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ABSTRACT

Energy forms available from Controlled Thermonuclear

Reactors (CTR) are reviewed, and methods of application

to chemical processes are discussed. Specific chemical

processes which can utilize CTR energy are described, and

the potential for this utilization is assessed.



Controlled Thermonuclear Reactors (CTfO offer the po-

tential of large, low-cost energy inputs for chemical pro-

duction. Energy forms which can be derived or obtained di-

rectly from CTR*s are ultra-violet (UV), hot ionized plasmas,

high-energy neutrons, high temperature fluids, X and gamma

radiation, and electricity. Some of these energy forms may

offer unique capabilities in terms of utilization, effi-

ciency, intensity, and cost which are presently unobtainable

for the chemical and materials processing industries.

CTR ENBRCT FORMS AKP UTILIZATION

THERMAL 8HBR6Y,

An outline of the energy forms available from CTR is

shown in Table 1. Thermal energy is available directly

by passing a process gas through the blanket to remove

heat. This may be accomplished by employment of a modular

blanket array, which permits the process gas to serve as

the coolant for heat removal. The array absorbs the energy

of the neutrons, gamma radiation, and secondary particles,

converts the energy to heat and transfers the heat to the

process gas.

An individual module is shown in Fig. 1. It con-

sists of a stainless steel shell wound with stainless
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steel tubes for water or helium coolant protection of the

shell. Inside the shell, a drilled graphite core permits

inlet gas to enter peripherally, remove heat, and sxit

through holes in the core. Suitable headers to supply

the modules and to direct the exit gases out arc required.

This type of design probably does not permit a breeding

ratio of 1.0, thus some tritium would be required from

other reactors for the system. It is estimated that tem-

peratures up to 1500°C could be attained in the process

gas with this design. There is some question as to the

ability to use the graphite core for heating air. This

problem could probably be circumvented by using a metal-

lic oxide in place of the graphite.

The direct heating design permits gas-phase chemical

reactions to occur in the blanket, or high temperature

process gas heating for subsequent use outside the CTR.

In either case, the coolant gas employed must be compat-

ible with the module materials employed. The water cool-

ant from the module coils can be expanded in a conven-

tional turbine to produce electricity for auxiliary plant

use, or used directly as process steam in other parts of

the plant.



Temperatures above 1500 C, if required, could be at-

tained by utilizing helium coolant from the blanket in a

regenerative pebble-bed arrangement, shown in Fig. 2.

Two pebble-bed heaters are employed for the process. By

a suitable valve configuration, hot helium passes through

the first vessel to heat the bed. As the He is cooled in

passing through the bed, it can be returned to the blanket

for further heating or passed through a turbine to gener-

ate power. When the bed has reached the desired tempera-

ture, the valves are switched to pass the He through the

second bed. Process gas is then passed back through the

first hot bed and heated to the temperature required.

When the bed cools to the minimum temperature allowable,

the procedure is again reversed. To prevent process gas

from mixing with the He between cycles, a purge is re-

quired at every cycle change before He is admitted. This

could be done with He gas to sweep out residual process

gas. The He can be recovered by partial condensation pro-

cesses. The process gas would have some He mixed with it

as a result of using the indirect heating cycle. This

could also be recovered if desired. Use of this cycle

would require a highly optimized design to achieve efficient
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heat recovery, and to minimize He losses.

ELECTRICAL ENERGY

A detailed discussion of the technical aspects of

electrical energy utilization from CTR power sources does

not appear warranted. The technology i:or its application

will not be different regardless of the source of elec-

tric power. Philosophically, however, there are major

implications involved. The major inference to be drawn

is that fossil fuel is not required for generation. Ad-

ditionally, the higher efficiency of generation, compared

to present-day fossil-fueled or nuclear fission plants

and the low fuel cost should permit low-cost power. This

would mean that processes which shift in technology as a

function of power cost would benefit economically from a

CTR technology. Electric power from CTR can be utilized

for the same low or high voltage applications presently

employed and may offer economies in chemical processes

sensitive to power cost.

