCILLATING FLOW MECHANISM 

Flow deflectors are shaft driven from outside 
the reactor chamber. A rotary seal system will be 
needed to prevent air from leaking in and tritium 
from leaking out (Fig. 5). Labyrinth hardware inside 
the vessel will protect the first seal from Flibe 
liquid, but not Flibe vapor. Thus the first seal may 
need to Tun at a temperature above the freezing 
point of Flibe. Space between the first and second 
seals will be vacuum pumped to capture any 
tritium that leaks through. An inert gas at slightly 
above atmospheric pressure will occupy the space 
between the second and third seals. This will 
prevent oxygen from entering the differential 
vacuum pumping system. 

Fig. 5. Flibe Deflector Drive Shafts 

Each drive shaft is supported by two main 
bearings, one outside and one inside the vacuum, 
chamber. Oil (or grease) lubricated radial and thrust 
bearings are used outside the vacuum chamber. A 
Flibe lubricated hydrostatic bearing is proposed for 
use inside the chamber. A graphite bushing could 
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be used with a metal shaft. A layer of pressurized 
Flibe will prevent contact of the surfaces during 
operation. 

Both the deflector assembly inside the vessel 
and the crank outside are counter-weighted for 
dynamic balance. The cranks are oscillated by a shaft 
with crank throws 180 degrees apart. Horizontally 
opposed connecting rods connect the crankshaft to 
the deflector cranks (see Fig. 6). 

The large forces required to oscillate the flow 
deflectors are horizontally opposed and will 
consequently cancel out in the bearing block 
assembly. Only +2.5 degrees of travel of the Flibe 
deflectors are required. With careful balancing of 
the two Cicillating assemblies, the vibration 
transmitted to the vessel can be minimized. 
Preliminary design calculations indicate that the 
oscillating flow mechanism can be designed with 
stresses below the endurance limit. 
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fif,. 6. Deflector Drive System 

HEAD RECOVERY SYSTEM 

The head recovery system has two main 
functions- The first one is to prevent splash and 
upward deflection of rapidly ( > 16 m/s ) falling 

Flibe streams. Partial recovery of the dynamic head, 
prior to the pump inlets, is the =<;cond goal. The 
design selected to accomplish both functions is 
shown in Figs. 1 and 2. Downwaid moving Flibe, 
below the shot point elevation, will encounter a 
central cone, the vessel wall, or the turning vanes 
directly. In all cases the flow is directed into the 
turning vanes where the direction is changed to 
near horizcntal. After a small void zone, flow will 
join (and maintain) a rotating volume of liquid. 
Liquid then exits the annular volume at four 
locations and enters diffusers where velocity 
decreases and static head increases. Each diffuser 
feeds three Flibe pumps (see Fig. 7). 
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Fig. 7. Reactor Building - Plan View 

POWER CONSUMPTION 

Operating the HYLIFE-II reactor vessel 
consumes a considerable amount (43 MW) of 
power. The main power requirement is for 
pumping Flibe. 

Pumping power for the Flibe pumps was based 
on a differential head across the pumps of 20 m. 
The outlet pump head of 31 m is a total of 13 m of 
velocity head at the nozzles, 10.5 m of lift and 7.5 m 
of pipe friction and minor losses.2 The head 
recovery section of the vessel is estimated to 
recover 11 m of head at the pump inlet. Table I is a 
summary of the Flibe pumping flow rates and 
power. A pump mechanical efficiency of 80% was 
used to calculate the drive power needed. Most 

4-56 



(89%) of the power used is for high speed (16 m/s) 
shielding flow inside of the vacuum chamber. The 
increase in Flibe flow rate and pump.ng power over 
that listed in previous work 2 is due to larger 
oscillating flow nozzles (to allow for beam path 
clearing), more wall flow and the addition of the 
shielding tray. 

Another power requirement is to drive the 
oscillating flow deflectors. The deflectors add a 
time-varying horizontal component to the Flibe 
velocity. This horizontal kinetic energy is dissipated 
and must therefore be supplied by a drive motor. If 
the motor were 90% efficient and the mechanical 
drive system 80% efficient, then .93 MW of 
electrical power would be used. 

Flibe 
TABLE I. 

Pumping Parameters 

FLOW CIRCUIT FLOW RATE 
(mVs) 

PUMP POWER 
(MW) 

Internal 
fixed nozzle 23.5 11.5 

Internal 
oscillating flow 33.6 16.5 

Beam shielding, 
vertical flow 6.1 3.0 

Beam shielding, 
horizontal flow 7.2 3.5 

Shell 1, tubes 1.1 0.6 

Between shells 1 & 2 2.6 1.3 

Between shells 2 & 3 0.6 0.3 

Spray nozzles 9.7 4.8 

Shielding tray 0.8 0.4 

TOTAL 85.2 41.9 

SUMMARY 

The major design problems of the HYLIFE-II 
reactor chamber have been addressed. Shielding 
and first wall protection are provided by internal 
Flibe streams, These streams provide about 50 cm of 
F'.ibe thickness for FSW shielding. Debris in the 
beam path is cleared by oscillating flow as a new 
pocket is formed, prior to a shot. The oscillating 
flow mechanism will need an 850 kW drive motor. 
The total Flibe flowrate required is 85 m 3 / s , and the 
pump drive motors will need to deliver 42 MW of 
power. The bottom section of the vessel is designed 
to prevent splash back and recover 50% (estimated) 
of the dynamic energy in the Flibe as it exits the 
chamber. The vessel wall is designed to handle a 
heat flux of 27 W/cm 3 at the first shell (made from 
tubes and spacers). An additional 50 cm of Flibe 
shielding reduces the heat flux to 0.8 W/cm 3 at the 
second shell (2.5 cm thick). The fourth shell is 
insulated from the high (650°C) temperature third 
shell and will serve as a tritium barrier. 
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4.4 Hydraulic Design 

4.4.1 Jet Configuration and Nozzle Design 
The jet configuration desired for HYLIFE-II is similar to that of HYLlFE-l, i.e., 

0.3 m rather than 0.5 m inside radius and a rectangular cross section for high 
packing factor of up to about 70% at the nozzles and only slightly less at the 
midplane. Because of Flibe's density, whish is higher than lithium by a factor of 
four, the effective thickness (thickness times packing factor) is 0.4 m rather than 0.74 
m. Its differences are the use of oscillating jets, as discussed previously.- a nominal 
outer radius of 3.0-m rather than 5 m, and the need for spray nozzles tor 
condensation enhancement (about 1 mm diameter) in addition to the 0.05-m-thick 
jets. 
Access for Beams 

HYLIFE-I provided for two very narrow beams illuminating the target of 
either lasers or heavy ions as shown in Fig. 4-37. This simple illumination 
geometry is not consistent with current views of either beam technology or target 
requirements. When HYLIFE-I design was starting almost 15 y ago, and especially in 
1985 when the final report was written, such a simple illumination geometry was 
not considered reasonable by target and beam designers. With HYLIFE-II we hope to 
use realistic beam illumination and target performance. 

For lasers with indirect drive it is thought that a gain of 70 at 5 MJ can be 
obtained if 32 laser beams are arrayed as shown in Fig. 4-37. The beams lie on two 
cones of 100° with four azimuthal locations on each cone. On each cone at each 
location azimuthally there are four beams. These four beams can be considered to 
be on different cones close to the 100°. Another view of the laser beams is shown in 
Fig. 3-1. A view looking down is shown in Fig. 4-38 where only four locations are 
shown each shadowing eight beams. This is done intentionally so the vertical jets 
or falls can have the minimum number of penetrations. 

In the case of heavy ions, the prediction is that two-sided illumination is 
adequate although one-sided illumination may be equally practical; however, space, 
charge effects at low energy in the accelerator limit the energy deliverable in a single 
beam, so that multiple beams are needed to get the nominal 5 MJ. Figure 4-39 shows 
a modified arrangement where five hesivy-ion beams from two sides illuminate the 
target in HYLIFE-II. The five beams are in each others's shadow to accomodate the 
geometry of the jet fall, as shown in Fig. 4-40. This arrangement needs design effort 
to show that it will work. 

It is important to provide shielding to each beam port. No direct line-of-sight 
is permitted to the beam port or any solid (non-liquid) material until a distance 
much greater than the 3-m nominal first-wall distance. To accomplish this 
transverse jets will be located above and below each heavy-ion beam or each set of 
four laser beams. An example of this is shown in Fig. 5 of the executive summary. 
Vertical jets very near the beam edge as shown in Fig. 4-40 will complete the 
shielding of x-rays and debris. If these jets are thick (>0.4 m) then neutrons will also 
be strongly attenuated. The shield made of such materials as steel or tungsten and 
borated water further shields the magnets behind the beam port (Fig. 4-40). 

4-58 



HYUFE-I 
HYLIFE-II 

Fig. 4-37. Thirty-two laser beams in eight locations illuminate the target in HYLIFE-Il. HYLIFE-I had two-sided illumination. 
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Fig. 4-38. Thirty-two laser beams illuminate the target from four sides, as shown in the midplane aoss 
section of the HYUFE-II reaction chamber. Note that the more advanced Flibe jet design (Sec. 
4.3.3.4) is not indicated here. 
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Fig. 4-39. Five heavy-ion beams from two sides illuminate the target In HYLIFE-II. 
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Fig. 4-40. Top and side views of the five heavy ion beams that illuminate the target in HYUFE-II from 
one side. 
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4.4.2 Primary Coolant Loops for the Three-Chamber Design 
Reactor chamber, Flibe jet array geometry, and tradeoffs. 

The leactOT and two typical primary Fttbe coolant loops are shown Fig. 4-41. 
One of the chambers required for Case A is shown roughly to scale in Fig. 4-42. The 
dimensions are based on the many conditions the chamber must satisfy. The 
geometry of Case A is assumed to meet the following requirements: 
• The selected injection velocity V0 of 11.6 m/s along with the effective fall distance 
between shots H'faii of 5.0 m will permit the desired repetition rate of about 2.7 Hz 
for 1000 MWth per chamber (assuming a reference pellet gain G = 70 and driver 
energy Ed = 5 MJ). 
• The effective line thickness of 0.50 m for the Flibe jet array at the midplane will 
ensure an adequate tritium breeding ratio. 
• This effective thickness and the fall distance of 5.0 m at the moment of the 
roicroexplosion are sufficient to protect the entire chamber first wall, including the 
bottom regions, from the neutrons and to limit the displacements per atom (dpa) to 
less than 200 for the desired 30-y life at 70% capacity (21 full-power years of 
operation). 
• The chamber radius of 3.5 m and the appropriate wall thickness are adequate to 
result in impact stresses that meet the fatigue life requirements for a 30-y life. 

Fig. 4-41. Elevation v>*"v of reactor building showing two of the primary loops. 
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Fig. 4-42. Sketch of the reactor chamber for Case A and a typical primary loop (approximately to 
scale). The jet array is shown at the moment of the miccoexplMion. 

• The reservoir at the top can be designed to produce the desired injection velocity 
and to protect the inner edge of the nozzle plate using the concept evolved in the 
HYUFE-I design. 
• The ^lash pool at the bottom can be designed with the proper exit hole and 
central cusp dimensions to avoid the need for a splash baffle (as proposed in the 
HYLIFE-I study). 

There are two major differences between the Case A chamber for this Flibe 
HYLIFE-II and the lithium HYLIFE-I design. Both differences result from the selection 
of a smaller, more compact chamber that takes advantage of the fact that we are 
operating at a much lower fusion yield per shot than HYUFE-l. The first difference is 
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that by shortening the fall distance H'faii from 8.0 m to 5.0 m and by increasing the 
injection velocity from 9.5 m/s to 11.6 m/s, we are able to increase the repetition rate 
of 1.5 Hz in the HYLIFE-I design to about 2.7 Hz. The second difference is the radius 
of the chamber first wall. Scaling from Meier (1988) shows that a 3.5-m-radius 
chamber, with an effective Flibe jet array thickness of 0.5 m, would see less than 
200 dpa over a life of 21 full-power years. However, it has not yet been verified that 
a radius of 3.5 m will meet the fatigue-life requirement. Because the yield of a 
HYLIFE-II shot is only 350 MJ compared to 1800 MJ for HYLIFE-I, there is reason to 
believe that the smaller chamber radius is feasible. 

The injection velocity of 11.6 m/s is a result of the choice of the fall distance 
between shots of 5.0 m and the requirement to produce 1000 MWth in each of the 
three chambers. To show the tradeoffs involved, several key variables of the jet 
array are plotted against the injection velocity for three possible ;fall distances: 3.5, 
5.0, and 7.0 m in Figs. 4-43 through 4-45. The maximum allowable repetition rate 
frep for one chamber is plotted in Fig. 4-43a and the corresponding fall time is shown 
in Fig. 4-43b. These maximum allowable repetition rates do not include any 
allowance for the disassembled jets to move out of the center region of the chamber 
after the microexplosion, typically about 20 to 30 ms; this has been neglected in this 
phase of the study. Using these maximum allowable repetition rates with the 
specified reference driver energy of 5 MJ, the reference pellet gain G of 70 and the 
reference total fusion energy multiplication M t of 1.065, the average thermal power 
produced by one chamber was calculated from the following equation and plotted in 
Fig. 4-44. 

P t h per chamber = E^ • G • frep • M t . 

For the case of three chambers producing a total of 3000 MWth, we require 
1000 MWth from each chamber. As a result, Case A can be defined at 1000 MWth 
per chamber for an effective fall height of 5.0 m (Fig. 4-44). The corresponding 
required repetition rate per chamber is about 2.7 Hz (Fig. 4-43a), and the jet volume 
flow rate per chamber is about 45 m 3 / s (Fig, 4-45a). Ihe fall time is about 370 ms 
(Fig. 4-43b). The 11.6-m injection velocity requires an effective static head above the 
nozzle exits of about 6.9 m (Fig. 4-46). 

If we keep the repetition rate at 2.7 Hz, but are somehow able to reduce the fall 
height between shots from 5.0 to 3.5 m, then we can use Case B (Figs. 4-43,4-44, and 
4-45) to produce 1000 MWth in each of three chambers. The required injection 
velocity is about 7.6 m/s and the effective static head is about 2.9 m (Fig. 4-46). It is 
not clear if a more compact chamber with a fall height of only 3.5 m is feasible. 
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Fig. 4-43. (a) Maximum pulse repetition rate per chamber as a function of injection 
velocity for three fall heights of the liquid jets between microexplosions. 
Conditions for Cases A, B, and C are indicated, (b) The fall time of the 
liquid jets between microexploiioiu (a). 
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Fig. 4-44. Thermal power produced per chamber for a pellet gain of 70, a driver 
energy of 5 MJ and a Mt of 1.065 for the three cases of Fig. 443. 

As shown in the discussion of costs (Sec. 9), the cost of electricity would be 
roughly 15% less if we needed only two chambers instead of the three required in 
Cases A and B to produce a total thermal power of 3000 MWth and, hence, a net 
electric power output of about 1000 MWe. There are three ways we might reduce 
the number of chambers from three to two. We must increase either the driver 
energy, the pellet gain, or the repetition rate (or some combination of these 
parameters) because the average thermal power produced by all chambers is given 
by 

Total Pth = Ed • G • f r e p • M t • Nchamb . 

The pellet gain vs. driver energy required to produce a total of 3000 MWth is 
given in Fig. 4-47 for two and three chambers. The figure, drawn for the Case A 
geometry with a fall height of 5.0 m between shots, implies a maximum allowable 
repetition rate of about 2.7 Hz. If a gain of 100 were possible along with a driver 
energy of about 5.1 MJ, only two chambers would be required. On the other hand, at 
a gain of 70, a driver energy of about 7.5 MJ would be required to produce 
1500 MWth in each of the two chambers. Because we do not know if the higher 
values of pellet gain and/or driver energy are possible, we cannot choose one of 
these options at this time. 
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Fig, 4-45. (a) Volume flow rate of thr liquid jets per chamber for the three cases of 
Fig. 4-43. (The curves for the fall heights of 5.G m and 7.0 m are almost 
the same.) (b) Mass flow rate of the liquid jets per chamber for the same 
conditions as (»). 
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Fig. 4-46. The equivalent static head required in the upper reservoir of the reaction 
chamber to achieve a desired injection velocity. 
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Fig. 4-47. Combinations of improved pellet gain and driver energy required to go 
from three chambers to two chambers and stii! produce a total thermal 
power of 3000 MWth (for repetition rate * 2.7 Hz and M ( * 1.065). 
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An alternate way to reduce the number of chambers needed is to increase the 
repetition rate. As mentioned, the repetition rate can only be increased by 
shortening the fall height between shots. This may be possible if a smaller chamber 
can be shown to be able to take the impact stresses and neutron damage over the 
desired 30-y life. For example, if a fall height between shots of 3.5 m (the same as 
assumed in Case B) can be achieved along with a higher injection velocity of about 
13 m/s, then Case C (Figs. 4-43,4-44, and 4-45) would require only two chambers to 
produce 3000 MWth. Unfortunately, this injection velocity requires an effective 
static head of about 8.5 m, as shown in Fig. 4-46. If il is possible to devise some way 
to use closed, pressurized pipes to feed the nozzles (e.g., with accumulators to reduce 
the water hammer effects) instead of a static head with a free surface, then Case C 
might be attractive. However, it would be most desirable to be able to use higher 
pellet gain and/or driver energy to reduce the number of chambers from three to 
two or, better yet, a single chamber. 

The key parameters for these three cases are summarized in Table 4-2. Case A 
is the most conservative; Cases B and C ara more optimistic. It would be nice to 
compare these cases with the original lithium HYLIFE-I design of Blink et al. (1985). 
However, a direct comparison is not meaningful because the yield per shot was so 
different from the present Fli^e HYLIFE-II designs. For a more meaningful 
comparison, L̂ e original lithium HYLIFE-I design was modified in an approximate 
way to account for a reduction in the yield per shot from the original 1800 MJ to the 
present 350 MJ. This modified HYLIFE-I would require three chambers to produce a 
total of about 3000 MWth, assuming an effective fall distance between shots of 5 0 m, 
as in Case A. 

It can be seen from Table 4-2 that the Flibe HYLIFE-ll Case A design is 
reasonably similar to the modified lithium HYLlfE-l design. Tuus, the advantage of 
using Flibe to eliminate the fire hazard of lithium can be obtained with the major 
penalty being an increase in the required pumping power. 

Primary loop flows and required pumping power. The primary Flibe flow 
exiting the bottom of the reactor is divided into two flows (Fig. 4-48). Most of the 
flow bypasses the IHX; for Case A, about 95.6% of the flow from the reactor goes to 
the bypass flow. Only 4.4% of the flow goes to the IHX. This percentage gives a 
100 °C temperature drop on the primary side of the IHX, resulting in a compact IHX 
design and an acceptably low pressure drop across the IHX. After the flow is cooled 
in the IHX, most, or all, of it is used to produce a spray of small droplets in the 
chamber to enhance the surface area for condensation after the microexplosion. 

The molten salt pumps designed for the primary loop of the molten salt 
breeder reactor (MSBR) (Rosenthal et al., 1972), wera adopted without modification 
for the Flibe pumps in the first phase of this study. The pumps were designed to 
provide a head of up to 46 m with a flow rate of about 1.2 m 3 / s . For a total flow rate 
of 46.8 m 3 / s for Case A 33 pumps will be required for the bypass flow and 2 pumps 
for the IHX flow (Table 4-2). 

The required pumping power is based on the assumption that none of the 
dynamic head in the jet array is recovered in the splash pool at the bottom. A 
preliminary estimate for Case A indicates that the required pump head for the 
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Table 4-2. Primary loop parameters and pumping power. 

Flibe HYUFE-n Designs Modified 
Case A CaseB CaseC I LIf-s-I* 

Chambers (No.) 3 3 2 ", 
H'Fall between shots (m) 5.0 3.5 3.5 5.0 
Hmid plane «m) 3.5 2.5 2.5 4.0 
V 0 (m/s) 11.6 7.6 12.9 9.5 
AH 0 (m) 6.9 2.9 8.5- 4.6 
Repetition rate, fR e p (Hz) 2.68 2.68 4.03 2.68 
(Effective thickness)mid (m) 0.50 0.50 0.50 0.74 
(Packing factor)mid 0.50 0.50 0.50 0.50 

mjets/chamber (kg/s) 91,302 66,044 94,014 35,160 
Qjcts/chamber (m 3/s) 44J6 3237 46.09 72.2 
Qspriy(orFVV)/charnb (m 3/s) 2.06 2.06 2.06 (23.8) 
Qtotai /chamber 46.82 34.43 48.15 96.0 

mh to 1 IHX/chamb. 4200 4200 6300 2070 
iThoflHX CC) 100 100 100 -100 
HXQh/chamb. (m 3/s) 2.0S 2.06 3.09 2.45x4 
Qbypass/chamb. (mVs) 44.76 32.37 46.45 76.4 
Bypass (%) 95.6 94.0 96.5 88.63 

MSBR pump>/Ch. for bypass flow 38 27 39 (9) 
MSBR pumps/Ci.. for IHX flow 2 2 3 (2) 
PthtoeachlHX (Mw) 1000 1000 1500 -1000 
V in piping (m/s) 4.0 4.0 4.0 6.9 
Dpipe (m) 0.6 0.6 0.6 1.2 

Total pump head (m) 20.0 14.0 21.6 (17.6) 20.0 
Ipump (®* 62 62 62 (35) 62 
Pp/ehamber (MWe) 30.2 15.5 31.1 (22.9) 14.7 
Total Pp(primary loop) (MWe) 90.6 46.5 62.2 (6S.7)44 1 

"Numbers in parentheses are the original HYLIFE-I values. 

bypass loop is about 20 m. This is made up of 1.7 m for friction and minor losses, 2.8 
m suction head on the pumps, and 15.5 m gravity head. The required net positive 
suction head of 2.8 m was estimated using the same specific speed N s of 2725 and 
suction specific speed S s of 11,000 (in units of rpm • gpm a 5/ft°- 7 5) chosen for the 
HYLIFE-I design (Laser Program Annual Report, 1978). It was assumed that this was 
the head required at the pump inlet. 

In the HYLIFE-I design, electromagnetic pumps (EM) with an efiiciency of only 
about 35% were used to pump the lithium in order to avoid the uncertainties 
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associated with the pulsed loads on the blades of mechanical pumps. EM pumps 
cannot be used for HYLIFE-II because the electrical conductivity of Flibe is too low. 
Therefore, mechanical pumps must be used even though the problem of the pulsed 
loads on the blades remains. The mechanical pumps are assumed to have an 
isentropic efficiency of about 62%, the same value estimated for the mechanical 
pump option of HYLIFE-I (Laser Program Annual Report, 1979). 

The pumping power required for Case A is about 30 MWe per chamber 
(Table 4-2). This is higher than the 14.7 MWe estimated for the modified HYLIFE-l 
primarily because the density of Flibe is about four times higher than lithium, while 
the volume flow rate of the Flibe is about half that of lithium. (The values of the 
required head and pumping power for HYLIFE-I shown in parentheses in 
Table 4.4.2-1 are the original, unmodified values.) Cases B and C require less total 
pumping power than Case A, but, as mentioned, it is not clear that these cases are 
feasible. 

More recently, studies of mechanical pumps for liquid metals for the 
Pulse*Star inertial confinement fusion (ICF) reactor have indicated that pump 
efficiency could be as high as 80% (McDowell and Murray, 1984). If we are able to 
obtain a pump efficiency of 80% for the molten salt pumps, the pumping powers 
listed in Table 4-2 would be reduced by about 23%. In addition, these pumps had a 
flow capacity of about 5 m 3 /s . If pumps of this capacity could be designed and built 
for the molten salts, only 9 would be required pumps for the bypass flow of Case A 
instead of 38 pumps of the size proposed for the MSBR. Then, using pipe of 1.2 m 
diameter instead of 0.6 m, the velocity in the pipes and hence the pressure drops 
would be about the same as the values given in Table 4-2. This would result in 
significant improvement and simplification in the piping system for the Flibe 
primary loop. 

We can conclude from this discussion that the Flibe jet array and chamber 
design of HYLIFE-II are quite similar to those for lithium jets for a HYLIFE-I reactor 
modified to account for the lower pellet gain of today's designs. However, the Flibe 
pumping power is about a factor of two higher than for the lithium jets. It should 
be emphasized that in both cases three chambers are required to produce a net 
electric power of about 1000 MWe for the assumed pellet gain and driver energy. 
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Fig. 4-48, Sketch of the two major primary loop flows out of the reaction 
chamber: the bypass flow and the IHX flow. Also shown is the 
tritium removal flow. 
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Selection of the ''best" piping size. A preliminary study was performed to 
determine the impact of pipe diameter on pumping power and Flibe inventory. For 
this study, mechanical pumps with a capacity of 5 m 3 / s and an isentropic efficiency 
of 80% were assumed. For Case A, only 9 of these pumps are required for the bypass 
flow per chamber. Thus there are only 9 pipe loops require7 jr the bypass flow 
instead of the 38 pumps and loops shown in Table 4-2 wh . the smaller MSBR 
pumps are used. 

The results of this study are plotted in Fig. 4-49. It can be seen that there is an 
optimum pipe diameter of about 0.8 m for a minimum Flibe inventory of 
610 m3/chamber. However, the total liquid height L'2 shown in Figs. 4-41 and 4-42 
is almost 25 m (Fig. 4-49b), the pumping power required per chamber is about 36 
MWe (Fig. 4-49c) and the velocity of the Flibe in the pipes is about 10 m/s. If we go 
to pipe diameters of 1.0 m, the Flibe inventory increases by only about 8%, while the 
pumping power required decreases to about 25 MWe per chamber, the total head 
decreases to about 21 m, and the Flibe velocity decreases to about 6.3 m/s. This 
lower velocity should lead to substantially less erosion of the pipes. Thus, the best 
pipe diameter for Case A is probably close to 1.0 m. 

Additional Flibe flows required. It was mentioned earlier ar.d indicated in 
Table 4-2, a flow is required to produce a spray of Flibe droplets in the chamber to 
enhance the condensation of vapor produced by the microexplosion. In the initial 
calculations, the spray flow rate was assumed to be about equal to the IHX flow rate 
of 2.06 m 3 /s . If the flow can be injected in such a way as to create. 1-mm-diameter 
droplets (e.g., by using impinging jets, as in chemical rockets), they will create over 
6100 m 2 of surface area for an injection velocity of about 10 m/s. The surface area of 
the disassembled Flibe jets will be about 2300 m 2 if the average fragment size is about 
4 cm. Therefore, these uroplets will increase the surface area by a factor of about 2.7. 
At present, we do not know how much surface area is required to give the desired 
short condensation time. This is one area where further work is required. 

A second area requiring further work is that of chamber cooling. In this study 
we assumed that essentially all fusion energy was deposited in the Flibe jets and that 
a negligible fraction of the energy was deposited in the chamber walls. It was also 
assumed that the neutron energy multiplication factor in the Flibe jets was about 
1.08, which results in a total fusion energy multiplication factor of 1.065. Recent 
neutronics studies by Tobin (1989) indicate that the total fusion energy 
multiplication factor is actually closer to 1.14 and that about 7.75% of this energy is 
deposited in the chamber. This indicates that some Flibe flows will be required to 
cool the chamber first wall and the reflector. These additional coolant requirements 
will be included in the FY90 study. 
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Fig. 4-49. (a) The Flibe inventory per chamber as a function of the piping inside diameter for nine 
bypass loops and one IHX loop, (b) The total height required (Figs. 4-41 and 4-42) vs. the 
pipe diameter, (c) The pumping power required vs. the pipe diameter (for a pump 
efficiency of 80%). (d) Flibe velocity in the pipes vs. the pipe diameter. 
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4.4.3a. Chamber Clearing System and Condensation Studies 
The repetition rate is a key factor in any ICF reactor design. For HYLIFE-H it 

depends mainly upon two factors: 
a. restoration of chamber vacuum by condensation of vapor and pumping of 

non-condensable gas. 
b. restoration of the Flibe jet array. 
The required chamber vacuum for beam propagation to the fusion fuel pellet 

sets the requirement for the condensation process and depends upon the method 
employed, whether laser or heavy-ion beams. As discussed in section 3.4, lasers 
permit an atom density of about 1 x 10 2 2 nv3 (Sacks, 1988) or an absolute pressure of 
160 Pa (1 Torr.) while for heavy ions, the atom density allowed is about 2 x 10 1 9 n r 3 

corresponding to a pressure of 10"1 Pa (lO*3 Torr). These pressures determine the 
upper limit on Flibe (I^BeF,*) temperature in the pool (890 °C for lasers, 610 °C for 
heavy ions). More recent work described in Sec. 3.5 gives a density limit for lithium 
of 3 x 10 1 8 m-3 for a 7-m stand-off distance {focus magnet to chamber center) and 5% 
stripping. Our stand-off distance is 5 m and Flibe will have a higher cross-section 
than lithium by a factor of two or more. Using 3 * 10 1 8 n r 3 corresponds to a Flibe 
temperature at the equilibrium vapor pressure of 560 °C or 833 K. For this low 
pressure an extra cool spray of Flibe in the vicinity of the beam paths would be 
needed. At present this is inconsistent with the temperatures coming from the 
balance of plant design. This is an item to resolve in future work. The required 
chamber pressures also determine pumping requirements for non-condensable gas. 

In HYLIFE-I it was assumed that the surface area produced by fragmentation of 
lithium jets, an increase of two orders of magnitude, would be ample to 
accomplish condensation in less than the required 500 ms. Since the process of 
fragmentation by isochoric heating is very complex and remains rather uncertain, 
HYLIFE-II will utilize a spray of cool Flibe liquid to enhance the condensation process 
and achieve design control. 

The expected sequence of events is shown in Table 4-1. The basic ch; suAo^-' 
is similar to that in HYLIFE-I but details will change as design choices for HYLIFE-II 
are made. This table defines the critical processes and interactions that will set the 
requirements for chamber clearing. Briefly, the energy manifestations of the 
explosions include x rays, debris kinetic energy and neutron kinetic energy. The 
x-ray energy is deposited in a thin layer, about 10 to 40 Mm (Fig. 4-4) of the exposed 
surfaces of Flibe jets. This vaporizes and dissociates and partially ionizes a small 
amount of material which tends to implode onto the site of the explosion. It also 
drives a shock wave into the liquid which may spallate the rear surface. As the 
vapor expands toward the center of the chamber it also catches the outward-moving 
target debris, significantly increasing the vapor energy. After compressing to 
stagnation and thermalizing, the hot vapor expands radially, producing a blast wave 
traveling toward the Flibe jets. The vapor simultaneously radiates to the jet surfaces 
causing additional vaporization. Most of the vapor eventually vents through the 
jets. However, flow from the explosion in the upward and downward directions 
provides additional venting. 

When the blast encounters the jets, there is a reflected shock and a 
transmitted shock. If the geometry is sufficiently spherically symmetric, this 
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reflected shock wave may coalesce at the chamber center, forming a secondary 
implosion. As this reexpands, it may result in a second, weaker blast wave moving 
through the jet array. Vapor vents through the jet array behind the transmitted 
shock and interacts mechanically and thermally with the jets. Some fragmentation 
is expected from this interaction. 

Neutron energy is distributed throughout the Flibe jets, however in contrast 
with lithium, the neutron attenuation is much stronger so that the volumetric heat 
source at the inner radius of the array is more than several thousand times greater 
than at the outer surface (Liu and Schrock, 1988) if we presume the geometry of 
HYLIFE-I. Considering the smaller chamber design of HYLIFE-II this factor is 1090. 
This energy is deposited in tens of nanoseconds, too fast for the liquid to respond (it 
is called isochoric heating, i.e., heating at constant volume). Although the absolute 
temperature rise in the Flibe is modest (about 50° C) given the positive coefficient of 
thermal expansion of the material, a sudden rise in pressure is initiated. This rise is 
followed by a rarefaction wave propagating from the surface toward the center of the 
jets. Radial flow outward behind the wave generates tension in the liquid which 
may fracture, and possibly fragment the jets. 

Vapor that has vented through the jets proceeds as a weaker blast and impacts 
the first structural wall (FSW). Momentum imparted to fragmented jets by the vapor 
results in a train of liquid particles impacting the FSW about 50 to 100 of milliseconds 
after the explosion. In the example, Table 4-1, a repetition rate of 8.1 Hz is achieved. 

Condensation studies have confirmed the feasibility of the spray 
condensation approach (Bai and Schrock, 1990a). The problem is highly transient 
with the vapor pressure being reduced by about 7 or 8 orders of magnitude in a 
period on the order of 1C" ms. The details of the condensation problem are 
described in the following section. 

4.4.3.b Condensation 
Condensation in a HYLlFE-n inertial confinement reactor is a highly transient 

process. After the microexplosion of a fuel pellet, a vapor pressure of hundreds of 
megaPascals builds up at the center of the cavity. On the other hand, to clear the 
beam path for the next ion beam bombardment, the pressure must be lowered to 
about 0.1 Pa. For a repetition rate of 8 Hz the maximum time available for 
condensation is only 125 ms. 

Previous studies of ICF condensation (e.g., Pong, 1985) have considered, via 
one-dimensional modeling, the simultaneous effects of the kinetics of phase 
transition (evapcration/condensation), the presence of noncondensable gas, and the 
thermal resistance of the liquid that acts as the heat sink. Such calculations are 
valuable from the standpoint of understanding the relative importance of each 
phenomenon at various stages of the condensation process. However they do not 
include all of the factors that enter into ;ie overall process within an ICF reactor. In 
the actual reactor the available condensation surface area varies with time and is 
strongly dependent on the interaction between the blast material and the neutron 
absorbing liquid curtain. In the HYLIFE-I study, the liquid jets were presumed to be 
r >ken up into small drops (Blink, 1985), thus providing a large surface area for 

,ndensation. Additional fragmentation of drops would be caused by the high 
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Weber number associated with the blast material (Wallis, 1969). In addition to 
surface area variations, the boundary conditions at the vapor-liquid interface vary 
in both space and time. These additional effects must be taken into account in the 
design of the reactor. 

