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BRIEFS 

TRANSPORTATION'S ROLE IN THE ENERGY PROBLEM 
Transportation is a major contributor to the nation's energy problem because 
of its poor energy efficiency and dependence on oil. In our judgment, it poses 
the most critical challenge to energy research and development in this country. 

OUR ENERGY FUTURE: THE CASE FOR INTENSIVE R&D 

A recent study shows that an intensive national R&D program over the nexl ?0 
years could sharply diminish U.S. energy dependence and greatly reduce the 
nation's energy costs. 

DIRECT ENERGY CONVERSION FOR FUSION REACTORS 

We have been investigating how to convert the energy of high-speed ions direc
tly into useful electrical power. These studies are leading in turn 10 more ef
ficient neutral-beam injectors. 
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FIRE-EFFLUENT CHARACTERIZATION AND 
CONTAINMENT EXPERIMENTS 

We are using our full-scale fire test facility to characterize fire effluent, an in
itial step in developing stringent methods for preventing the possibility of 
radioactivity dispersal in a nuclear facility fire. 
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BRIEFS 

Hie short items on this page announce recent develt>pments of importance. Some of these itenn may be 
amplified in future issues; none of this material is reported elsewhere in this issue. 

TWO-PHASE EQUATION OF STATE 
FOR WATER 

For reactor loss-of-coolant safety calculations, we 
needed an accurate two-phase equation of state (EOS) 
for water. Typical continuous-function representations 
of the water EOS lack precision; they are unable to 
follow the abrupt changes in properties across a phase 
boundary. We have constructed a preliminary 
two-phase EOS that has the required precision. 

Our water EOS is based on a soft-sphere theory of 
liquids that has proved useful in modeling molecular 
and metallic liquids. In such a theory, the energy of 
a pair of molecules increases smoothly as the distance 
between the particles decreases. In the less realistic 
hard-sphere theory, the particles are impenetrable. The 
energy increases abruptly to infinity at a fixed 
interparticte distance. 

Const meting a complete two-phase EOS means 
accurately fitting the density-temperature liquid-vapor 
coexistence curve. We started by fitting two points on 
this curve: the critical point (where the liquid and 
vapor phases coalesce) and normal density. Figure la 
shows the resulting fit. Another accurate fit to the 
critical pressure brought the pressure-temperature 
coexistence curve (Fig. lb)close to experimental data. 

The value of the new preliminary EOS model is the 
precision with which it represents the way 
thermodynamic functions change abruptly going from 
the liquid to vapor phase. Its disadvantage is the time 
it takes on the computer. The next step will be to 
improve its efficiency. 
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Fig. 1. Liqutt-vapor coexistence curves for water: (a) temperature-density and (b) pressure-temperature. Soifcl 
curves are die best soft-sphere fits; dashed curves are experimental data. Both curves in (b) end at critical pressure 
nmfit*. points. 



CONSERVATION 

Transportation's Role 
in the Energy Problem 

Transportation poses the most critical challenge to 
the nation's energy research and development. Unlike 
other energy-consuming sectors of the economy 
(industrial, residential, and commercial), it is almost 
totally dependent on oil. It is also an inefficient energy 
user with potential for large efficiency gains. These 
facts, combined with the limited potential of mass 
transit and the likelihood that the automobile will 
remain the public's chosen mode of travel, put a 
premium on transportation research and development. 
Within the next 25 years, both domestic and world 
oil reserves will begin to run out, and alternate energy 
sources for transportation will !hen be necessary. LLL 

Contact Glenn C. Werth (Ext. 4971) far further information 
on this article. 

is currently involved in a number of research 
programs - on both the supply and end-use sides of 
the picture - to reduce transportation's role in the 
nation's energy problem. 

Perceptions of the nation's energy problem and of 
the needs for energy research and development have 
gone through a series of changes. Even before the Arab 
oil embargo, many groups recognized the coming 
energy problem, but the only government group to 
pursue a solution was the Atomic Energy Commission 
with its reactor program. 

When the embargo took place, the Federal 
government as a whole swung into action. Both the 
Federal Energy Administration and the Energy 
Research and Development Administration were 
created. Research and development on the supply side 
of the energy problem were initially emphasized.1 

Since the cost of synthetic fuels was thought to be 
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less than or at most equal to that of imported oil. 
rapid development of these fuels was a key element 
of the nation's energy policy. A year later, improved 
efficiency - and therefore reduced end-use 
demand - was given priority, though ir was not clear 
what measures would be most effective in improving 
end-use efficiencies.-

The seriousness of the energy problem is perhaps 
just beginning to sink in. however. By the end of 1977. 
the effects of the jump in the price of imported oil 
will have cost about S750 iier U.S. household annually 
and perhaps a total of two million jobs. Out of an 
appreciation of this linkage between energy costs and 
the economy, as well as of the fact that synthetic 

fuels are not yet competitive, has come the belief (or 
hope) that mandatory conservation is the way to solve 
the energy problem. But how far the American public 
is willing to go in conservation is still unknown. 

It is against these changing perceptions of the energy 
problem that we present the following assessment of 
what technological research and development can do 
to help. At the same time, we recogni/e that social 
and economic issues are crucial elements in the 
problem's solution, too. 