HIGH ENERGY RADIATION

The use of radiation to initiate chemical reactions

has been studied for many years. In general, radiation

is of interest for endothermic reactions. Lind (1) and
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Steinberg (2) have reviewed the chemistry and technology

of radiation applications. Although radiation is used

industrially for some chemical processes, such as ethyl

bromide production and crosslinking of polyethylene, it

is not widely used because of problems such as radioac-

tive product contamination, shielding requirements, and

generally poor economics because of low product yields

for many reactions. The major hindrance to using fission

reactor energy directly has been the contamination prob-

lem. The CTR does not nave this shortcoming, and there-

fore is of interest as a potentially large radiation

source for chemical reactions. Fig. 3 shows an arrange-

ment for gas-phase chemical reactions in a CTR blanket.

Titanium tubes are used for recirculation of the process

gas in the reactor to allow product buildup, and tempera-

ture is controlled by the gas flowrate. The energy of

the neutrons is converted to gamma energy by inelastic

scattering, and a fraction of the gamma energy plus that

of the remaining neutrons is deposited in the reactant

gases. Reactions of interest using radiation are nitro-

gen fixation from nitrogen-oxygen mixtures, formation of

ozone from oxygen, and carbon monoxide production from
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carbon dioxide.

PLASMA ENERGY AND UV

The use of plasmas for various materials processing

applications has been discussed by Eastlund and Gough (3);

their concept involves transference of the plasma to a

region where various materials can be converted to their

elemental forms. Additionally, by the proper choice of

seed materials, the plasma energy can be converted to

radiative energy, such as ultra-violet (UV).

A radiation system is illustrated in Fig. 4. Seed

is injected into the plasma diverter to produce UV. Pro-

cess gas is exposed to the radiation through appropriate

windows, in the form of tubes, for conversion to other

chemical species.

In a D-T reactor, only 20% of the energy is available

in the plesma; assuming 50% efficiency for conversion to

UV and deposition in the chemical reactant, 10% remains

to carry out chemical conversion. In a O- He re-

actor, by importing He from other reactors all the plasma

energy can be made available for conversion to radiative

energy. If He is not imported, approximately 55% of the
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energy is available in situ. The remaining energy can

be used for other purposes, such as power generation or

thermal applications.

POTENTIAL PROCESSES FOR APPLICATION OF FUSION ENERGY

A study was made of the chemical and related pro-

cessing industries to determine where CTR technology can

make significant contributions in the areas of energy

utilization efficiency and fossil fuel substition. Ta-

ble 2 presents a summary of high volume, energy intensive

products with their production rates in the present time

frame (4,5). Projections for the year 2000 are also

listed (6). The unit energy requirement per ton of pro-

duct is shown in Table 3, specified as electrical or

thermal energy. Fusion energy was calculated based on

the projected year 2000 production. The energy projec-

tion assumes the entire production rate is met by CTR

energy. Energy output is based on 75% heat recovery for

thermal reactions, 4056 conversion for electrical use,

and a 0.8 plant factor. Obviously, the assumption that

the entire production of these materials utilizes CTR

energy is extremely optimistic, but it is also apparent

that the potential energy required to satisfy even a
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minor fraction of the demand can still be enormous.

Table 4 outlines the projected electrical demands for

materials which can utilize electrical energy in their pro-

duction. It should be noted that the thermal energy re-

quired to generate the electricity was included in Table 2.

In some cases, such as H-lron, ammonia, and methanol, it

is assumed that the hydrogen required is generated by water

electrolysis. The hydrogen in these cases has not been in-

cluded in the separate hydrogen category, which is slated

to meet other needs such as coal gasification, petroleum

refining, and general chemical applications.

Table 5 lists processes and products which are of in-

terest for the potential application of fusion energy. A

brief description of each follows outlining present or past

production methods, with an indication of the role fusion

energy sources may play in their future production.

THERMAL REACTIONS

1. Wisconsin Process for NO (7)

This process employed a gas-heated pebble furnace

for the thermal reaction of air to form NO at 2100 C. The

yield was about 2% NO by volume at 1% thermal efficiency.

The use of the indirect thermal reaction method with fusion
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energy appears directly applicable to this process.

2. Acetylene from Methane (8)

Acetylene production has not kept pace with the

growth of the chemical industry because of increased re-

liance on petrochemical feedstocks for raw materials. Al-

though acetylene was produced primarily from calcium car-

bide in the past, increasing power costs brought about a

change to the use of hydrocarbons, typified by natural gas.