The starting point for the condensation analysis is the evaluation of the 
vapor production. As shown in the chronology of physics events, Table 4-1, x rays 
emanating from the hot material of the microexplosion ablate a thin layer of liquid 
from the exposed surface of the innermost Flibe jets. This material starts largely as 
dissociated and ionized vapor as it implodes onto the site of ihe explosion. It is 
additionally heated by the target debris. It radiates to vaporize additional liquid 
from the jets before rebounding as a blast wave against them. Glenn (1980) carried 
out detailed calculations for this process for lithium jets in the HYLIFE-1 study. Flibe 
is a more complex material and its properties are less well known than are those of 
lithium. Calculations comparable to Glenn's have yet to be done for HYLIFE-II, so 
the mass and state of the vapor impacting against the Flibe jets is still quite 
uncertain. Bai and Schrock (1990b) have studied the initial interaction vis-a-vis 
condensation or evaporation. Their model shows that for Flibe vapor pressure of 
44 MPa and temperature of 4,000 K, there will be condensation initially, reversing to 
evaporation at 20 us. If the temperature is 8,000 K, the reversal will occur at 6 |is and 
at 11,000 K it will occur at 0.5 (is. For practical purposes, then, when the vapor is in 
the high-temperature range, evaporation from the jets will occur as the vapor vents 
through them, while if the vapor temperature is in the range of 4,000 K, 
condensation occurs onto the jets during venting. Mere detailed gas dynamics 
calculations are planned to resolve the uncertainty about vapor temperature as the 
blast encounters the jets. 

Chen and Schrock (1990a) have analyzed the pressure field during relaxation 
of the jets following isochoric heating. They have shown that liquid tension is 
highly peaked at a particular radius anil conclude that cylindrical fracture is the most 
likely breakup mode. They have also studied the interfacial stability (Rayleigh-
Taylor) and have shown that the resulting interface motion is stable (Chen and 
Schrock 1990b). These results show that isochoric breakup is not likely to provide 
sufficient surface area to complete the condensation and restore vacuum for the 
next shot. Therefore a cold Flibe spray will be injected into the chamber to control 
the condensation process. Bai and Schrock (1990a) have developed an approximate 
analysis procedure for use in spray design optimization. The method adopted 
consists of assuming that the surfaces of the drops are always at the saturation 
temperature corresponding to the instantaneous vapor pressure. From the kinetics 
of phase change (Hirth and Pound, 1963), we know that small departure from 
equilibrium occurs at an interface experiencing a high net condensation mass flux. 
However, these departures are very small, even when the sticking coefficient is low 
compared to the very large temperature differences driving the condensation 
process in HYLlFE-ll, making their neglect a very good assumption. At the instant of 
initial contact of the very-high-temperature vapor with the relatively low-
temperature Flibe the surface temperature rises abruptly to a level close to the 
saturation temperature. The theory for instantaneous contacting of two conduction 
media of different temperatures (Eckert and Drake, 1972) predicts an instantaneous 
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jump in temperature at the interface to a level determined by the ratio of the 
product Kpc for each medium. With phase change, the interface temperature is 
further constrained by the strong tendency to restore thermal equilibrium. Thus the 
assumption that the interface temperature jumps instantaneously to, and then 
follows, the saturation temperature corresponding to the instantaneous vapor 
pressure is very reasonable for our approximate method. This is equivalent to 
assuming that all of the thermal resistance is concentrated on the liquid side of the 
interface. 

Because the problem is one of time-dependent boundary condition, we find it 
convenient to use the Duhamel superposition integral in a pure conduction model 
for the liquid. The fundamental solution for a unit step change in the surface 
temperature is known (Carslaw and Jaeger, 1959). We assume that the temperature 
difference between the interface and the liquid far from the interface decays 
exponentially with time due to the rapidly declining vapor pressure. Then, with the 
Duhamel integral, we obtain an analytical series solution for space-time variation of 
the liquid temperature in a drop of arbitrary size and the related transient Nusselt 
number. Hijikata, et al. (1984), have done numerical calculations for the high Peclet 
number case that show convection induced by Hill's vortex and surface oscillations 
enhances the pure conduction transient Nusselt number by a factor of about ten in 
the case of constant ambient vapor pressure. Their calculations were verified by 
experiments. Abramson and Sirignano (1988) did similar calculations for 
evaporation from droplets in diesel sprays. In our application, we enhance the 
conduction theory by multiplying by a "Hijikata factor." This procedure is only 
approximate. Numerical calculations, however, have been carried out by Peterson, 
et al.(1990), for the convection problem with the time-dependent boundary 
condition that show our approximate method produces results very close to the 
more exact calculations at a small fraction of the computing time. 

The method of analysis is particularly useful in revealing the essence of the 
problem. Droplets that have been injected earlier and fallen farther will have 
heated up more in their interiors than more recently injected droplets. The initial 
heating of a drop creates a thermal boundary layer that is small compared to the 
radius. As the vapor pressure rapidly falls, the temperature of liquid within the 
boundary layer eventually becomes higher than the saturation temperature (and 
surface temperature) of the vapor. From this point on evaporation occurs from the 
longer residence time or older drops adding to the vapor that must be condensed on 
the surface of new drops. A similar phenomenon is expected on the surfaces of the 
jets, i.e., all the interface that participates in the early stages of condensation 
eventually becomes a source of vapor production. 

To calculate the net condensation for the spray field, we assign drops to 
groups that characterize their location at the instant the condensation process starts. 
A drop near the end of its trajectory will assist in condensing vapor but will impact 
the pool before it becomes a vaporization source, whereas a drop that has just been 
formed will perform in both ways. Drops sprayed after condensation is partially 
completed see a different forcing function. The time history of energy absorption is 
calculated for the drops in each group. With this information it is then possible to 
calculate the steady spray rate necessary to condense the vapor as assumed by the 
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exponentially decaying temperature difference. The amount of vapor to be 
condensed after it has penetrated the jets and equilibrated in the outer part of the 
chamber was conservatively estimated by assuming that all of the energy from x rays 
and debris (105 MJ) is carried by saturated vapor filling the volume of the annulus 
outside the jets. This was found to result in an initial vapor temperature of 1500 K. 

The approximate method was applied to HYLIFE-H assuming drops of either 
5 mm or 10 mm diameter. It was found that a (5 mm) spray of 5 x 107 drops/s (spray 
flow rate of 6.7 x 103 kg/s) is capable of completing the condensation within 125 ms. 
This is just 4.3% of the Flibe flow rate in the jets, which seems quite reasonable. For 
10-mm drops, the required flow rate of the spray is 7.7% of the jet flow. These 
calculations confirm the feasibility of the spray condensation approach. 

4.4.4 Reestablishment of the Liquid Jet Array 
The HYLIFE-II repetition rate was determined primarily by the time to 

reestablish the liquid fall and the time to reestablish the chamber vacuum. The 
time to reestablish the liquid fall depends on the speed of the jets vQ and the delay 
time caused by the liquid from the prior shot colliding with incoming liquid. The 
delay time assumed is 0.05 s (little analysis has been done to determine this value). 
The fall time is 

f = 0 .05+- V ° + W + 2 x 9 - 8 < i 

9.8 

During this time, the liquid travels from the bottom of the nozzle plate to a distance 
below the target (Fig. 4-50). The geometry of the fall is shown in Fig. 4-50, and the 
repetition rate f_1 is shown in Fig. 4-51. The way to increase the repetition rate is to 
decrease the fall distance d, increase the liquid speed, and decrease the delay time. 

The required repetition rate is given by 

frep = PTh/EdGMtN , 

where E^ is the driver energy, G the gain, M» the blanket energy multiplication, and 
N, the number of chambers. For Ej = 5 MJ, G = 70, M ( = 1.1 and P77, = 3000 MW, the 
repetition rate is 7.8 Hz for 1 chamber, 3.9 Hz for 2 chambers, and 2.6 Hz for 
3 chambers. If the driver energy and gain can be increased somewhat, it may be 
possible to get a low enough required repetition rate so that one small chamber can 
be used. This will require further study. 
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4.5 Neutronics Analysis 

4.5.1 Introduction 
The neutronics calculations were done for parameters before the nominal 

design was chosen and therefore are different. They will need to be redone for a 
more consistent set of parameters. However, the results are generally very little 
changed. The model for these neutronics calculations is shown in Fig. 4-52. The 
calculations are one-dimensional (spherical shape) and for a single chamber. 
Although the actual chamber will be cylindrical, this one-dimensional approach 
determines the conditions for the midplane of the cylinder that will see the greatest 
flux. Generally, the expected differences between one- and two-dimensional results 
are a greater (by a few percent) tritium breeding ratio (TBR) for the two-dimensional 
geometry, a slightly larger degree of activation of the Flibe, and correspondingly 
smaller degree in the first wall because neutrons will have a longer path length in 
the Flibe. When a chamber height is finalized, full two-dimensional calculations 
will be performed. The repetition rate is 6 Hz and the target yield is 450 MJ, for a 
fusion power of 2700 MW. For a 70% capacity factor, this corresponds to a neutron 
source flux of 6.71 x 10 2 0 n/s. The Flibe is set at 90% liquid density* with the 
following composition: liihium, 0.282 at.%; fluorine, 0.573 at.%; and beryllium, 
0.145 at.%. A total of ten zones were used in the transport calculations for the Flibe. 
Material compositions listed in Tables 4-2 through 4-5 include Flibe with several 
impurity scenarios, first walls, and heavy-ion target material. The results must be 
adjusted by the ratio of the mass of Flibe in the chamber to the total mass of Flibe in 
the system. 

4.5.2 Tritium Breeding Ratio 
Tritium is bred through reactions with both natural isotopes of lithium: 6Li + 

n (thermal) -* 4He + T + 4.8 MeV and 7Li + n (fast) -»4He + T -s- n' - 2.5 MeV. 
Table 4-6 shows tritium breeding per source neutron by zone and isotope. The total 
TBR is 1.17 but would be slightly higher for a two-dimensional calculation because 
neutrons will have a somewhat longer path length in the Flib? in a cylindrical 
geometry. 

4.5.3 Neutron Inventory 
A total of "..6 neutrons per source neutron are absorbed in the Flibe (beryllium 

and 7Li acting as a neutron multiplier). Another 0.05 neutrons per source neutron 
are absorbed in the first wall. Of the neutron multiplication that occurs, 92% is in 
the Flibe (the rest is in the fuel itself). Fort leakage will reduce the energy 
multiplication factor by about a factor of two and the tritium breeding ratio by three 
times the solid-angle angle fraction. 

The existing 30 cm of carbon+ acting as a reflector prevents all but 0.002 n (per 
source neutron) from leaving the main reactor system. This is more than adequate 
and could likely be thinned when two-dimensional calculations are done. 

* A density of 70% of the liquid value or even less, perhaps 50%, is considered likely in the design. 
+ The present design has eliminated graphite. (See Sec. 4.3.4.) 
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Table 4-3. Composition of coolant ""^er various scenarios. Values are wppm or wt%. 

Nuclide 

Li 14.04% 14.038% 13.800% 13.800% 13.793% 14.030% 14.032% 
Be 9.11% 8.975% 9.200% 9200% 9.195% 9.110% 9.111% 
B 1 wppm 
C 91 wppm 0.92 wppm 
N 0.26 wppm 
O 987 wppm 
F 76.85% 76.848% 77.000% 77.000% 76.962% 76.810% 76.814% 
Na 2.1 wppm 
Wfe 55 wppm 
Al 77wppm 0.13 wppm 
Si 27 wppm 1.84 wppm 
P 0.18 wppm 
S 0.07 wppm 
Ti 19 wppm 0.02 wppm 
V 0.02 wppm 
Cr 9wppm 42.8 wppm 
fcfci 11 wppm 76.8 wppm 
Fe 139 wppm 302 wppm 
Co 0.07 wppm 
Ni 13 wppm 3.09 wppm 
Gi 7wppm 0.03 wppm 0.13 wrnm 
As 0.09 wppm 
Zr 0.02 wppm 
Nb 0.04 wppm 
Mo 4.6 wppm 1.33 wppm 
Ag 0.16 wppm 
Sb 0.48 wppm 
Ta 0.02 wppm 
W 0.04 wppm 
I sad 500 wppm 499 wppm 
Bi 0.68 wppm 

a — Pure Flibe. 
b — Flibe with impurities derived from routine impurities beryllium lot 2810, provided by Dolan, INEL 

7/29/89, impurities are 0.14 wt%. 
c — Pure Flibe with 0.001 wt% MoFg assumes pure MoFg added as an anticorrosive agent against Flibe 

on Mn SS316 steel, 
cj Pure Flibe with 0.001 wt% NaB?4 assumes pure N3BF4 added to account for primary-secondary 

heat exchanger rube leakage where NaBF4 enters the Flibe. 
e — Pure Flibe with 0.05 wt% pure lead; assumes 1 week's worth of heavy-ion-beam pellet debris is in 

the blanket for the full reactor lifetime. Pellet material here is pure lead, 
f — Pure Flibe with 0.05 wt% Lead with impurities. Lead is 99.73% pure, common lead B. (Impurities 

are the same as PulseStar electrolytic lead, just impurity level of common lead B. 
g — Pure Flibe with 0.5 um/y erosion of SS316. Impurities are worst case range provided by Dale Smith 

tolTERGicup. Erodants are 0.043 wt%. (ly, 05 um/y erosion rate) (6000 m 3 surface area; 26.8 m3, 
5.43 x 10 7 g Flibe) 
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Table 4-4. Wt% constituents of three candidate first-wall tnattvUls. 

Hastellov X a SS316" Hastelloy N c 

B(5) 0.005 0.005 0.001 
C(6) 0.2 0.2 0.2 
N(7) 0.06 0.06 0.06 
Mg{12) 0.25 
Al(13) 0.03 0.03 0.03 
Si(14) 0.4 0.4 0.1 
P(15) 0.04 0.04 0.01 
S(16) 0.016 0.016 0.01 
Ti(22) 0.005 0.005 0.42 (= number of Ti & Hi atoms) 
V<23) 0.005 0.005 0.005 
Cr(24) 22.0 i-voo 8.0 (6 to 8%) 
Mn(25) 1.37 18.00 0.25 (0.15 to 0.25%) 
Fe(26) 18.5 70.13 0,1 
Co(27) 1.5 0.016 1.5 
Ni(28) 46.23 0.7 70.69 (base) 
Cu(29) 0.03 0.03 0.03 
Zn(30) 0.003 0.003 0.003 
As(33) 0.02 0.02 0.02 
Se(34) 0-005 0-005 0.005 
Zr(40) 0.005 0.005 0.005 
Nb(41) 0.01 0.01 2.0(0 to 2%) 
Mo(42) 9.00 0.3 13.0 (11 to 13%) 
Ag(47> 0.0001 0.0001 0.0001 
Cd(48) 0.0002 0.0002 0.0002 
Sn(50) 0.005 0.005 0.005 
SbC51) 0.001 0.001 0.001 
Hf{72) 1.5S (• number of Ti & Hf atoms) 
Ta(73) 0.005 0.005 0.005 
W(74) 0.6 0.01 0.6 
Pb(82) 0.001 0.001 0.001 
Bi(83) 0.001 0.001 0.001 
a HB of Applied Engineering Science, p. 106, Table 1-57. 
b ITER Program impurity analysis (Dale Smith) 
cThe Development Status of Molten-Salt Breeder Program, ORNL-4812 

Table 4-5. Composition of common lead B, wt%. 

Pb 9959 
Bi 00.20 
Gi 00-01 
Ag 00.05 
Sb 00.15 
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Table 4-6 Tritium breeding ratio for HYLIFE-H (one-dimensional calculation). 

Zone Thickness «Li 7Li 
2 14 0.233 0.082 Inner Flibe 
3 7 0.151 0.024 Inner Flibe 
4 7 0.151 0.015 Inner Flibe 
5 7 0.134 0.010 Inner Flibe 
6 7 0.106 0.006 Inner Flibe 
7 7 0.073 0.004 Inner Flibe 
8 6 0.032 0.007. Inner Flibe 

10 5 0.068 o.oo: First wall coolant 
12 5 0.062 0.001 Reflector coolant 
15 5 0.021 

1.030 
0.000 
0.145 
1.17 (TBR) 

Vacuum vessel coolant 

4.5.4 System Energy Multiplication Factor 
The system energy multiplication factor (SEMF) can be determined by tracking 

the energy deposition using transport calculations where exoergic reactions are 
included. This is the case with the code, TARTNP. Table 4-7 gives the total energy 
deposition in the 21 zones, including the alpha energy deposited in the fuel region. 
The system multiplication factor is 1.14. 

Table 4-7. System energy multiplication factor M for HYUFE-1I. 

Total energy (a, n, and y) 
deposited in each zone 

Zone (MeV) Description 
1 Vacuum 
2 5.96 Inner Flibe 
3 2.21 Inner Flibe 
4 1.72 Inner Flibe 
5 1.27 Inner Flibe 
6 0.91 Inner Flibe 
7 0.59 Inner Flibe 
8 0.27 Inner Flibe 
9 Vacuum 

10 0.50 Wall coolant (Flibe) 
11 0.16 First wall (Hastelloy or SS316) 
12 0.41 Wall coolant (Flibe) 
13 0.05 Graphite reflector 
14 0.02 Graphite reflector 
15 0.11 Reflector coolant (Flibe) 
16 0.01 Vacuum vessel 
17 0.03 Target zone 
18 2.27 Fuel Region 
19 Target zone 
20 Target zone 
21 0.003 Leakage 

3.51 (alpha energy deposited in target) 
20.00 Me +17.6' MeV= 1.14 (System Enerev Multiplication Factor) 
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Continuous irradiation of the Flibe, of course, gives rise to several activation 
products with short half lives that deposit their decay beta- and gamma ray energy 
in the coolant. This contribution, at secular equilibrium quantities, increases the 
energy multiplication factor. The mass of Hibe in this one-dimensional calculation 
was 54.7 t There are 14 activation products produced over 30 y irradiation. Seven 
nuclides achieve secular equilibrium. Table 4-8 lists the thermal power of these 
nuclides at peak power (1 d) and at shutdown. This power is based on the nuclides' 
decay constant and the recoverable energy of a decay (defined as average beta decay 
energy) and any bremsstrahlung or gamma radiation; it does not include neutrinos. 
The peak thermal power is 81.5 MW, while the somewhat smaller value at 
shutdown is 74.8 MW. This is about 3% of the fusion power and would raise the 
energy multiplication factor by contributing an additional 0.76 MeV to the blanket 
energy deposition. The energy multiplication factor could be 1.18 at 1 d slipping to 
1.17 at 30 y as the secular equilibrium values are red jced over time by 
transmutation. These Flibe calculations were done over all ten zones containing 
Flibe, not just the seven inner zones. The average flux was 5.11 x 10 1 5 n/cm 2-s. 
Including the energy from the decay of nuchdes in the Flibe appears to make a small 
difference in the overall SEMF. 

Table 4-8. Decay thermal power of Flibe af its peak (1 d) and at shutdown. 

1 Day Shutdown 
CMV/) (MW) 
63.2 59.0 < 1 6N) 
6.0 5.5 ("'*("> 
2.4 1.6<6He> 
1.7 0.2 (8Be) 
2.3 2.1 (^F) 
0.5 0.4 {8Li) 
£4 S.OC2^) 

81.5 74.8 

A suggestion by Ehud Greenspan to further increase the SEMF is to include a 
material like manganese into the Flibe in sufficient quantities to take advantage of 
the (n,n') reaction with its energetic gamma decay (The reaction is exoergic.) While 
more work in this area will be done, we suspect that only very large increases in the 
SEMF will significantly effect the COE. Additionally, the introduction of a medium-Z 
material may increase the shallow burial index, the decay thermal power, and dose 
rate during shutdowns. 

4.5.5 Analysis of Three Candidate First-Wall Materials 
Three first wall-materials, Hastelloy X, Hastelloy N, and a special SS316 were 

compared for activation and other effects. (Their compositions are given in 
Table 4-4). Hastelloy N was chosen by ORNL for their program. Hastelloy X is 
another nickel steel used to compare the Hastelloy N results. 
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Gas production 
Table 4-9 shows the gas production in the three first-wall materials at the end 

of 30 y. These calculations do not include the migration of the gases out of the metal 
and should be adjusted before a full assessment of the impact of gas production on 
strength can be made. 

Table 4-9. Gas production (in appm) for three candidate first-wall 
materials after 30 y. Flux is 4.78 x 1 0 M n/cm2-s. Wall mass is 
31.1 MT. 

Gas Hastellov X SS316 Hastellov N 
H 
He 

2927 
1550 

849 
349 

4305 
2326 

Shallow burial index 
The shallow burial index (SBI) is defined as the ratio of the curies per unit 

volume produced to that permitted for a given material. If it is less than unity, 
shallow burial would be permitted. The SBI for SS316 at discharge after 30 y is nearly 
sixteen times less than for Hastelloy X (1700 to 106). The SBI for Hastelloy N (12,260) 
is another factor of seven greater than Hastelloy X, or about 120 times greater than 
SS316. 

The responsible nuclides are the same for all three first-wall materials: 9*Nb 
and "Tc. The differences lie in the amount of each that is produced. Table 4-10 lists 
the inventories of these nuclides for each wall material after 30 y. 

Table 4-10. Inventories of nuclides that determine the SBI for three wall 
materials after 30 and 100 y decay. 

Inventory 
Wall Nuclide (Ci) 

SS316 5 J Nb 39-4 
^Tc 39.0 

Hastelloy X w N b 64.1 
^Tc 1170.0 

Hastelloy N ^Nb 7746.0 
!*Tc 1693.0 

The difference in the nuclide inventories is a result of the different mass 
fractions of molybdenum and nickel in the wall composition. The SBI for Hastelloy 
N could be reduced to a level on the ordrr of Hastelloy X if the niobium mass 
fraction was reduced to the same value (0.0001) and the molybdenum value was 
reduced from 13% to the allowable minimum of 11%. (Hastelloy N has 9% 
molybdenum.) It is unclear what the 16 times greater SBI means for Hastelloy 
compared to SS316 because both are much greater than one and require deep burial 
disposal. 
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Thermal power 
Figures 4-53 and 4-54 show the decay power from the candidate first walls 

over the irradiation lifetime and 100-y decay time. The SS316 decay power is three to 
nine times greater over the irradiation period. However, during decay, the SS316 
goes from three times greater to 100 times less at the 100-y point. The peak decay 
heating value for the wall materials is 12 MW (SS316), an insignificant addition to 
the system energy multiplication factor and too small a value to cause melting of 
the steel. (The maximum possible temperature is around 1000 °C). The dominant 
nuclide during irradiation for SS316 is ^Mn, which supplies nearly all of the decay 
thermal power. For Hastelloy X and N, the major contributor (over one-half) is 
6 0Co. For Hastelloy X, the remaining thermal power is mainly from S 6Mn, while for 
Hastelloy N, the remaining thermal power is distributed about equally among K M n , 
5 8Co, 9 5Nb, "Mo, and 1 0 1Mo, from the nickel. This is expected because Hastelloy N 
has almost twice the nickel as Hastelloy X. The nuclide 6 3Ni is responsible for 72% 
of SS316 decay heat at 100 y and 85 and 73% of the decay heat for Hastelloy X and N, 
respectively, after 100 y. 
Dose rate 

After shutdown and during dismantling, the biological dose rate to workers is 
a factor in determining ease and cost of disposal. Figures 4-55 and 4-56 show the 
dose rate in mrem/h at the surface of the wall as a function of irradiation and decay 
time after shutdown. For SS316, M Mn completely dominates the dose rate during 
irradiation. For Hastelloy, 6 0Co is dominant with a significant contribution from 
M Mn for Hastelloy X because of its large iron content compared to Hastelloy N. 
After shutdown, 5 9Fe, s*Mn, and ^Co, each in turn dominate the dose rate for SS316 
with ^Co dominating up to 100 y, where 9 4Nb dominates. For Hastelloy, ^ o 
domuvites up to 100 y, where 9 4 Nb also dominates. For a worker to be continuously 
exposed to the activated wall, the dose rate must be below 2.5 mrem/h. Therefore, 
these walls will always require shielding, limited or controlled access, and special 
handling. 
Displacements per atom 

The displacements per atom (dpa) were calculated using cross sections from 
the SPECTER computer code. The cross sections used were those for iron, which 
differ very little from nickel, molybdenum, chromium, and manganese, the major 
constituents of the three walls. Therefore, this result should be within an estimated 
10 to 20% of the actual value for each wall. The calculated value is 2.74 dpa/y with 
an energy averaged cross section of 127 b. A generally accepted lifetime dpa limit is 
100 dpa. Therefore, any of the three walls will survive a full 30-y lifetime without 
failing due to dpa damage (assumes a threshold of order 100 dpa or greater). A 
threshold of 200 dpa was used for 21/4 Cr, 1 molybdenum steel in preliminary 
analysis by Meier. He found that the limiting rate of 9.5 dpa/y was achieved with 31 
cm of Flibe (full density). He also found that about 50 cm of full-density Flibe was 
required to achieve a TER greater than 1. A detailed plot of dpa vs Flibe is not 
provided here because tritium breeding requires a much greater thickness than that 
to reduce the dpa rate to an acceptable level. 
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Fig. 4-53. Decay thermal power during HYL1FE-II operation as a function of irradiation time. 
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Fig. 4-54. Decay thennal power after shutdown for up to 30 y as a function of decay tune. 
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Fig. 4-55. Dose rate at the first wall surface as a function of irradiation time. 
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Fig. 4-56. Dose rate at the first wall surface as a function of time after shutdovm fot up to 30 y. 
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4.5.6 Activation of the Coolant 
Here we examine the radiological hazards associated with using Flibe as a 

blanket for the HYL1FE-H ICF reactor. The specific safety issues examined are the dose 
to people at the plant boundary in the event of an accident [using Homann's (1985) 
HOTSPOT code], the shadow burial index, and the thermal decay power (both using 
FORIG). The shallow burial indices are tak<m not only from 10CRF61, but from 
Fetter, Cheng, and Mann (1988) who suggest limits on a large number of other 
nuclides not covered by 10CFR61. They used the same procedure to set levels the 
same as those in the original 10CFR61 analysis. The accident scenario has a delta 
function release of all the nuclides present at t = 0 with a 1 m/s wind speed and a 
site boundary at 500 m. The decay of each nuclide was considered in the 
calculations. Additionally, a 10-m release height and Pascal F atmospheric 
conditions (worst case) were assumed. The doses in the following tables represent 
an integrated 50-y whole body exposure. 

Seven cases of Flibe activation are analyzed: pure Flibe, Flibe with those 
impurities beryllium may contribute, Flibe with a small fraction of MoF^ (a possible 
anti-corrosive in the reactor), Flibe with a small fraction of NaBF< (the secondary 
coolant), Flibe with a small fraction of pure heavy-ion target material, Flibe with 
impure heavy-ion target material, and Flibe with the result of a manganese 5S-316 
steel erosion rate of 0.5 nm/y. 

The weight percent compositions of each Flibe are given in Table 4-2. We 
assume uniform distribution of contaminants throughout the Flibe, i.e., in all ten 
regions of the reactor. The neuronics model for this calculation is shown in 
Fig. 4-43. The volume of Flibe is 26.8 m 3 while the mass is 54.3 MT. The first 55 cm 
of Flibe is at 90% density (50-cm effective thickness). The remainder is at full 
density. Irradiation was for 30 y. The same 54 MT of Flibe was continuously 
irradiated-
Activation of pure Flibe 

The recent addition by Bob Howerton of four nuclides ( l SN, i6Q, 2<>Ne and 
10Be) to the activation library (ACTL) now fellows accurate calculations of Flibe 
activation. 

Dose at the site boundary. Of the 13 nuclides present after irradiating pure 
Flibe for 30 y, the nuclides listed in Table 4-11 contribute significantly to the site 
boundary dose. 

Trole 4-11. Site boundary dow from complete release of nuclides produced by the activation of pure 
Flibe for 30 y. 

30-y inventory Dose 
Nuclide Ci) Release fraction (rem) 

l°Be 4.82 xlO 1 1.0 6.0 
14c 7.32x10* 1.0 54.0 
18p 2.92 x10 s 1.0 6867.0 
1 3 N 1.27x10* 1.0 0.4 
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We assume that all the 1 4 C is released as CO2 and that all the 1 8 F is released as 
F2. These results suggest it is very important to demonstrate that the release 
fractions can be reduced by about three orders of magnitude for 1 8 F and by a factor of 
ten for 1 4 C. This might be done either by containment 01 by showing that the 
material is chemically bound up. 

A nuclide not mentioned above but that is also significant is tritium. 
Tritium will provide a site boundary dose of 1 rem for each 30.5 kCi of the nuclide 
released (assumed oxidized). 

Shallow burial index. The shallow burial index is 341 due entirely to 1 4 C. 
Also, all shallow burial indices reflect concentration limits for nuclides not in an 
activated metal. This results in limits that are 10 times more stringent than if the 
nuclide were bound up in a metal. 
Activation of impure Flibe 

Constituents of impure Flibe are listed in Table 4-2. The site boundary doses 
given in Table 4-12 are in addition to those for pure Flibe and are entirely the result 
of impurities. While the shallow burial index was unchanged, the 2 6A1 (0.26) and 
6 3 Ni (0.082) values indicate the aluminum impurity should not be greater than 
0.03 wt% and the nickel impurity should not be greater than 0.015 wt% for the SBI of 
the impurities to remain less than 1. The thermal decay power is also unchanged. 

Table 4-12. Site boundary doses for activated impute Flibe. 

Nuclide 

«5Ca 
5*Mn 
5 9 F e 

58Q> 
6°Co 
652n 
57Q, 
*6sc 
5&Mn 

Activation of Flibe containing 0.001 wt% MoF« 
The material M0F6 has been suggested as a coating to resist Flibe corrosion in 

the reactor. MoFg can mix with the Flibe as it erodes from the surfaces it is 
protecting. Our analysis also includes only 0.001 wt% M0F6 in the Flibe. Again, the 
shallow burial index for the MoF$ was less than 1, however, the following indices 
are noteworthy: 3*Nb (0.07), 9 3Mo (0.003), % c (0.04), and "Tc (0.3). For a factor of 3 
increase in MoFe to 0.003 wt%, the Flibe may require geologic burial for other than 
l 4 C due to "Tc. The decay thermal remained unchanged. The nuclides contributing 
to the site boundary dose are given in Table 4-13. 

30 y inventory Dose 
(Ci) Release fraction (rem) 

1.3 x 10 5 1.00 41.00 
3.0 xlO 3 1.00 6.70 
37x10* 0.01 0.84 
9.8 xlO 3 0,01 0.30 
2.0 xlO 4 0.01 0.45 
1.1 x 10* 0.01 7.15 
8.8 x 10 3 0.01 0.58 
1.7x10* 0.01 0.56 
4.7 x lC 3 0.01 0.33 
2.9 x 10 5 0.01 0.34 
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Table 4-13. The nuclides contributing to the site boundary dose for Flibe 0.001 wt% MoFg. 

3D-y inventory Dose 
Nuclide (Ci) Release fraction (rem) 

"Mo 1.7X10* Ooi 0.114 
^Nb 9.9 xlO 2 0.01 0.017 

Activation of Flibe with 0.001 wt% N3BF4 
The secondary loop may contain NaBF4 that can mix with the Flibe through 

leaks. Analysis was done to evaluate the effects of 0.001 wt% NaBF4 in the Flibe. 
The shallow burial index and the decay thermal power remained unchanged. 
Table 4-14 lists the dose at the site boundary for the accident scenario. 

Table 4-14. Dose at the sH» boundary for an accident for Flibe with 0.001 wt% NaBF,j. 

30-y inventory Dose 
Nuclide (Ci) Release fraction (rem) 
2 N a 2a7i(jS 1.0 0.67 
2 4 N a 3.6 x10 s 1.0 1.10 

Flibe with pure Lead (target debris) at 0.05 wt% 
Here we assume 1 week's worth of heavy-ion-beam pellet debris is in the 

blanket for the full reactor lifetime. The pellet material is pure lead. The shallow 
burial index and thermal decay power remained unchanged. However, the 
following shallow burial indices are noteworthy: 2°7Bi (0.018) and 2 0 8Bi (0.92). 
Increasing the wt% of lead to 0.054 puts 2 0 8Bi over the limit for shallow burial. The 
site boundary dose is shown in Table 4-15. 

Table 4-15. The additional dose at the site boundary for a nuclide release of Flibe with 0.05 wt% pure 
lead. 

30-y inventory Dose 
Nuclide (Ci) Release fraction (rem) 
2 0 3 H g 2.6 xlO 3 0.01 0.04 
202 T | 8.4 x 1&3 0.01 0.03 
20*11 1.3x10* 0.01 0.11 
203pb 4.7x10* 0.01 0.09 
207 B i 3.9 xlO 2 0.01 0.02 
2 1 0 B i 2.1 xlO 2 0.01 0.15 
210po 2.1 xlO 2 0.01 6.90 
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Activation of Flibe with 0.05 wt% impure lead 
This is again the heavy-ion target debris that remains at this concentration in 

the Flibe over the entire 30-y lifetime. Lead is 99.73% pure, common lead B. 
(Impurities are the same as PulseStar electrolytic lead, the impurity level of 
common lead B. While the thermal decay power remained unchanged, the shallow 
burial index changed as shown in Table 4-16. ihe site boundary dose is shown in 
Table 4-17. 