The energy flow diagram shown in l-'ig. 1 displays 
the critical elements of the nation's energv problem. 
Most important are the increasing oil imports, which 
are required due to dwindling domestic petroleum and 

Hydroelectric 1.0 
Geothermal 0.013 

Hejected 
energy 
35.7 

Primary resource consumption - 72.1 EJ 

Fig.1. U.S. energy flow for 1976. Primary resource consumption (defined as resource inputs minus exports) was about 72.1 EJ 
(72,1 quads). Transportation was the most dependent on petroleum and the least efficient end-use sector. It thus poses a 
major challenge to research and development aimed at solving the nation's energy problem. 
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natural gas production. During recent months, these 
imports exceeded domestic production for the first 
time. 

On the demand side of the problem, the flow 
diagram shows that transportation is the least efficient 
end-use sector. In addition, it is almost totally 
dependent upon oil, unliki the other end-use sectors 
that have existing fuel alternatives. In our judgment, 
the ituiisportalion sector from both the supply and 
the demand sides poses the most critical challenge 
to energy research and development in this country. 

THE TRANSPORTATION PROBLEM 

Figure 2 outlines the nature of the transportation 
problem. Highway vehicles account for l$fZ of 
transportation energy. The railroads have been losing 
their market share, while the airplane is increasing its 
share. "Other" refers to energy required by barge and 
pipeline. Clearly, the place to start doing something 
about transportation energy is among highway vehicles, 
particularly automobiles, because they use the most 
energy. 

Figure 3 shows the efficiencies of various forms of 
travel. Airplanes use the most energy in terms of Btu 
per person-mile, mainly because they operate only 49^ 
full. I*" ihey traveled 15^ full, they would have about 
the >ame energy intensiveness as the standard 
automobile with its average 1.9 passengers. The small 
car is. of course, more efficient, but the intercity bus 
is the most efficient with its average load of 22 
passengers. 

The urban bus runs with 10 passengers on the 
average, and the urban rail car operates at about 257c 
capacity. At these load factors, the small car is about 
as efficient as the urban bus. The question is whether 
load factors could be increased, and what the effect 
would be. 

The fraction of the populace using mass transit for 
work trips is plotted against population density in 
Fig. 4. In New York City, which is off the graph, 47% 
use mass transit because of the high population density 
and the inefficiency ol any other transportation mode. 
No other city approaches this figure, and the trend 

Subcompacts 
and imports ^ 

ol 1 : — J — J 
1950 1960 1970 

Year 
Fig. 2. Energy usage among various transportation modes. 

The nature of the transportation problem is evident in the 
dominance of highway vehicles: in 1973. automobiles and 
trucks accounted for 1S7: of energy usage. Highway vehicles, 
and especially the automobile, are thus the likely starting 
point in any solution to the transportation problem. 

is for lower transit usage as population density 
declines. This is understandable; as people spread out, 
it becomes less convenient to reach the transit stations 
and more expensive to run the system. 

Although some cities could update their transit 
systems in an attempt to double their usage - and 
this should be done - the disturbing point here is that 
only 5 to 15% of the people in a given city use mass 
transit. Thus a doubling would have little effect on 
the total transportation problem. 

The potential for mass transit is also limited by-
American living patterns. Most people live and work 
in our urban areas: 387c live and work in the central 
city, 36r/f live and work in the urban ring, \9fc 
commute into the central city, and 17c commute out.3 

Thus the concept of the urban ring being totally a 
bedroom community is not true. 

3 



Small 
Standard 

> 500 mi 

Urban 
Intercity 

> Includes energy for food and 
t food energy conversion 

0 5000 10.000 

Energy intensiveness - Btu/person-mile 

Fig. 3. Energy iintensivenesi for various 
transportation modes. Small cut hive 
enerjy cuts comparable ID other effi
cient travel modes, such as mats transit. 
With an average load of 22 passengers, 
the intercity bus is the most efficient. 
Mass transit (both bus and rail) could 
become still more efficient if its load 
factors were greater. Its potential is 
limited, however, because relatively few 
people can use it. 
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Fig. 4 . Use of mass transit for work trips in urban areas. Even in the more densely populated cities, public transportation's 
potential is limited. In general, only S to 15% of the city's work force commute to work on mass transit, and only about 
45% of the nation's work force live in the city. Even doubling the usage rate, therefore, would do little to alleviate the 
transportation problem. 
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MOST Americans ehoosf 10 live reasonably dose to 
work. The urban ring lias shopping centers, 
manufacturing plants, service industries, and offices, 
and most of the people who live there work there. 
The conclusion, therefore, is that upgrading public 
transportation m the central city (where it might be 
effective |. even if everybody used it, could affect only 
W> of all work trips. 

1 he work trips we have been discussing constitute 
about W't of automobile usage; family business (i.e.. 
medical, shopping, and other uses) constitutes another 
IK'1, education, civic, and religious uses constitute 6 ff. 
Thus nearly two-tluids of automobile usage supports 
the business of living; social activities and recreation 
account for the other third. Cutting down on 
automobile use without reducing our standard of Jiving 
will be hard. 