The major process is the use of partial oxidation of methane:

CH4 + 2°2 "* CO2 + H2°

4 -• C 2H 2 + 3H2 (2)

Step (1) provides the heat to thermally crack

methane to acetylene in step (2) at 1550°C. It is apparent

that a high-temperature gas stream from a CTR might be use-

ful as a heat source for the reaction.

3. Decomposition of CO- to CO and O_

CO. is a waste product from many chemical processes

which is normally vented to the atmosphere. It could serve

as a carbon source by conversion to CO, which is useful as

a component of synthesis gas when combined with hydrogen.

CO can also be used to generate H_ via the water gas reac-

tion, or to synthesize methanol. An interesting, novel
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method o£ CO generation which is presently not utilized

is by direct thermal decomposition of CO . It can be

calculated thermodynamically that at 2200°C a 7% yield

of CO can be achieved. A major problem in this scheme

is the separation of CO from 0_.

4. Decomposition of Water

Processes for the decomposition of water to pro-

duce hydrogen directly have been pursued for many years.

Although the electrolysis of water is well-known techno-

logically, it does not compete with hydrogen generation

from natural gas in the near term. In the far term, multi-

step chemical cycles in which the reactants are regener-

ated, and the net result of which is the decomposition of

water, are interesting since they require an external heat

source to supply the reaction energies. Extensive work on

these cycles has been conducted at Euratom (9). Should

either the overall efficiency or the economics of these

systems warrant commercial application, fusion reactors

would certainly be of interest for application to this

technology.

5. Coal Gasification (10)

Coal gasification is a process in which steam
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reacts endothermically with carbon to produce a gas mix-

ture which can be used for fuel. Actually, a complex

series of reactions occurs in the combustion zone of the

coal gasifier, which is a refractory-lined, water-cooled

vessel. Steam and air are introduced at the bottom, coal

at the top. The overall reaction is endothermic. The

resultant gas is called low BTU gas, having a heating

value of about 175 BTU per cu. ft. Although a waste heat

boiler is utilized to raise steam from the hot exit gases,

reducing their temperature from 510 C to 290 C, there is

still a 40% steam deficit in the overall balance which

would be supplied from a CTR. The ratio of additional

steam required is about 0.32 1b per lb of coal consumed.

6. Shale Retorting (11)

The process of shale oil recovery has a retorting

enthalpy requirement of 300 BTU per lb at 475°C. The pro-

cess envisioned, and presently under field test, employs

a preheated ceramic pebble bed system for pyrolysis. The

pyrolysis vapors are later condensed and fractionated.

The indirect pebble-bed system previously described for

employing CTR thermal energy appears directly applicable

to the shale oil retorting process.

-11-



7. Lime (8)

Lime is produced from limestone directly toy cal-

cining to remove CO.. One ton of lime requires five mil-

lion BTU from coal or gas for the decomposition, which

occurs above 900 C. The application of CTR thermal energy

tc this process is of obvious value.

8. Cement (12)

Cement is obtained by calcining a mixture of clay

and limestone or similar materials. There arc many com-

mercial variations, but i.h« processes are similar despite

some differences in the raw materials or their proportions.

The reactions of dehydration and decarbonizatien which

take place are both endothermic, although the clinker for-

mation is exothermic. The net heat requirement has been

estimated as about 900 BTU/lb, but the actual fuel used

indicates a requirement about four times greater. The

technology necessary to adapt the CTR as an energy source

for this process would be identical to that required for

calcining lime.

9. Gypsum (8)

Calcium sulfate (gypsum) i s manufactured by cal -

cining gypsum rock to remove three-fourths of the water of
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crystallization, h calciner is used in a vertical con-

figuration, and the process is completed when the mass

reaches 160 C. The use of low-level heat from CTR steam

or coolant to heat air for the calcining operation appears

to be a simple technological adaptation.

10. Iron Ore Reduction

The direct reduction of iron ores has been ex-

tensively reviewed by Brown (13). He has defined direct

reduction of iron oxides to iron as any process "which is

carried out in equipment other than the blast furnace."

The reducing agents generally used are carbon, carbon

monoxide, hydrogen, or mixtures of these.