Table 4*16. Addition to the shallow burial index from Flibe with 0.05 wr% lead. 

Nuclide Shallow burial index 
50§i] 1.2 
2° 7Bi 0.025 

1 0 6 m A g 0.35 (at l y , 0.000027 at 30 y) 

Table 4-17. Site boundary dose from release of nuclides fat fiibe with 0.05 wf % impure lead. 

30-y inventory Dose 
Nuclide (Ci) Release fraction (rem) 

2 0 3 H g 2.6 xlO 2 0.01 0.04 
202 T 1 8.3 xlO 3 0.01 0.03 
204 JI 1.3 xlO 4 0.01 0.11 
203pb 4.7x20* 0.01 0.09 
206 B i 5.2 xlG 2 0.01 0.01 
207 B i 5.3 xlO 2 0.01 0.03 
210 B i 24X10 2 0.01 0.16 
209po 4.4 x 1(H 0.01 0,01 
210po 2.4 xlO 2 0.01 7.80 

Activation of Flibe with erodants from manganese SS-316 (1-y erosion) 
Here we consider the erosion of the first wall. Impurities in the steel are the 

worst-case range provided by Dale Smith to ITER Group. The composition is listed 
in Table 4-4. Erodants are 0.043 wt% (1 y, 0.5 tim/y erosion rate) (6000 m 3 surface 
area; 26.8 m3,5.43 xlO7 g of Flibe). The thermal decay power and the shallow burial 
index remain unchanged from the pure Flibe a ;e. However, the following shallow 
burial indices are noteworthy: "Te (0.084), ^Nb (0-025), 9 8Tc (0.012), «Ni (0.006), and 
^Fe (0.003). The site boundary dose for release of the nuclides produced from the 
activation of the erodants is listed in Table 4-18. 
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Table 4-18. Site boundary dose for release of manganetK SS 316 activated erodants (1 y erosion) 
after 30 y. 

30-y inventory Dose 
Nuclide (Ci) Release fraction (rem) 
M M n 9.3 xlO 4 0.01 2.08 
^Mn 8.4 x 10 5 0.01 0.98 
5 5 F e 4.2 x 10 5 0.01 1.38 
5 9 F e 1.3 x 10 4 0.01 0.43 
58Q, 5.0 xlO 3 0.01 0.10 
60Co 8.4 x 10 3 0.01 5.50 

4.5.7 Activation of Heavy-ion Target Material (Lead) 
In Tobin (1987), a first-order analysis of the hazards of the activation of target 

debris was made. We update that work by considering an impure target material, 
using a 6-Hz repetition rate instead of 5 Hz, and considering a 25% larger high-Z-
target material mass. From Bangerter and Meeker (1982), a heavy-ion target radius 
of 4 mm and a thickness of 35 nm was chosen, based on the apparent values for 
optimal capsule performance. For lead, this means each capsule has a mass cf 
80 mg. A fuel areal density of 3 g/cm 2 (rather than 5 as in Tobin (1987 was used for 
the source. The average fluence in the lead was 8.24 x 10 1 9 n/cm 2 . 

As before, one week's worth of target material (293 kg) circulates through the 
reactor by continuous removal from the blanket, "cools" in a cooling cell, is 
refabricated, refueled, and reinjected into the reactor. Previously, analysis showed 
that if 0.1% of trf- ctivated lead were released (about 0.2 kg, for the smaller 65-mg 
target), the site boundary dose was only 45 mrem. (As in the analyst above, this 
dose is an integrated 50 year whole body dose). After 1092 irradiations (one per week 
for 21 full-power y), the dominant hazard was 2 0 3 Pb. Here, an impure lead is 
considered. Also, a full 1% of the material is dispersed (2.93 kg). 

Lead was chosen for the target material because of its low cost and ease of 
fabrication, and because it was the preferred material for radiation safety on a single-
shot basis in the Laboratory Microfusion Facility (LMF) study. Tantalum is discussed 
in the next section. However, a survey of likely alternates for a reactor scenario may 
suggest another material is preferred because the hazards from a reactor scenario 
may not be the same as in an LMF scenario. The composition of lead used is given 
in Table 4-5. 

The results of the analysis are given in Table 4-19, for those nuclides that 
make a significant contribution to the site boundary dose for the release of 1% of the 
lead mass. 

As can be seen, 2C3pb is again the problem nuclide. The only source of 2 0 3 Pb is 
the (n,2n) reaction with 2 0 4 Pb (1.33 b). The only way to prevent its production would 
be to isotopically tailor the lead by removing the 2 0 4 Pb (a 1.4% constituent of natural 
lead). These results show that apparently lead impurities do not significantly 
increase the hazard over pure lead for this target management scenario. The final 
total dose of 1.33 rem is a small fraction of the allowed value of 25 rem (10 CFR 100). 
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Table 4-19. The site boundary dose for 1% release of nuclides produced 
in lead heavy-ion target material from cyclical activation (one shot 
per week for 21 full-power y). 

Inventory Nuclide Dose 
(Cil (rem) 21FPY 

60Co 1.9 xlO 1 0.013 
106mAg 4.1 x 101 0.029 
HOm^g 1.7 xlO 1 0.003 

123Sn 1.1 xlO 1 0.001 
122sb 3.3 xlO3 0.057 
203pb 5.9 x10 s 1.080 
124so 2.1x1c2 0.016 

203Hg 2.9 x1c2 0.005 
202T, 7.8 xlO 3 0.028 
204n 1.4 xlO2 D.0O1 
207 K 2.7 xlO 2 0.013 
210ft, Z6xl0° 0.085 

Activation of tantalum heavy-ion target material 
We have made another first-order analysis of the hazards of the activation of 

target debris, this time choosing tantalum because it is the only high-2 material 
under consideration that is soluble in Flibe. As before, we assume each capsule has 
a 4-mm radius and is 35 jun thick. Further, we assume that a week's worth of 
tantalum (428 kg) is the total inventory required to support target fabrication and 
injection. This means that the tantalum is continuously removed from the Flibe, 
held for one week, and then sent back to the target factory by methods discussed in 
Sec. 6.6. The advantage of this scheme is that short-lived nuclides decay in the 
week, making handling easier and avoiding the build-up of long-lived nuclides 
from transmutations of activation products of pure tantalum. Each target is 
irradiated only about 1560 times during the reactor life (number of weeks in 30 y). 
After 30 y, 7.5% of the tantalum has been converted to hafnium and 2% to tungsten. 
Furthermore, the tantalum is only 94% 1 8 1Ta and 6% 1 8 0Ta. Natural tantalum is 
virtually all 1 8 1Ta. This isotopic change is significant because the thermal neutron 
absorption cross section of 18*Ta is 30 times larger than for 1 8 1Ta. This is important 
for the tantalum that exists in the Flibe in a steady-state quantity and is therefore 
continuously irradiated. 

To make a first-order assessment of the possible contribution of the stored 
tantalum inventory to the site boundary dose in an accident scenario, we compute 
the dose from a complete release of all tantalum immediately after the last shot 
with the same conditions as above. Although it is likely that the hafnium and 
tungsten will be removed from the tantalum over time, we choose to include these 
elements to provide a worse-case result, listed in Table 4-20. 
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Table 4-20. Site boundary dose for complete release of tantalum heavy-ion target material. 

Activity released Dose 
Nuclide (Ci) (rem} 
1 8 1 H f 13,765 3.20 
] 7 »fa 309,833 32.0 
1 » D , T a 3,070,000 4.6 
1 8 3 Ta 44,488 26.0 
w i W 66,904 0.18 

66.0 

A final issue is the effect of residual tantalum in the Flibe where it is 
continuously L radiated over the reactor lifetime. For a 50 wppm tantalum 
concentration in the Flibe (75 kg), we have determined the impact on the site 
boundary dose for complete release of the nuclides produced. We have set the 1 8 1 T a 
isotopic fraction at 97.5% and the 1 8 0 Ta fraction at 2.5% because the recycled 
tantalum target material has this isotopic composition after 15 y in the reactor. The 
results are given in Table 4-21. 

Table 4-21. Site boundary dose for complete release of tantalum material in the Flibe. 

Activity released Dose 
Nuclide (CO (rem) 
181Hf 1,120 0.26 
" 2Ta 642 0.38. 
'MTa '481 0.041 
i^W 23,810 0.32 
iSTW 7,028 0.066 
] S 4Re 243 0.016 
™*Re 23,100 1.20 
l MRe £586 0.24 

4.5.8 Conclusion 
A reasonable (yet conservative) release fraction is 1% for all nuclides bound 

in the Flibe or first structural wall (FSW). Applying this criteria to the site boundary 
doses yields a cumulative maximum dose of 20 rem. Therefore, only the 1 4 C and 1 8 F 
appear to be areas of concern. Both the first wall and the solidified Flibe will require 
deep burial after a 30-y life. The TBR is 1.17 indicating that a large excess of tritium 
can be expected from this reactor. The fall can be thinned, however, to reduce the 
TBR to the desired level because about 30 cm of Flibe provides sufficient protection 
for the FSW. The desired FSW is yet to be determined since the manganese in this 
SS316 is attacked by the Flibe. However, it is desirable for the wall material selected 
to have the neutronic properties of SS316 (manganese-modified). 
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5. Tritium Systems 

5.0 Summary 

A schematic of the tritium constraint system is shown in Fig. 5-1. Practically 
all of the tritium gas emitted by exploding targets will be removed by the vacuum 
pumping system, but practically none of the tritium bred in the Flibe will diffuse out 
of the Flibe droplets. At a fusion power of 2800 MWth with a breeding ratio of 1.17, 
the tritium production rate in the Flibe is 1.16 xlO2 1 atoms/s. The corresponding 
radioactivity production rate is 4.8 MCi/d, of which most will be recycled in new 
targets. The fraction of tritium removed from Flibe by the primary loop vacuum 
disengager is about 99%. The fraction of tritium leaking through the intermediate 
heat exchanger (IHX) per pass of the coolant through it is 6.5% (of the 1% not 
removed in the disengager), according to detailed calculations of mass transfer 
during turbulent flow in the IHX. The fraction of tritium removed from the NaBF4 
intermediate coolant by the gas exchanger is more than 99%. For tritium diffusivity 
in the NaBF4 ranging from one to three times the diffusivity in Flibe, the fraction of 
tritium leaking from the NaBF4 per pass through the stream generator tubes is 
estimated to be 45 to 69% (of the 1% not removed in the gas exchanger). For these 
conditions, the tritium leak rate is held to less than 40 Ci/d, which satisfies the safety 
goal for routine releases (Sec. 8). Practically all of the intermediate coolant must 
flow through the gas exchanger tritium removal system to achieve this gcal. With 
the primary loop vacuum disengager in series with the iHXs, the tritium leak rate is 
independent of the fraction of Flibe flowing through the IHXs. The blast chamber 
and Flibe piping should be double-walled to prevent significant tritium leakage 
under normal and off-normal conditions. Beryllium metal will be used to 
neutralize free fluorine liberated in the Flibe by nuclear reactions. The beryllium 
may be in the form of a metallic grid in a sidestream of the primary coolant system 
or it could be fabricated as part of the fusion targets. An air cleanup system will 
remove tritium that routinely or accidentally leaks into the containment building. 

The greatest need for future work is to design the vacuum disengager and gas 
exchanger to quantify the size, power dissipation, and cost associated with achieving 
99% efficiencies. Data on tritium behavior in NaBF4 is needed so that tritium 
leakage through the steam generator tubes can be better quantified. Tritium flow 
out beam ports to vacuum pumping systems associated with the driver beams will 
not be a significant safety problem, but the associated plumbing and costs remain to 
be quantified. 

5.1 General Approach and Concerns 

The principal concerns for the tritium systems in HYLIFE-II are that tritium is 
not released at more than a specified rate during routine operations, that plant 
background levels are acceptably low, and that, in the event of an accident, the 
quantity oi tritium at risk will not pose a threat to the public. In Sec. 8, the 
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maximum routine rate of tritium release of 40 Ci/d is suggested. DOE Order 5480.11, 
Table 1, requires that the background HTO concentration in plant air be less than 
20 nCi/m 3. The maximum vulnerable tritium inventory in the facility will be 
limited by requirements restricting accidental exposure to workers or to persons at 
the site boundary, 

The approach to tritium management in HYLIFE-ll is to isolate tritium as close 
to its source as possible. Because Flibe has a low solubility for tritium, gaseous 
pumping may be a good way to remove tritium from the primary heat-transfer 
system. Many attractive structural materials for heat exchangers have high 
permeabilities for tritium, so a large fraction of the tritium not removed in the 
primary loop will penetrate into the intermediate loop. The easiest path for tritium 
to escape from the primary coolant is through the intermediate heat exchanger 
secondary loop and steam generator into the steam power system. 

The approach to cleanup in the event of a spill into the reactor hall is oxidation 
on a catalyst bed followed by trapping on a molecular sieve. An air-filled reactor 
hall is preferred for accessibility and cost. If the atmosphere in the reactor hall is 
nitrogen or argon, solid-state getter-based cleanup systems may be considered. 
Corrosion from TF, formed by (n,t) reactions in lithium and radiolized fluorine, will 
be controlled by passing a slipstream through a beryllium contactor. 

S3. Primary Flibe Tritium System 

The baseline configuration of the HYLIFE-II power system is essentially as shown 
in Fig. 5-1. The primary coolant system involves two Flibe flows into the reactor 
chamber. The cooled spray is used to condense residual vapors after each shot The 
hotter flow, mostly recirculated without cooling, shields the walls from the 
neutrons and the blast. It also carries heat from the chamber wall, mixing at the 
bottom of the chamber with the cooled spray. The major components of the 
primary cooling system are the blast chamber; its vacuum pumping system; the 
pipes, pumps, and valves required to circulate the Flibe; a vacuum disengager; and 
the intermediate heat exchanger. A beryllium contactor will react TF to BeF2 in a 
sidestream for corrosion control. 

5.2.1 Gas Production 
Tritium gets into the primary coolant almost exclusively from neutron reactions 

with lithium in the Flibe. Residual tritium fuel not burned in the fusion explosion 
is believed to remain in the gas phase. From data in the original HYLIFE report 
(Blink, Hogan, Hoving, Meier, and Pitts, 1985), it was estimated that the amount of 
tritium (and deuterium) contained in each pellet is 5.74 mmol. Extrapolation from 
the original HYLiFE fusion power of 1800 MJ/shot with a tritium breeding ratio of 
1.75 to the HYLIFE-H yield of 350 MJ/shot (1.24 x 1020 fusion neutrons/shot) with a 
tritium breeding ratio of 1.17 means that less tritium and deuterium would be 
burned in each shot (0.241 mmol), leaving more of the deuterium and tritium 
unbumed (5.34 mmol) and breeding less tritium in the Flibe. These values and 
estimates of the protium and helium produced are given in Table 5.1. 
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Fig. 5-1. General arrangement of the HYUFE-II chamber showing tritium control system. 

Table 5-1. Gas production per shot with a 350-MJ yield. 

Gas 
Generation (mmol/pulse) 

Chamber gas Flibe 

Pronum 
Deuterium 
Tritium 
Helium 

5.4/152a 

5.34c 

5.34c 

0.711d 

0.001b 

0.0003* 
0.241 
0.0036^ 

aDouble value reflects uncertainty about permeation of protium from outside into the 
reaction chamber (assumed the same as reported by Blink, Hogan, Hovingh, Meier, 
and Pitts, 1985). 

^Produced by neutron interactions with fluorine. 
cLeft unbumed from target, assumed not to get into Flibe in any significant quantity. 
^Scaled from HYLIFE report (Man and Longhurst, 1989). 

The values heTe are from Blink et al. (1985) and are consistent with a 2700-M] yield target, a burnup 
of 0.30 and a tritium breeding ratio of 1.75. The conect gas source will be included in future work. 
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Lee (1984) has analyzed the transmutations of the fluorine in a Flibe blanket. If 
we assume that a similar response would be seen in the HYL1FE-II Flibe, the 
quantities of hydrogen isotope produced would be negligible compared with the 
production values in Table r.l 

Other gas sources were aiso considered. Fluorine gas is produced at the rate of 
0.241 mmol/shot in the reaction of neutrons with the LiF, if we assume 
1.17 breeding reactions per fusion neutron. Oxygen and nitrogen would be 
generated at the rate of a few umol per shot. While chemical effects of the oxygen 
and nitrogen have not been assessed, they would almost certainly be scavenged by 
the beryllium contactor. No .-ignificant quantity of gas will be generated from the 
activation of beryllium in Fiibe (Tobin, 1989). 

There are two sources o: tritium in the Eibe: from unburned fuel and from 
breeding in the Flibe. If the blast chamber vacuum system removed 90% of the 
unburned fuel tritium, the remaining 10% would contribute 3.8 MCi/d to the source 
term. At a fusion power o:' 2800 MWth with a breeding ratio of 1.17, the tritium 
production rate from breeding in the Flibe is 1.16 x 102 1 atoms/s = 4.8 MCi/d, for a 
total source term of 8.6 MCi/d The effective partial pressure of tritium in the Flibe 
would be about 300 Pa and the effective pressure of the unbumed fuel uniformly 
distributed in the blast chamber volume would be about 0.3 Pa. 

5.2J2 Reactor Chamber 
Because of the large mass of Flibe fragments resulting from the blast (several-

centimeter-diameter droplets have been estimated), the low diffusivity of tritium in 
Flibe (Oishi, 1989), and the short (hundred-millisecond) time available for diffusion 
from the Flibe droplets, it seems improbable that much of the newly-bred tritium 
from the Flibe will get out to be pumped away. The distribution of fragment or 
droplet sizes is not yet known. However, the time constant for diffusion from a 
2-cm-diameter sphere at 1000 K is estimated to be about 2.7 h. The cooler Flibe, 
injected to condense the Flibe vapor remaining in the chamber, will have less 
tritium bred in it because it will be partially shielded from the neutrons during the 
blast It will also be in smaller droplets to enhance the condensation rate. For 
2-mm-diameter droplets at 700 K, the time constant is about 16.7 min. In either c\se, 
a negligibly small fraction oi the tritium bred in the droplets will have time to 
escape before it leaves the reactor chamber: 

Tritium outgasses continuously from the Flibe between shots. If the pumping 
rate is made sufficiently large, diffusive resistance to movement of dissolved 
tritium through the Flibe should be adequate to restrict the evolution of tritium to 
levels low enough that the desired chamber pressure can be achieved. The high 
turbulence expected in the pool at the bottom of the reactor chamber means that the 
quiescent diffusivity must be replaced by the effective turbulent diffusivity when 
evaluating release rates. Flow patterns have not yet been determined for this 
system, but ducting will rapidly remove the Flibe from the reactor chamber. 

The tritium permeation rate through the chamber wall can be estimated by 
considering the permeation parameter W (Longhurst, 1990) given by 

W = (SnKr/D)(P^-P2':) , (1) 
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where S is the tritium solubility, D is its diffusivity in the wall, a is the wall 
thickness, Kr is the tritium recombination coefficient at the wall surface (Baskes, 
1980), and P\ and Pi are the partial pressures of tritium on the inside and outside 
surfaces of the tube, respectively. When W » 1 the permeation is diffusion limited 
and is proportional to the half power of driving pressure. When W « 1 the 
permeation is surface limited and the permeation rate is linearly proportional to 'die 
driving pressure. Using the parameters of lightly-oxidized 316-stainless steel, a 
temperature of 943 K, and a tritium partial pressure of 13 Pa, we find that W = 1.4, 
which meaiis that permeation is in the transition region between diffusion-limited 
and surface-limited flow. By definition of the dimensionless flux <f, the permeation 
flux is 

/p=(<|)SD/fl)(Pl'/2-P2l/2) (2) 

The relation of $ to W is shown in Fig. 5.2. When W = 1.4 with Pi = 0, we find that 
$ = 0.49 (Longhurst 1990). In this case we expect to lose about 1.41 umol/e or 
82 mCi/s (7.1 kCi/d) through a 3.5-m radius blast chamber that is 3 cm thick. This is 
about 2.65 x 10 - 4 of the residual tritium from the targets in a 2-Hz chamber. The rate 

Permutlon parameter, w 

Fig. 5-2. Relationship of dimensionless tritium fax $ to permeation parameter W. 
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would vary by approximately the half power of partial pressure applied. In any 
event, it will be necessary to provide a secondary containment for the tritium 
escaping from the reactor chamber. 

Graphite has been considered as a liner in the reactor chamber. Graphite is a 
good neutroi. moderator and would shield the metal shell, extending its life and 
reducing activation. A graphite liner will probably not reduce tritium permeation 
through the chamber wall because it would be difficult to prevent tritium flow 
around the liner into the wall. Because graphite is very brittle, it may be difficult to 
keep a graphite liner attached to the wall during repeated mechanical shocks, 
vibrations, and thermal stress cycles. Also, graphite will react with small quantities 
of residual hydrogen at temperatures of 500 to 900 °C under intense energy 
deposition to produce hydrocarbons, including acetylene and ethylene (Croessmann 
et al., 1986). The Flibe curtain is supposed to shield the graphite from blast 
radiations, but chemical erosion may result if the shielding is incomplete. Pyrolytic 
graphite that is fully dense should not have any significant uptake of hydrogen 
isotopes or other materials: However, porous graphites would absorb tritium and 
other gases as they diffuse in along the porous surfaces. Flibe would also be absorbed 
in porous graphite, and it could shatter the graphite if it solidified. Although 
tritium retained in graphite evolves readily at elevated temperatures when exposed 
to air (Causey, Chrisman, Hsu, Anderl, and Wishard, 1988), it is not clear whether 
that process would be effective in the HYLIFE-II environment with no air or water. 
A final concern is the potential for a graphite fire in the event of an accident. 

5.2.3 Beryllium Contactor 
The function of the beryllium contactor is to react the fluorine produced in 

the tritium breeding reactions back to BeF2 as a means of controlling corrosion. This 
generates an imbalance in the Flibe composition that will need to be corrected by 
bleeding out some of the Flibe mixture and replacing it with LiF. The extent to 
which the oxygen and nitrogen produced in neutron reactions with the fluorine 
will interact with the beryllium to inhibit reaction of the free fluorine or TF with 
the beryllium, is not known. 

Alternatively, small quantities of beryllium and lithium could be added to 
the target These would react with the fluorine liberated in breeding reactions to 
maintain the Flibe composition and to suppress HF formation. However, the target 
cost might increase, and a fraction of the target's beryllium and lithium would be 
pumped away by the vacuum pumping system before it could get into the Flibe. 

The fraction of Flibe needed to go through the beryllium contactor has not 
been determined because data on the behavior of free fluorine in Flibe are lacking. 
With a production of 1.3 x 10 2 0 fluorine atoms/shot (one for each tritium bred) and 
a Flibe flow rate of 12.6 t/s (Hoffman, 1989), the fluorine enrichment in the Flibe 
would be 4.85 x lG- , 0/pass. If control of TF to the atomic parts per million level is 
satisfactory, only a small sidestream of the Flibe would need to pass through the 
beryllium contactor. If atomic parts per billion levels are required, a larger flow 
fraction, though still small relative to the total flow, would need processing. 
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5.2.4 Vacuum Disengager 
The function of the vacuum disengager is to further remove tritium from the 

Flibe before it enters the intermediate heat exchanger. By forcing the hot Flibe into 
small droplets and letting them fall through a chamber evacuated to nearly the Flibe 
vapor pressure, the tritium may diffuse out of the Flibe and be removed. To get a 
diffusion time of 0.5 s, the droplets wouid have to be 70 nm in diameter. 
Considering that the Flibe flow rate may be more than 2 mVs, the disengager could 
be a large component. The disengager costs and power dissipation would need to be 
evaluated before determining its feasibility. Augmentation of diffusion by Hill's 
Vortex flow may permit larger droplets to be used. In theory, the disengager could 
remove up to 99.8% of the tritium in the Flibe, if the droplets were small enough 
and an effective exit tritium partial pressure of about 13 Pa could be achieved. 
Because 6.5% of the tritium entering the 1HX will permeate into the intermediate 
coolant, it is desirable to remove as much tritium as possible before the Flibe enters 
the 1HX. Hence, it may be desirable to send all of the Flibe going to the IHX first 
through the disengager. A permeation barrier would not be effective in the IHX 
tubes because tritium transport is limited by its diffujivity in the Flibe, not by 
diffusion through th* tube wall. The vacuum disengager will be designed to 
remove at least 99% of the tritium from the Flibe passing through it. 

5.2.5 Intermediate Heat Exchanger 
To optimize thermal efficiency, the IHX mil have a very large surface area, 

thin walls, and the highest temperatures attainable. These features mean it will be 
highly permeable to tritium. The fraction of tritium permeating per pass is found 
from the equation 

/=l-exp[-(0.1989H/R) f dy/Re^*cf ] , (3) 

where y = z/h, z is the distance along the tube, R is the tube rad'.us, H is the tube 
length, Re is the Reynolds number, and cf is a radial average of a dimensionless 
tritium concentration given by 

c*+ = 2 J dxxc*(x) , (4) 
' 0 

where 

f «n-x> ds 
C*W ~ J (1 / Sc) + 0.0154 v s [ 1 - exp(-0.0154 v s>] ' 

if a(l-x) < 26, or by 

c*w = c+(26) 4 in[ a(l-x)/26] , (6) 
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ifoc(l-*)>26, and 

v - s, if s < 5 , 

v = 4.731 ln(s) - 2.664 if s > 5 . 

In these equations x is a normalized radius, Sc is the Schmidt number, and a is a 
specialized Reynolds number.(Longhurst, 1990; Bird, Stewart, and Lightfoot, 1960). 

For example, consider 316-stainless steel tubes 10 m long, 1 cm outer radius, 
and 1 mm thick (Sec. 4). Assume an ir'et temperature of 943 K, an outlet 
temperature of 843 K, a flow velocity of 1.08 m/s, a tritium sticking probability of 0.1 
on both sides of the tube (used in calculating molecular recombination), and an 
initial tritium partial pressure of 13 Pa in the coolant with negligible tritium partial 
pressure outside the tubes. For this Reference Case, it is found that 6.5% of the 
tritium entering the 1HX per pass permeates through the IHX tubes into the NaBF4 
secondary coolant. The tritium reaching the tube wall can permeate through it 
relatively easily, but tritium diffusion through the Flibe is the major limitation to 
tritium loss. From solution of the equation relating + to IV, it is found that the ratio 
of tritium concentration in the Flibe near the tube wall to the average concentration 
in the Flibe is only about 10 - 6 . The effects of varying parameters on the tritium loss 
fraction are given in Table 5.2. 

Tablu 5-2. Effects of parameter variation from the reference caw. 

Permeation fraction (%) 
Reference case 6.5 
Hotter flibe (943 to 1043 K) 12.0 
Longer tubes (20 m) 12.5 
Faster coolant flow (2.16 m/s) 5.9 
Larger tubes (R = 45 cm) 1.1 
Thicker tubes (5 mm) 6.5 
Vanadium tubes (instead of SS) 6.5 
Tungsten barrier 0.1 mm thick 6.5 
Lower sticking probability (0.01) 6.5 -

Thus, changing the tube material or thickness has little effect, but changing the tube 
radius or length has groat effect. 

5.2.6 Pumps and Ductwork 
In water-cooled reactors, the greatest loss of tritium is usually the leakage of 

water bearing it. This occurs mainly at pumps and valves where there are moving 
parts with seals. Because Flibe operates at a much lower pressure than water, it has a 
higher sc'idification temperature, and its viscosity is over 60 times that of water, 
sealing the molten Flibe will be much easier than scaling water systems. 

The use of large-diameter ducts and thicker duct walls means that less of the 
tritium in the Flibe will get out through duct walls than through the heat exchanger 
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tubes. For the case of a duct with H = 20 m, R * 1 m, wall thickness = 2 cm, and Flibe 
velocity u = 2 m/s at T = 923 K, the tritium diffusivity Df = 6.3 x 10"8 m 2 / s , Re = 1.3 x 
106, cf= 200, and Eq. (3) yields f = 0.0034. With a total source term of 8.6 MCi/d, th«c 
leakage would be about 30 kQ/d, which is unacceptable. Thus, double-wall tubing 
will be required. Gas-filied secondary containments could remove the permeating 
tritium, with good insulation required to prevent heat loss. With a sufficient sweep 
gas flow rate, tritium permeation through the secondary barrier would not be 
hazardous. 

5.3 Intermediate Coolant Loop and Steam Generator 

Tritium will permeate easily through the steam generator. To keep tritium 
from leaking into the steam system, it must be controlled in the intermediate 
coolant loop. NaBF4 has been chosen as the intermediate coolant because of its 
favorable consideration in the fission Molten Salt Reactor Program (Rosenthal et al., 
1972). Tritium is reput-d to be much more soluble in NaBF4 than in Flibe, but its 
exact solubility is not well known. That means that the tritium concentration 
(molecules /cm 3 ) in NaBF4 can rise to much higher levels than in the Flibe. 

One method of tritium removal from NaBF4 is simple evolution in a gas 
exchange column. Some of the hot NaBFj flows down an equilibration column 
where it contacts pure helium gas. Tritium leaves the NaBF4 and is carried by the 
helium to a catalyst bed where it is oxidized. After cooling in a feedwater heater, the 
gas is dried in a molecular sieve bed. Under typical conditions this method can 
reduce the tritium in a gas stream by factors of up to 107 (Longburst et al., 1989). If 
the gas exchange column is greater than 99% efficient and if all of the NaBF4 passes 
through it, the safety goal of less than 40 Ci/d leaking from the plant can be 
achieved. 

There are three potential problems with using a gas exchange column for 
detritiating the intermediate loop: (1) The tritium must be reacted with oxygen. 
The oxygen impurity normally present in the helium gas would be quickly 
consumed, and an oxygen supply would be needed. The use of bound oxygen (such 
as CuO) on the catalyst and an oxygen getter (such as hot Cu) downstream from the 
molecular sieve bed should alleviate this concern. (2) The gas stream must be 
cooled before passing it over the molecular sieve, to get good drying. This causes an 
energy penalty and permits some of the tritium to penetrate through the feedwater 
heater tubes into the steam loop. Thermal l&ssos are minimized by cooling the gas 
stream in the feedwater heater. Experience has shown (Finn and VanDeventer, 
1989; Holland and Longhurst, 1985) that, if a slight oxygen overpressure is 
maintained in that segment of the loop, an oxide barrier will strongly inhibit 
permeation through the tubes. This barrier and the relatively low temperatures of 
the feedwater heater should satisfactorily reduce that permeation. (3) Tritiated water 
collected on the molecular sieve must be contained and processed. It can be 
regenerated and processed in a tritium recovery system involving electrolysis and 
isotopic separation (the preferred alternative), or it can be disposed of as solid waste. 

The steam generator has Na5F4 on the shell side and water and steam in 
tubes with 16 mm o. d., thickness of 2.8 max, and pitch diameter = 2.0 (triangular 
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lattice), as illustrated in Fig. 5.3. The evaporator section has length H e = 24 m, and 
the superheater length H s = 16 m. The NaBF4 density p = 1870 kg/m 3 , viscosity 
H = 0.0015 kg/m-s, volumetric flow rate = 39.0 m 3 / s , and speed Ue = 1.96 m/s 
(evaporator) and u s = 5.50 m/s superheater). To facilitate a simple estimate of 
tritium permeation, the triangular cell is approximated by a cylindrical cell of radius 
R = 1.6 a, with half of the cell boundary having leakagr across tube walls and half 
having no leakage (Fig. 5.3). Because the diffusivity of tritium in NaBF4 is 
unknown, we assume values from one to three times the diffusivity in Flibe. The 
resulting permeation fractions fe range from 45 to 69%, respectively. The 
permeation fraction is insensitive to the tritium solubility in NaBEi, which is 
assumed to be 1 to 1000 times the value in Flibe. 

Fig. 5-3. Steam generator tubes and approximate cylindrical cell. 

5.4 Vacuum Pump Effluent Tritium Removal System 

The blast chamber vacuum pumping system will collect practically all of the 
'argef s tritium remaining unburned after each shot, and the vacuum system 
supporting the disengager will get most of the tritium bred in the Flibe. These 
systems will also pump considerable Flibe vapor and other gaseous residues from 
the chamber. A temperature-staged cryopump capable of regenerating in stages and 
helping to separate the pumped materials is recommended. Regeneration at the 
lowest temperatures will allow hydrogen isotopes to be vaporized and routed to the 
isotope separation system of the fuel processing system complex. Higher-
temperature stages will release other condensable gas components that may contain 
some tritium. Flibe that is cryopumped, or other materials of sinuter melting and 
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evaporation characteristics, will trap some tritium in the cryopumping process, but 
at very low levels. The cryopanels will need substantial heating to remove some of 
these materials. When molten material is removed from the cryopanels, it may be 
routed directly back to the coolant stream, possibly after purification to remove 
debris. Other gaseous effluents from the vacuum pumping system could be routed 
through a catalyst bed-molecular sieve system to remove tritium before being 
released. 