Taken together, then, mass iran.iii plays an essential 
role in the central city. At the same time we must 
remember that every mass transit system in the world 
is publicly subsidized. Most Americans prefer to live 

in open areas unsuitable for mass transit. They also 
enjoy the freedom of their private automobiles. All 
of these factors conspire against solving the nation's 
transportation problem by mass transit alone. We must 
conclude thai the potential for public transit is limited 
and that the demand for automobiles will remain. 

On the supply side of the problem, we have already 
remarked that transportation is almost totally 
dependent on oil. The domestic oil picture is shown 
in Fig. 5- From 1950 to 1973, oil demand rose sharply 
at a rate of 3.8'? per year: then the embargo hit. the 
recession occurred, and with higher oil pric-s we have 
a new situation. We cannot foresee what demand will 
be over ihe next 25 years, but for illustrative purposes 
wc have plotted two curves: a low demand increasing 
at ! .8r/t per year (about half the preembargo rate 1 and 
a demand determined by holding per-capita use 
constant so that total demand rises only because of 
population growth. 

On the supply side we have estimated that 34 billion 
tonnes (250 billion ban^ils* of oil are vet to be 

FJ0. 5. Projected domestic oil 
stippN and demand for the 
next SO yean. We estimate that 
the U.S. has about 34 billion 
tonnes (250 billion barrels) of 
producible crude oil; the 
inclusion of natural gas liquids 
increases this supply some. 
Estimates of future demand, 
however, far outstrip even the 
combined supply, especially 
after production peaks around 
1990-2000. The resulting 
supply/demand gap can be 
closed only by developing 
alternative energy sources, 
since we expect world oil 
production to peak in the same 
decade (Fig. 6), limiting the 
availability of imports. 
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Fio> 6. World oil reacrvea arc 
also limited; by our estimate!, 
production will peak around 
1990-2000. TTiiu oil imports 
offer no long-term solution to 
the transportation problem. 
Within the next 25 yean the 
world's oil will begin to run 
out, and other energy sources 
will be required. 

produced. This is an optimistic figure based on the 
National Petroleum Council estimates of undiscovered 
resources and on our estimates of recovery factors. The 
rise starting in 1977 is. of course, due in large part 
to the flow of Alaskan oil. Nonetheless, domestic 
production appears to peak out in the 1990-2000 time 
frame, and the gap between domestic supply and 
demand grows extremely rapidly thereafter. In 
principle, this gap could be supplied for a while by 
importing more oil, but estimates of world oil produc
tion also show a peaking around 1990-2000 (Fig. 6). 

For the last 50 years, we have lived with petroleum 
as our prime fuel. It was cheap, convenient, and 
relatively clean. We must face the fact, however, that 
within the next 25 years the U.S., as well as the rest 
of the world, will begin to run out of oil. and alternate 
energy sources will be necessary. 

The end-use sector most affected by this fact is 
transportation. The residential, commercial, and 
industrial sectors, as well as the electric power 
industry, all have existing alternatives, but not so for 
transportation. In the short span of 25 years, the 
transportation system as we know it today must be 
well on its way to being totally changed. Alternate 
fuels must be found co alleviate its complete and 

vulnerable dependence on petroleum. Other propulsion 
systems must be developed to provide ways of 
powering vehicles other than through the use of liquid 
fuels. 

In the near term, we need more efficient and 
environmentally acceptable heat engines optimized to 
conserve petroleum. In the long term, we must prepare 
for the post-petroleum era when petroleum-derived 
liquid fuels for poivering t?ur vehicles will no longer 
be available. Furthermore, the time required to develop 
and implement solutions is about the same as the time 
remaining until world oil production peaks. 

R&O SOLUTIONS 

The nature of the research and development 
solutions is becoming clear. For alternate fuel systems, 
since we have to make a change, we ought to change 
to an optimized fuel/engine system, and not simply 
assume that synthetic gasoline made from coal or shale 
will suffice. There are two leading candidates !hat need 
to be examined in detail: broad*cut fuel and methanol. 

Broad-c.it fuel has a wide boiling range (100 to 
650°F). It should uv cheaper and more efficient to 
manufacture than synthetic gasoline. On the other 
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hand, it will require a continuous combustion engine, 
such as the turbine or Surli genuine, or a fuel-injected 
engine like the stratified charge. A central question ot 
such a s>stem is emissions what will lhe\ be, and will 
the\ be sufficiently low'1 

The second candidate system is metlianol. Methanol 
burns cleanl>, and high-compression engines that are 
more efficient than engines running on synthetic 
gasoline can be used with methanol.'* The problem is 
one of cost. Il in situ coal processing can be made 
technically successful, then perhaps a methanol system 
would be distinctly advantageous. 

An alternative to liquid fuels is electric propulsion 
The problem here is that wo lack a powerful enouj i 
battery. Flywheels can be used to extend the range 
of electric vehicles, and perhaps an auxiliary internal 
combustion engine can also do the same. t"ltimate!>. 
however, a good battery is needed. 