The H-Iron process has been widely publicized

and extensively researched. It was the first commercial

process to use a fluidized solids technique. The process

operates at about 540°C, 500 psia, and employs almost

pure hydrogen as the reductant. The reduction takes place

in three staged beds within the reducing vessel, employing

-10 mesh ore moving downward countercurrent to a pre-heat-

ed hydrogen stream at S40 C. The reduced charge, of es-

sentially the same size as the feed, is removed from the

bottom of the vessel.
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The hydrogen requirement is approximately

22,000 scf per ton of iron produced. Approximately one-

third of the reaction heat required is supplied by the

hydrogen reacting with the ore, and the additional energy

to maintain the process is obtained from hydrogen pre-

heating.

The energy for hydrogen preheating is obtainable

by heat exchange with CTR coolant. The hydrogen required

is available front electrolysis of water from CTR electric

power, or through decomposition of CO, (radiolytic or

thermal) in the CTR with subsequent water gas shifting,

or by water-splitting cycles.

11. Ammonia (8)

Ammonia is produced by reforming natural gas

with steam to produce carbon monoxide and hydrogen.

CH4 + H2O -» CO + 3H2 (3)

The carbon monoxide reacts further with addi-

tional steam to produce more hydrogen.

CO + H20 -• C0 2 + h"2 (4)

During the course of reaction (3), sufficient

air is added to bring the nitrogen concentration to that
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required for the final synthesis of ammonia, which follows

steps for the removal of carbon dioxide and residual car-

bon monoxide.

3H2 + H ? •• 2NH3 (5)

The necessary hydrogen may be generated by the

processes previously described. The additional heat re-

quired for the steam reforming step is available by di-

rect heating of the required air in the CTR blanket mod-

ule array.

12. Titanium Dioxide (8)

Rutile titanium dioxide is made by chlorinating

rutile ore, and oxidizing the resulting titanium chloride

vapors to titanium oxide in a burner supplied with air.

The burner is the key to the process, providing

for very rapid heating of the reacting gases to about

1300°C, the temperature at which rutile cyrstals form.

The CTR may provide the thermal energy necessary for the

oxidation step.

13. Sodium Silicate (8)

Sodium silicate is produced by the fusion of

silica and sodium carbonate in a regenerative furnace at

1200-1400°C. Fuel gas (natural or producer gas) and air
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are used to maintain the necessary temperature. The sub-

stitution of air heated in a CTR blanket module array may

be considered for this purpose.

ET-PCTRICAL PROCESSES

The application of potential low-cost power from any

source is of obvious interest to the chemistry industry.

CTR technology offers this potential, and if it can be

fulfilled, it is then also obvious that the chemical in-

dustry will utilize it. This is particularly true for

products which can be produced by alternate methods;

the process choice is dictated by the power cost. A typ-

ical example is phosphoric acid, which is produced pri-

marily by either the electric furnace method or the wet

process; the choice is strongly affected by power cost.

A discussion of large power-consuming chemical pro-

cesses is described in the following section, with appro-

priate implications about their role in an economy based

on CTR technology.

ELECTROCHEMICAL

1. Hydrogen and Synthetic Fuels

The prospect of large blocks of off-peak, low

cost power from CTR makes hydrogen attractive as a
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potential fuel or fuel component. It can be readily gen-

erated by electrolysis of water. The theoretical power

consumption is 14.9 fcWh per 1b H_ (9), but practical cells

are assumed to require about 18 kWh per lb.

Hydrogen can be used directly in slightly modi-

fied internal combusion engines. For practical applica-

tion in this area, a considerable problem is the carrying

capacity of a vehicle because of the low density of either

the gas or liquid. The use of hydrides (14) is possible,

but these materials impose a weight penalty.

Another possibility is to use the generated hy-

drogen to produce methanol by reaction with carbon mon-

oxide or carbon dioxide. The resultant liquid can be used

in conventional vehicles (also slightly modified). Al-

though methanol provides only half the energy obtainable

front gasoline on a volume basis, its handling properties

and ease of use make it a strong contender for automotive

use. It should be noted that the projected production of

methanol in Table 2 does not include any provision for

methanol as a motor fuel. If, by the year 2000, 50% of

the projected energy demand for transportation alone was

met by methanol, the production required would increase
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by two orders of magnitude above the value given. Enor-

mous quantities of power would be required to produce the

necessary hydrogen, implying a concommitant increase in

CTR capacity.