5.5 Tritium Storage and Delivery System 

Sufficient tritiurii will be needed in reserve (beyond that in the various stages 
of tritium recovery and processing) to ensure proper restarting after a shutdown and 
to allow for a temporary malfunction of the tritium recovery sys _m. A safe way to 
store tritium is on reactive metal beds. Uranium beds have been used extensively 
in the past. While they perform well and are well understood, the inherent 
radioactivity is undesirable, and uranium tends to be pyrophoric in accident 
situations. Zirconium cobalt, though not radioactive, is also pyrophoric. If properly 
tailored, the lanthanum-nickel intennetallic alloys appear to have adequate storage 
density and pumping speed, without pyrophoricity. These are the materials of 
choice at the Savannah River Site (Walters, 1985) and are tentatively selected for use 
in HYLIFE-II. 

The balance of the storage and delivery system will use conventional 
technology, such as planned for the Tokamak Fusion Test Reactor (TFTR) and used 
in the Tritium Systems Test Assembly (TSTA) at Los Alamos (Nasise, 1988; 
Anderson, Coffin, Nasise, Sherman, and Jalbert, 1985). 

5.6 Containment Building Tritium System 

It will be very advantageous to minimize the volume surrounding the 
reactor that needs to be inerted or otherwise restricted from human access. A 
biological shield is needed to protect workers from radiation. The more direct access 
and maintainability that can be preserved, the better. The concept envisaged is that 
there will be a rather close-fitting secondary containment jacket around any 
component that contains either primary or secondary coolant. The bulk of the 
building that houses the nuclear island can have an air atmosphere. The possibility 
of a spill into that building requires mat an air cleanup system be provided. These 
have been well developed, with a prototype installed at the TSTA (Carlson, Damiano, 
and Binning, 1985). That technology will be used in the HYUFE-1I reactor hall 
cleanup system. 

5.7 Future Development 

A number of tritium-related issues remain unresolved. The sizes and power 
dissipations of the vacuum disengager and gas exchange column have not yet been 
determined. Efforts are needed to determine the transport properties of tritium in 
NaBFt by literature search or by experimental measurements. Another major 
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uncertainty is in the design of the ports and vacuum pumping systems required to 
accommodate driver beams. Without design information, tritium losses from these 
components cannot be calculated. With more complete information, computerized 
models can be exercised to give better estimates of routine tritium releases and of 
vulnerable tritium inventories (at risk in accident scenarios). 
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6. Materials and Molten Salt Technology 

Molten Flibe (2 LiF, 1 BeF2) has been chosen as the primary loop coolant 
because of its low induced activation, low viscosity, and high-temperature stability, 
and because it is relatively inert in air and water. For the intermediate loop coolant, 
the following were considered: Flibe, NaBF4, helium, and liquid lithium. NaBF4, 
with a lower melting point than Flibe (657 K vs 733 K). was the intermediate coolant 
of choice for the Molten Salt Breeder Reactor (MSBR) and is the leading candidate for 
HYLIFE-II. 

6.1 Compatibility 

The containment vessel and primary loop material should be chemically 
compatible with Flibe, resistant to radiation damage, and have inherently low 
activation to avoid deep geological burial at the end of the plant life. No material 
meets all three requirements. The choice is between Hastelioy (70.0 wt% Ni, 
17.0 wt% Mo, 7.0 wt% Cr, 5.0 wt% Fe) and an as yet unspecified Manganese 316-type 
stainless steel (Mn-steel). Hastelioy N was used for the MSBR program because of its 
low corrosion rate in Flibe (Thoma, 1971); however this high-nickel-content alloy is 
susceptible to radiation damage (embrittlement) by neutrons and its neutron-
activation products (predominantly those of nickel) are longer-lived radioisotopes 
than those of Mn-steel. Manganese-stabilized stainless steels ana.(. jus to nickel-
stabilized 300-series stainless steels are being developed as low-activation and fast 
induced-radioactivity decay (FIRD) materials for fusion application in several 
countries (Doran and Klueh, 1989). Like their nickel-based analogs, Mn-steels may 
be compositionally modified to improve radiation resistance. 

6.2 Corrosion 

The tendency of Flibe to corrode its container at approximately 600 °C appears 
to be determined by the reaction potential between HF and the container constituent 
metals M, (Grimes and Cantor, 1972), e g., 

M + 2HF = MF2 + H 2 . (1) 

As shown in Table 6-1, LiF and BeF2 are very stable materials. Both are much 
more stable than the container metal fluorides, therefore minimal interaction 
should occur. The ubiquitous presence of moisture impurity in the molten salt, 
however leads to the production of small amounts of HF that, via reaction (IX 
oxidizes and hence causes dissolution of container metal. The Gibbs free-energy 
values in Table 6-1 indicate that the tendency for nickel to react and dissolve in Flibe 
at 1000 K is small (value of AG(I> is positive), whereas that for chromium and 
manganese is quite high (AG<D = -22 to -38 kcal/mol or -10 to -19 kcal/g-atom of 
fluorine). Corrosion data from the MSRE/MSBR project confirmed that 300-series 
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Table 6-1. Gibbs energies of formation of fluorides at 1000 K. 

AfG°10O0 
Fluoride Z (kcal/g-atom of fluorine) Reference 
MoF6(g) 42 -50.84 Pankratz, 1984 
WF6(g) 74 -56.84 Pankratz, 1984 
NiF2(s) 28 -60.02 Pankratz, 1984 
PbF2(cs) 82 -61.72 Paukratz, 1984 
HF(g) 1 -66.55 JANAF Tables 
FeF2<s)il 26 -67.90 Pankratz, 1984 
CrF2{s)a 24 -77.04 Pankratz, 1984 
TaF5(g) •7% -77.93 Barin et al., 1977 
MnF2(s) 25. -85.27 Pankratz, 1984 
HfF4(s)a 72 -95.93 Pa-.kratz, 1984 
UF3(S)» 92 -10233 Pankratz, 1984 
BeF2(l)a 4 -104.45 Pankratz, 1984 
ThF4(s) 90 -107.13 Pankratz, 1984 
LiF(s)* 3 -124.12 Panki-tz, 1984 
"Refers to molten Li2BeF4 

austenitic stainless steels with 16 to 18% chromium suffered considerably more 
chromium loss to molten Flibe than the low-chromium Hastelloy-N {Thoma, 1971). 
Because the available thermodynamic data indicate that MnF^ i$ considerably more 
stable than CrF2 (Table 6-1), we must conclude that manganese will be even more 
prone to leaching into molten Flibe than is chromium. Although this prediction 
clearly requires experimental corroboration, it must be noted that concepts such as 
in-situ molybdenum coating, sacrificial oxidation cf beryllium, and redox buffering 
are available for exploration as approaches to corrosion inhibition. 

As indicated above, the corrosion of austenitic or ferritic stainless steel by 
relatively pure LiF-BeF2 mixtures occurs by selective removal of chromium from 
hot-leg surfaces and by chromium deposition at cooler surfaces. The mass transfer 
of chromium results from reaction with trace contaminants normally present in the 
salt. Using the salt purification practices developed for the Molten Salt Reactor 
Experiment (MSRE), we estimate corrosion rates of 316 stainless steel loops 
containing tht 2LiF-BeF2 mixture under heat-transfer conditions at 650 °C average 
about 8 i-m/y. Although relatively low, such rates would begin to degrade the 
mechanical properties of thinner blanket module sections after about 1 y (Koger, 
1972). However, these rates can be lowered significantly by chemically buffering the 
salt (Shaffer, 1971) and reducing the chromium concentration of the steel (Cantor, 
1973). For example, by periodically contacting the salt with a beryllium rod, the 
corrosion rate of 316 stainless steel at 650°C was reduced from 8 to 2-t.m/y (Kjiser, 
DeVan, and Lawrence, 1979). Alloys low in chromium have been developed 
specifically for molten fluoride salt containment. Hastelloy N, the alloy adopted for 
the MSRE, showed no measurable corrosion by 2LiF-BeF2 in 4 y of reactor operation. 
Such alloys can be used effectively outside regions of high neutron fluence at 
temperatures well above 700 °C. Ferritic (Cr-Mo) alloys are also relatively corrosion 
resistant when chromium levels are kept below about 10 wt%. For example, a 
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maraging steel (12%Ni-5%Cr-3%Mo- bal Fe) tested in the MSRE fuel salt for 5700 h at 
662 "C has a corrosion rate half that of 304L stainless steel at the same loop position 
(Koger, 1972). 

Complete evaluation of Hastelloy-N and Mn-steel as candidate containment-
vessel and primary-loop materials also requires information on their mechanical 
properties and susceptibilities to stress corrosion cracking (SCC) or embrittlement 
while immersed in liquid Flibe. Based on extensive testing in support of 
MSBR/MSRE (Thoma, 1971; DeVan, 1989), Hastdloy-N exposed to "clean" molten 
Flibe in the temperature range of 600 to 700°C was found to exhibit unchanged 
mechanical properties and no tendency to undergo molten-salt-induced SCC or 
embrittlement. (By clean we mean an approximation of the conditions expected in 
the primary or secondary l c ps of HYLIFE-H. These conclusions clearly need re-
evaluation for dirtier conditions such as might arise from significant water leaks.) 
To our knowledge analogous data for Mn-steel do not exist; however, based on early 
screening tests on conventional 300-series stainless steels such as 304L and 316, these 
materials also appear relatively unaffected by liquid Flibe. Work is continuing in 
order to assemble the data needed for a full evaluation of the two candidate alloys. 

6.3 Flibe Vapor Pressure and Binary Phase Equilibria 

To calculate condensation heat transfer, information on the phase 
equilibrium of the binary LiF-Be.F2 mixture is required. BeF2 has a significantly 
higher vapor pressure than LiF, and thus, unde1- thermodynamic equilibrium, the 
vapor phase will have a significantly higher concentration of BeF2 than the liquid 
phase. Mass transfer considerations dictate that under evaporation, the vapor 
generated will have essentially the same composition as the liquid. Under 
condensation, however, LiF will condense preferentially, v;hile the BeF2 will create 
a mass transfer resistance. Vapor pressure information is available for LiF-BeF2 
mixtures (Cantor, Hsu, and Ward, 19l5). Vapor pressures for various liquid 
compositions «re plotted in Fig. 6-1. 

The vapor pressure was fit over the temperature range to an equation with 
two constants (given in Table 6-2), 

Ps(mm Hg) = Ps(Pa)/133 = 10^ - B ^ K > ' • (2) 

BeF2 is two orders of magnitude more volatile than LiF. This has a relatively 
strong effect on the amount of BeF2 in the vapor phase under equilibrium 
condition',. For phase equilibrium, the fugacitiss /„ of the liquid and vapor phase 
components must be equal (Prausnitz, 1986), 

fnv = fn'=y„xnPSH, (3 

where x„ is the liquid mole fraction and y„ the activity coefficients. Even though 
molten salt mixtures normally do not behave in an ideal manner, here ideal liquid 
behavior is assumed, yn = 1- Future studies will use the vapor pressure data of 
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Fig. 6-1. Vapcr pressures in the LiFBeF^ system. 

Table 6-2. Vapor pressure in the LiF-BeFj system. 

Melt composition ftnol %\ Temperature range Equation: log p (mm) = A-B/TfK> 
BeF2 LiF CO A B 
100 779—1147 10.491 10,953 
84.99 15.01 826—1116.5 10.648 11,230 
75.01 24.99 890—1112.5 10255 10,756 
70.00 30.00 843—1150 10296 10,879 
65.00 35.00 857—1112 9.787 10266 
57^4 42.46 866-1121 9.817 10,449 
50.00 50.00 886—1071 9.134 9788 
45.04 54.% 932—1155 9.096 9,944 
39.95 60.06 930—1224 8.993 10,058 
36.00 64.00 950—1214 9.279 10,689 
30.00 70.00 966-1281 8.660 10,138 
25.00 75.00 1020—1272 8.836 10326 
11.00 89.00 891—1239 6.711 8,175 
7.00 93.00 978—1234 8.702 11,042 
3.00 97.00 1020—1270 10.062 13,178 

100 1026-272 X « 
• TheequatkmforpureLjFislogp*3.619-15,450/1-6439 log T. 

6-4 



Cantor et al. (1965) to determine activity coefficients more accurately. Given the 
relatively low vapor pressures of interest, for the vapor phase, ideal behavior can be 
assumed with good accuracy, such that/„ v = yn Ptot where y„ is the vapor mole 
fraction and Ptot the total pressure. This gives Raoult's law, 

y,,Ptot = x„Ps„ , (4) 

which gives two equations (one for each species) that can be solved simultaneously 
for a given total pressure, temperafure, and liquid composition to give the vapor 
composition. 

Of particular interest is the amount by which the ratio of the vapor mole 
fractions differs from the ratio of the liquid mole fractions, 

tt/fc - i^/x2)(Psl/Ps2) 
= Ot] /x 2 )10<- i 58 + 2 9 7 / r >' (5) 

where simpler expressions for the pure component vapor pressures, taken from 
Janz (1967), have been used. Table 6-3 summarizes some values from this equation, 
showing that under equilibrium the vapor will be about 200 times richer in the 
volatile component, BeF2-

Table 6-3. Relative difference between vapor and liqr ; d compositions. 

T wt*Jh+iW> 
850 0.0058 
1000 0.0052 
2000 0.0037 

Figure 6-2 also illustrates the ideal phase equilibrium. Liquid and vapor 
compositions are shown as functions of temperature for three total pressures. 
Again we see that for a given temperature the vapor is much richer in BeFi because 
of its relatively high volatility. These curves match well the experimental 
observations of Cantor et al. (1965), who observed that only traces of lithium exis-ed 
in the vapor phase for liquids with mora than 75-mol % BeF2. In compositions with 
less than 70 mol % BeF2, the vapor probably also contains LiBeF3 and Li2BeF4 
(Buchler and Stauffer, 1965). 

For the application to droplet cooling of the HYUFE reactors, binary phase 
equilibrium can be expected to play only a small Tole during the initial vapor 
generation phase, because of the extremely short time span during which the vapor 
is generated and the small mass diffusion in the liquid. For evaporation, the 
composition of the vapor generated can be assumed to be the same as that of the 
liquid. In addition, some dissociation of the vapor molecules will occur, as 
discussed in Sec. 6.5. During the condensation phase, phase equilibrium can be 
expected to play a greater role, creating a diffusional resistance to mass transfer, and 
potentially some separation of the components, so the liquid composition changes 
from the initial composition. However, under larger driving temperature 

6-5 



1000 

700 

VAPOR 

P t o l - 0.00136 kPa 
{T-eSOKforx^ -

1600 

VAPOR 

' • ' _L _!_ 
0.2 0.4 0.6 0.8 

MOLE FRACTION BeF 

1000 

P t o t «1.89kPa 
(T - 1200K for x ^ - 0.33) 

J_ JL -L 
0.2 0.4 0.6 0.8 

MOLE FRACTION BeF 

2800 

0.2 0.4 0.6 0.8 
MOLE FRACTION BeF 

Fig. 6-2. Binary phase equilibrium diagrams for LiF and BeF2, 
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differences, the large condensation velocity causes this diffusional layer to become 
quite thin, and the resistance becomes much smeller (Peterson and Hijikata, 1989, 
Hijikata et al., 1986). 

For the composition used in HYLIFE-H, about 66 mol % LiF, we can assume 
most of the vapor is composed of two parts LiF for each part BeF2 and an unknown 
fraction of Li2BeF4 and other compounds like Li2p2 and LiBeF3. Table 6-4 shows the 
vapr r pressure and density calculated from Eq. (2) for 64% LiF. To obtain the density 
of LiF or BeF2 use the relation 

"LiF = (2/3)H ; «BeF2 = (l/3)«; «Li2BeF4 = a small fraction of n , 

where w = P/kT, k = 1.3804 x 10 - 2 3 J/K. Density and vapor pressure are plotted in 
Fig 6-3. 

The last column of Table 6-3 is the particle arrival rate /, a quantity of interest 
in condensation studies. 

_ «LiF »LiF "BeF 2 »BeF2 
' 4 + 4 ' 

where v = tekT/nm)0-5; m L i F = 26 x 1.673 x 10"2 7 kg; mBeF2 = 47 x 1.673 x 10-27 kg. For 
example, the temperature of the incoming Flibe is 840 K (Tables 7-2,7-3, 7-4), which 
has a vapor density of 5 x 10 1 2 cm-3 (Table 6-3), which is almost pure BeF2 under 
equilibrium conditions as can be seen from Fig. 6-2. 
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Table 6-4. Vapor pressure and density for 64% liF. 

T C P TOO PCTHTorr) P (Pa) n no./cm3<=P/kT) jim./cmh) 
2.49 xl0~7 3.31 x 10-= 3.56 xlO* 6.00 xlO 1 3 

9.23xlC-7 1.22x1(H 1.27x10'° 2.18x10'4 

3.12x10-6 4/".5x1(H 4.16x10'° 7.26 xlO1 4 

9.74XIO-6 3.29XI0-3 1.25x10" 2.22x10s 

2.82 xlO"5 3.75x10-3 3.51x10" 6.35 xlO'5 

7,66 xlO"5 1.0) xlO"2 9.24x10" 1.69xlO'6 

1.95 xlO"4 2.60 xlO"2 2.28 xlO'2 4.26 xlO' 6 

4.72 xlO"4 6.27 xlO"2 5.36 xlO 1 2 1.01 xlO 1 7 

1.08x10^ 1.44 xlO"1 1.19x10" 2.29 xlO' 7 

4.99 xlO"3 6.63x10-' 5.20 xlO' 3 1.02 xlO 1 8 

1.96x10-2 2-61x10° 1.94 xlO 1 4 3.93 xlO' 8 

6.76x10-2 8.99x10° 6.36xl01 4 1.32xl0'9 

2.07X10"1 2.76x10' 1.86xl015 3.96xlOw 

5.76x10-' 7.66x10' 4.S4xl0'5 1.07 xlQ 2 0 

1.46 xIO» I.95X102 1.20x10'* Z67X1020 

7.62x10" l.OlxlO3 5.76 xlO 1 6 1.33x102' 
3.11x10' 4.14 xlO3 2.18 xlO 1 7 5.26 xlO2' 
3.04 xlO2 4.05x10* 1.86 xlO 1 8 4.80 xlO 2 2 

1.77 x1c3 236 x10 s 9.66 xlO' 8 2.64 x 1 0 s 

3.73 x10s 4.96 xlO5 1.91 xlO' 9 5.39 xlO 2 3 

132x10* 1.76 x10 s 6.16 xlO 1 9 1.82 xlO2* 
3.77xl{H 5.01x10s 159x1020 4.94x102* 
9.05x10* 1.20 xlO7 3.52 xlO2" 1.13 xlO 2 5 

1.90x10s 253X107 6.86X1020 2.30x1025 
3.61x10s 4.81 xlO7 1.21x102' 4.22 x 1 0 s 

1.28x10s 1.71x10s 3.67X102' 138XI02* 
330x106 439 x10s 8.21 xlO 2 1 332 xlO 2 6 

U l x I O 7 1.61 xlO9 2.40x1022 1.09 xlO 2 7 

2.87 xlO7 3.82 xlO9 4.71X1022 2.34 xlO 2 7 

5.29 xlO7 7.04 xlO9 7.41x1022 3.99 xlO 2 7 

400 673 
425 698 
450 723 
475 748 
500 773 
525 798 
550 823 
575 848 
600 873 
650 923 
700 973 
750 1023 
800 1073 
850 1123 
900 1173 
1000 1273 
1100 1373 
1300 1573 
1500 1773 
1600 1873 
1800 2073 
2000 2273 
2200 2473 
2400 2673 
2600 2873 
3100 3373 
3600 3S73 
4600 4873 
5600 5873 
6600 6873 
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6.4 Chemical Kinetics of F2 

Events and Potential Problems 
After an explosion, about 10 kg of Flibe will be evaporated. Of this, some 

fraction will be dissociated into atoms and some will be ionized. As the fireball or 
vapor cloud expands the temperature will quickly drop and recombination will 
occur. There are two problems of concern here. Free fluorine is chemically very 
active and F 2 could interfere with condensation as a noncondensable if present in 
high enough concentrations for long enough. We intend to construct the walls of 
the chamber and beam tubes out of nickel or materials like 316 stainless steel that 
behave somewhat like nickel. Liquid Flibe will be continuously sprayed or flowed 
along the walls. If the Flibe is kept in a reduced state, i.e., fluorine deficient, then 
fluorine will be prevented from attacking the nickel walls. 

As the vapor cloud expands, its pressure and temperature decrease and 
condensation will occur. In the main chamber condensation will occur on droplets 
or jets of cool Flibe. In the beam tubes condensation will occur on the walls. A 
distance up the tubes the vapor will encounter a flow of high-Z gas, in the case of 
lasers, and the rotating debris shield or shutter. Some distance up the tube the 
vapor cloud will be stopped and the condensed Flibe can flow back to the chamber. 
Further up the tube the wall temperature can be kept below the freezing point of the 
Flibe (<460 °C). An issue for the laser case will be the Flibe vapor migrating up the 
beam tube as far as the grazing incidence metal mirrors (about 25 m) and coating 
them to the point of reducing reflectivity. The frequency converter crystals must 
not be unduly coated as well. The rate of coating is left for further stud r . In the case 
of heavy ion beams, the beam tube can be kept above 460 °C as far up the tubes as 
needed and there are no sensitive surfaces, so the problem of vapor transport seems 
not to be important. 

One source of free fluorine is dissociation of LiF and BeF2 by radiation or by 
high temperature. Another source is by neutron reactions with beryllium, for 
example, 

n + BeF2->2He + 2n +F 2 . 

Although enough lithium and beryllium to reform the Flibe can be introduced into 
each target, a finite time is required for these reforming reactions to be effective and 
during this time the unreacted fluorine may "see" other materials that it can react 
with such as nickel in the wall: 

2F (or F2) + Ni -» NiF 2 . 

As shown, thermodynamics predict the eventual reversal of such reactions, 
and in reduced salt (i.e. salt containing excess lithium or beryllium) the rates of the 
pertinent reversal reactions will be maximized. For this reason, reduced salt is not 
expected to corrode nickel-based container walls. Although a large excess of 
beryllium might cause formation of intermetallic compounds of nickel and 
beryllium, a small excess of beryllium should cause no problem. 
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Equilibrium Calculations 
To get an idea of the species mix in a hot Flibe vapor cloud we made some 

preliminary thermodynamic equilibrium calculations using the FACT online 
computer code (Bale et al., 1985). Table 6-5 summarizes the results for Li2BeF4 at 
2000 K and 5000 K, at a total pressure of 1 atm (105 Pa). It should be noted that the 
relative concentrations of different vapor species depend on the total pressure. As 
the total pressure increases above 1 atmosphere at a given temperature, the partial 
pressures of multiatom and polymeric species increase and the pressures of 
monatomic species decrease. 

The results indicate that the noncondensable species in Flibe vapor, fluorine 
(F or F2), will exist in negligible quantities at temperatures below 2000 K. Hence, if 
the vapor can be quickly cooled to 2000 K («0.l s, the intershot time) and, at the 
same time maintain chemical equilibrium, it may be estimated that the 
noncondensable fluorine probably won't inhibit condensation down to a 
temperature at which the vapor pressure of molecules of LiF and BeF2 is low 
enough to permit propagation of heavy ion beams or laser beams. Recombination 
as molecules strike the surfaces will also aid in removing F and F2. In Sec. 3.4 the 
density for propagation is predicted to be equal to or below 10 1 6/cc and 2 x 10 1 3/cc for 
lasers and heavy ion beams, which, from Sec. 6.3, corresponds to 1160 and 893 K. 

Table 6-5. Calculated equilibrium compositions of Li2BeF4 vapor at 1 atm total pressure. 

5000K 2000 K 
molar fraction molar fraction 

LiF(g) 0.179 0.3S1 
Li2F2(g) 0.77x 10-5 0.210 
L i ^ t g ) 1.00x10-^ 0.0215 
Li(g) 0.218 0.11 x1(H 
F(g) 0.405 0.11x10^ 
Li 2(g) 0.21 x 10-4 037 x 10-1J 

F2(g) 0.16 xlO"5 <10-« 
Li+(g)» » • * 
e-(g) 0.26 xHH5 <10-12 
LiBeF4(g) <10~12 <1(H2 
LiBeF3(g) <10"1 2 <10" 1 2 

BeF2(g) 0.0828 0.428 
BeF(g) 0.045 0.20 xlO"6 

Be(g) 0.070 027 xlO- 1 1 

Be+te* 026 x lO-3 <io- 1 2 

* Data missing from the data base. 

In summary, both F2 and F gaseous species are expected to react with lithium, 
beryllium, and BeF on or near condensation surfaces sufficiently rapidly to prevent 
formation of an insulating gaseous layer that will inhibit further condensation. 
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6.5 Flibe Properties 

LiF-BeF2 salt mixtures have many attractive properties (Smith, 1984). They 
are relatively noncorrosive, chemically stable in air and water environments, have 
low vapor pressure, and a small density change on melting. 

The disadvantages relative to current fusion reactor concepts include a 
relatively high melting point (>360°C) and the possibility of magnetic-field-induced 
galvanic corrosion for magnetic energy fusion (MFE) application. 

The minimum Iiquidus temperature in the LiF-BeF2 system is 363 °C and 
occurs at 53 mol % BeF2. The 66% LiF-34% BeF2 mixture, used in the Molten Salt 
Reactor Experiment (MSRE), solidifies at 460°C forming the compound 2LiF • BeF2 
(equivalently written as I^BeFij). The principal impurities in this salt are (Shaffer, 
1971) chromium (<19 wppm), iron (<166 wppm), and nickel (<26 wppm). 

Thermophysical Properties 
Density-temperature curves for the 53% and 34% BeF2 mixtures (Fig. 6.5) were 

based on experimental data for the liquid state (Cantor, 1973; Cantor, et al., 1969) and 
assumed (Shaffer, 1971) the expansion coefficient of crystalline (solid) 2LiF. BeF2 is 
the same as crystalline LiF '1 x 1(H/0C), and (Cantor, 1973) the density of solid 53% 
BeF2-47% LiF is the sum of the densities of 70% 2LiF-BeF2 and 30% BeF2. The 
viscosities of the two reference LiF-BeF2 salt mixtures (Cantor, et al., 1969) are 
plotted against temperature in Fig. 6-6. Additional thermophysical properties are 
listed in Table 6-5. Some properties for Flibe are given in Table 6-7 with lithium 
included for comparison. 
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Table 6-6. Physical properties of liquid Plibe salts (Robbins, 1968; Cantor et al., 1968). 

Temperature Composition (mol %) 
Property (°C) LiF 47% BeF2 53% LiF 66% BeF234% 

Melting point CO 363 460 
Specific conductance, K (n-*1 cm"1) 400 0.27 

500 0.61 1.55 
600 1.02 2.14 
700 1.49 2.73 

Heat capacity, Cp (J/g°C) 2.35 2.38 
Thermal conductivity, x (n/m°C) 0.8 1.0 
Heat of fusion (J/g) 480 448 
Surface Tension (N/m) 600 0.2 
Sound speed (m/s) 500 

600 
700 

3420 
3310 
3200 

Table 6-7. Plibe and lithium liquid properties. 

LiF + BeF2 LiF + BeF2 

Property Li 47%,53%M 66%, 34% M 

p,Mg/m 3 0.485 2.02 1.98 
Tmelt, °C 180.5 363 460 
Viscosity, Pa • s (1 Pa • s = 1000 cP) 0-57xl0-3at200oC 0.68 at 400 °C 0.0194 at 460 °C 

0Al*lO^at35O°C 0.30 at 450 °C 0.015 at 500 °C 
0.32 x1a-3 at 500 °C 0.14 at 500 °C 0.012 at 550 °C 

Thermal conductivity, 
W/m-K500°C 49.6 0.8 1.06 

Heat capacity, J/g °C 4.2 2.35 2.38 
Heat of vaporization, MJ/Mg 19,600 5^40 5,540 
Surface tension, N/m 0.35at500°C 0.35 at 500°C 0.2 at 600 °C 
Electrical conductivity 2.8 xlO 6 60 155 

Q- 1nr 1at5D0°C 
Vapor pressure. Pa 

400 °C 0.015 0.00039 
600 °C 7,3 0.9 0.14 
800 °C 348 144 28 

Thermal diffusivity, 
a = k/p Cp, m 2 / s 2.43xlO-5at500°C 1.68xl0-7at600oC i2xlO- 7 at600 c C 

Griineisen parameter 0.9 1.02 
Henry's tritium 
solubility constant, toms/m3Fa 2.5xl017exp(-3534/T) 
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High-Temperature Stability 
Much of what is known about Flibe comes from its use in fission reactors. 

UF4-containing mixtures of LiF-BeF2 have operated under heat-transfer conditions 
for extended periods up to 1000°C with no evidence of chemical or physical 
degradation. Extended operation in high radiation fields has resulted in no 
measurable gas buildup or other evidence of radiolytic decomposition. Because of 
the high binding energy, the electric potential required to dissociate pure 2LiF BeF2 
is high relative to other molten salts. For example, at 600°C, to reduce the salt to 
beryllium metal and fluorine at 1 atm requires a potential of 4.72 V, and to reduce 
LiF to lithium metal and fluorine at 1 atm requires 5.55 V. However, impurity 
cations such as Fe 2 + and Ni 2 + can be reduced at potentials as low as 2.5 V. 

Tritium Chemistry 
Tritium can be contained in Flibe both in the reduced form, as T2, and the 

oxidized state, as TF. At equilibrium the concentration of TF is directly proportional 
to the fluoride ion activity and to the half power of the T2 pressure. Using the 
concentration of doubly-oxidized iron in the salt as an index of the fluoride ion 
activity, Fig. 6-6 shows the relative concentrations of T2 and TF at equilibrium at 
600 °C in the mixture 2LiF • BeF2. At a tritium pressure of 1 atm, the maximum 
concentration of TF (T+) that can be contained in 2LiF • BeF2 in equilibrium with an 
iron-based alloy is approximately 10 - 5 mol fraction. The corresponding T2 
concentration is about 10"6 mol fraction. Under more reducing (less corrosive) 
conditions (i.e., about 10-5 mol fraction Fe + +) the maximum TF concentration (mol 
fraction) reduces to about 10 - 7 at a tritium pressure of 1 atm and to about 1G~W at 
1 mTorr (1.3 x 10"6 and 10 - 1 2 , respectively). (The UF4/UF3 ratio maintained in the 
MSRE translates to a 10 - 3 mol fraction of Fe+ +.) These extremely low concentrations 
emphasize the low solubility of tritium and the need to rapidly process tritium from 
the salt to avoid high T2 pressures. 

Mole tractI01. Fe++ In satt 
Fig. 6-6 Equilibrium concentrations of TF and T2 in the mixture of 2LiF-BeF2 at 600 °C 
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6.6 Choice of High-Z Target Material 

A thin layer of a high-Z material is required in the construction of HYLIFE-U 
targets; this layer functions primarily as a radiation barrier. Because this material 
will be disintegrated along with the target, it will eventually be entrained in the 
molten Flibe where it may react with Flibe decomposition products (F2) or the steel 
containment vessels. The following chemical criteria determine the selection of a 
high-Z target material: 
1. The material should be soluble in liquid Li2BeF4. (i.e., if an element, it must 

form a fluoride). If a material is not soluble (e.g., mercury or lead) then 
separation by volatility may be possible. The vapor pressure in the chamber may 
give problems for some heavy-ion-beam propagation. 

2. As a fluoride, the material must not react with structural materials such as iron, 
nickel, or chromium by exchange reactions such as MF2 + Cr = CrF2 + M. (In 
other words, its fluoride should be more stable than those of iron, nickel, or 
chromium.) 

3. Because it would build up in the Flibe, the material should be recoverable from 
liquid Flibe, i.e., its fluoride should be considerably less stable than those of 
lithium and beryllium. 

4. The material should have acceptable activation properties (sec 4.5.6). 
In addition to these chemical requirements, the high-Z layer should be fabricable at 
low cost. 

A preliminary search for a suitable material was conducted by reviewing and 
comparing Gibbs free-energy of formation data for fluorides of all the elements then 
particularly for elements with Z > 70. The best source of such data is the 
compilation of Pankratz (1984) data for several of the candidate fluorides are 
included in Table 6-1. Data for other elements is given in Fig. 6-7. Note that the free 
energies shown in this figure are per mole F2 whereas in Table 6-1 the values are per 
gram atom. In this manner, the list of candidate elements (and their respective 
fluorides) was quickly narrowed down to tantalum (TaFs), hafnium (HfF,)), uranium 
(UF3) and thorium (ThF„). 

Tantalum appears to be the most attractive of these candidates because of its 
favorable properties: its density is 16 g/cm3, it melts at 3258 K (2985 °C), and iij boils 
at 5778 K (5505 °C). Its isotropic composition is uncomplicated—99.988% 1 8 1Ta and 
0.012% 1 8 0Ta—and its fluoride, although stable, is quite volatile (melting point, 
97 °C; boiling point, 250 °C). While the volatility of TaF5 would be considerably 
diminished when dissolved as a minor constituent in Flibe, conceivably it could be 
exploited in some extraction scheme. Alternatively, dissolved tantalum may be 
extractable from liquid Flibe using excess beryllium and the exchange reaction 

2/5 [TaF5]F + Be = 2/5 Ta + [B9F2]F -

The square brackets and subscript F denote species dissolved in the Flibe. Assuming 
that the solutions of TaFs and BeF2 in Flibe behave ideally, and that elemental 
tantalum and beryllium do not dissolve, we may write for the equilibrium constant 
of the exchange reaction 
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Pig. 6-7. free energies of fluorine compounds vs temperature (Pankrate, 1984). 
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^ = ̂ 3 = e X P ( A G / R T ) ' 

where XBeF2

 a r^d XiaFs are the mole fractions of BeF2 and TaF5/ respectively, and AG 
is the net Gibbs free energy change (= &jG°<BeF2) - 2/5 AfG°<TaFs)). Using the 
standard Gibbs free-energy of formation data in Table 6-1, we find that at 1000 K 
AG/R = -26,693.5 K, and hence, 

• = - ^ £ L = 3.91*1011. ^ X ^ ' 

Because X ^ is approximately constant at its initial value of 0.33 in the large 
volume of liquid Flibe, the predicted equilibrium level of TaFs in the molten salt is 
extremely low (XTaFs < 10"30). Thus, excess beryllium in contact with molten Flibe 
would be expected to continually and completely scavenge tantalum released from 
the targets. The scavenged tantalum would tend to plate out on the exposed 
beryllium surface so a method would have to be devised to maintain active 
beryllium surfaces. Fabrication of tantalum targets should be relatively 
straightforward using deposition techniques such as CVD, PVD, or triode sputtering. 