LLL RESEARCH 

LLL currently has research projects hearing on the 
transportation problem. On the supply side, we have 
an in situ oil-shale project aimed at making ssnihtilic 
fuel from the vast oil-shale deposits in Colorado.-*1 In 
situ retorting has the potential for less environmental 
impact, less water usage, and a lower cost than any 
of the surface mining and retorting processes. 

The Laboratory's in situ coal gasification project6 

also has a bearing on the transportation problem, 
because the gases that are produced (CO. H; . C! ' 4 f 
can be processed into methanol. If this m sin process 
can be developed, it promises lower cost comersion 
of coal to gas compared with any ol the mining and 
surface processing methods. It may even be possible 
to develop an underground liquefaction process for 
coal. 

On the end-use side of the problem, the Laboratory 
has a combustion program in which we arc applying 
skills developed in our weapons work <jn computer 
modeling of hydrodynamic anil kine:ic processes to 
study combustion in an automobile engine. This 
computer modeling will be verified with our diagnostic 
capabilities and is being done in conjunction with 

deneral Motors Corporation to give a conteM of 
practicality. 

A second end-use technology um':r study is 
flywheel development. Flywheels must be made 
exceptionally strong if they are to store large amounts 
ol kinetic eneigx in a small space. , l.gain. from weapons 
technology we ha\e developed liber -composite 
materials with exceptional strength. When used in 
flywheels, these materials may be able to increase the 
performance and double the range of electric vehicles. 
Range is. of course, the primary limiting factor in a 
practical electric vehicle. The concept ol using a 
flywheel to extend range has been adapted by Carroll 
AiKesearch and will be incorporated into prototype 
vehicles being produced under I.KDA contract. 

A i;md end-use research project involves the 
lithium-air batten. This new class of battery was 
invented at Lockheed and promises automobile 
performance comparable to that of the internal 
combustion engine. Much research remains to !?•? done. 
however, and Lockheed hac asked the Laboratory to 
participate in a joint research project now under way 
with l.,"DA. s 

In jddii ion to these five technology projects, we are 
also carrying out three FR.DA-funded system studies. 
The first involves alternate fuels planning: developing 
a research and development strategy for making the 
transition to synthetic liquid fuels (see following 
article!. The second is a study of regenerative braking 
for electric and hybrid vehicles. The concept ol" taking 
the energy normally wasted in the heat of braking and 
pulling i l back into an onboird iiorage system is 
appealing, and its practicality is being examined in 
some detail. 

In the third study, we are lead laboratory in a 
systematic and comprehensive evaluation of storage 
systems for electric and hybrid vehicles. Argonne 
National Laboratory. Brookhaven National 
Laboratory- a»J Lawrence Berkeley Laboratory are 
working with us. Systems being considered include 
chemical, electrochemical, mechanical, and 'hernial 
storage" tl... performance of various classes of vehicles 
is also being evaluated. Wc expect the study to be 
helpful to FRDA in guiding iis planning of storage 
systems and of electric vehicle research. 
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The nation's transportation problem on both the 
supply and end-use sides is critical. The Laboratory 
is assisting in assessing this problem, in planning 
possible solutions, and in research that can help reach 
those solutions. 

Key Words' energy conservation, energy forecasting, 
transportation, transportation energy, transportation Juels. 
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CONSERVATION 

Our Energy Future: 
The Case for Intensive R&D 

We have used the Stanford Research Institute energy 
model to examine and evaluate the potential benefits 
to the U.S. of an intensive energy R&D program 
implemented over the time frame 1975 to 2025. We 
report here on two of the six scenarios studied: the 
LLL nominal case in which no additional energy R&D 
is undertaken, and the end-use/su;»ply R&D case in 
which research and development is applied to all phases 
of the energy picture, from exploiting primary 
resources to developing new energy technologies and 
greater end-use efficiencies. Our results show that a 
vigorous energy R&D program could be of tremendous 
economic benefit. 

As domestic supplies of oil and gas diminish, the 
U.S. must consider the options available for meeting 

Contact Stanley S. Sttssinan (Ext. 4979) for further 
information on this article. 

future energy demands. One option is to implement 
new technologies for both the production and more 
efficient use of energy - developing technologies that 
can exploit new energy sources and conserve old 
sources through more efficient use. This would involve 
various levels of research and development, at leasl 
partially supported by the government. To help 
evaluate this option, we have analyzed the potential 
benefits of implementing the results of such an 
intensive energy R&D program on a national scale. 1 

We performed this analysis with the Stanford 
Research Institute (SRI) energy model 2 to examine 
different scenarios over the 50 years from 1975 to 
2025. The SRI model was modified for our study to 
include revised data-base information and new energy 
technologies such as in situ coal and oil-shale processes 
for producing synthetic fuels, solar electric and 
electricity-storage processes, and advanced automobile 
engines. 
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Fig. 1. The SRI energy model computes the resource supply needed for a given demand. The projected service demand and or 
fuel-equivalent service demmd for each year of the time frame is input to the computer. Also input is data-base information 
such as projected resource costs, import prices, and conversion efficiencies. Output from the model consists of energy prices 
and quantities <fcy region) for primary resources, energy-conversion products, and distributed products. 