2. Oxygen

Oxygen is presently produced by low-temperature

air separation. The process requires about four hundred

kWh per ton of oxygen for compression, thus the cost is

strongly a function of power costs. If hydrogen from elec-

trolysis becomes viable, great amounts of by-product oxy-

gen will be available. In any case, a CTR economy produc-

ing power, hydrogen or both will benefit large users of

oxygen.

3. Caustic-Chlorine (15)

Chlorine and caustic soda are produced! from the

electrolysis of brine; average energy consumption is about

2800 kWh per ton of chlorine. A major problem in the in-

dustry is imbalance between supply and demand for the two

products. Chlorine demand has been historically rising

at a greater rate than caustic demand. In addition, caus-

tic demand fluctuates more than does that for chlorine.

For these reasons, other processes which do not produce
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caustic are of interest. Among these are the electroly-

sis of hydrochloric acid and the partial oxidation of hy-

drochloric acid. An added incentive for the greater use

of such processes is the environmental problem of excess

hydrochloric acid disposal. By-product oxygen available

from hydrogen electrolysis cells might strongly affect

the process choice.

4. Metal Refining

Many metals are refined by electrical processes.

Among these are aluminum, magnesium, and copper. Aluminum

is a particularly large energy consumer, requiring 14,000

kWh per ton for its production. Electric furnace steel

production is also expanding; should H-Iron production be-

come feasible on a large scale, electric furnance expan-

sion, and thus power requirements, would become enormous.

HIGH VOLTAGE ELECTRICAL

1. Phosphorous-Phosphoric Acid {8)

A primary method of phosphorous production is by

electric furnace reduction of phosphate rock with coke to

elemental phosphorous. Subsequent oxidation by air to

phosphorous pentoxide followed by hydration yields phos-

phoric acid. The implication of CTR power for this method
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as opposed to the wet process, which produces phosphoric

acid directly, has been discussed previously.

Some advantages of the furnace process are:

a. It produces phosphorous directly; this can

be shipped to distribution areas cheaper than the acid.

The phosphorous is then easily converted to the acid for

distribution.

To. The wet process has some serious environmen-

tal problems, among which are disposal of calcium sulfate

waste, and fluorine dispersal into the air or streams.

2. Birkeland-Eyde, N(>2 (16)

The first process for fixation of atmospheric

nitrogen employed an air-current blown through an elec-

tric arc at 3000 C. Some nitrogen and oxygen in the air

combined to form nitric oxide, and a rapid quench to

600°C caused further reaction with oxygen to produce ni-

trogen dioxide. This process is primarily of historic

importance, although at one time it was in commercial use.

3. Acetylene via Arc Process (8)

Several processes for acetylene manufacture em-

ploy hydrocarbon cracking in an electric arc. A high flux

density keeps reaction time at a minimum. In the U.S.,
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du Pont is the only company employing an arc process.

The cracked gas is rapidly quenched in two steps with

liquid propane and water. Power consumption is 5.6 kWh

per lb of acetylene, and the acetylene yield is 100 lb

per 120 1b methane and 40 lb propane. This is about

twice the power consumption of the calcium carbide-acet-

ylene route.

4. Hydrogen Peroxide (8)

Hydrogen peroxide can be produced by electroly-

sis of ammonium bisulfate to produce ammonium persulfate.

Outside the cell, the persulfate is hydrolyzed by steam

to hydrogen peroxide and ammonium bisulfate, which is re-

cycled. The electrical power requirement is 5700 kWh per

ton of hydrogen peroxide. The electrolysis method is be-

ing replaced by organic auto-oxidation processes which employ

hydrogen and oxygen. Whichever method is eventually used,

power will be required either directly for electrolysis

of bisulfate or indirectly for oxygen and hydrogen produc-

tion.

5. Ozone

Ozone is prepared commercially by the reaction of

an oxygen-containing feed gas in an electric discharge.
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Another technique employs ultraviolet energy, but at pres-

ent this method produces low volume and low concentration

ozone.

Commercial ozone generators (ozonizers) generally .

consume 3.75-5.0 kWh per lb ozone generated from a pure

oxygen feed. If air is the feed gas, power consumption

is doubled.

Ozone is widely used in Europe for drinking water

treatment, as opposed to chlorine which is used in the U.S.

Chlorine is known to react with components of water, such

as phenols and amines, to produce distasteful and toxic

organic chlorides. Ozone, on the other hand, is an ex-

tremely powerful oxidant which can decompose many organic

compounds. As a result, there has always been interest

in using ozone to replace chlorine for water treatment.