Thennodynamir Data* 
Thermodynamic data guides us in determining what products form when we 

mix two materials. It does not tell us how fast they form nor the shape the product 
will assume (i.e., in the case of a t-olid whether it is a smooth coating or crystal 
clusters). The products can be deduced from reaction equilibrium parameters. 

The reaction equilibrium parameters can be determined using Table 6-1. Free 
energies of formation are listed for 900 K. The free energy is 

F=H-TxS, 

where H is the enthalpy of formation, T the temperature (K), and S the entropy and 
it is a measure of whether a reaction will go at a given temperature. The 
equilibrium constants, Keq, listed in the second column are given by the mass action 
formula, products divided by reactants. Thus, for the two reactions of fluorine with 
tantalum and beryllium we can write 

2/5Ta + F 2 = 2/5TaF5 , (la) 

K(Ta) = ([TaF 5 ] 2 / 5 ) / ([Tap/5 x [p2]) = 1.67 x 10« , (lb) 

and for 

This section is included as a tutorial for those not so familiar with equilibrium chemical 
thennodynamics. In Sec. 6.4 we discuss a much more up to date method with data using the FACT online 
computer ccd°. 
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Be + F2 = BeF2 , (2a) 

K(Be) * ([Ber?]) / ([Be] * [F2]) = 2.85 x 10 5 3 . (2b) 

Both of these sets of equations are written for the reaction of 1 mol of F2 with 
whatever number of moles of metal or cation material is necessary to form the 
number of moles of compound containing only 1 mol of fluorine. Thus, 2/5 TaFs 
contains 2 atoms of fluorine or 1 mol. In the expressions for the equilibrium 
constants the term, [TaF5l2/5, indicates the concentration of TaFs raised to the 
2/5 power. These equilibrium formulas express the laws of mass action between 
reactants and products. The meaning of the high value of K in these reactions is 
that the dominant species in a mixture of metal, fluorine, and metal fluoride is the 
compound on the right side of the equation, the metal fluoride. 

We now consider whether an exchange reaction will end up with mostly the 
products on the right of the equation or on the left, i.e., in the following case 
whether we end up with beryllium and TaFs or with BeF2 and tantalum, 

Be + 2/5 TaFs = BeF2 + 2/5 Ta . (3a) 

We want to know the direction of this reaction and the concentrations of the 
chemical species occurring in the equation upon reaching equilibrium. The latter 
recognizes that no chemical reaction, even at equilibrium, goes to absolute 
completion; in principle there will always be at least a small amount of back reaction 
to regenerate some of the starting materials. 

Now, combining the reactions, 1 and 2, gives 

K(Be,Ta) = ([BeF2] x [Ta]2^)/([Be] x [TaF5]2''5), (3b) 

K(Be,Ta) = K(Be)/K(Ta) (3c) 

= 2.85x1053/1.67x1044 

= 1.71 x 109 

If equivalent amounts of beryllium and tantalum were initially mixed, that 
is, the concentrations of the reactants were 

[Be] = 2/5[TaF5] = Co (4a) 

and hence the concentrations of products were 

[BeF2] = 2/5[Ta] = C, , (4b) 
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then 

K(Be,Ta) = ( Q *Q2/5) / ( Q , XQjt/5) (4C) 

= CI7/5 /0 ,7 /5 

and, since Ci = 1.0 (for practical purposes), 

Q> = 1 / K(Be,Ta)5/7 = ] / fl,71 x 10»)5/7 = 2.54 „ 10"7 . (4d) 

That is, reaction (3a) goes to the right and the concentration of TaFs in the product 
would be 0.254 ppm. 

Two cautionary remarks should be made about using this data in predicting 
replacement reactions: the data is rather simplistically extrapolated from data at 
room temperature (does not taken into account the variations in thermodynamic 
properties of the elements or compounds with temperature) and the free energies of 
pure compounds may differ significantly from their partial free energies when 
dissolved in a molten salt with other materials present. Nevertheless, these factors 
probably serve to introduce bands of uncertainty to the estimates, not to completely 
invalidate them. 

6.7 Flibe Condensation Sticking Coefficients 

The analysis of condensation assumes the rate-limiting effect is removing 
heat from the vapor and not the arrival rate of the vapor at the liquid surface. If the 
vapor arrives fast enough but does not stick, the effective arrival rate could become 
limiting. We believe the sticking coefficient, even if small, will still not be limiting, 
but this needs to be proven. According to information (Searcy, 1968) we can expect 
the sticking coefficient of LiF to be near unity. Discussions v/ith Searcy indicate the 
sticking of BeF2 will likely be near unity also. Our studies of condensation will, in 
the future, try to quantify what effect sticking coefficients may have on 
condensations rates and hence repetition rates for the HYLIFE-II reactor. 

Helpful discussions with O. Krikorian are acknowledged. 
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6.8 Chemical Kinetics for Flibe 

After the fusion capsule bum ends in the HYLIFE reactor, x-rays emitted by the 
fusion material are absorbed in a thin surface layer around the inside edge of the 
Flibe curtain. The energy distribution in this layer is highly nonuniform, decaying 
exponentially with distance into the fluid. Over the short time in which the energy 
is deposited and the layer vaporizes, heat conduction and mass diffusion effects are 
small and the energy distribution remains nonuniform. At the surface and for 
some distance into the layer, the energy supplied is much greater than that required 
for vaporization, and thus dissociation and some ionization of the Flibe is expected. 
The elementary gas phase reactions will include: 

LiF + M*-»Li + F + M (-579 kj/mol) (1) 
L i 2 F 2 + M* -» 2LiF + M (-261 kj/mol) (2) 
Li 3 F 3 + M* - • Li 2F 2 + LiF + M (-233 kj/mol) (3) 
Li 2 + M* -* 2Li + M (-102 kj/mol) (4) 
Li + M* -> Li+ + e" + M (-526 kj/mol) (5) 
BeF 2 + M* -» BeF + F + M (-705 kj/mol) (6) 
BeF + M* -> Be + F + M (-573 kj/mol) (7) 
Be + M» -* Be+ + e" + M (-895 kj/mol) (8) 
F 2 + M* -> 2F + M (-159 kj/mol) (9) 
F- + M * - * F + e- + M (-334kj/mol) (10) 
F + M * - > F + + e- + M (-1687 kj/mol) (11) 
LiBeF 3 + M -> LiF + BeF2 + M* (250 kj/mol) (12) 

where the resulting,energy release is given in parenthesis (evaluated at 298 K, 
Chase, 1985). The inverse of the above dissociation reactions are three body 
recombination reactions, which require that a third molecule M participate in the 
collision, and exit at an excited state M* to remove the energy of chemical 
recombination. The rate of the dissociation reactions, and the corresponding 
inverse recombination reactions, is governed primarily by the pressure and 
temperature of the gas. The probability of two and three body collisions is larger at 
higher pressures, and thus reactions occur more rapidly. This qualitative effect is 
expressed analytically as the law of mass action for an elementary reaction step, 

N 
C0 = k ]~JCin'i (11) 

i=l 

where 0) is the reaction rate, k is the reaction-rate constant, N is the number of 
species involved in the reaction, and ni and Ci are the stoichometric coefficient and 
the molar density of species Mj, for a reaction which can be written as 
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N N 

i=l i=l 

Under equilibrium, the reverse of the reaction given by Eq. (12) also occurs at an 
equal rate, and the two reactions can be combined to give the equilibrium 
relationship 

N 
k f/kb = K c =r ic i , , V n ' i (13) 

i=l 

where kf and kb are the forward and backward reaction-rate constants and IQ is the 
resulting equilibrium constant. The equilibrium constant can be determined in a 
relatively simple manner from information on the Gibbs free energy of the 
participating species, available from the JANAF tables (Chase, 1985), and equilibrium 
vapor compositions can be calculated for various temperatures and pressures. The 
reaction-rate constants kf and kb are more difficult to determine with precision. 

Immediately following the fusion burr it is likely that dissociation reaction 
rates will be high. The dissociation and ionization reactions given by Eqs. (1-12) 
may also be driven directly by the absorption of x-ray or other radiant energy, 
without the participation of an extra molecule Mi Furthermore, the gas density and 
temperature are high during the earliest times, giving the highest dissociation rates. 
At later times the deviation from the equilibrium composition is determined by the 
recombination rate, which will be slower due to the lower molar density following 
expansion. 

To determine the importance of chemical kinetics in the HYLIFE design, 
studies at UCB (Chen, Peterson, and Schrock, 1992) have considered the dissociation 
and recombination of LiF and BeF2, as these are the predominant chemical species at 
lower temperatures. Here we take LiF as an example to show the equations and 
calculation method. The resulting equations for BeF2 are similar. 

The overall dissociation and recombination of LiF vapor is given by 

Li + F + M ->• LiF + M* , (14) 

where M is a third body chemically unchanged during reaction. The detailed 
reactions are the activation reaction <1>, the dissociation reaction <2> and the 
reverse reactions: 

LiF + M* -> LiF* + M < 1> 
LiF* + M -+ LiF + M* <-l> 
LiF* -* Li + F < 2> (15) 
Li + F -» LiF* <-2> 

6-24 



The reaction rate constants are defined as: 

f 1 d[LiF] 

, 1 d[LiF] 
k r e c J[Li][F] dt ' U 7 ) 

where [ ] stands for the molar density. Based on the detailed reactions of Eq. (15), 
the rate constants of Eqs. (16) and (17) have been determined, and are presented in 
Figs. 6-8 and 6-9 as functions of density for different temperatures {Chen, Peterson, 
and Schrock, 1992). 

For estimated typical conditions within the reactor chamber in the fusion 
cycle, the time scale for the recombination of LiF and BeF2 can be found (Table 6-8). 
The predicted time scales for chemical rec'ombinaticn are much shorter than a 
microsecond for the high temperature initial condition, and rise to one half 
millisecond affrvr full expansion. The fluid dynamic and condensation processes 
occur over time scales of milliseconds and tens of milliseconds. Therefore it is 
expected that the chemical composition will remain close to equilibrium during the 
transient gas dynamics and condensation processes. 

Heterogeneous recombination processes should also be important in the 
HYLIFE operation. The liquid/vapor phase interface can promote the recombination 
reactions that require three-body collisions in the vapor phase. The liquid-vapor 
interface will see a nearly stoichiometric mixture of dissociation products. The 
reaction products, ultimately a mixture of LiF and BeF2, remain in the condensed 
phase and thus do not need to diffuse outward. These characteristics indicate that 
gas transport effects will not degrade reaction rates, as occurs for many 
heterogeneous reaction processes. The surface reaction rates will then be controlled 
by the rate at which reactant molecules are adsorbed on the surface, and the rate at 
which adsorbed reactants react to form products. 

Over all, it is possible to conclude that chemical kinetics will be rapid in the 
HYLIFE-II reactor, and thus can be neglected, permitting the use of equilibrium 
properties. 

Condensation in the HYLIFE reactor 
The rate of condensation in the HYLIFE reactor is assumed *o be controlled by 

heat diffusion in the liquid phase. Other processes are assumed to be fast, including 
the mass transfer associated with multispecies condensation and noncondensable 
gases, the kinetic effects of high condensation rates, the rate of chemical 
recombination at the surface, and the transport of vapor in the chamber. With 
liquid heat diffusion as the rate limiting mechanism, calculation of the overall heat 
transfer rate in the HYLIFE reactor reduces to determining an appropriate liquid 
surface temperature forcing function, which drives the condensation process, and 
solving the resulting transient conduction problem. The total amount of energy to 
be removed by condensation, Q, is well know, and equals the energy released by 
x-rays and particle debris. The quantity to be determined is the liquid surface area 
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Table 6-8. The estimated recombination time scales for typical HYLIFE-II conditions. 

Case 
Temp 

density Total Li+F->LiF BeF+F->BeF3 

<K> 
M 

(mol/cc) 
IC] 

(moVcc) 
t 

(s) 
[C] 

(mol/cc) 
t 

(s) 
1 

2 

5000 

1500 

5x ltH 

io- 5 

5x 10-5 

io-« 

1.5 x 10-1 

5.5 x 1Q"» 

5x 10-5 

10-* 

4.3 x 10"8 

4.0 x 10~s 

Notes: Case 1 is the anticipated condition in the center void of the HVLIFE-II Reactor after implosion 
and rebound of the ablated material. 
Case 2 is identical as case 1, but expanded to the whole chamber volume instantly, without 
composition change. 

required to remove this energy, As. The required As depends primarily on the time 
available for condensation, the liquid surface temperature forcing function, and 
convective mixing in the liquid. 

Maximum liquid surface temperature, and minimum surface area, are 
achieved if the total energy input Q is distributed as internal energy in saturated 
vapor. Saturated vapor maximizes the total pressure, by maximizing the total mass 
evaporated by an energy input Q. The total pressure is the primary variable 
controlling the liquid surface temperature. For the same total energy Q, the surface 
temperature is reduced and area increased if the energy is distributed in a smaller 
mass of superheated vapor, because the total gas pressure, and therefore the vapor 
saturation temperature, is reduced. Likewise, the surface temperature is reduced if 
noncondensable gas such as helium is present, because for the same total pressure, 
the accumulation of noncondensable at the liquid/vapor interface reduces the vapor 
partial pressure, and thus the vspor saturation temperature. 

At very high condensation rates, as desired in the HYLIFE design, 
nonequilibrium effects become important. Nonequilibrium results in 
discontinuous temperature at the interface, which gives a lower liquid surface 
temperature than would be obtained under equilibrium conditions with the same 
total pressure. If the distribution of vapor inside the chamber is nonuniform due to 
vapor flow dynamics, the net effect is to reduce the average surface temperature. 
Vapor flow causes a nonuniform pressure distribution. The increase in the 
saturation temperature in high pressure regions does not offset the decrease in iow 
pressure regions, due to the nonlinear dependence of saturation temperature with 
pressure. 

At higher condensation rates, the condensation process becomes effectively 
one-dimensional, and mass conservation requires that the atomic composition of 
the condensing vapor far from the surface equal the composition of the condensed 
liquid. Due to the nature of the evaporation process and the low mass diffusion in 
liquids, the vapor phase must have the same atomic composition as the liquid used 
in the reactor, nominally 33 mol % BeFj, distributed as LiF, BeF2, and dissociation 
products. With the liquid phase composition determined at higher condensation 
rates, the interface temperature is also set by the requirements of phase equilibrium 
Nonequilibrium effects due to rap jd condensation and frozen dissociation products 
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will reduce the surface temperature from the equilibrium value. The equilibrium 
temperature is easily calculated, and extensive experimental information exists. 

Equilibrium conditions require a relatively high concentration of BeFj in the 
vapor phase next to the interface. For concentrations of 33 mol % BeF2 on the liquid 
side of the interface, concentrations of over 80 mol % BeF? are predicted on the 
vapor side (see the section on binary phase equilibrium). Because the vapor 
composition far from the interface is 33 mol % BeF2, BeF2 diffuses away from the 
interface and LiF diffuses toward the interface. The net composition of vapor 
arriving at the interface by diffusion and convection is 33 mol % BeF2. As the 
condensation rate increases, the thickness of the diffusion layer becomes very small, 
and the concentration gradient very large. At the interface, however, the vapor 
remains rich in BeF2-

The effect of noncondensable gases can be quantified because the solubility of 
the noble gases, hydrogen, and deuterium are known (Furukawa and Ohno, 1980). 
In general, the solubility of hydrogen and deuterium are about K = 4 x 10~6 mol/mol 
melt atm. This implies that for a partial pressure of hydrogen around 1 atm in the 
vapor, the equilibrium mole fraction of hydrogen in molten Flibe would be 4 x 10-6. 
For noble gases the solubility is about 1.5 x 10-6 mol/mol meltatm, and for HF about 
5 x 1CM mol/mol meltatm. The solubility K decreases significantly with increasing 
liquid temperature. 

For noncondensable gases to be dissolved in the liquid and removed, the 
partial pressure of the gas in the vapor phase at the interface must be 1/K times 
higher than the mole fraction in the liquid, if interface equilibrium is assumed. For 
one-dimensional condensation without a large buildup of noncondensable gas at 
the liquid interface, mass conservation requires the mole fraction of 
noncondensable in the vapor and liquid to be equal. Thus the partial pressure of the 
noncondensable at the interface must be at least 1/K times the bulk vapor mole 
fraction. Because K is a small number, this requirement can result in large 
concentrations of gas at the interface. For 1 ppm of H2 in the bulk vapor, this 
requires a H2 partial pressure of 0.25 arm at the interface for the H2 to be absorbed. 
Hydrogen or tritium in the HF form is mere easily incorporated into the liquid 
phase, with 1 ppm in the vapor phase requiring a partial pressure of 0.002 atm at the 
interface. Chemical equilibrium calculations with the STAN1AN program indicate 
that HF is favored over H2 at temperatures above 1200 K. At lower temperatures the 
H2 form is favored. When excess beryllium is added, the HF population can be 
reduced significantly, even at higher temperatures. Under rapid condensation, the 
possibility exists that noncondensables can be "buried" in the liquid at 
concentrations higher than predicted, assuming equilibrium conditions. This 
possibility is currently under investigation. 
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7. Balance of Plant 

7.1 Introduction 

A typical reactor chamber and power conversion system of the HYLIFE-II 
fusion power plant is shown in Fig. 7-1. For this discussion, the balance of the plant 
(BOP) is assumed to include the intermediate heat exchangers (IHX) and everything 
to the right of them in Fig. 7-1. Here, we describe the design choices and tradeoffs 
that led to the final selection of the working fluids, the IHX design, and the steam 
power plant (SPP) cycle. 

Cooling wat«r 

Tritium 
decontamination kjUULr-J 

Tritium 
recovery 

Flibe 

—r 
Bypasa llow 

Reactor 
chamber 

IHX 
Vacuum 

diaangagar 
tritium 

tamoval 

<5^_LQ U<j 

Cool 
wattr 

|~^Pump 

Condenser 

Electricity 
) X water . i 

> L Steam ' V V Gsnerator 
T , rO|8*n«rator| T u t b , n s 

n ^ » ° ' Pump Sfeim 

Pump pump Pump 

Fig. 7-2. One reaction chamber and the power conversion system. (The Case A fusion power 
plant will have three chambers.) 

Some of the combinations of coolants and power loop configurations we 
considered are given in Table 7-1. The choices listed for Flibe actually consist of two 
options each: the high-viscosity, lower-melting-point eutectic LiBeF3 and the low-
viscosity, higher-melting-point eutectic ^BeE}. Cases 1 and 2 were ruled out 
because an IHX was deemed necessary for tritium control. Case 4 was deemed to be 
an expensive, and hopefully unnecessary, approach to the tritium containment 
problem. Consequently, the two principal cases considered for the scoping study of 
the IHX were Cases 3 and 5. The probable cost impact of Case 3 is shown as "Bad" in 
Table 7-1 because of the difficult problem of tritium containment. 
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Table 7-1. Primary and secondary coolants and coolant loop configurations. 

Double Double-walled Probable 
Case Coolant IHX walJ steam generator cost impact 

1 Fl ibe/He/H 2 0 No — Yes Good 
2 Flibe/NaBF 4/H20 No _ Yes Good 
3 Flibe/FHbe/H 20 Yes No No Bad 
4 Flibe/Li/Flibe/H20 Yes Yes No Bad 
5 Fl ibe/NaBF 4 /H 2 0 Yes No No Good 

7.2 Intermediate Heat Exchangers 

7.2.1 Objectives 
The original HYLIFE I study employed lithium for the liquid jets (Blink et al., 

1985). Because of the potential fire hazard of lithium, it was decided to see if 
replacing the lithium with Flibe would result in a better and safer fusion power 
plant design. As a part of the HYLIFE n study, which uses Hibe for the liquid jets, it is 
important to know if we can use either the high- or the low-viscosity Flibe. The 
high-viscosity Flibe has the potential advantage of a lower melting point 
(363 °C = 636 K) than the low-viscosity Flibe (460 °C = 733 K). However, the use of 
high-viscosity Flibe could lead to excessively large heat exchangers. One objective of 
the scoping study was to determine if an IHX using the high-viscosity Flibe would 
have a reasonable size with reasonable pressure drops compared to an IHX for the 
low-viscosity Flibe. A second objective was to compare an IHX using low-viscosity 
Flibe with one using sodium fluoroborate (NaBF4> as the secondary side coolant. 

7.2.2 Definition of the Scoping Study 
The geometry chosen for the IHX scoping study is the simple, single-pass 

Ci-oss-flow heat exchanger shown in Fig. 7-2. The hot Flibe from the reactor is 
assumed to flow in the tubes, while the cold secondary fluid flows across the tube 
bank (so that the cooler fluid is in contact with the shell). 

For the first part of the scoping study, it was assumed that high-viscosity Flibe 
is used on both the primary and secondary sides of the IHX. The viscosity of this 
Flibe is shown in Fig. 7-3a. Because viscosity is a strong function of temperature, it 
is evaluated in the computer code using the average of the inlet and exit 
temperatures in the equation; this is a first approximation commonly used in heat 
exchanger design studies. 
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Fig. 7-2. Simple cross flow IHX geometry used for the scoping study. 

Under most circumstances, it is desirable to pass only a part of the reactor flow 
through the IHX and to bypass the rest around the IHX, as shown by the dashed line 
in Fig. 7-1. The resulting temperature drop of the hot Flibe flowing through the IHX 
is shown in Fig. 7-4 as a function of mass flow rate through the IHX. Two reference 
cases for the high-viscosity Flibe were chosen for this scoping study. Case IH is for a 
temperature drop of 20 °C for the hot flow through the IHX; Case 2H is for a 100 °C 
temperature drop. The corresponding hot, primary flow rates through the IHX can 
be read from Fig. 7-4. 

7.2.3 Results of the Scoping Study for High-Viscosity Flibe 
The temperatures for Cases 1H and 2H are shown at the top of Table 7-2. 

These temperatures were based on four principal constraints (in addition to the 
selection of the temperature change of the hot, primary Flibe through the IHX 
discussed above and shown in Fig. 7-4): 
• The minimum temperature of the cold, secondary Flibe TCi must be well above 
the melting point to avoid freeze up in the steam generator. 
• The maximum temperature of the cold, secondary Flibe T c o must be as high as 
possible for good thermal efficiency. 
• The temperature of the hot, primary Flibe entering the reactor must not exceed 
the temperature limit to keep the vapor density within limits for ion- or laser-beam 
transmission. 
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• The temperature differences between the hot, primary Flibe and the cold, 
secondary Flibe must be large enough to provide the required heat transfer in the 
specified tube lengths. 

The last constraint is especially critical for the high-viscosity Flibe: the flow is 
laminar and the Prandtl number is very high, which results in poor heat transfer 
and very long thermal development lengths. A computer code was written based 
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Fig. 7-4. Temperature drop of the primary Flibe flow in the IHX vs the flow rate 
for a thermal power rating of 1000 MWth. 

on the model equations in Appendix 7-1. The temperature values shown in Table 
7-2 are a result of the many compromises needed to satisfy all of the constraints 
simultaneously. 

The rest of the data in Table 7-2 are for IHXS with a thermal rating of 
1000 MW. Three such IHXs would be needed, each with a thermal output of 
1000 MW are expected to be needed to produce a total thermal power of 3000 MW (to 
yield a net electric power output of about 1000 MWe). Although the cases in Table 
7-2 have not been optimized, they ar» representative of the best results of many 
computer runs. 

The overall dimensions of the IHXs are larger than those of the high-
performance He-He recuperator design shown in Fig. 7-5 (from McDonald, 1980), 
and the resulting volumes are almost twice that of the He-He recuperator. As a 
result, the surface compactness (the ratio of overall heat transfer area AO(HT) to tube 
bundle volume) and the thermal power density are both only a little more than half 
that of the helium recuperator. These numbers indicate that an iHX using high-
viscosity Flibe on both sides is not out of the question. In fact, these IHXs have 
dimensions that would permit them to be shipped by rail. However, it is clear that 
the size and cost will be substantial. 

It should be possible to decrease the volume of the IHXs by about a factor of 
two through the use of some form of heat-transfer augmentation. For example, the 
use of internal fins in the tubes should be considered because the dominant thermal 
resistance is the tube-side resistance. The calculations of the improvement in the 
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Table 7-2. High-viscosity Plibe IHX reference designs. 

Non-optimized 
cross-flow IHX Conriter-

steadv-flow cases flow 
CaselH Case2H He-He 

ATh = 20K ATn = 100 K recup.a 

Primary fluid inlet, Tni (K) 863 863 
Primary fluid outlet, T"ho (K) 843 763 
Secondary fluid inlet, Trf (K) 776 676 
Secondary fluid outlet, T c o (K) 786 686 

Thermal rating, Qtrans (MWth> 1000 1000 1000 
Tube length, Lt (m) 10 10 12.2 
Tube bundle height, H (m) 6.0 5.33 4.4 
Tube bundle depth, Drn (m) 5.85 4.98 4.4 
Tube bundle vol. (m 3) 351 265 185 
Tube outer diam., Do (m) 0.010 0.010 0.011 

Tube Side 
Hot, primary flow, mh (kg/s) 21,280 4250 546 
Re h 596 101 
Prti 168 264 

Nuh 6.37 4.64 
Aph (ItfPa) 0.61 0.25 -0.10 

Shell Side 
Cold, secondary iiv (kg/s) 42,530 42,530 566 
ReC( r o ax) 107 27.8 
Pre 391 1688 
Ru c 57.7 57.1 
Apc (MPa) 0,23 0.48 -0.05 

Uo (W/m 2-K) 447 335 
Ao(HT) <m2) 31,100 23,500 28,400 
Ntubes 99,000 75,000 66,483 
IHX Pumping power/Qirans 0.014 0.013 

Ao(HT) /vol. of tube bundle (m 2 An3) 88.6 88.6 167 
Qtrans/vol. tubebundle(MW/m3) 2.85 3.77 5.40 
Steam powerplant efficiency (%) 38.4 34J0 
"vapor (Th ' n*° reactor) (cm"3) ~ 7 x l 0 1 3 ~ 7 x l 0 1 3 

Acceptable rL V a p o r for ion beams (cm"3) -5 x 10 1 3 (?) - 5 x l 0 1 3 (?) 
Acceptable n v a p o r for lasers (cnr 3) ~10 1 5 (?) - 1 0 1 5 (?) 

aMcDonald (1980). 
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Nusselt number and the decrease in heat exchanger volume, possible with straight 
fins inside tubes for the case of laminar flow shown in Fig. 7-6, support this 
contention. 

30 

20 

10 

8 

P = n/60rad 

•——• T w s Const. 
* — * Q ' = Const. 

Fig. 7-6. Effect of intemal-fin heat-transfer augmentation, (a) Predicted heat transfer and friction 
factor enhancement over smooth tube conditions for straight internally finned tubes, 
(b) Reduction in tube bundle volume for fixed heat duty, pumping power, and total mass flow 
rate (from Trupp and Soliman, 1983). 

7-8 



It can be seen from the numbers at the bottom of Table 7-2 that the vapor 
number densities corresponding to the temperature of the Flibe entering the reactor 
are somewhat above the limits presently estimated to be permissible for heavy-ion-
beam transmission (Bangerter, 1988). (They are well below the value of number 
density thought to be permissible for the transmission of laser beams.) As a result, 
slightly lower temperatures out of the reactor and IHX may be required. However, 
the data in Table 7-2 indicate the basic trends well enough for this study. 

The maximum permissible outlet temperature of the cold, secondary Flibe T c c 

was found to be about 786 K for Case 1H and about 686 K for Case 2H. These 
temperatures will limit the efficiency of the steam power plant to about 38 and 34%, 
respectively. If no IHX is required, the thermal efficiency could approach 42% with 
ion beams and perhaps 45% with laser beams (Sze, 1988). Thus lower thermal 
efficiency (which leads to a higher cost of electricity) is one of the principal penalties 
if an IHX must be used. 

7.2.4 Results for Low-Viscosity Hibe 
Next, it was decided to run a series of cases for the low-viscosity Flibe used as 

both primary and secondary coolant; the viscosity is given in Fig. 7-3b. The results 
for a representative IHX using the low-viscosity Flibe are summarized in Table 7-3. 
This steady-flow case (Sl-FL) is for a 100 °C change in the temperature of the hot 
Flibe flow through the IHX. The low-viscosity Flibe IHX is very compact compared 
to the high-viscosity Flibe IHXs shown in Table 7-2. All of the temperatures can be 
higher than for the high-viscosity Flibe cases because the vapor pressure of the iow-
viscosity Flibe is substantially lower than for the high-viscosity Flibe. This leads to 
the higher thermal efficiencies, about 40%, shown in Table 7-3. These IHXs are now 
quite comparable in volume and performance to a 1000 MWth steam generator for a 
pressurized water reactor (PWR), based on the numbers for a 2000 MWth steam 
generator (SG) shown in the last column of Table 7-3. The IHXs are seen to be only 
about half the volume of the helium recuperator with the same thermal power 
rating. 

For the low-viscosity Flibe, the estimated maximum vapor density for 
propagation of heavy ion beams limits the temperature of the Flibe flow into the 
reactor to about 923 K. For Case Sl-FL this vapor-density limit requires that T^ be 
no more than about 943 K for the case where 80% of the flow bypasses the IHX. (This 
was our original reference value for the bypass flow when it was thought that the 
use of only one reactor chamber might be feasible.) Thus when the 80% bypass flow 
at 943 K is mixed with the 20% IHX flow at about 843 K, the mixed mean 
temperature would be no more than 923 K. 

Recent calculations indicate that much more than 80% of the reactor outlet 
flow will have to be bypassed around the IHX if three reactor chambers must be used. 
As a result, the actual temperature of the Flibe entering the reactor will approach the 
bypass flow temperature of 943 K. This could lead to a vapor density close to 
10 ] 4/cm 3 unless the proposed separate spray flow of cooler droplets can substantially 
lower the vapor density before each microexplosion. We assume that the IHX flow 
at 843 K would be used to produce the separate cooler droplet flow in the reactor. 
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Table 7-3. Low-viscosity Flibe vs sodium fluoroborate as secondary fluid for the IHX 
(with low-viscosity Flibe as primary fluid). 

Non-optimized cross-flow IHX 
Low-u Flibe NaBF4 
Case Sl-FL Case Sl-Na 

Counterflow 
He-He 
recup.a 

Approx. 
PWR 

SG valuesb 

Primary fluid inlet ,Tj,i <K> 
Primary fluid outlet, Tjio (K) 
Secondary fluid inlet, Tci GO 
Secondary fluid outlet. T c o (K) 

943 
843 
763 
793 

943 
843 
763 
793 

Thermal rating, Qtrans, (MWth) 
Tube length, Lt (m) 
Tube bundle height, H (m> 
Tube bundle depth, DTB (m) 
Vol. of tube bundle (m3) 
Tube outer diam., D 0 (m) 

1000 
10 
2.33 
4.61 
107.4 
0.020 

1000 
10 
2.33 
4.50 
104.9 
0.020 

1000 
12.2 
4.4 
4.4 
185 
0.011 

2000 
20 
3.6 
3.6 
204 

Tube Side 
Hot, primary flow, fhh (kg/s) 
Re h 

Prh 

4200 
5043 
18.5 

4200 
5161 
18.5 

546 

Aph (MPa) 
67.7 
0.022 

69.0 
0.022 -0.10 

Shell Side 
Cold, secondary frt (kg/s) 
^ec(max) 
Pre 

14,000 
1659 
34.5 

22,130 
22,320 
6.40 

566 

Nu c 

Apc (MPa) 
109.6 
0.018 

2845 
0.049 -0.05 

U 0 (W/m2-K) 
AotHT) (m2) 
Ntubes 

2523 
4770 
7600 

3791 
4650 
7400 

28,400 
66,483 

16,000 
16,000 

Ao(HT) /vol. of tube bundle (m2 /m 3) 
Qtrans/vol. tube bundle (MW/m3) 
Steam powerplant efficiency (%) 

44.4 
9.3 
40.1 

44.3 
9.5 
40.1 

167 
5.4*3 

76.6 
9.8 

"vapor (Th into Teactor) (on - 3 ) 
Acceptable n v apor for ion beams (cm"3) 
Acceptable nvapor for lasers (cm"3) 

- 10" 
~ 5 x l 0 1 3 (?) 
- 1 0 1 5 (?) 

- 10" 
~ 5 x l 0 1 3 (?) 
- 1 0 1 5 (?) 

aMcDonald (1980). 
b Sze (1989). 
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The problem of determining the resultant vapor pressure is complex and has not yet 
been addressed. If the droplet flow cannot reduce the vapor density to values near 
3 to 5 xlO I 3/cm 3 , then all of the FHbe temperatures will have to be lowered slightly, 
which will lower the thermal efficiency slightly. However, the dimensions and 
performance of the compact heat exchanger shown in Table 7-3 will not change 
significantly. 