SRI ENERGY MODEL 

As shown in Fig. 1, energy is generally depicted in 
the SRI model as flowing from primary resource to 
distributed product with a conversion and/or 
transportation efficiency factor in between. Simply 
stated, for 1 unit of primary resource and a conversion 
efficiency of 80%, we get 0.8 units of distributed 
product. The energy model computes the resource 
supply needed for a given demand. To do this (Fig. I) 
we need to input to the computer, 

• Service demand, which includes such numbers as 
the expected vehicle kilometres to be driven, the 
tonnes of steel to be produced, and the square metres 
of buildings to be heated in each year of the 50-year 
period. 

• Conversion factors to convert these numbers into 
the quantity of energy needed to meet the demand, 
that is, the fuel equivalent (sometimes we convert from 

service demand to fuel equivalent external to the 
computer and enter only the fuel equivalent). 

• Efficiency factors and economic parameters to 
take into account the energy lost and costs incurred 
during end-use conversion processes and during 
primary resource conversion and transportation 
processes. 

We must also enter the costs of primary resources 
and price projections for imported fuels - crude oil, 
methanol, Canadian gas, and liquefied natural gas 
(LNG). We are assuming that the country can purchase 
as much imported fuel as required at the specified 
prices. 

End-use demands are divided into four major 
sectors: residential/commercial, industrial, nonenergy, 
and transportation. These major sectors are then 
further divided into subsectors (and separated into 
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eight geographical demand regions). End-use demands 
are the most important model input for determining 
the overall magnitude of energy flows. 

After these end-use demands are specified, the 
model calculates production levels (and corresponding 
prices) needed to satisfy them. In a 
discounted-cash-flow calculation, the costs of capital, 
operation, and fuel are used to compute the price 
needed to stimulate a new increment of production 
for each of the competing energy alternatives. 
Selection of one energy alternative over another is 
based on price, with the lowest priced alternative 
capturing the bulk of the market. 

Fuel cost, whether for a primary fuel like coal or 
a secondary fuel tike electricity, is ultimately tied to 
the price of the primary resource, which rises as that 
resource is depleted. The model keeps track of the 
cumulative resource production and the associated 
costs, which form the basis of the fuel costs used in 
the analysis. 

Output from the energy model consists of energy 
prices and quantities (by region) for primary resources, 
energy-conversion products, and distributed products 
foT an energy supply/demand balance. Energy demand, 
process costs, and resource costs are fixed in each 
model scenario. The effect of variations in demand and 
costs arc analyzed by using many scenarios. 

SCENARIOS 

To assess the potential benefits of implementing the 
results of successful energy R&D for the U.S., we used 
the SRI energy model to examine six scenarios; here 
we will discuss the principal two. In both scenarios 
R&D includes that stage of development where we 
have achieved an operating demonstration plant. It also 
includes the development of conservation techniques 
and practices. 

LLL Nominal. In this scenario we adopted service 
demands corresponding to those in the "Reference 
Energy System," which is used in ERDA's national 
energy plan.3-4 Processes currently available or already 
under extensive R&D (such as surface coal gasification 
processes) were included, as were improvements in 
process efficiency presently expected to occur; the 

fruits of more speculative, future R&D were not 
included. The price of imported crude oil was 
maintained roughly constant in 1975 dollar until the 
onset of world oil depletion; this was about S2.50/GJ 
(S2.50/106 Btu) until the year 2000, then rising 
steadily to about S4/GJ (S4/Btu) in 2025. Three 
automobile engines were assumed to be widely 
available: gasoline, gasoline/methanol blend, and diesel. 
This scenario can be thought of as an extension of 
the present trend in energy policy and research. 

End-Use/Supply R&D. In this scenario we assumed 
that improvements in end-use efficiencies and practices 
led to reduced fuel demands to satisfy the same service 
demands.4 Five advanced automobile designs (in 
addition to those in the LLL nominal case) were 
assumed to be widely available: a methanol 
internal-combustion-engine vehicle, a hydrogen 
internal-combustion-engine vehicle, an advanced 
heat-engine vehicle, a secondary-battery electric 
vehicle, and a primary-battery/secon-jnr,"-battery 
electric vehicle. Also, supply technologies requiring 
intensive R&D were made more competitive through 
lower cost assumptions. These technologies included 
advanced surface coal gasification and coal liquefaction 
processes, in sitit coal gasification, and in situ oil-shale 
processing. 

LIQUID FUELS 

The volumes and prices of the liquid fuels calculated 
for the two scenarios are shown in Fig. 2. In the LLL 
nominal case, imported crude oil dominates the 
liquid-fuel market, supplying approximately 757c of 
the nation's liquid-fuel needs in the year 2010. 
Domestic crude oil production decreases due to the 
onset of depletion. The production processes of the 
synthetic fuels included in this case — surface-shale 
syncrude, methanol, coal residual fuel, and coal 
syncrude - are expensive and have only a minor 
impact over the scenario's time frame. The average 
price of liquid fuel follows that for imported crude 
oil. 