RADIATION PROCESSES

1. Water Decomposition

The production of hydrogen from the photolysis

of water has been proposed (17), using a plasma seeded with

aluminum to produce 1800-1950A UV radiation. It is doubt-

ful if this process can approach the efficiency of water

electrolysis for this purpose, even with a dual cycle
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system which produces hydrogen and uses waste heat to gen-

erate power. The energetics of competing processes for

water decomposition were examined by Fish and Axtmann (18),

who concluded that electrolysis efficiency will be diffi-

cult to exceed.

2. Nitrogen Fixation

Nitrogen and oxygen combine under neutron and

gamma radiation to form NO.. This reaction occurs in low

yield. It is necessary to use a dual cycle system which

also produces power for hydrogen electrolysis, leading to

ammonia, to make the economics competitive with those ob-

tained from natural gas (19).

3. Carbon Dioxide Decomposition

The radiolysis of carbon dioxide to produce car-

bon monoxide using neutron and/or gamma energy has been

reported (2). Carbon dioxide is available as a by-product

from many industrial processes. It has also been proposed

that it be extracted from the atmosphere (20,21) for di-

rect combination with electrolytic hydrogen to produce

liquid fuels such as methanol.

4. Ozone Synthesis

Ozone can be produced by the neutron or gamma
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irradiation of oxygen (22), or by the use of seeded CTR

plasma for ozone synthesis via UV photolysis. Theoret-

ically, both methods offer higher yields than the elec-

trical discharge method. Ozone has also been synthesized

in a helium plasma jet (23) at efficiencies exceeding

those obtained in commercial ozonizers.

SUMMARY AMP CONCLUSIONS

This overview has pointed up a large number of energy

intensive, high volume chemicals to which various energy

forms from CTR may be applied. "The present energy situa-

tion indicates that even if fossil fuel supplies are avail-

able, the rising cost of these fuels will lead to closer

comparisons with alternative non-fossil energy forms.

Obviously, electric power from CTR will be utilized

in those processes which are dependent on this energy

form, but it may also be used in other processes which

previously used other energy sources. This can be done

either directly, or indirectly via hydrogen or liquid

fuels derived from CTR power.

Thermal energy from CTR is readily adaptable to pro-

cesses using moderate temperatures with very little tech-

nological change. Processes requiring heat in the 1000-
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1500°C range will require some extensive engineering de-

velopment; however, no barriers appear to exist which

will impede these adaptations.

Radiation processes require some new advances in

technology. Although some of these processes offer yields

higher than existing conventional processes, energy de-

position efficiencies must be improved, and more work is

required on rapid quench techniques to stabilize desired

chemical species.

An interesting speculation arises concerning the in-

terplay between chemical processes and CTR. It may not

be desirable to use a CTR to generate one specific chem-

ical product, but it may be feasible to generate an en-

tire range of products. This possibility arises through

considerations of raw material sources, distance to mar-

ket for finished materials, energy requirements, and environ-

mental problems. The situation may lead to the evolution

of CTR "parks," where by-products from one process may be-

come raw materials for others. As examples, by-product HC1

from chlorinated hydrocarbon processes could be converted

to chlorine by partial oxidation using oxygen from hydro-

gen electrolysis cells. Thus, the HC1 which is considered
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a. pollutant from some processes becomes a significant

chlorine source. Another example is CO. from calcining

operations, which is often vented. Combined with hydro-

gen, methanol can be produced for use as a fuel or or-

ganic intermediate.

-26-



Table and Figure Captions

Table 1. CTR Energy Forms for Chemical and Material
Processing

Table 2. Thermal Energy Requirements from CTR

Table 3. Unit Energy Requirements

Table 4. Electrical Energy Requirements from CTR

Table 5. Potential Processes for Application of Fusion
Energy

Figure 1. Blanket Module for Direct Thermal Process
Heating

Figure 2. Thermal Process Reversing Heat Exchanger Cycle
for Indirect Heating

Figure 3. Neutron-Gamma Radiation Process CTR

Figure 4. UV Process CTR
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Table 1

CTR ENERGY FORMS FOR

CHEMICAL AND MATERIAL PROCESSING

ENERGY INTENSITY

AVAILABLE
FRACTION FROM

PRESSURE D-T

I. thermal

A. Blanket

Direct Coolant

Indirect He Coolant

B. CTR plasma

II. Electrical

A. Low voltage
electrochemical

B. High voltage
arc & discharge

III. High Energy Radiation

A. Neutrons

B. Gamma - direct
& indirect

C. Secondary particles
P. a, B

D. ionized particle
from plasma

IV. uv from plasma

2500°C

>3000°C

to 10V

to SOkV

to 14.1HeV

to lOHeV

2MeV

lOKeV

5-20eV

30 atra.