7.2.5 Effects of Two Different Secondary Coolants 
It is of interest to see the effect of replacing the low-viscosity Flibe secondary 

coolant with a possible alternate fluid, used in the early studies of molten salt 
reactors, NaBF4, which has a melting point of 384 °C (657 K). The results of this 
comparison are shown in Table 7-3. All four IHX temperatures and the thermal 
power for the NaBF4 Case Sl-Na were kept the same as for the low-viscosity Flibe 
Case Sl-FL. 

The IHX dimensions are almost exactly the same for the two secondary fluids. 
The only significant differences are largely because the lower specific heat of the 
NaBF4 results in a higher secondary mass flow rate. This and the lower viicosity of 
the NaBF4 raise the Reynolds number of the secondary flow, which, in turn, raises 
the pressure drop on the secondary side. However, the pressure drop is still only 
0.049 MPa, so it is not an important increase, particularly since the resulting 
pumping power is still a very small fraction of the thermal power transferred. 

We can see from the results summarized in Table 7-3 that the choice of low-
viscosity Flibe vs NaBEj for the secondary fluid can probably be based on 
considerations other than the size and cost of the IKX. 

7.2.6 Additional Results for L'-w-Viscosity Hibe/NaBF4 IHXs 
Two cases, both of which use low-viscosity Flibe in the primary coolant loop 

and NaBF4 in the secondary coolant loop are compared in Table 7-4. For the case of 
steady flows of the Flibe jets, most of the primary flow from fhe reactor must be 
bypassed around the IHX to get a temperature drop of 100 °C in the IHX hot side flow. 

For Case S2-Na, the secondary side temperatures were made as low as 
practical to obtain the largest possible AT for heat transfer across the IHX. This leads 
to a small, compact IHX with the fewest number of tubes. For Case S3-Na, the 
temperature of the secondary NaBF4 out of the IHX was made as high as possible in 
order to achieve the highest possible superheated steam temperature. This, in turn, 
leads to the highest possible thermal efficiency of the steam power plant within the 
limits of the constraints imposed on the IHX. This second design has more than 
three rimes as many tubes as the first design, hence the second design appears to be 
the inferior one- However, a simplified cost study (Sec. 9) shows that the increase in 
thermal efficiency for Case S3-Na outweighs the increase in direct capital cost. The 
results summarized in Table 7-5 show that the resultant cost of electricity (COE) is 
actually somewhat lower for Case S3-Na, with the larger, more expensive IHX. 
Thus, if tnc reliability of the larger IHX is acceptable, Case S3*Na would be the best 
choice. 
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Table 7-4. Low-u Plibe/NaBF4 IHX for ATh* 100 *C. 

Non-optimized cross-flow IHX 
Case S2-Na Case S3-Na 

Counterflow 
He-He 
recupa 

Approx. 
PWR 

SG Valuesb 

Primary Fluid Inlet, Thi (K) 
Primary fluid outlet, Th 0 (K) 
Secondary fluid inlet, T c; (K) 
Secondary fluid outlet, T c o (K) 

943 
843 
763 
773 

943 
843 
763 
823 

Thermal rating, Q^ms (MWth) 
Tube length, Lt (m) 
Tube bundle height, H (m) 
Tube bundle depth, Djg (m) 
Vol. of tube Bundle (m 3) 
Tube outer diam., D 0 (m) 

1000 
10 
3.0 
2.33 
69.9 
0.02 

1000 
10 
3.0 
7.43 
222.9 
0.02 

1000 
12.2 
4.4 
4.4 
185 
0.011 

2000 
20 
3.6 
3.6 
204 

Tube Side 
Hot, primary flow, rnj, (kg/s) 
Re h 

4200 
7768 
18.5 

4200 
2432 
18.5 

546 

Ru h 

Aph (MPa) 
95.7 
0.047 

37.8 
0.006 -0.10 

Shell Side 
Cold, secondary rrt (kg/s) 
Rec(max) 

6.63 x Iff1 

52,090 
6.40 

1.11 x 104 

8,682 
6.40 

566 

Nu c 

Ap c (MPa) 
473 
0.137 

161 
0.012 -0.05 

U 0 (W/m 2 -K) 
AcKHT) (rn2) 
Ntubes 

2722 
3098 
4933 

1122 
9878 
15,730 

28,400 
66,483 

16,000 
16,000 

Ao(HT) / v o 1 - o r tube bundle <m2 /m 3) 
Qtrans/vol. tube bundle (MW/m3) 
Steam powerplant efficiency (%) 

44.3 
14.3 
39.3 

44.3 
4.5 
41.2 

167 
5.40 

78.6 
9.8 

"vapor 0"h into reactor) (en. - 3) 
Acceptable n v a p o r f o r « > " beams (cm"3) 
Acceptable n v a por for lasers (cm"3) 

-1014 
-5 x 10 1 3 (?) 
-10 1 5 (?) 

- 1 0 " 
- 5 x l O I 3 ( ? ) 
~10 1 5 (?) 

aMcDonald (1980). 
b Sze (1989). 
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Table 7-5. Comparison of high- and low-u Flibe IHXs. 

Non-optimized cross-flow IHX 
High-(i Flibe Low-u Flibe/NaBF4 
AT h o t = 100 'C AThot = 100 *C 

Case2H Case S2-Na Case S3-Na PWR steam 
ATC = 10 'C AT C = 10 -C iT c =60"C gc-nerator3 

Thermal power rating (MW) 1000 1000 1000 2000 
Volume of tube bundle <m3) 265 70 223 204 
Tubes (no.) 75,000 4933 15,730 16,000 
Heat transfer area, A 0 (m 2 ) 23,500 3098 9878 16,000 
Tube bundle A 0/vol. (m^/m3) 88.6 44.3 44.3 78.6 
Tube bundle QuVvol. (MW/m3) 377 14.3 4.5 9.8 
Secondary fluid flow rate (kg/s) 42,530 66,300 11,100 — 

Direct capital cost (M$) for 3 IHXs 37.8 93.9 
C.O.E. (mills/kWe - h) (1988 dollars) .— 91.0 86.4 — 
nth (Gross) (%) — 39.3 41.2 

aSze (1989). 

Also shown in Table 7-5 is a summary of some key results for the high-
viscosity Flibe Case 2H (Table 7-2). A comparison with the two low-viscosity 
Flibe/NaBF4 cases shows that the high-viscosity Flibe IHX has about 15 times as 
many rubes as Case S2-Na and almost 5 times as many as Case S3-Na for the same 
thermal power transferred (1000 MWth). This comparison reemphasizes the IHX 
design improvement obtained by going to the low-viscosity Flibe. More recent 
studies on the single-chamber Base Case D are described in Appendix 7-2. 

7.2.7 Summary and Conclusions 
The results of this scoping study show that the use of high-viscosity Flibe as 

both the primary and secondary fluid results in an IHX roughly twice the size and 
cost of a comparable He-He recuperator of the same thermal power rating. The 
high-viscosity IHX is also roughly 5 to 15 times the size and cost of a comparable IHX 
using low-viscosity Flibe for the primary coolant and either that Flibe or NaBEi for 
the secondary coolant. Therefore, while the high-viscosity Flibe IHX is not out of the 
question, it will clearly be a large and costly component. 

For the low-viscosity Flibe, on the other hand, a very compact and cost-
effective IHX appears to be possible. This IHX could be comparable to or smaller in 
size than a steam generator of the same rating. The replacement of the low-viscosity 
Flibe with NaBF^ on the secondary side results in essentially the same size IHX. The 
differences are small enough that the choice between these two fluids can probably 
be made on the basis of other considerations. 
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7,3 Steam Power Plants 

In the molten salt breeder reactor (MSBR) study, Rosenthal et al. (1972) 
proposed using the supercritical steam cycle shown in Fig. 7-7. The boiling pressure 
was 24.8 MPa (3600 psia) and the thermal efficiency for a maximum superheated-
steam temperature of 811 K (1GG0 °F) was 44.4%. While this performance is 
attractive, recent experience with supercritical-steam power plants has indicated 
some unanticipated reliability and maintenance problems. As a result, the 
subcritical cycle propossd for the HYL1FE I reactor (Fig. 7-8) is considered the more 
conservative choice. This subcritical steam cycle had a boiling pressure of 15.3 MPa 
(2220 psia) and a gross thermal efficiency of about 39%, for a maximum superheat 
temperature of 730 K (854 °F). 

While modern steam power plants have complex cycles designed to increase 
thermal efficiency, it is possible to develop a very simple model of an entire class of 
cycles, such as the one shown in Fig. 7-8, mat has adequate accuracy for our 
purposes. It is a well-known fact that most modern fossil-fueled steam power plant 
cycles would yield about 70% of Carnot efficiency if the boiler efficiency were 100%. 
When such a cycle is used with a fusion reactor, the boiler inefficiency is replaced by 
the fraction of the thermal power in the blanket that is lost to low-temperature 
coolants in components such as the cold shield and beam ports. 

Based on these ideas, a simplified model of the steam power plant can be 
obtained if we use a modification of the Carnot efficiency based on the maximum 
and minimum cycle temperatures. The steam power plant (5PP) thermal efficiency 
can then be represented by the simple equation: 

11th = / s P P (1 -fLOSs) 'HCaniot, 

where 

^ICarnot = 1 ~~ ' min I' max . 

A typical fspp is about 0.70 and a typical {LOSS ranges up to about 0.05. T„,,„ is the 
condensation temperature of the steam and Tmax is the maximum superheat 
temperature of the steam. This is the simple model incorporated in the IHX code to 
examine the impact of changes in the IHX temperatures on the thermal efficiency of 
the steam power plant and the cost of electricity (COE) estimates given in Table 7-5 
and Sec. 9. It is considered adequate for the purposes of these initial scoping studies. 
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Appendix 7-1. Sample Calculation for the Cross-Flow IHX 

(Check case for first full run IHX-4G of 25 Nov. 1988 for high-viscosity Flibe) 

(1) The average thermal power transferred across the IHX is assumed to be: 

Q, r a n , = E • u f,» M. = 3000 MW ^rans yield f»p t 

(2) Choose the following IHX temperatures: 

Th. = 813K , T t o = 793K ; ATh = 20° 

T . = 713K ; T^ = 732K ; ATC = 19° 

(3) 
m. = J r a n s

T . = 6.38 x 10 4 kg/s 
n c . (T.. - T. ) ° 

p h ' hi ho-

Q A. 
rhc = ' r a n s = 6.72 x 10* kg/s 

(4) IHX Parameters for the hot flow in the tubes 

p = -MlJ£ B -20. = 0.20 



(5) Looking at a chart for cross-flow HX's (Incropera & DeWitt, 1985): 

F s 0.98 

(6) LM ~ A LM(countorflowHX) 

= F 

'(V T co)-(V T ci)" 

In 
hi co 

^ ho ci J _ 

= 78.9° 

(7) Choose a tube bank array 

with H = 10m 

L t = 10 

f 3, 
I a • -=r- = 2.C 

Equilateral 

Staggered \ 

Tubes | b • YT = 1-772 { 

«" L« 

D 0 = 0.012 m 

t̂ , = 0.001 m 

(8) m„ 
c(max) 

L.H 
S , -D 0 

T = 1344 
kg 

m 2 - S 
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(9) 
Re c(max) <=("»•*) ° 1344 X .012 

^c * 0.298 54.1 

MeC, 
P r ^ p c 0.298 X 2350 fl7l-, 
P r c " "Kl 5 1 8 7 5 4 

(10) 

KT7 - m iRo 0 - 4 P^ 0 3 6 cfiftjZukauskas & Ulinskas (1985) Nu c - 1.04 Re c ( m a x ) Pr£ - 58.8 < E q f o r , o w R B R e g i m e 

h N u c k e 58.8 X 0.8 , Q 9 9 
h c _ D„ = .012 3 9 2 2 

r_wJ 
m 2-K 

(11) 

Wall Conductance Term 

^ m-k. 2k. In 

1.63 X107 (w/m2-K) 

v IJ 

(12) Hot tube-side average Nusselt no. for thermally developing flow, Hansen 
equation from Schrock (1988) modified slightly to fit Shah & London's (1978) 
Table 13 values better. 

Nuh s 3.66 + n 

0.0668 
X* + 0.04(Xy* (0.86) 

where X* 
D. Re„ Pr 

I n n 
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(13) After iteration we find that Reh = 312 

P r ^hCPh 0.101 x 2350 9 Q , 
Also P r

h • ~ T — • ="= = 2 9 7 

X* = 1Q_ 
0.010x312x297 

0.8 

• 0.01076 

NUT S 3.66 + 3.00 = 6.66 

h - N " h k h 6.66 X 0.8 _ „ , f _ W 
"h ~ D. = 0.010 " 5 3 3 

m 2 -K 

(14) 

u 0 = 
(Dn} D„ 

A D. h 

2.55 x10' 4 + 0.546x10"* + 22.5 x10 ' 4 

= 390.5 W 
m 2 -K 

NOTE: Hot-tube-side Thermal Resistance Dominates 

(15) Required heat transfer area 

\ = 
Q, trans 

U 0AT ! m (390.5) x (78.9) 
^ ^ B.74X10V 

' o " Lm 

(16) Outer Surface Area of one tube, \ t l i b 9 = KD 0L, = 0.377 m 
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A s 
No. of tubes required, N ( u b , = T-2 = 2.58 x 10 

i-tube 

No. of tubes/row = •£- = - ^ - = 417 
Si a D o 

No. of tubes rows, N r o w s = 2 £ ^ ° =619 

DepchoflHX = N r o w $ . S = 13.16 m 

Consistency Check on Reh: 

JtD? 
A h = — L N, . = 20.3 m 2 

h 4 tubas 

m h „ . a kg 
G ^ = A = 3 1 4 3

m 2 , 

2 hD, >) i>4 V / )n in [O.K. since we used 
, R B h must - T r j JL. ' = 3 1 4 ^ 0 ° 1

0 1 0 - 311 | 312 in #(13.) 

16 Laminar flow Fanning fh » "p^ - = -0515 
h 

assuming ~ fully developed 
hydrodynamic flow 

Nu. R 7 n fi 

Note: St = - 5 — 5 - - . « ? — . . = 7.25 x 10 h Re, Pr. 311 x 297 
n n 
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(20) 

Ap= IN 
/neglecting inlet 
1 and exit losses 

(21) 

= (205.8) x (2445) = 5.03x10 Pa 

™h APh 7 

kg forr|n » 0.80 and p. = 2020 -2-
p h m 3 

PPRh = Pumping Power Ratio 

= ^ L = 0.00662 = 0.66% 
^trans 

(22) Curve fit to low Re data of Zukauskas & Ulinskas (1985) for the effective 
friction factor over a staggered tube bank gives: 

ie 
Fanning f̂  * 

Re. c(max)l 

where log1t>K = 1 6 4 a \ 1 4 6 

m = 2.896 - 2.262a + 0,532 a 2 

a = -
'o / 

(23) For our Re , „ = 54.1 and a = 2.0 

K - 3.544; m = 0.50 

(24) 

.-. f c = 0.48 
2 

Apr = « - 5-33 X 10 Pa 
c 2p c 
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(25) 
rh r Ap_ 7 

P = - = 2.22x10 W 
P(C} P c Tl p ~ " £ X , u 

PPRC = - ^ - = 7.4 x 10"3 = 0.74% 
trans 

(26) Check on the adequacy of the tube length, Lt = 10 m, for the chosen 
AT's for heat transfer into the tube: 

For the limiting case of a well-mixed cold flow across the tube so that 
Tc(z) is approximately constant along each tube: 

Reqd. L ^ L ^ ^ I n V T * 
V T c 

where St 
U 0 D 0 

U° " G.C.D. n pn i 
: Tc = -JLs-S- = 7 2 2 5 K 

(27) 

e t _ 392.5x.012 _ R „ f l 7 i n - 5 
S t u ° " 3 1 1 3 X 2 3 8 0 X . 0 1 0 ~ 6 - 2 8 7 X 1 ° 

I] I* = .010 , n [813 - 722.5 
U ° " 4 x 6 . 2 8 7 x 1 0 - S L793-722 

= 9.93 m 

This is ar excellent check since Lt = 10 m, which is essentiaUy the same as 
ihe required value of 9.93 m. 
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Appendix 7-2. 

THE HEAT TRANSPORT SYSTEM AND I'LANT DESIGN 
FOR THE IIYLIFE-II FUSION REACTOR 

MYRON A. HOFFMAN 
D«,p*ri?nenl of Mechanical Engineering 

University of California 
Davis, CA 95616 
(916) 752-2630 

ABSTRACT 

HYLIFE is the name given to a family of self-henling 
lir.uid-wall reactor concepts for ICF (inertia! confinement 
fusion). This HYLIFE-H concept employs the molten salt, 
Flibs. for the liquid jets instead of liquid lithium used in the 
original HYL1FE-I study (Blink, et. al., 1085). A 
preliminary conceptual design study of the heat nanjpon 
system and the BOP (balance of plant) of the HYL..I «= I! 
fusion power plant is describee in this paper with special 
emphasis on a scoping study to aetermir.e the best 1HX 
(intermediate heat exchanger) geometry and flow conditions 
for minimum COE (cost of electricity). 

REACTOR CHAMBER OPTIONS 

The overall fusion jx,wer plant block diagram is shown 
in Fig. 1 for the case of one chamber. In this section we 
vill briefly review some chamber concepts considered for 
the HYLIFE-U power plant for a nominal electric power 
production of about 1000 MWE. 

The first HYLIFE-II ,eactor design considered consisted 
of 3 chambers producing about 1087 MWih per chamber, 
Ihr case has been denned as Case A in the Project Report 
C Oir, et al, 1990). For the selected Flibe jet injection 
-elociiy, V0, of 11.6 m/s and the fait distance between shots 

of 5-0 meters, this led to a repetition rate (i.e., the rate of 
microexplosions) of about 2.7 Hz, as shown on Fig, 2. For 
the specified driver energy, Ed, of 5 MJ and gain, G, of 70 
(Bangertei, 1988) and a total fusion energy multiplication, 
M„ of 1.15 (Tobin. 1990), the average thermal power 
produced in each of the three chambers of Case A is then: 

The iny :iion velocity of 11.6 meters requires an effective 
static read above die nozzle cuiis of about 6.9 meters. 

Cases B and C were other multi-chamber options 
discussed in Moir, ct al (1990). These options arc no 
longer of interest. 

It is most desirable for low COE (cost of electricity) to 
obtain the total 3260 MWth from a single chamber. For the 
specified driver energy of 5 MJ and pellet gain of 70, this 
is possible 'or a compact chamber design with a liquid-jet 
fall distance between shots of 2.1 m and an injection 
velocity of about 16.2 m/s, leading to a rep rate of 8.1 Hz. 
This is referred to a: Case D on Fig.2, and is our Base Case 
for this study; various concepts for achieving a single-
chamber reactor arc discussed in a companion paper by 
Moir (1990). 

It should be noted (hat the design of the BOP (balance 
of plant) and the IHX's (intermediate heat exchangers) is 
essentially independent of the number of chambers and 
detailed configuration of the chamers once the total 
thermal power produced in the chambers and the 
temperature drop across the primary side of (he IHX's are 
specified. 

PRIMARY LOOP FLOWS AND PUMPING POWER 

The jet array flow rate is determined by the injection 
velocity, the array geometry, and the requirement for an 
effective line thickness of Flibe of 0.5 meters at the plane 
of the microexplosion (subscript mp). For steady flows: 

For an annular .way of jets with an inner radius of 0.5 m, 
an outer radius of 1.5 m and a packing fraction, PF,^, of 
0.50, the required jet flow for the single-chamber Base Case 
D is 53.6 qu.m/s, while caJi of the 3 chambers of Case A 
requires 44.8 cu.mfs, as shown in Table } . 

The mass flow rate to each 1HX has been determined 
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Figure 1. Ti;s HYLIFE-I1 fusion pown plant scher iatic showing one reactor chamber 
and one representative IHX and steam generator. 

by specifying the temperature drop on the primary side of 
the IHX's and a nominal thermal cower for each IHX of 
1000 MW. The cooler flow exiling the IHX's is used to 
create a spray flow to enhance the condensation of the 
vapor after a shot (Bai and Schrock, 1990) as well as 
providing flow to cool the FSW (first structural wall). 
These flows ihen mix with the jet amy flow in the bottom 
pool. 

The primary Flibe flow exiting die bottom of the 
reactor is divided into two main flows as indicated on 
Figure 1. Most of the flow bypasses the IHX's 
(intermediate heat exchangers); in most cases the bypass 
flow rate is equal to the jet array flow rate. 

For the Flibe pumps, a scaled up version of the molten 
salt pumps designed far the primary loop of the MSBR 
(molten salt breeder reactor) in Rosenthal, etal. (1972) were 
adopted. This pump was designed to provide a bead of up 
to 46 meters with a flow rate of about 1.2 mVs. We 
assumed that these pumps could be scaled up to about 5 
mVi. For the total flow ra£ per chamber for Case A Of 
46.8 mVs, we would require about 9 of these pumps for the 
bypass flow and 1 pump for the IHX flow for each 
chamber. For Base Case D with a total flow rate of about 
66 mVs, we would require 11 pumps for the bypass flow 
and 3 pumps for the IHX flow (see Table 1) 
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Figure 2. The required repetition rate versus injection 
velocity of the liquid jets for two representative fall 
distances of the jets between shots. 
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TABLE 1 
Jet Array and Primary Loop Parameters 

Case A Case D 

No. of Chambers 
Fall Distance between shots(m) 
Repetition Rate (Hz> 
Injection Velocity, V 0 (m/s) 
Static Head Required to Produce V0(m) 

3 
5.0 
2.7 

11.6 
6.9 

1 
2.1 
8.1 

16.2 
13.4 

Vol. Flow Rates/Chamber (m 3 /s) : 
1. Jet Array (Bypass Flow) 
2. Spray (Max.) "1 
3. First Wall J ( I H X n ° w ) 

Total Flow/Chamber 

44.8 
3.2 
0.9 

48.9 

53.6 
9.7 
2.6 

65.9 

No. of Main Pumps/Chamber 
(for Rated Flow per Pump = 5 m 3 / s ) : 

Bypass Flow 
IHXFlow 

9 
1 

11 
3 

Method Used to Produce V„ 
Static Head Static Head Press. Pipes 

Bvpass Pumping Power (MWJ: 
(for Tjp = 80%) 

Bvpass Pump Head 
Gravity Head above Pool (m) 
Friction + Minor Losses (m) 
Total Pump Head (m) 

Bvpass Pipes: Inner Diameter (m) 
Estimated Total Flibe Inventory (m3) 

3x24 

13.2 
7.6 

20.8 

1.0 
600 

-37 

19.8 
7.5 

27.3 

1.0 
960 

-37 

10.4 
16.7 
27.1 

1.0 
750 

A study was done to see the impact of the pipe 
diameter on the pumping power and the Flibe inventory. 
The results of this study indicate that a pipe inner diameter 
of about 1.0 meter is a good compromise choice and results 
in an acceptable Flibe velocity in the pipes of about 6.2 m/s 
(Moir et.al., 1990). The values of pumping power and 

Flibe inventory for this pipe diameter are given in Table 1 
for Cases A and D. 

The required pumping power has been estimated 
assuming thai none of the dynamic head in the jet array is 
recovered in the pool at the bottom. The required net 
positive suction head was estimated using the same specific 
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speed, N(, of 2725 and suction specific speed, S,, of 11,1 WO 
(in units of RPM * GPM0' / ft 0' 5) chosen for the HYLIFE-
1 design (1978 Laser Program Annual Report, 1979). These 
mechanical pumps are assumed to have an isenuopic 
efficiency of about 80% based on the more recent study of 
mechanical pumps for liquid metals for the Pulsc*Siar ICF 
reactor (McDowell and Murray, 1984). 

The calculations indicate that the required total pump 
head for the bypass loop is then about 21 m for Case A and 
about 27 m for Case D when a static head is used to 
produce the injection velocity. The resulting pumping 
power required for Case A is about 73 MWe for three 
chambers as shown on Table 1. For the single-chamber 
Base Case D, the required pumping power is about 37 
MWe. If pressurized piping can be used to produce the 
injection velocity, it is estimated thai the pumpinc power 
will only be reduced slightly for Case D. 

Recent neuronics studies of Tobin (1990) indicate that 
about 6.5% of the neutron energy passes through (he jev 
array and is deposited in the chamber side-wall materials. 
In order to recover as much as possible of this energy and 
to keep ihe maximum FSW (first structural wall) below 700 
C, the wall is cooled with Flibe. As can be seen from 
Table ', only a modest total now rate of about 2.6 cu.ni/s 
is required to cool the FSW adequately for Base Case D. 

BALANCE OF PLANT 

For this discussion, the BOP (balance of plant is 
defined to include the IHX's (intermediate heat exchangers), 
and everything to the right of them on Figure 1. In this 
section, the steam power plant (SPP) model will be 
described. 

In the MSBR (molten salt breeder reactor) study 
(Rosenthal, et.al., 1972), they proposed using a supercritical 
steam cycle. The boiling pressure was 24.8 MPa (3600 
psia) and the thermal efficiency for a maximum superheated 
steam temperature of 811 K (1000 F) was 44.4%. While 
this performance is attractive, recent experience with 
supercritical steam power plants has indicated some 
unanticipated reliability and maintenance problems. As a 
result, a subcritical cycle such as proposed for the HYLIFE-
I reactor (1978 Laser Program Annua) Report, 1979) is 
considered to be the more conservative choice today. 

While modern steam powerplams have very complex 
cycles designed to produce high thermal efficiency, it is 
possible to develop a very simple model of an entire class 
of subcritical cycles which has adequate accuracy for this 
scoping study. The thermal efficiency of the real steam 
powerplam (SPP) can be obtained by modifying the Camot 
efficiency: 

1 e ( j = - ' s w ' 1 " * J O M ' 1 earnoc 

where fsf1, is the fraction or the Caniot efficiency achieved 
by present-day SPP's (typically about 70%), and f l 0„ is the 
fraction of the thermal power which is lost to the cold 
shield, etc. (typically 0.01 to 0.05). The Camot efficiency 
is given by: 

n =i--Zka 
'I Clrnot * T 

where Tm i l l is the condensation temperature of the steam and 
T n „ is the maximum superheat temperature of the steam. 

COST MODEL FOR THE IHX SCOPING STUDY 

The capital cost of the H YL1FE-I1 power plant has been 
taken from a preliminary study by Meier (1988). The direct 
capital cost of the entire fusion power plant, excluding only 
the IHX's, was estimated as $2632 millions for a single-
chamber design. The direct capital cost of each IHX was 
assumed to scale as: 

where A is the heat transfer surface area (in sq.m) of each 
IHX and {he cost is in millions of dollars. This cost 
equation includes an extra cost for using a modified 
Hastalloy N for improved corrosion resistance (o the molten 
salts. These values ate rather rough and are now in the 
process of being refined. However, this simple model 
allows us to examine the effect of various design choices 
far ihe IHX s on the thermal efficiency of ihe steam power 
plant and the COE for the purposes of this scoping study. 

The simplified COE equation used in this study is: 

_ FCR<Cmr+CJla) FInait4CB.H 

where FCR is the fixed charge rate, C^, is the direct capital 
cost excluding only the IHX's, Clllx is the direct capital 
cost of ihe three IHX's, F,,^ is a factor accounting for all 
the indirect costs, Co, M is the annual operations and 
maintenance cost, P̂ , is the total thermal power to the 
steam power plant, P C B C is the total circulating power and 
A is the availability. 

IHX SCOPING STUDY 

As pari of the initial HYLIFE-II study using Flibe for 
the liquid jets, it was important to know if we had the 
choice of using either the high viscosity or the low-
viscosity Fli'be. The high-v/scos/ty F//6e has a viscosity of 
about 1.0 Pa-s at its melting point of 363 C (almost like 
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honey) and aboui 0.04 Pa-s at 600 C (like soy bean oil). 
The low-viscosity Flibe has a viscosity of about 0.02 Pa-s 
at its melting point of 460 C and about 0.008 Pas ai 6(X> 
C; this is still almost an order of magnitude higher than 
water at room temperature. 

The high-viscosity Flibe has the potential advantage of 
a lower melting point (363 C = 636 K) than the low 
viscosity Ribe (460 C = 733 K). However, the higher 
viscosity could lead to excessively large neat exchangers. 

The geometry chosen for the 1HX scoping study is the 
simple, single-pass, cross-flow heat exchanger sketched in 
Figure 3. The hot Flibe from the reactor is assumed to 
flow in the tubes, while the cold secondary molten salt 
flows across the tube bank (in order to have die cooler fluid 
in contact with the shell). 

Figure 3. The simple cross-flow IHX geometry used for 
the scoping study. 

RESULTS FOR HIGH-VISCOSITY FLIBE 

For the first part of the scoping study, it was assumed 
that high-viscosity Flibe would be used on both Ihe primary 
and secondary sides of the 1HX. The results for one of the 
reference cases given in Moir, et al (1990), Case 2H for a 
100° C temperature drop on the primary side, will be 
described next. The equations used to model the JHX are 
given in Moir, et al (1990). 

The temperatures chosen for Case 2H are shown at the 
top of Table 2. These temperatures were chosen based on 
four principal constraints: 

1. The minimum temperature of the cold, 
secondary Flibe. T ,̂ must be well above the melting point 
to avoid freeze-up in the steam generator. 

2. The maximum temperature of the cold, 

scconai:]; Flibe, T ,̂ must be as high as possible for good 
thermal efficiency of the steam power plant (SPP). 

3. The temperature of the hot primary flibc 
entering the reactor (normally equal to T t i) must not be too 
high to keep the vapor density within limits for ion or laser 
beam transmission. 

4. The temperature differences between the 
hot, primary flibc and the cold, secondary flibc must be 
large enough to provide the required heat transfer in the 
specified tube lengths. 

The fourth constraint is especially critical for the high-
viscosity Flibc, since the tube flow is laminar and the 
Prandil number is very high, resulting in poor heat transfer 
and very long thermal development lengths. The 
temperature values shown in Table 2 are the result of the 
many compromises needed to satisfy all of these constraints 
simultaneously. 

The rest of the key results given in Table 2 are for 
IHX's with a nominal thermal rating of 1000 MW. Note 
that small 10 mm diameter tubes were chosen for the high-
viscosiiy Flibe because larger diameters resulted in even 
larger volume IHX's. These numbers indicate that an IHX 
using high-viscosity Flibe is no? out of the question. 
However, the size and cost will clearly be substantial. 

It can be seen from the numbers at the bottom of Table 
2 that the vapor number densities corresponding to the 
temperature of the Flibe entering the reactor are reasonably 
close to the limits presently estimated to be permissible for 
heavy ion beam transmission (Bangerter, 1988) and well 
below the density required for laser beam transmission. 
However, for heavy ion beam propagation, it may be 
necessary to use the cooler Flibe out of the IHX's to lower 
the vapor pressure in the regions near the beam paths. 

The maximum permissible outlet temperature of the 
cold, secondary flibc, T„ was found to be 686 K for the 
IHX's of Case 2H, as shown in Table 2, which limits the 
efficiency of the steam pow.r plant to about 34%. 

RESULTS FOR LOW-VISCOSITY FLIBE 

Next, an IHX using the low-viscosity Flibe as the 
primary coolant and sodium fluoroborate (NaBFJ as the 
secondary coolant was studied, subject to the same four 
constraints listed above. The sodium fluoroborate was 
proposed for this purpose in the earlier molten salt breeder 
reactor program because it has some advantages for 
retaining the tritium (Briggs, 1971-2). Sodium fluoroborate 
has a melting point of 384 C = 657 K which lies between 
the melting paints of the high and low viscosity Flibe. 

The results of the parametric study are shown in Figs. 
4, 5 and 6 for a temperature drop on the primary tube side 
of 50 C. The tube-side temperature drop had to be reduced 
from the original 100 C used for the high-viscosity flibe 
IHX's to 50 C to insure that the Reynolds number of the 
turbulent flow would be above 10.000 for a reasonably 
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TABLE 2 
Intermediate Heat Exchangers 

Key Paramete r s 
High-Viscohi'.v 

Flibc 
<Casc2H) 

Low-Viscosity 
Flibe/NaBF4 

(Casc20cc2) 

Primary Fluid Inlet T h i (K) 
Primary Fluid Outlet T\w (K) 
Secondary Fluid Inlet Tcj (K) 
Secondary Fluid Outlet T c o (K) 

863 
763 
676 
686 

923 
873 
793 
823 

Thermal Rating, P th (MW, h ) 
Tube Length, L t (m) 
Tube Bundle Height, H (m) 
Tube Bundle Depth, DTB (m) 
Vol. of Tube Bundle (m 3) 
Tube outer diam., D 0 (m) 

1000 
10 

5.33 
4.98 
265 
0.01 

1000 
10 

3.0 
3.7 

111.7 
0.02 

Tube Side: 
Hot, Primary Flow Rate (kg/s) 
Pressure Drop (MPa) 
Pumping Power (MWC) 

4250 
0.25 
2.0 

8400 
0.070 
0.36 

Shell Side: 
Cold, Secondary Flow Rate (kg/s) 
Pressure Drop (MPa) 
Pumping Power (MW e) 

42,530 
0.48 

37.7 

22,100 
0.020 
0.29 

Overall Heat Transfer Coeff, U Q (W/m 2-K) 
Heat Transfer Area A0(HT) (m 2) 
Number of Tubes 

335 
23,500 
75,000 

2324 
4950 
7880 

A0(HT)/Vol. of Tube Bundle ( m 2 / m 3 ) 
P th/Vol. Tube Bundle (MW/m 3 ) 
Steam Powerplant Efficiency 

88.6 
3.77 

34.0% 

44.3 
9.0 

41.2% 

nVapor (Thi) (cm-3) 
Acceptable n v a p o r for Ion Beams 
Acceptable n v apor for Lasers 

~7xl013 
-5x1013 (?) 
-1015 (?) 