This liquid-fuel outlook is troubling for two reasons. 
First, the continuing and growing reliance on imported 
crude oil may be undesirable both from a 
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Fig. 2. Liquid-fuel production and prices for the LLL nominal case (left) and the end-use/supply R&D case (right). Imported 
crude is the dominant liquid fuel under present-trend conditions in the LLL nominal case. In the end-use/supply R&D case, 
however, synthetic fuels become available at lower prices and displace crude oil imports. 
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security-of-supply point of view and (potentially) for 
our balance of payments. Second, the cumulative 
quantity of imported crude required for this scenario 
over the 1975 to 2025 time frame represents about 
half of the currently estimated oil reserves of the 
Middle East. Considering the expected growth of 
demand for liquid fuel by other nations, it is question
able that the U.S. will be able to obtain this much of 
ihe world's crude oil reserves. 

In contrast, the liquid-fuel picture for the 
end-use/supply R&D case is much more optimistic. 
Reliance on imported crude oil is reduced significantly 
as more advanced, cheaper, synthetic-fuel technologies 
become available. In this scenario, the in situ shale 
syncrude process captures the largest share of the 
liquid-fuels market. At first, the price of liquid fuels 
follows that for imported crude oil, but then stabilizes 
at the price of shale syncrude from the in situ process. 

However, it is not clear that large-scale development 
of an in situ shale industry will be allowed to take 
place in the small region of Colorado where the shale 
is located. Environmental restrictions caused by fears 
of boom towns, competition for available water, and 
concern over water and air pollution may limit the 
growth rate and ultimate size of the shale industry to 
levels below those projected in this scenario. If this 
does occur, we can expect additional production of 
syncrudes from coal, higher imported crud? oil levch, 
and, as a result, somewhat higher prices for liquid fuels. 

THE METHANE MARKET 

Methane sources (utd prices for our two scenarios 
ass s t o m ia Fvj. J . l9.*£ UJLftQmJaaiose, Maskan 
North Slope gas dominates domestic production 
beyond the year 2010. The overall decline in domestic 
production, however, is supplemented primarily by 
first-generation coal gasification processes (for both 
eastern and western coals) and by a small level of 
imported gas. The average wellhead price of methane 

doubles (in constant 1975 dollars) over the next 50 
years to about S3/GJ (S3/106 Btu). 

The major contribution of successful end-use/supply 
R&D to the methane picture is to stabilize the methane 
wellhead price at about S2.40/GJ (S2.40.I06 Btu). 
The in situ gasification process for thick seams of 
western coal captures the largest share of the market, 
and gas imports are reduced to zero. 

BASE-LOAD POWER GENERATION 

The generation of base-load electricity (the electrical 
output of plants that operate essentially all the time) 
by fuel type and the average price of base-load power 
are shown in Fig. 4. Eastern coal, methane, and 
residual fuel (a heavy fuel byproduct of petroleum 
refining) are displaced primarily by nuclear power and 
western coal. When it becomes available, the breeder 
reactor is Ihe most attractive option, capturing the 
growth in electricity generation. The average price for 
base-load power at the generating plant stabilizes at 
about S6/GJ (S6/I0 6 Btu). The predominance of 
nuclear over coal-fired power plants is due in large part 
to the transportation costs of either the coal to the 
plant or (in the case of a minemouth generating 
facility) of the electricity from the plant. Such 
important details can be accounted for accurately only 
by a regionalized energy model. 

The rapid growth in conventional nuclear power 
generation at the beginning of our time frame exceeds 
presently projected growth rates based on current 
KSdlw-conttiuctvon schedule asid, osdere. This 
discrepancy arises from the model's assumption that, 
prior to 1975, decisions concerning power plant 
construction were made strictly on an economic basij. 
But decisions have in the past and may in the future 
be swayed by other criteria, such as public opinion 
or new legislative requirements. 

13 



LLL nominal End-use/supply R&D 

5 .» •c 3 
a. m 
u s £> -C 

*- ^ 2 » E 
a - 5 

E «s 

Domestic production 

ZBB North Slope 

H B Domestic production minus North Slope 

I I LNG imports 

111 11II Canadian imports 

S B Eastern coal gasification 

K////I Western coal gasification 

r-'"1 In situ coal gasification 
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AUTOMOBILE FUELS 

In the LLL nominal case, we assumed three 
automobile engines were available at mass-production 
prices from present-trend automobile technologies. In 
the end-use/supply R&D case, five additional 
automobile designs were included. (Their availability 
in the LLL nominal case was inhibited by increasing 
their capital costs by a factor of two over those 
expected to prevail under mass production.) The fuels 
supplied to the automobile transportation market for 
both scenarios are shown in Fig. 5. 