30 atra.

low

—

--

200 atm.

200 atm.

100 atm.

100 atm.

1-10 atm.

0.75

0.75

<0.10

0.40

0.40

0.80

0.58

0.04

0.10

<0.10
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Table 2

THERMM, EHERGf RBQglREHEHTS FROM CTR

CHEMICAL

Cement

H-lron

Chlorine

Oxygen

Anvnonia (Ann.)

Hydrogen

TiO2

Phosphoric Acid

Acetylene

Sodium Silicate

Line

KaOH

Gypsum

Methanol

Aluminum

PRODUCTION.

PRESENT

80

85

10.3

16

16.2

5.2

0.8

6.8

0.5

0.7

19.7

10.6

8.6

3.5

5.0

106 TONS

2000

320

130-174

26-44

39-75

28-51

19-104

1.8-3.9

24

0.5

2.8

80

31

21-31

14

22-44

TOTAL

FUSIOH ENERGY

CONSUMPTION. HUM. 2000

120.000

182,000-244,000

50,000-85,000

6,000-11,700

80,000-150,000

242,000-1,296,000

—

35,000

2,000

600

18.000

SEE CHLORINE

500-1,700

33,000

110.000-220.000

1.3-2.1 x 106 MW(t)

(1)Taken at 75% Energy Recovery for Thermal
for Electrical Use, 0.8 plant Factor

Reactions, 40% Conversion
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Chemical

Cement

H-Iron

Chlorine

Oxygen

Ammonia

Hydrogen

Phosphoric Acid

Acetylene

Sodium Silicate

Lime

NaOH

Gypsum

Methanol

Table 3

UNIT ENERGY REQUIREMENTS

PRESENT PROCESSES

Process

Calcining

Ore Reduction

Electrolysis

Air Separation

Nat. Gas Reforming

Electrolysis

Electric Furnace

Nat. Gas-Oxidation

Furnace

Calcining

Electrolysis

Calcining

Nat. Gas Reforming

Energy
BTU/Ton

7X106

13.7xlO6

22xlO6

34X106

190X106

5X106

5xlO6

See

0.4X106

18XJ.06

Consumed
kWh/Ton

+ 2.8X103

400

36X103

4xlO3

+ 1.5xl03

Chlorine



Table 4

ELECTRICAL ENERGY REQUIREMENTS FROM CTR

Chemical

H-Iron

Chlorine

Oxygen

Ammonia

Hydrogen

Phosphoric Acid

Acetylene

Sodium Hydroxide

Methanol

Aluminum

Total

MW(e) . 2000

45,000-61,000

10,000-17,000

2,400-4,700

28,000-51,000

97,000-518,000

14,000

800

See Chlorine

13,000

44.000-88.000

254,000-767,500
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POTCNTIAL PROCESSES FOR APPLICATION

OF FUSION ENERGY

Thermal Reactions

1. Wisconsin Process for HO

2. Acetylene from Methane

3. Decomposition of CO. to CO and O

4. Decomposition of Water

5. Coal Gasification

6. Shale Retorting

7. Lime

8. Cement

9. Gypsuo

10. Iron Ore Reduction

11. Ammonia

12. Titanium Dioxide

13. Sodium Silicate

Electrical Processes

Electrocheiical

1. Hydrogen and Synthetic Fuels

2. Oxygen

3. Cauetlc-Chlorine

4. Metal Refining - Al, Mg, Cu

High Voltage Electrical

1. Phosphorous - Phosphoric Acid

2. Blrkland-Eyde, Ho

3. Acetylene via Arc Process

4. Hydrogen Peroxide

5. Ozone

Radiation Processes

1. HjO Decomposition

2. N2 Fixation

3. CO, Decomposition

4. Ozone Synthesis
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