-5x1013 
~5xl0l3(?) 
-1015 (?) 
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Figure 4. The COE (in 1988 dollars) as a function of the 
two cold secondary-side temperatures. (The hot tube-side 
Reynolds numbers are greater than 10,000 to the left of tlie 
dashed curve.) 

wide range of IHX geometries (to avoid the uncertainties in 
the heat transfer associated with the transition range of 
Reynolds numbers from about 2000 to 10,000). The 1HX 
designs to the left of the dashed line on Figs. 4 and 5 and 
below the dashed line on Fig. 6 have tube-flow Reynolds 
numbers greater than 10,000. 

Fig. 4 shows that low COE's occur at high T^'s (the 
cold secondary-side outlet temperature), because this 
produces the highest SPP thermal efficiency. However, the 
reference IHX design selected (shown by the circle) is a 
compromise to limit the cold-side mass flow rate of the 
sodium fluoroborate to 22,100 kg/s for each IHX, as shown 
on Fig. 5. Jt should be noted that this compromise choice 
is somewhat arbitrary, since the true cost of such a large 
flow rale has not been evaluated yet and is not in the 
simplified cost model used in this study. More refined cost 
models for this effect are now being developed. 

Fig. 6 shows thai for low COE's, we must choose 1HX 
designs which are rather large and have relatively high 
capital costs, because these IHX's have higher cold-side 
outlet temperatures. The selected compromise IHX design 
costs about $55/lcWth (in 1988 dollars) due in pan to the 
high cost estimates for a modified Hastalloy N which may 
have to be used for corrosion resistance to the molten salts. 
(If a modified stainless steel can be used, the cost is 
estimated to be closer to $20/kWth.) 

These IHX's have an outlet temperature, T M , of 823 K 
which results in a relatively high thermal efficiency of 
41.2% and a relatively low COE. We can conclude that the 
high thermal efficiency dominates the effect of the 
relatively high capital cost of the IHX's in the COE 
equation. 

The results for this best compromise IHX design using 
low-viscosity Flibe/NaBF4 are summarized in Table 2 for 
comparison with the IHX using the high-viscosity Flibe. 

Figure 5. The cold secondary-side mass flow rate required 
for various cold side temperatures. (The hot tube-side 
Reynolds numbers are greater than 10,000 to the left of the 
dashed curve.) 

The low-viscosity Flibe IHX is much more compact; it has 
only about 42% of the volume and 11 % of the number of 
tubes of the high-viscosity Flibe JHX shown in Table 2. 

It should also be noted that a tube diameter of 0.02 m 
has been used for the low-viscosity Flibe IHX rather than 
0,01 m. The larger lube diameter causes the volume of the 
IHX to increase by about a factor of three, but it reduces 
the pumping power on the primary side of each IHX from 
12.2 MWc to only 0.36 MWe. Even with this substantial 
volume penalty, the selected IHX's using low-viscosity 
Flibe/NaBF4 are now comparable in size to a steam 
generator for a pressurized water reactor with the same 
thermal rating (Moir, et al, 1990). 

IHX Hot, Tube Side Tanpfritiw 

|'7Q3K | 

iVl *"763K I 

•JfiO 770 780 790 8D0 810 820 830 840 850 
TtfflfMUIure Out ill Cold Side. Tco <K) 

Figure 6. The direct capital cost of the three lHX's (in 
1988 dollars) as a function of the cold secondary-side 
temperatures. (The hot tube-side Reynolds numbers are 
greater than 10,000 below the dashed curve.) 
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HS> » 
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Figure 7. The detailed power balance for the single-chamber Base Case D. 

All the temperatures can be higher than for the higb-
viscosity Flibe cases, because ibe vapor pressure of (lie low-
viscosiry Flibe is substantially lower than for the high-
viscosity Ribe. This results in a higher cold-side outlet 
temperature, T„, which in turn leads to the higher thermal 
efficiency of 41.2% shown in Table 2, 

It was of interest to see Ihe effect of replacing the 
secondary sodium fluoroborate coolant with low-viscosity 
Flibe. All four 1HX temperatures and the thermal power 
were kept the same as for the case with sodium fluorbocate. 
The 1HX dimensions came out to be almcsi exactly the 
same for the two different secondary fluids. The pressure 
drop using the low-viscosity Ftibc on the secondary side 
was somewhat higher than for the NaBF,, but still 
negligibly small. 

We sec from these results that the choice of sodium 
fluoroborate versus low-viscosity Flibe for the secondary 
fluid can be based on other considerations than trie size and 
cost of the MX. 

The detailed pow - flow diagram for the single-
chamber Base Case r ing three of the low-viscosity 

FLibc/NaBF, lHX's shown in Table 2 is given in Fig. 7. 
(Each IIIX would have to be scaled up about 10% to hani'le 
the actual thermal power of 1104 MWth.) We see from 
Fig. 7 that the net electric power oulpu: is 1083 MWe with 
an overall circulating power fraction of 21% (including the 
15% circulating power fraction to the drivers). Fig. 8 
shows the type of sub-critical, non-reheat steam cycle which 
would tc used to achieve this performance. 

SUMMARY AND CONCLUSIONS 

The results of this scoping study have shown that the 
use of high-viscosity Flibe as both the primary and 
secondary fluid results in an IHX which is much larger and 
costlier than a comparable 1UX using low-viscosity Flibe 
for the primary coolant and either sodium fluoroborate or 
low-viscosity Flibe for the secondary coolant- Therefore, 
while the high-viscosity Flibe is not out of the question, the 
IHX's will clearly be large and costly components. For the 
low-viscosity flibc, on the other hand, the size and cost of 
the IHX's seem reasonable. Therefore HYLIFE-II has been 
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designed using the low-viscosity Flibc for the jet array. 
The preliminary COE values obtained in this 

scopingstudy are much higher than we would like even for 
the single-chamber Base Case D. These high COE's occur 
even with a high thermal efficiency for the steam power 
plant. More refined cost studies ire now in progress. 
However, it seems clear that major reductions in the capital 
costs, particularly of the drivers (which are now estimated 
to be almost 50% of the direct capital cost), are required to 
reduce the COE of these inenial confinement fusion 
concepts to more attractive levels. 
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8. Safety and Environmental Issues 

8.0 Summary 

An outstanding feature of the HYLIFE-II reactor is its favorable safety 
characteristics. Safety and environmental goals for HYLIFE-II include: 
• offsite dose from severe accident less than 2 Sv (200 rem), 
• avoidance of nuclear grade (N-stamp) requirement for most components, 

requiring less than 0.25 Sv (25 rem) offsite dose in the event of failure of that 
component, 

• working area dose rate less than 50 nSv/h (5 mrem/h) for low occupational risk, 
• dose from routine atmospheric effluents less than 50 uSv/y (5 mrem/y). 

To evaluate the potential to meet these goals, the consequences of a severe 
accident involving blast chamber failure and breach of containment are studied, 
including the effects of activation products, tritium, and beryllium toxicity. 
HYLIFE-II has no large sources of energy available to disperse radioactive materials. 
The tritium inventory in the Flibe could be kept very low (*- I g). The dominant 
activation product is about 300 MCi of 1 8 F (half-life 110 min). A very small fraction 
(< 10-"*) of the Flibe activation products would be mobilized, because the 
microexplosion vaporizes less than 10 kg from the 100 t of Flibe. The blast chamber 
is under vacuum so only a fraction of the mobilized vapor would escape from a 
hole in the blast chamber and only a fraction of that from a hole in the containment 
building. The 1 8 F offsite dose from a severe accident (breaching both the blast 
chamber and the containment) would be less than 10 mSv (1 rem). Thus, N-stamp 
requirements can be avoided in the main reactor components, and the passive safety 
goal is easily met. If the maximum vulnerable tritium inventory in the target 
factory and tritium handling systems were less than 2.5 kg, then the maximum 
offsite dose from its release would be less than 0.25 Sv (25 rem), and the N-stamp 
requirement could be avoided for those systems as well. Some contact maintenance 
should be feasible on the NaBF4 secondary loop, but not on the Flibt primary loop 
(unless a very effective impurity removal system were operating and activated 
impurities did not plate out on pipe walls). Activation of metallic impurities in the 
Flibe from a NaBF4 secondary coolant leak, from corrosion products, from target 
materials, or from a MoF0 corrosion inhibitor (if used) could result in high dose 
rates. The occupational risk goal can be met if personnel do not work in the primary 
coolant loop area. The routine effluent goal is met provided that the tritium 
removal systems in the primary and intermediate coolant loops are made large 
enough. After 30 y operation with a 50-cm-thick Flibe curtain, the dose rate from 
the blast chamber would be low enough for recycling by remote handling, but too 
high for human handling or shallow land burial. 
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8.1 Introduction 

The INEL preliminary scoping study of safety and environmental issues of 
HYLIFE-H was described by Dolan and Longhurst (1989). The dominant theme of 
HYUFE-ll is enhanced safety and minimal environmental impact. The use of Flibe 
instead of lithium removes the main safety hazard of HYLIFE-I, the chemical energy 
available from lithium-air or lithium-water reactions to vaporize radioactive 
materials and spread contamination offsite. Here we consider safety goals, routine 
release of tritium, accidental release of radioactivity, maintenanct, and waste 
disposal. 

R2 Safety Goals 

Five safety goals are proposed for the HYLlFE-n design; 
Passive safety. The offsite radiation dose without credit for active safety 

systems will not exceed 2 Sv (200 rem). There would be no prompt fatalities from 
the "early" offsite dose (cloudshine during plume passage, 7 d of groundshine, plus 
the 50-y dose commitment from radioactivity inhaled during plume passage). 

Nuclear grade components. Minimize the volume of nuclear grade 
components to reduce cost and complexity. 

Routine effluents. Keep offsite dose from atmospheric releases to less than 
50 nSv/y (5 mrem/y), which requires tritium leakage less than 40 Ci/d. 

Occupational risk. Maximize the portion of the reactor facility where dose 
rates are below 50 nSv/h (5 mrem/h). This limits the cost of remote maintenance. 

Waste management. Use materials and configurations that will permit either 
recycling of the Flibe and structure or Class C disposal (shallow land burial). 

8.3 Routine Release of Tritium 

Calculations indicate that the fraction of tritium leaking through the IHX tubes 
per pass will be about 6.5% for the Reference Case. Tritium barriers such as oxide 
layers or tungsten coatings would have negligible effect on leakage because the 
leakage rate is limited by diffusion out of the Flibe, rather than by diffusion through 
the tube wall. The fraction fe of tritium leaking through the steam generator tubes 
per pass cannot be calculated, because of the lack of data on tritium in NaBFV With 
tritium removal fractions fx = 0.99 in the primary loop vacuum disengager and /; 
greater than 0.99 in the intermediate loop gas exchange column, the goal of less than 
40 Ci/d leakage can be achieved, provided that all of the intermediate coolant passes 
through the gas exchange column (Dolan and Longhurst, 1989). The inventory of 
tritium in the system has not yet been determined. It will reside mainly in the 
target fabrication and injection system and in the isotopic separation and storage 
systems. These systems are somewhat isolated from the reactor chamber. Tritium 
issues are discussed more fully in Sec. 5. 
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8.4 Accidental Release of Radioactivity 

It is very difficult for large amounts of radioactivity to be released from 
HYLIFE-II. For radioactivity to be released to the environment, either the 
containment building would have to be breached cr the air cleanup system fail to 
function. A catastrophic event (such as an earthquake) causing failure of the reactor 
containment building could also result in a failure of the tritium gas system or Flibe 
piping. The most severe accident considered is one in which there are 
simultaneous failures of the containment building and the blast chamber. Blast 
chamber failure might be caused by shots without adequate wall protection, fatigue, 
and stress corrosion cracking. A mechanism for simultaneous failure of the blast 
chamber and the containment building is not clear since buildings can be designed 
to withstand high-intensity earthquakes, but containment failure must be 
postulated to produce significant offsite consequences. 

Blast Chamber Failure 
We consider the energy required to fracture metals and the energy available 

from the fusion explosion. If no Flibe curtain shielded the blast chamber wall, then 
all of the alpha energy (70 MJ) plus about 25% of the neutron energy (70 MJ) could be 
deposited in the chamber wall. If the chamber were cylindrical with R = 33 m, 
L = 12 m, hemispherical ends, and thickness 0.04 m, then its volume would be about 
17 m 3 . The average energy deposition would be 8.2 MJ/m 3. To pull metal apart, the 
required energy input per unit volume is approximately ce, where o is the ultimate 
stress and e is elongation. For SS316 with c about 700 MPa and e about 20%, the 
required energy input would be about 140 MJ/m 3. Thus, to cause fracture, a local 
energy concentration ratio about 17 would be needed. If all of the available energy 
were somehow deposited into 6% of the chamber volume (with the remaining 94% 
stress free), then that 6% could be stretched enough to fail. If a crack existed before 
the blast, then the high stress concentration at the crack tip could cause it to 
propagate during the shock wave passage through the chamber. However, there is 
not sufficient energy to stretch a large fraction of the chamber to the breaking point. 
It appears that catastrophic rupture of the blast chamber is not feasible and that the 
most likely failure mode would be gradual crack propagation from repeated blasts 
without adequate wall protection, followed by loss of vacuum, preventing further 
shots. 

Flibe Aerosol Release 
Assume 8.8 kg of Flibe vapor at 5000 K is produced by a fusion explosion 

(Sec. 4). The hot atoms of lithium, beryllium, and fluorine would reach the 
chamber walls in about 1.2 ms. In 6 to 10 ms a uniform vapor pressure would be 
established in the chamber, and massive transient condensation would begin. The 
average vapor density would be about 1.1 x 10 2 4 n r 3 before condensation, and the 
corresponding average pressure (at 5000 K) would be 76 kPa (0.75 atm). With the 
Flibe vapor pressure less than 1 atm, the higher external pressure would tend to 
hold the chamber together, so the chamber would not explode. Assume that a crack 
gradually grows in the chamber wall from cyclic stress and corrosion and that after a 
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Wast with inadequate wall protection the crack suddenly penetrates the wall wide 
enough to let the air rush in. The *ir would quickly coo] the Flibe vapor to about 
800 K (slightly below the chamber wall temperature), reducing its vapor pressure to 
about 0.01 Pa (10 - 7 arm). Convection currents through the crack would be 
established between the heated air inside the chamber and the cooler air outside the 
chamber. 

Flibe spray droplets and condensed Flibe would fall to the bottom of the 
chamber, where the Flibe would be pumped away (if the pumps were still running) 
or gradually solidify. Although 8.8 kg of Flibe were initially vaporized, most of it 
would quickly recondense upon contact with the cool air, so very little Flibe vapor 
would be mobilized. The air leaving the chamber by convection would carry with it 
Flibe at a very low vapor pressure (~ 10-7 arm) plus some tiny droplets of Flibe, 
which would solidify into aerosol particles as the temperature cooled below 733 K. 

Comparing the downward force of gravity with the viscous drag of an upward 
convection current at 1 m/s, we find that only particles with radii less than 64 ton 
would be mobilized. Lacking a definitive calculation of aerosol mass and size 
distribution, we estimate that about 1 kg of aerosol particles that small will be 
present The Flibe }et and spray droplets will originally be larger than that, so the 
fine aerosol particles will be generated either from condensed vapor or from 
shattered }et or spray droplets. Shattered droplets colliding with other droplets 
would tend to coalesce into larger drops, so tiny droplets would tend to be lost by 
collisions until the droplets were solidified by the inrushing air. The aerosol 
particles remaining inside the chamber would gradually fall to the bottom or plate 
out on the chamber walls. The particles leaving the chamber by air convection 
would escape into the containment building, where their behavior would be similar 
to that of aerosols in postulated fission reactor accidents. The aerosol size 
distribution and transport effects need further study. 

Radioactivity Release 
The dominant activation product is about 300 MCi of l 8 F (half-life 110 min). A 

very small fraction (< 1(H) of the Flibe activation products would be mobilized, 
since the microexplosion vaporizes less than 10 kg from the 100 t of Flibe. Only a 
fraction of the mobilized vapor and aerosol would escape from a hole in the blast 
chamber, and only a fraction of that, from a hole in.the containment building. The 
1 8 F offsite dose from a severe accident (breaching both the blast chamber and the 
containment) would be less than 10 mSv (1 rem). If the tritium partial pressure 
associated with the Flibe were 17 kPa, the vulnerable tritium inventory released by 
the Flibe in the accident would be about 10 Ci. If the tritium contents of four targets 
were also released, that would add another 690 Ci, Assuming a 3.5-m diameter 
spherical blast chamber 3 cm thick with 13 Pa effective tritium overpressure, 
approximately 0.23 MCi would be stored in the chamber wall. If that plus the 
activation products in the vaporized Flibe were released, the offsite early dose 
(under pessimistic atmospheric conditions) from these isotopes would be about 
3 mSv (0.3 rem). This dose is far below the 2 Sv passive safety goal. 
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Nuclear Grade Components 
The estimated radioactivity releases are below the 0.25 Sv (25 rem) limit for 

N-Stamp components, so N-Stamp components would not be required in the 
HYLIFE-II reactor chamber or coolant loops. If the entire inventory of radioisotopes 
were considered vulnerable, some N-stamp components would be required in the 
primary loop, but there are no sources of energy in the reactor sufficient to mobilize 
much of the Flibe or structure, so such an accident is not credible. If the maximum 
vulnerable tritium inventory in the target factory and tritium handling systems 
were less than 2.5 kg, then the maximum offsite dose from its release would be less 
than 0.25 Sv (25 rem), and the N-Stamp requirement could be avoided for those 
systems as well. The target system has not yet been designed. 

Chronic Dose 
The offsite chronic dose (50 y exposure to groundshine plus inhalation of 

resuspended particles from the postulated accident) could be up to 14 mSv, which 
would result in less than one latent cancer (assuming a population density of 
100/km*). 

Afterheat 
Reactor chamber afterheat is not significant in HYLIFE-II. After a few minutes, 

the decay heat generated by a stainless steel blast chamber would be less than 1MW 
(Sec. 4) and afterheat from activation products in the Flibe is also low. Assuming 
only radiative cooling with a spectral emissivity of 0.4, a 3.5-m-radius stainless steel 
sphere with 1 MW heat generation would approach an equilibrium temperature of 
T = 732 K, which is far below the melting point of stainless steel (~ 1700 K). With 
convective cooling by air, the equilibrium temperature would be even lower. Thus, 
afterheat cannot cause significant vaporization of the Flibe or structure. This low 
afterheat is a significant advantage compared with fission reactors. Some chemical 
reactions, such as oxidation, might be facilitated by the afterheat, but Flibe and 
stainless steel are fairly stable and resistant to oxidation. 

Beryllium Release 
The escaping beryllium compounds, notably BeF2, pose a health hazard. We 

must ensure that chronic leakage of Flibe does not constitute a threat to the health 
of plant workers, and that an accidental release of Flibe aerosol does not pose a 
health hazard to the public. The recommended limits are 25 ng/m 3 for peak 
exposure to beryllium or its compounds and 2 ng/m 3 for continuous exposure 
(National Institute of Safety and Health, 1972; US Federal Register, 1975). The peak 
level is comparable to the 20 ng/m 3 level determined to be hazardous to rodents 
after 1 h (Sax and Lewis, 1989). If 1 kg of Flibe aerosol (containing 340 g of BeFj) were 
to escape both the blast chamber and the containment building under pessimistic 
atmospheric conditions over a period of 1 h, the concentration at a 1 km site 
boundary would be about 3 jig/m3. This would be below the level of acute concern. 
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Safety Assurance Level 
The HYLIFE-II reactor satisfies th» criterion for "Safety Assurance Level 2," 

meaning that large-scale passive protection can prevent serious consequences. In 
that respect, HYUFE-II is superior to HYLlFE-i and to most magnetic confinement 
reactors. 

8.5 Maintenance 

The NaBF4 intermediate coolant loop will probably be accessible ior some 
hands-on maintenance because the external gamma dose rate will be low, but loss of 
tritium from the coolant must be prevented. 

If the primary loop contained only pure Flibe, external hands-on maintenance 
would be feasible because of an acceptably low gamma dose rate. However, 
anticipated impurities in the Flibe would result in gamma dose rates too high for 
contact maintenance. Sources of impurities include those initially present in the 
Flibe, corrosion products, target debris, secondary coolant leakage, and MoF$ 
corrosion inhibitor, if used. Assume, for example, that some MoFe is sufficiently 
mobile to pass through the reactor chamber and become activated. With a 10-* mass 
fraction of MoF&, the external gamma dose rate outside a long 30-cm-radius steel 
pipe 1 cm thick would be about 0.17 Sv/h (17 rem/h), which greatly exceeds the goal 
of 50 jiSv/h (5 mrem/h). For a day or so following shutdown, the 0.64-MeV positron 
activity in 1 8 F would be even higher. A high dose rate would also result if a lev 
kilograms of NaBF4 intermediate coolant leaked through the IHX into the primary 
loop and became activated. Impurities initially present in beryllium plus corrosion 
products from the manganese-316-SS structure would also contribute to the gamma 
dose rate. Therefore, hands-on maintenance of the primary loop will not be feasible, 
unless the Flibe purification system is very efficient and the impurities do not plate 
out on pipe walls, etc. 

8.6 Waste Disposal 

The dominant isotopes present in the manganese-stabilized stainless steel first 
wall after 30 y of irradiation will be 500 MCi of M Mn and 10 MCi of 5 5Fe (Tobin, 
1989). The total activity would decrease to 14 kCi after 100 y cooling, and the dose 
rate at the surface of the first wall would be about 10 mSv/h (1 rem/h). This would 
be low enough for recycling by remote processing but not low enough for hands-on 
processing. The Shallow Land Burial index (ratio of activity to maximum allowable 
activity for shallow burial) would be 75, so Class C disposal would not be an option. 
A high-nickel alloy, such as Hastalloy, would have an index an order of magnitude 
higher. A graphite composite chamber would probably have a low induced activity, 
although tritium accumulation in the graphite needs to be calculated. 

The Shallow Burial Index of the Flibe would be about 15, but the Flibe could be 
recycled to other fusion reactors. Other massive components, such as the driver 
beam tubes, would have much lower indices, which have not yet been calculated. 
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9. Economic Analysis 

9.1 Updated Costs lor HYXIFE-l 

W. R. Meier, in his memo of November 1,1988, used the SAFIRE code for 1CF 
reactor economic studies to estimate the cost of electricity (COE) for the original 
lithium HYLIFE-l design using updated heavy-ion-beam (HIB) driver and cost data. 
Meier's original memo is reproduced in Appendix 9.1. The base case he selected had 
a chamber pulse repetition rate of 1.5 Hz, the same as the HYLIFE-E design. However, 
instead of assuming laser drivers as in the original HYLIFE-I study, this cost study 
incorporated new target gain algorithms for HIB drivers. Using the gain-energy 
curve for the 'advanced concepts" targets from his Figure \, Meier chose a target 
gain G of 195 and a driver energy Ed of 8.5 MJ for his base case. While these values 
are very different from the Base Case A values chosen for the Flibe HYLIFE-II 
(chamber repetition rate of about 2.7 Hz, G = 70 and Ed = 5 MJ), there is much 
valuable information to be gleaned from Meier's cost results. 

The direct capital cost numbers given in Meier's Table 2 (in January 1988 
dollars) are for a single chamber that produces 1000 MWe. Following Meier's 
approach, we divide the direct costs into two major categories called the 
reactor/power plant (RPF) costs and the driver/fc. _,et factory (DTF) costs. The RPP 
costs include cost accounts 20 through 26, while the DTF costs include cost accounts 
27 and 28. These two costs are roughly equal since the RPP costs are about 48.8% of 
the total direct costs and the DTF costs are about 51.2% of the total direct costs. 

The key question Meier raises is how can the cost of electricity be reduced 
from the base case value of about 8.78 e/kw-h. He examined the effect of the 
chamber pulse rate and shows in his Figures 4 and 6 that increasing the pulse rate 
toward 3 Hz results in only a relatively small decrease in the DTF costs and hence the 
COE for a single chamber. If two 1000 MWe chambers are used with a single driver, 
the reduction in the COE is much more significant, as shown in his Figure 4. 

This trend in the use of multiple HYL1FE units is again clearly visible in his 
Figure 3 for a fixed chamber pulse rate of 1.5 Hz. For example, the use of two 
1000 MWe units instead of a single 1000 MWe unit reduces the COE from about 
8.8 tf/kw-h to about 6.3 tf/kw-h. This reduction of about 28% in the COE is the direcf 
result of using a single driver for two chambers to double the electric power output. 
The use of multiple chambers does not appeaT to have an economic advantage. 

In Figure 3 of the memo, the two solid curves give the COE for 0.5-GWe units 
and 1.0-GWe units. By scaling the cost figures, we have added the approximate 
curve for units that produce 0.33 GWe shown in Fig. 9-1. 

If we examine the case where the total electric power output is chosen as 
1.0 GWe, then producing this power in a single chamber results in a COE of about 
8.8 e/kw-h and using two chambers gives a COE of about 9.3 e/kw-h. We estimate 
that going to three chambers increases the COE to about 10.7 g/kw-h, as shown by the 
triangle on Fig. 9-1 This last case is roughly analogous to our Base Case A for 
HYLIFE-II because we use three chambers to get about 1 GWe output for our 
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Fig. 9-1. COE vs total net electric power for power plants with a single HIE 
driver and multiple HYLIFE reactor units of different sizes. A 
rough estimate of the curve for 0.33 GWe/unit has been added to 
Meier's Figure 3. 

reference gain and driver energy. Thus the increase in the COE for going from one to 
two chambers is about 6% and the additional increase in going from two to three 
chambers is estimated at roughly 15%. It should be noted that this larger increase in 
the COE going from two to three chambers is largely because the driver cost decreases 
less in going from 3.0 to 4.5 Hz than it does in going from 1.5 to 3.0 Hz, as shown on 
Meier's Figure 6. The decrease in driver cost is mainly a result of the lower driver 
energy per pulse required as we go to multiple chambers when the total electric 
power output is held constant, as explained in Meier's memo. 

For Meier's base case, we saw mat the RPP direct costs are roughly equal to the 
DTF direct costs. Reducing the costs of either category will be a major challenge. For 
the sake of this discussion, let us assume that mere is some hope of reducing the 
costs of the DTF category. If we now ask how much the DTF direct capital costs would 
have to come down to lower the COE to some desired value, we obtain the results 
shown in Fig. 9-2. For example, if we wish to lower the COE for two chambers to the 
value of about 8.8 c/kw-h found by Meier for one chamber, we would have to lower 
the DTF costs from about $12Q0M to about $1020M (i.e., a 15% reduction). This is not 
an unreasonably large reduction to hope for. For the three chamber case, we would 
have to lower the DTF costs by almost 50% to get down to 8.8 «/kw-h. Since such a 
large decrease in the DTF cost is unlikely to be achieved without a major 
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Fig. 9-2. Rough estimates of the allowable DTF costs for the updated lithium 
HYL1FE-1 design (based on Meier). 

breakthrough, this is an added incentive to try to reduce the required number of 
chambers from three to two, if possible. 

While these cost numbers are not quantitatively valid for £he Flibe HYLIFE-H 
case, the general trends and conclusions are probably applicable. Therefore, we 
tentatively conclude that there is a strong economic incentive to try to reduce the 
number of chambers from three to two in HYUFE-H. This will be one of the major 
goals for future study. 

9.2 Impact of the IHX on the COE 

In an effort to see how the design of the IHX affects the COE, a set of IHX 
designs was calculated for a fixed thermal power transfer of 3000 MWth, which 
results in a net electric power output of about 1000 MWe. The results are plotted in 
Fig. 9.3. The independent variable selected for these runs was the outlet 
temperature of the sodium fluoroborate secondary-side coolant, T c o . At low values 
of Tco, the IHX has the least number of tubes and hence has a low capital cost because 
the log mean temperature difference across the IHX is large. However, the thermal 
efficiency of the steam power plant is low because of the low Tco into the steam 
generator. (See Sec. 7.3 for the simple steam power plant model for the thermal 
efficiency used.) 

i I i | i 1 r-
TotalP K n . t ) = 1000MW# 

Normal chamber repetition rate = 1.5 Hz 

Meiers 
(Fig. 3) 
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Fig. 9-3. Various parameters as a function of the secondary coolant outlet temperature for a fixed inlet 
temperature, T c i , of 763 K. (a) Total number of tubes required for the IHXs to transfer the full 
3000 MWth, (These would be divided into three separate IHXs if three chambers are used), 
(b) Direct capital cost (1988 dollars) of all the IHXs required to transfer 3000 MWth. (c) 
Gross thermal efficiency of the steam power plant (before auxiliary pumping power for the 
IHXs has been subtracted), (d) Net electric power from the vusion power plant, (e) 
Estimated cost of electricity in 1988 mills/kWe-h (based on updated HYUFE-I costs of Meier, 
(f) Mass flow rate of the secondary coolant (sodium fluoroborate). 
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The COE equation is the usual one for constant dollars: 

CAC + CQ&M + CF 
C O E = [Pth Hth - Pcirc - Pauxl * 8760 x A 

where C A C = Annual capital costs = Total capital costs x Fixed charge rate, 
C 0 & M = Annual operations and maintenance costs (including scheduled 

replacement parts costs), 
C F = Annual fuel cycle costs, and 
A = Plant availability factor. 

The net electric power (in kWe), given by the term in brackets in the denominator, 
is the total thermal power times the thermal efficiency minus the circulating power 
to run the drivers and the auxiliary pump power and other power requirements. 

The reference IHX direct capital cost was taken as about $37.8M (in 1988 dollars 
to be consistent with Meier) at T c o = 773 K. If we assume for this preliminary cost 
tradeoff study that the total direct capital cost of HYLIFE-II is the same as Meier's base 
case, then the IHX cost is only about 1.4% of the total direct cost. 

As we raise Tco, the size and capital cost of the IHX increase, but the thermal 
efficiency and hence the electric power output also increase, as can be seen in Fig. 9.3. 
The increase in thermal efficiency dominates the increase in capital cost of the IHX, 
as might have been expected since the IHX cost is on the order of only 1.4% to 3% of 
the total direct capital costs. The net result is that the COE decreases as T M increases. 

Two cases, S2-Na at low T c o = 773 K and S3-Na at high T c o = 823 K, were 
discussed in Sec. 7.2 and the design results summarized in Tables 7-4 and 7-5. 
Summary Table 7-5 is reproduced here as Table 9-1. It can be seen from Figs. 9.3a 
and b and on Table 9-1 that the larger IHX of Case S3-Na has about three times the 
number of tubes and costs almost three times as much as the smaller IHX of Case 
S2-Na. However, because the increase in the secondary coolant temperature passing 
through the larger IHX is six times as large, the flow rate of sodium fluoroborate is 
only one-sixth that of the smaller IHX, (Fig. 9-3f). Thus the larger, costlier IHX 
actually appears to be better than the smaller IHX on two counts: lower COE and 
smaller secondary coolant flow rate.The IHX is only one of many components in 
which cost-to-performance tradeoff studies are possible. 
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Table 9-1. Comparison of high- and low-H FUbe IHXs. 

Non-optimized cross-flow IHX 
High-u Flibe Low-u Flibe/NaBF4 
AT h o t = 100 *C A T w = 100*C 

Case2H Case S2-Na Case S3-Na PWR steam 
AT,; = 10 'C ATC = 10 *C ATC=60*C generator3 

Thermal power raring (MW) 1000 1000 1000 2000 
Volume of tube bundle (m3) 265 70 223 204 
Tubes (no) 75,000 4933 15,730 16,000 
Heat transfer area, A 0 (m 2) 23,500 3098 9878 16,000 
Tube bundle AQ/VOL (m2/m?) 83.6 44.3 44.3 78.6 
Tube bundle Qth/vol. (MW/m3) 3.77 14.3 4.5 9.8 
Secondary fluid flow rate (kg/s) 42,530 66,300 11,100 — 

Direct capital cost (M$) for 3 IHXs — 37.8 98.9 
C.O.E. (mills/kWe - h) (1988 dollars) — 91.0 MA — 
T|th (Gross) (%) • — 39.3 41.2 

aSze (1989). 
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Appendix 9-1. Parametric Economic Studies for HYLIFE: 
Implications for a New Molten Salt Reactor* 

INTRODUCTION 
Economic studies were carried out to investigate various aspect of a Heavy Ion 

Beam (HIB) driven HYLIFE reactor as a commercial electric power plant The purpose 
of these studies was to gain an understanding of the factors that are most important in 
determining the cost of electricity for a reactor that scales like HYLIFE. This 
information can help guide our research on the molten salt version of HYLIFE, tentatively 
called HYLIFE-D. The Tesuits presented here thus serve as a point of reference as we 
begin our investigation of HYUFE-IL I've evaluated the cost of electricity (COE) as a 
function of several system design parameters including: the characteristics of the target, 
which determine the gain versus energy relationship; the chamber pulse repetition rate; the 
net electric power per reactor; and the number of reactor units serviced by a single driver. 
The SAFTRE code, which is fully documented in Refs. 1-4, was used for this study. All 
costs are in constant, January 1988 dollars. 