In the LLL nominal case, petroleum-based fuels 
continue to dominate the market. But when all eight 
automobile designs are available at mass-production 
prices, fuels for the automobile market change 
considerably. Gasoline and dicsel use is reduced, while 
electricity, hydrogen, and methanol make significant 
market gains. In addition, the overall efficiency of the 
transportation sector increases, as indicated by the 
reduced total fuel requirement. We conclude, 
therefore, that when the economic factors we used to 
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Fig. 5. Petroleum-baaed fuels dominate automobile transportation under the present-trend assumption in the LLL nominal case 
(left). Gasoline, gasolinc/merhanol blend, and diesel are the three engines considered here. In the end-use/supply R&D case 
(right), five additional automobile technologies are considered: a methanol infemal-combustion-engine vehicle, a hydrogen 
intemal-combustion-engine vehicle, an advanced heat-engine vehicle, a secondary-battery electric vehicle, and a primary-
battery/secondaty-battery electric vehicle. With these new technologies available at competitive prices, alternative fuels, 
(electricity, methanol, and hydrogen) have substantial impact. Also, overall fuel needs are gready reduced because of the 
higher efficiencies of the new automobiles. 
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describe tire different designs are used, new vehicles 
can capture a significant share of the transportation 
market and the demand for petroleum-based fuels can 
be substantially reduced. 

STUDY CONCLUSIONS 

There are many ways to measure the potential 
benefits to the nation of implementing the results of 
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Fig. 6. Crude oil import volumes aic sharply reduced in the 
cnd-usc/supply R&D case. The curves peak where syn
thetic liquid fuels became comp ' -ve with imports. Also, 
large savings in import costs are a. .lieved with the reduced 
import volumes. 
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Fig. 7. The total cost of distributed energy products to 
end-use markets is sharply reduced in the end-use/supply 
R&D case. 

a successful energy R&D program. Three important 
yardsticks that we have considered ate the program's 
effect on U.S. imports of crude oil, the cost of 
imported crude oil, and the total energy costs to the 
country (the cost of distributed energy products 
delivered to end-use markets). 

As shown in Fig. 6, the effect of intensive 
end-use/supply R&D is to reduce crude-oil imports by 
3 million cubic metres per day (18 X 106 bbl/d) in 
the year 2010. The annuai imported-oil bill for this 
case rises from $30 billion now to about S50 billion 
in the year 2010; for the LLL nominal case, this bill 
could be 5100 billion more. 

The total energy costs for both scenarios are shown 
in Fig. 7. The difference between the two is the 
reduced energy costs to the country resulting from 
successful end-use/supply R&D programs. 

To determine the total value of the reduction in 
annual energy costs over the 50-year time span, we 
used a net-present-value calculation and several rates 
of return ranging from 0 to 10%. We then computed 
the energy-cost savings. The net present value of the 
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savings is enormous - S455 billion z* a 10% rate of 
return for the end-use/supply R&D case. However, it 
should be noted that this calculated value is overstated 
for two reasons. 

First, the costs of implementing the improved 
end-use efficiencies and conservation efforts are not 
included. Nonetheless, while these costs are certainly 
significant, in our judgment, the conclusion that 
successful R&D could have a very large economic 
benefit is still valid. 

Second, the cost of the R&D programs themselves 
is not included. We did make a very rough projection 
of an assumed ERDA energy R&D program, including 
S2 billion per year for research and development and 
phased outlays for demonstration plants. The total 
investment (undiscounted) for this 50-year program is 
S128 billion, and the net present cost is only S60 
billion (at a 5% rate of return) or S3S billion (at a 
10% rate of return) - small costs compared to the 
benefits accrued from implementing the results of a 
successful program. 

Based on this study of an energy R&D option, we 
have reached the following conclusions: 

• Implementation of the results of successful R&D 
programs can have extremely large economic benefits 
for the nation. 

• Synthetic-fuel production can reduce U.S. 
dependence on imported oil from 4 million cubic 
metres per day (25 X 106 bbl/d) to 1 million cubic 
metres per day (7 X 10 6 bbl/d) in the year 2010 and 
can stabilize energy costs at S94/m3 (Sl5/bbl) for 
liquids and 8.5£/m3 (S2.40/mcf) for gas. 

<* Based on economic considerations alone, new 
fuels and engines optimized for these fuels can 
penetrate the automotive market. 

CONSUMER PERCEPTION OF R&D 

In terms of how consumers perceive the value of 
R&D, we believe that they are concerned primarily 
with three aspects of the energy situation: supply 
security, energy price, and environmental impact. 

Embargo-caused shortages strengthened worries over 
relying on imports and had a strong impact on 
developing an awareness of the need for a national 

energy R&D prograiv. With successful R&D, supply 
security can be improved by developing synthetic-fuel 
industries to produce liquid fuels and gases from shale 
and coal. Also, more efficient energy end uses 
(improved highway vehicles, especially! can redin-e the 
overall need for petroleum fuels. 

Recent price increases in all forms of energ\ have 
caused considerable consumer apprehension about the 
future of energy prices. With successful R&I), synthetic 
liquid fuels and gases can stabilize prices. By reducing 
the overall demand for fuels, successful end-use R&D 
can also help control energy prices. 

Consumers remain concerned about air pollution 
problems, particularly those due to the automobile. In 
addition, they are troubled by potential local impacts 
of energy plants. This was demonstrated recently in 
California with the nuclear power plant initiative, and 
it is reasonable to expect that similar concerns will 
develop over large-scale coal and shale production. 
Such concerns may revolve around safely issues, the 
problems of boom towns, competition for water usage. 
and increased water and air pollution. With successful 
R&D, new automobile designs could significantly 
reduce air pollution. Also, the /// situ processes for 
synthetic fuel production may damage the 
environment less than surface production techniques. 