The base case power plant configuration is a single HIB driver operating a single 
HYLIFE reactor that produces a net electric power of 1.0 GWt. The McDonnell Douglas 
CMDAQ cost-performance model for the HIB driver3 and the new HIB target gain 
relationships4 were used in these analyses. The focus of this study is on the reactor 
design and plant configuration, not on the driver design. The HIB driver was selected 
because it is the most detailed driver model in the SAFIRE code, and using it also gave 
me a chance to use the new HIB target gain relationships. The base case chamber pulse 
repetition rate is l.S Hz, and the corresponding target yield is 1660 MJ. The driver 
energy at this point is 8.5 MJ. and the target gain is 195. A list of system design 
parameters is given in Table 1. If only one value is listed, the quantity is held constant; 
if more than one vrJue is listed, the quantity is cither used as an independent variable or 
is varied as a parameter. 

RESULTS 
Target Parameters 

New HTfi target gain algorithms, developed by LLNL, were recently incorporated 
into the SAFIRE code.4 These algorithms give the target gain as a function of driver 
energy for four different types of target: 1) Base-case, two-sided irradiation, single shell; 
2) Single-sided; 3) Polarised fuel, two-sided irradiation; and 4) Advanced concepts. For 
each target type there is a family of curves dependent on two parameters, the ion range 

Wayne R. Meier, W. J. Schafer Associates, Inc., November 1, 1988. 
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and the beam spot size (i.e., there is a unique gain versus energy curve each combination 
of ion range and spot size). A representative sample of curves is shown in Fig. 1, and 
Ref. 4 contains additional examples that show the variation with range and spot size. In 
general, die gaiii decreases with increasing spot size for a given range and decreases with 
increasing range for a given spot size. I originally in;?nded to use the Base case, two-
sided irradiation target, but found that the driver energy required to produce 1 GWB at 
1.5 Hz exceeded 10 MJ, and unfortunately the MDAC driver model is not valid above 
10 MJ (some of the fitting routines it uses give non-physical results above 10 MJ). 
Therefore, the Advance concepts target, which is more optimistic, was selected for this 
study. 

The COE from future coal and fission power plants (evaluated on die same 
economic basis as we use for 1CF) is in the range of about 4 to 5 tfKWJi. To be 
economically competitive, we would like to show that ICF can at least approach these 
electricity costs. The COE as a function of the beam spot radius is shown in Fig. 2 for 
three values of the ion range, 0.10, 0.15, and 0.20 g/cm2. For die 130 amu, +3 ions used 
tiiroughout this study, die diree ranges correspond to ion energies of 4.73, 6,20 and 
7.45 GeV. The results in Fig. 2 are for a single unit, 1.0 GWe power plant widi the 
chamber pulse rate fixed at 1.5 Hz. The COE is a minimum at the intermediate beam 
spot radius (0.25 cm) and decreases with increasing ion range. The minimum at 
0.25 cm is the result of competing factors that influence me cost of toe HUB driver. 
Increasing die spot size allows a higher beam emittance which reduces me driver cost. 
On the other hand, the target gain decreases widi increasing spot size, and hence, more 
driver energy is required to get the yield necessary for the desired net electric power, and 
this increases the driver cost The minimum at 0.25 cm is essentially a trade-off between 
driver energy and beam emittance. For the remainder of die analyses, die beam spot size 
and ion range are fixed at C -5 cm and 0.20 g/craz, respectively. For die single unit, 
1.5 Hz plant, die COE is 3.8 0/kWeh witii diese target parameters, significandy higher 
than coal and fission. 

HYLIFE Reference Case 
The capital cost summary for the single unit HYLIFE plant is shown in Table 2. 

The total direct capital cost is $2672 M, widi the driver cost of $1284 M being the 
largest single item. The driver energy is 8.5 MJ, so me driver has a direct capital cost of 
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S150/J at this particular energy and pulse rate. The direct capital cost of the reactor (i.e„ 
chamber plus balance of plant, accounts 20 through 26) is $1305 M, with the reactor 
plant equipment cost of $602 M accounting for 46%. Table 3 shows a breakdown on the 
reactor plant equipment, and we note that the heat transport system cost of $484 M 
dominates this account Table 4 shows the breakdown on the beat transport system cost. 
The recirculating jet array system, which includes all the large liquid metal pumps and 
associated piping needed to establish the flowing blanket, is the most expensive item at 
$147 M. The sodium secondary loop equipment (including the intermediate heat 
exchanger) contributes a total of $143 M. 

If we postulate a reactor without the large flow rate of HYLJFE (i.e., no j«n array) 
and without an intermediate coolant loop, we could save $290 M and bring the cost of 
the reactor down to about $1 B. Eliminating the recirculating and intermediate heat 
transfer loops would also reduce the size and cost of the containment building somewhat. 
A billion dollars is thus the probable minimum cost of a lithium cooled reactor, assuming 
that the intermediate coolant loop could somehow be eliminated. How will a FLiBe 
cooled reactor compare? The principal differences will be in the cost of the chamber and 
heat transport system. The cost will depend on whether or not a high flow rate blanket 
and an intermediate coolant loop are used. Even if HYLIFE-II does not use a high flow 
rate blanket, we need to determine the cost of FLiBe pumps, piping, heat exchangers, 
clean-up systems, tritium removal and containment systems, etc., and compare the FLiBe 
system costs to HYLIFE's n'thiura-primary, sodium-secondary heat transfer system I 
propose to address these questions in the coming year as HYLlFE-n is better defined. 

Dependence on Net Electric Power 
Now let's turn our attention to some of the parametric studies with the HYLIFE 

reactor to see which system parameters and design variables are unportabi in determining 
the COE. The COE as a function of the plant net electric power is shown in Fig. 3 for 
plants that aie made up of a single driver and 1-4 reactor units rated at 0.5 - l.S GWe 

each. The uppermost line is the COE for plants made up of 1 to 4 units each producing 
0.5 GWe, giving a total net power of 0.5 to 2.0 GWe. The next line down is for plants 
with 1.0 GWe units, and the dashed line is for 1.5 GWe units. We note several things. 
A single 0.5 GWe unit has a very high COE (13.5 t/kVJJi) since the investment in the 
driver can not be covered by such a small electric output Driving four 0.5 GWe units 
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with a single driver reduces the COE to 7.1 0/kWth. A plant with two 1 GWe units has 
a COE of 6.2 tf/kW^h, which is 30% lower than the single unit 1 GWe plant, but it is 
still higher than coal and nuclear. At 3 GWe, there is little difference between a 2 or 3 
unit plant. To produce 1.5 GWe in a single reactor requires such a high yield and driver 
energy that the reactor economies of scale are essentially cancelled out. While a 3 GWe 

plant has a lower COE than a 2 GWe plant (5.4 compared to 6.2 */k\VBh), the total 
capital investment is 28% higher ($8.9 B compared to $6.9 B). Three GWe is also larger 
than current dual unit nuclear plants. Therefore, a 2 GWC plant is probably a more 
appropriate choice when comparing to nuclear and coal plants. 

Dependence on Chamber Pulse Rate 
One important variable for the HYLDFE-II design team to consider is the chamber 

pulse rate. HYLIFE is by nature a low pulse rate (i.e., less than a few Hz) chamber 
because of the need to clear the chamber and reestablish the jet array between shots. A 
high pulse rate requires a high injection velocity and a high liquid metal flow rate. The 
injection velocity is provided by a head of Li on top of the injection plate, so increasing 
the injection velocity also increases the height of the vessel and the total Li inventory. 
On the other hand, for a fixed net power, a higher pulse rate corresponds to a lower 
target yield and smaller, less expensive driver. The driver power, however, will increase 
if the pulse rate increases faster than the driver energy decreases. It all depends on the 
shape of the gain curve at the particular design point and on the driver efficiency, which 
is also a function of the driver energy and pulse rate. Figure 4 shows the COE as a 
function of chamber pulse rate for single and dual unit power plants (1 and 2 GWe net). 
The single unit plant is more sensitive to inaeasing pulse rate, decreasing from 9.4 to 
8.5 0/kWeh as the pulse rate increases from 1 to 3 Hz. The dual unit plant COE 
decreases from about 6.6 to 6.1 0/kWeh over the same range of pulse rates with most of 
the decrease between 1 and 2 Hz. Therefore, for a dual unit plant, HYLIFE chamber 
pulse rates of 1.S to 2 Hz are adequate. Note that this conclusion is based on the 
assumption that the Advance concepts targets will be available and perform as predicted. 

Some of the HYLIFE design parameters are shown in Fig. 5 as a function of the 
chamber pulse rate. The chamber diameter decreases (from 11.6 m to 6.8 m) with 
increasing pulse rate, since the yield and resulting impact stresses on the wall are 
diminished. The lithium flow rate increases from 72 to 118 m3/s, and the required 
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injection head increases from 3.4 to 12.8 m. The chamber height is defined as the sum 
of the injection head plus 80% of the chamber diameter. This is the distance from the 
top of the lithium pool above the injection plate to the lithium pool at the bottom of the 
chamber. The vacuum vessel height will be a few meters more than this to allow for 
space above the injection pool and a region at die bottom to collect Li. As indicated the 
chamber height has a minimum of 11.3 m at 1.4 Hz and increases to 18.2 m at 3 Hz, 
At 3 Hz, HYLIFE would require a very tall vessel! 

Allowable Reactor Cost for Fixed COE 
None of the previous results with the HYLIFE reactor produced a COE less than 

5 tf/kWeh. Using the same HIB driver cost model and target gain relationships as before, 
how much can the reactor cost if we want an ICF plant widi a COE that is competitive 
with fission and coal? To answer this, 1 considered a dual unit plant with a total net 
power of 2 GWe. In this hypothetical example, the thermal conversion efficiency is fixed 
at about 37%. Figure 6 shows the direct capital cost of the driver and target factor. The 
driver cost decreases from $1.6 B at a chamber pulse rate of 1 Hz to $1.1 B at 10 Hz, 
and die driver energy decrease from 10.4 MJ to 4.6 MJ over diis range. (Note mat the 
driver pulse rate is twice the chamber pulse rate.) The direct capital cost of die target 
factory, which supplies boa* reactors, increases from $0.1 B to $0.2 B as die chamber 
pulse rate increases from 1 to 10 Hz. In our economics model, the COE is essentially 
directly proportional to the total capital cost Therefore, for a fixed COE, the higher die 
sum of me driver and target factory costs, the lower the allowable cost for the two 
reactors making up the dual unit plant 

Figure 7 shows the allowable direct capital cost of the first reactor unit for a 
specified COE as a function of chamber pulse rate over the range of 1 to 10 Hz. The 
HYLIFE direct capital cost is shown for reference. (SAFIRE's costing for mu'ti-uait 
plants is based on the cost of the first unit The direct cost of die second unit is 80% of 
die first and the indirect costs of the second unit are 60% of the first unit's indirect 
cost) We see that it is advantageous to go from 1 to about 3 Hz, but there is little 
incentive beyond 3 Hz. To break below 5 t/kW£ requires a reactor with a direct capital 
cost of $0.94 B at 3 Hz, and to get down to 4 0/kWeh requires a reactor cost of about 
$0.59 B at 3 hz. (Note Uiat for every dollar that rae reactor First unit direct capital cost 
exceeds the allowable cost given here, the driver direct capital cost must be reduced by a 
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51.73 in order to maintain the fixed COE). As previously stated, $1 B is about the lower 
limit uf a Li cooled reactor, and this may not be far off from what we will be able to do 
with a FLiBe cooled plant. It seems unlikely that 4 t/kWJ\ is achievable with the 
current estimates for the HIB driver cost and target gain. 

CONCLUSIONS 
Various economic aspects of a HIB driven ICF power plant using a HYLIFE 

reactor have been investigated. The following points summarize the findings. 

1) To get 1 GWe in a single unit plant operating at 1.5 Hz with a driver energy less 
than 10 MJ requires target designs that are more advanced than the Base-case, 
two-sided, single shell targets. A gain of 166 is needed at 10 MJ, which is more 
than a factor of two higher than the Base case target gain of about 80 at 10 MJ 
(for ion range = 0.20 g/cm2, spot size = 0.25 cm) 

2) For the particular case examined, an ion range of 0.2 g/cm2 and a spot size of 
0.25 cm are the target parameters that result in the lowest driver cost and COE. 
HIB experts say that these parameters are very reasonable. 

3) Eliminating the lithium pumps and piping required to maintain the jet array in the 
HYLIFE chamber, and eliminating the intermediate heat transfer loop, would 
reduce the direct capital cost of the reactor by 23% to about $1 B. Costs 
estimates for FLiBe heat transfer components need to be made before we can 
determine whether or not a FLiBe cooled reactor will be cheaper than HYLIFE. 

4) The COE decreases with increasing unit size and with increasing number of units 
per plant A single unit, 1 GWe plant is not economically competitive with coal 
or nuclear. A dual unit, 2 GWe plant has a COE of 6.2 0/kWeh, which is about 
24% higher than coal fired power plants. 

4) For the HYLIFE reactor, a chamber pulse rate of 1.5 to 2.0 Hz is adequate; 
increasing the pulse rate further does not reduce the COE significantly . 
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5) To reduce the COE to less than 5 e7kWeh requires a reactor cost of less than 
$1 B. A chamber pulse rate of about 3 Hz is desirable based on driver and gain 
considerations and not on reactor scaling. 

For HYLEFE-n to be significantly less expensive than HYUFE, the FLiBE 
hardware (pumps, pipes, heat exchangers, etc.) has to be much less expensive, and/or the 
total flow rate must be much smaller, and/or the intermediate loop must be very cheap or 
eliminated. A chamber pulse rate of a few Hz should be adequate. Obviously, lower 
driver costs and higher teTget gains would benefit HYLIFE as well as HYLIFE-n. 
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Table 1. System Design Parameters 

Target 
Type 
Ion range, g/cm2 

Beam spot size, cm 

Advanced Concepts (Case 4 in Fig. 1) 
0.10, 0.i5, 0.20 
0.15, 0.25, 0.35 

Reactor 
Type 
Thermal efficiency, % 
Chamber pulse rate, Hz 
Net power per unit, GWe 

Units per plant 

HYLIFE, Generic 
41, 37 
1 - 10 
0.5, 1.0, 1.5 
1 - 4 

Driver 
Type 
Ion mass, amu 
Ion charge state 
Ion energy, GeV 
Beam energy, MJ 
Driver pulse rate, Hz 
Efficiency 

HIB Induction Linac, Single pulsed 
130 
+3 
4.73, 6.20, 7.45 
< 10 
Varies 
Varies 
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Table 2. Capital cost and COE summary for a single-unit, 1 GWe HYLIFE power plant. 

ACCOUNT 
20 
21 
22 
25 
24 
25 
26 
27 
28 

91 
92 
93 
94 
95 

96 
97 

ICF ECONOMIC EVALUATION FOR 1 UNIT POWER PLANT 
ACCOUNT TITLE M* 

LAND AND LAND RIGHTS 5.0 
STRUCTURES AND IMPROVEMENTS 282.2 
REACTOR PLANT EQUIPMENT 602.9 
TURBINE PLANT EQUIPMENT 226.6 
ELECTRIC PLANT EQUIPMENT 91.7 
MISCELLANEOUS PLANT EQUIPMENT 59.9 
MAIN HEAT REJECTION EQUIPMENT 36.5 
DRIVER EQUIPMENT 12*4.1 
TARGET FACTORY EQUIPMENT 82.8 
TOTAL DIRECT COST 2671.8 
CONSTRUCTION SERVICES 534.4 
HOME OFFICE ENGINEERING AND SERVICES 400.8 
FIELD OFFICE ENGINEERING AND SERVICES 267.2 
OWNER'S COST 187.0 
PROJECT CONTINGENCY 406.1 
TOTAL OVERNIGHT COST 4467.2 

ESCALATION DURING CONSTRUCTION 
INTEREST DURING CONSTRUCTION 
TOTAL CAPITAL COST 

CURRENT* 
1441.7 
1876.3 
7785.2 

CONSTANT* 
0.0 

417.3 
4884.6 

COST OF ELECTRICITY CAPITAL FUEL 08M TOTAL 

20,51 0.03 6.77 27.30 

6.60 0.01 2.18 8.78 

CONSTANT * RESULTS IN 1988 DOLLARS CURRENT * RESULTS IN 1996 DOLLARS 
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Table 3. Direct capital cost ot HYLIFE's Reactor Plant Equipment (Account 22). 

Tracking and alignment systems 30.4 
First wall systems 2.4 
Tritium extraction systems 25.8 
Blanket and shield 60.2 
Heat transport system 484.1 

Total Reactor Plant Equipment Cost 602.9 

Table 4. Direct capital cost of HYLIFE's Heat Transport Sysiem, 

Recirculating jet array system 147.0 
Intermediate heat exchanger 40.2 
Primary loop piping 46.3 
Primary coolant cleanup plant 14.4 
Primary coolant pumps and motors 40.0 
Secondary loop piping 24.7 
Steam generator 46.7 
Secondary coolant pumps and motors 56.0 
Secondary coolant cleanup plant 21.7 
Steam separator 10.3 
Water loop piping 0.1 
Steam superheater 36.7 

Total Heat Transport System Cost 484.1 
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Figure 1. HIB target gain curves for an ion range of 0.20 g/cm2 and a spot size of 
0.25 cm. The four cases ait: 

1. Base-case, two-sided irradiation, single shell 
2. Guess at single-sided irradiation 
3. Polarized fuel, two-sided irradiation 
4. Advanced concepts 
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Figure 2. COE versus beam spot size for different ion ranges. A spot size of 0.25 cm 
and an ion range of 0.20 g/cm2 produces the lowest COE for the cases 
examined. 

9-18 



14 

12 

10 
HI 

g 8 

HYLIFE reactor 
Chamber pulse rate = 1.5 H2 
HIB driver 

\ 

\ 
\ 

^ 
\ * ~ - _ 

^ V 
-^-5-

-0 .5 GW e/unit 

^ 1 . 0 GWe/unit 

^ 1 . 5 GW-/unit 

1 2 

Total net power, GWe 

Figure 3. The COE versus total net electric power for power plants with a single driver 
and multiple HYLIFE reactor units of different sizes. The COE decreases 
with increasing unit size and with increasing total net power. 
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Figure 4. The COE versus HYLIFE cham'jer pulse Tate for single and dual unit power 
plants, A chamber pulse rate of 1.5 to 2.0 Hz is desirable. 
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HYLEFE design parameters as a function of the chamber pulse rate. Increasing 
the pulse rate increases the lithium flow rate and the chamber height 
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10 

HIB driver and larger factory direct capital cost as a function of the chamber 
pulse rate. The sum of these two costs decreases sharply between 1 and 3 Hz 
and has a shallow minimum at 6 - 8 Hz. 
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Figure 7. Allowable Teactor direct capital cost (1st unit) versus chamber pulse rate for a 
fixed COE. The reactor cost must be less than $1 B to get a COE less than 
5 */kWeh. 
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Appendix 9-2. 

PARAMETRIC COST ANALYSIS OF A HYLIFE-II POWER PLANT 

Robert L Bieri 
Lawrence Livermore National Laboratory 

P.O.Box808,L-644 
LivennoTe, CA 94551 

(415)423-0897 

ABSTRACT 

The 5AHRE (Systems Analysis for ICF Reactor 
Economics) code was adapted to model a power 
plant using a HYLIFH-D reactor chamber. The code 
was then used to examine the dependence of the 
plant capital costs and the busbar cost of electricity 
(COE) on a variety of design parameters (type of 
driver, chamber repetition rate, and net electric 
power). The results show the most attractive 
operating space for each set of driver/ target 
assumptions and quantify the benefits of 
improvements in key design parameters. The base-
case plant was a 1,000-MWe plant containing a 
reactor vessel driven by an induction linac heavy-
ion accelerate-, run at S Hz with a driver energy of 
6.73 MJ and a target yield of 350 MJ. The total direct 
cost for this plant was $2.6 billion. (All costs in this 
paper are given in equivalent 1988 dollars.) The 
COE was 8.5 «/(kW-h). The COE and total u»pita'. 
costs for a 1,000-MWe base plant are nearly 
independent of the chosen combination of 
repetition rate and driver energy for a driver 
operating between 4 and 10 Hz. For comf arison, the 
COE for a coal or future fission plant would be 4.S-
5,5 c/ftW-h). The COE for a 1,000-MWe plant could 
be reduced io 7.S </(kW-h) by using advanced 
targets and could be cut to 6.5 «/(kW<h) with 
conventional targets, if the driver cost could be cut 
in half. There is a large economy of scale with 
heavy-ion-driven inertial confinement fusion (ICF) 
plants. A 2,000-MWe plant with a heavy-ion driver 
and a HYLIFE-II chamber would have a COE of only 
5.8 «7(kW-h). 

THE SAFTRE CODE 

Trie SAFIRE codel evolved from a code 
developed by TRW and Lawrence Livermore 
National Laboratory (LLNL) in 1979 to evaluate the 

performance of fusion-fission hybrids. The code 
was updated and modified to model ICF power 
plants. In its present form, the code allows for 
either KrF laser drivers or heavy-ion (HI) induction 
linac drivers. It also models several ICF reactor 
chambers, but lor this study only the HYUEE-D2 

chamber modeling was used. The balance of plant 
(BOP) costs are normalized to nuclear industry data 
from the Energy Economic Data Base3'4 or the 
Nuclear Energy Cost Data Base.5 The model for the 
HI induction linac is based on work done at 
Lawrence Berkeley Laboratory with the TJACEP 
code,6 and the Kr F model is based on work at Los 
Alamo* National Laboratory.?-? 

ECONOMIC ASSUMPTIONS IN SAFIRE 
CONSTANT DOLT AR ANALYSIS" 

Inflation Factors 

Since components are costed relative to a 
variety of reference years, the costs must all be 
adjusted to 1988 dollars. The adjusted cost is given 
by: 

C (1988$) *C(r $X1+ irXl+i'r+l)...fl«'l«), 

where C - component cost, r * reference year, and i 
- annual inflation factor. 

The total direct cost (TDC) is then the sum all 
the component costs. 

Total Overnight Costs 

The total overnight costs include Indirect costs, 
which are taken to be a fixed fraction of the TDC, 
except for the contingency cost, which is assumed to 
be proportional-to the sum of the direct and indirect 
costs. The resulting total overnight cost (TOC)«s 
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TOC = U+f5)(l+n+f2+f3+f4) TDC, 

where 
f 1 = 0.2 = fraction for construction services and 
equipment, 
(2 = 0.15 = fraction for home office engineering and 
service, 
B = 0.1 = fraction for field office engineering and 
service, 
f4 = 0.07 = fraction for owner's cost, and 
f5 = fraction for plant contingency. 

Time-Related Costs 

Time-related costs include both cost escalation 
and interest during construction. Since the cost-
escalation rate is assumed equal to the general 
inflation rate, there are no escalation costs in a 
constant-dollar analysis. The total interest costs, 
TIDC, are given by TIDC " flDC • TOC, where fmc * 
{1.028)0« - 1 for 1.028 - (I + the fractional real cost 
of money), and r - 8 years - the duration of the 
construction period. 

The Cost of Electricity 

The COE is then calculated as: 

Pn * the net electric power of the plant (MWe), and 
a >= 0.7 = the plant availablity fraction. 

Scaling of the HYLIFE-II Reactor Chamber 

HYUFE-n uses a flowing liquid wall similar to 
that used in HYLIFE-I but uses molten Flibe at 
650*C instead of mr! ?n Li at 500°C. Therefore the 
HYLIFE-I chamber modeling in SAFIRE had to be 
changed in several respects: 

• The required chamber dimensions had to be 
scaled from a simplified fluid/gas dynamic 
model for stresses because of the impact of the 
liquid on the chamber wall. 

• The required thickness for the flowing liquid 
blanket had to be determined from neutron 
attenuation calculations for Flibe. 

• Pump and intermediate heat exchanger (IHX) 
performance and cost had to be modeled for 
Flibe. The Flibe LHX's models were developed by 
Prof. M. Hoffman at U.C. Davis. 

The HYLIFE-II modeling has not all been 
reviewed and may be refined as the study 
progresses. 

COE = R(TCO + M + F <f/kW>h) 
0.0876 P«fl 

where 
R »= the annual fixed charge rate on capital (1/yr), 
TCC > the total capital cost of the plant ($M), 
M = the annua! operation and maintenance cost 
($M>, 
F = the annual fuel cycle cost ($M), 

DESCRIPTION OF POWER PLANTS CONSIDERED 

The base case for a HYLIFE-II 1,000-MW electric 
power plant assumes a heavy-ton-beam driver with 
two-sided illumination of an indirect-drive target. 
The induction linac consists of 16 beams that are 
split and bent so that half of the beams arrive at 
each side of the reactor chamber. This case is 
labelled "Base" in Table I. 

Table 1. Capital costs and cost of energy (COE) for electric powci plants. 

Case 

Driver energy (Mp 
Chamber rer*tition rate (Hz) 
Gain 
Yield 

Driver cost ($M) 
Target facility cost ($M) 
Reactor/plant cost ($M) 
Total direct costs ($M) 

COE(c/kW.h) 

Base AT 2GW 1/2DC KrF Coal Future 
fission 

6.7 3.4 8.7 7.7 11.6 
8.0 8.0 8.0 55 4.5 

51.8 96 76 64 73 
348 330 660 492 847 

1,193 933 1,408 631 1,225 
133 130 163 118 126 

u<4 1222 1.972 L222 1326 
2,589 2,285 3,543 1,972 2^77 1,150 1,790 

8.54 7.49 5.82 6.46 ' 9.44 5.23 4.75 
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Figuie 1. (a) COE vs. plant net power. <J>) Total direct coste vs. plant net power. 

Another possible case would also use a heavy-
ion driver but would use advanced targets so that 
higher gains can be achieved for a given driver 
energy. This case is labelled "AT" in Table I. 

One way of lowering the cost of electricity Is to 
take advantage of the large economies of scale for a 
HI fusion plant. Figure 1 shows how (a) the cost of 
energy and (b) the total direct costs of the plant 
depend on the plant's net power production. A 
representative plant producing 2,000 MW of net 
electric power is shown in Table I as the case labeled 
"2CW." 

Driver costs generally make up half of the cost 
of an ICF power plant. The latest HYLIFE-II design 
uses one-sided illumination with a 12-beam driver, 
which will reduce driver costs. Any cost reduction 
in the driver leads to significant reductions in the 
COE. A sample plant w iere all the SAFIRE-
generated driver costs were reduced by a factor of 2 
U shown in the case labeled "1/2DC" in Table I. 

Although the illumination geometry required 
for laser-driven targets is much more difficult to 
accommodate with a HYIJFE-1I reactor chamber, it 
is possible mat a HYUFE-n reactor could be used 
with a KrF laser driver. The dielectric turning 
mirror for a laser driver would have to be protected 
from neutrons, x rays, and debris by the uoe of gas 
jets, mechanical shutters,1' and grazing incidence 
metal mirrors.12 A representative plant with a KrF 
driver is shown at "KrF" in Table J. Because a 
flowing-blanket geometry does not easily allow 
uniform illumination geometries, a conservative 
gain curve was used for this case. 

POSSIBLE REDUCTIONS IN THE PLANT COSTS 

Because of the large number of variable driver 
parameters, SAFIRE does not completely optimize 
the heavy-ion driver. Drivers with different 
combinations of ion energy, ion mass, ion charge 
state, and number of beams in various parts of the 
linac could be less expensive. A Los Alamos 
National Laboratory study 1 3 concluded that driver 
costs could be lower than those estimated by the 
heavy-ion fusion systems and assessment 
(HIFSA)U study on which the driver costing is 
based- Driver cost improvements Buy be possible 
with recirculating induction accelerators or other 
advanced driver concepts-

Improved target performance would also 
reduce driver costs by reducing tie required driver 
energy. Recent gain curves2 have slightly higher 
(about 10% for the base-case driver) gains than 
those used in this study and improvements in the 
performance of the final focusing system could 
further raise the target gain. Drastic reductions in 
required driver energy could be obtained by using 
new targets with performance similar to those 
proposed for use with the Nova upgrade. Published 
gain curves15 for these targets give gains above 20 
for driver energies as low as 1 or 2 MI, but these 
targets have yet to be evaluated for heavy-ion 
drivers. 

The cases in this paper that reduce the driver 
cost by a factor of 2 could represent the combined 
benefits of improvements in driver design, final 
focusing, and target performance. 
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RESULTS AND CONCLUSIONS 

Tables D-IV give detailed plant parameters 
and cost breakdowns for a base-case 1,000-MW 
HYLIFE-H plant used with a 5-MJ driver. Some 
critical assumptions that should be considered 
when comparing this analysis to others ate the 
plant availability factor (0.7), the driver efficiency 
(0.39 for the base case), and the thermal cycle 
efficiency (0.37). Different assumptions for any of 
these factors can give significantly different COEs. 
(For instance, an assumed plant availability of 035 
would give an 18% reduction in the COE.) The 
curves in Figure 2 show how some of the key 
features of the base-case plant depend on the chosen 
chamber repetition rate. One benefit of using 
heavy-ion drivers is that the COE and total capital 

Table II. Base-case power plant parameters. 

Plant parameters 
Chamber pulse rate 
Driver energy 
Target gain 
Target yield 
Thermal power 
Thermal cycle Efficiency 
Heat rejected 
Availability factor 

Power balance (MWe) 
Gross electric power 
Driver power 
Pumping power 
Net electric power 

Heavy-ion driver parameters 
Ion energy 
Ion mass 
Ion charge state 
Driver efficiency 
Driver input energy /shot 
Driver repetition rate 
Recirculating driver power 
Accelerator length 
Number of beams in accel-

HYI.IFE-n chamber parameters (m) 
Chamber radius 3.0 
Chamber height 50 
Equiv. first wall thickness 0.03 

8,0 Hz 
6,73 MJ 
51.8 
348 MJ 
3,160 MW 
36.7% 
2,000 MW 
70% 

1160 
1*0 
20 

1000 

7.45 CeV 
130 imu 
3 
38.8% 
17.35 MJ 
8.0 Hz 
138.8 MWe 
137 km 
16 

Flibe blanket parameters 
Flibe injection velocity 15.4 m/s 
Pumping head 17 m 
Inner jet radius 0.3 m 
Jet array tit. thickness 0.55 m 
Chamber flow 316 mVs 
Reflector flow 2.8 tnVs 
Flibe volume in chamber 4.1 B? 
Pumping power 19.8 MWe 

Table III. Direct coct luminaries for the base driver 
and reactor (SM in 1988 constant dollars). 

Driver direct cost summary 
Ion source/preaccelerator 161 
Accel, modules and power sup. 887 
Pulse compression system 19 
Beam transport system 33 
Final focus system 46 
Cooling system 10 
Accel, and transport vacuum 5 
Driver maintenance equip. 6 
Instrumentation and control _2£ 
Total driver direct cost 1,194 

Reactor plant direct cost summary 
Tracking, alignment system 30.4 
First watt systems 0.6 
Tritium extraction systems 28.8 
Blanket and shield 31.3 
Heat transport system 4&Q 
Total reactor plant costs 553.1 

Table IV, Total capital cost* and COE for the base 
plant (1988$). 

Summary of all power plant capital costs 

Account Title (SM) 
Land and land rights 5.0 
Structures and improvements 280.9 
Reactor plan: equipment 553.1 
Turbine plant equipment 231.9 
Electric plant equipment 91.3 
Miscellaneous plant equipment 59.7 
Main heat rejection equipment 41.6 
Driver equipment 1,19:.0 
Target factory equipment 132.5 
Total direct costs 2389.0 
Construction services 517.8 
Home office eng. and services 388.4 
Field office eng. and services 258.9 
Owner's cost 181.2 
Project contingency 393.6 
Total overnight costs 4328.9 
Interest during construction 404.4 
Ttia! capital cost 4,7333 

Cost of electricity (« /fcW-h) 

Capital Contribution 6.41 
Fuel contribution 0.01 
Operation and maintenance 2J2 
Total COE 8.54 
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tJotil (no targtl factory) 

.Drivar 

Reactor fr BOP 

• I 
10 

Rap. rat* (Hz) Rtp. rat* (Hz) Rap. rata (Hz) 

Rap. rata (Hz) Rtp. rata (Hz) Drlv«rtnergy(MJ) 

Figure 2. (a) COE {1988$; vs. repetition rate for a 1,000-MW electric plant, (b) Reactor and 
driver direct costs (1988$) vs. repetition rate for a 1,000-MW electric plant, (c) Required driver 
energy vs. repetition rate for a 1,000-MW electric plant, (d) Target yield vs. repetitir- rite for a 
1,000-MW electric plant, (e) Required recirculating power vs. repetition rate for a i, < LMW 
electric plant (f) Assumed gain curve for base plant. 

costs rse nearly independent of the driver and 
chamber repetition rates for rates ranging from 4 to 
10 Hz. There is, therefore, a wide range of 
combinations of driver energy, chamber yield, and 
chamber repetition rates that give roughly the same 
COE and total costs if a chamber can be 0}ierated 
above 4 Hz. 

The base-case plant would have a higher COE 
than either a coal-based or a future fission plant, 
and the difference is about a factor of 2. A HYLJFE-
D-based fusion plant could be made econc-nically 
competitive with future coal or fission plants by 
using economies of scale with present assumptions 
on the driver and target cost and performance. An 
example of such a plant would produce 2,000 MW 
of electric power with a single heavy-ion linac 
driving a reactor chamber operating at 8 Hz. For a 
1,000-MW electric plant ;> be economically 
competitive, advanced target performance would 
have to be improved over present assumptions, 
and/or driver cost would have to drop by more 
than a factor of 2. 
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