Thus it appears that a vigorous energy R&D program 
addressing these issues of national concern should meet 
with public approval and. if successful, would he of 
tremendous economic benefit. 

A Potential Problem. It was the oil embargo and 
sharp price increases that stimulated action on energy 
R&D. Increased oil production from non-OPEC sources 
may cause a temporary reduction of world oil prices 
in the 1980Y5 This, in turn, could cause the consumer 
to think - quite incorrectly - that there is no 
immediate need to continue a high level of energy 
R&D. But we must remember that the apparent world 
oil glut will only be temporary, that the advisability 
of relying on foreign oil is questionable, that energy 
R&D through the demonstration-plant phase is a 
lengthy process and therefore must be pursued without 
delay, and that energy R&D can reduce energy needs 
and costs. 
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CURRENT ACTIVITIES 

This study convinced us of the value of energy 
modeling in planning and assessment activities, and 
that the SRI energy model has unique features making 
it particularly useful for energy analyses. We are. 
therefore, developing a model based on the same 
economic principles but with significant changes 
intended to make it more suited to our purposes. These 
changes include the addition of regulation models, 
including price controls and quantity limitations; 
models of pollution monitoring, taxing, and/or 
regulation; improved economic and financial models; 
and techniques to promote more efficient and 
convenient use of the entire energy model. 

We hope to be running lest problems this summer. 

AVr Wonts energy models. energy conservation. 
energy forecasting. 
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ADVANCED ENERGY SYSTEMS 

Direct Energy Conversion 
for Fusion Reactors 

Almost all of (he energy rele>sed in a fusion reactor 
will be carried by high-speed particles: neutrons, 
helium iuns. and escaping fuel ions. The neutrons 
simply leave the reaction zone; most of their energy 
i. recoverable only as heat in a surrounding blanket. 
The ions, on the other hand, can be manipulated 
because ihey have electrical charge. Direct converters 
can convert the kinetic energy of those ions that escape 
from the reaction into useful electrical power. In 
addition, the efficiency of neutral-beam injectors can 
be nearly donbfrd u-ftd direct converters to recover 
energy from the unneutralized ions. 

The design of direct energy converters is well 
advanced. We have tested complex multistage plasma 

Oimad William /.. Burr //f.\r. r23j tor Jurilic intonmiritin 
im r/jJs artiilt. 

converters at efficiencies approaching 907r at low 
energies and powers, and simpler, more cost-effective 
versions at 65^ efficiency. Laboratory tests of 
neutral-beam direct converters at 15 keV and 2 kW 
gave 705 efficiency. We have built and are preparing 
to test a 120-keV. l.S-MW version. 

In a mirror fusion reactor, a hot plasma is confined 
by specially shaped magnetic fields and maintaincu by 
injecting beams of energetic neutral particles Isec box 
on p. 22). Most of the energy of the fusion reactions 
within this plasma appear as the kinetic energy of 
neutrons and positive ions. The neutron energy will 
be captured as heat in a surrounding blanket and 
converted to electric power by conventional means. 
The positive ions from the fusion process, and from 

21 



FUSION REACTORS: THE SUN IN A BOTTLE 
The first fusion reactor will probably bum hydrogen isotopes: deuterium and tritium. Since fusion 

reactions take place only at extremely high temperatures (millions of degrees), the deuterium-tritium 
gas mixture must be kept from touching any tiling solid until after it has had a chance to react. (Touching 
the walls would cool the gas below the reaction temperature.) Hence a means of confinement (keeping 
the gas away from all walls) is basic to any fusion reactor. 

There are three main forms of confinement: gravitational, inertial, and magnetic. The sun is a fusion 
reactor operating on gravitational confinement. Needless to say, man-made fusion reactors will be either 
inertial or magnetic. 

Inertial fusion devices depend on speed. The thermonuclear bum takes place suddenly, before the 
hot gas can escape. The hydrogen bomb is one example of inertial confinement. Laser fusion, which 
plans to use extremely brief and powerful laser light pulses to ignite tiny pellets of frozen deuterium 
and tritium, is another. 

Magnetic fusion devices confine charged gas atoms (ions) with powerful magnetic fields. Since we 
are unable to make a perfectly confining magnetic field, ion leakage is a problem. Although this leakage 
can be compensated for by pumping in energetic neutral particles with neutral-beam injectors, keeping 
the reaction running, a large fraction of the reactor's power output is tied up in leakage ions. In addition, 
the neutral-beam injectors produce both neutral atoms and ions. These ions never enter the reactor since 
the magnetic fields that confine the fusion plasma (urn them back. Thus a scheme for recovering the 
energy of both leakage and injector ions is essential. 

Direct converters are one means of producing electrical energy from these ions. For a summary of 
recent work at LLL on direct energy conversion, see the accompanying article. 

the plasma itself, eventually escape past the mirrors 
and their energy must also be recovered. We have been 
working on a number of direct electrical conversion 
schemes for recovering this energy. These schemes can 
also be used to increase the efficiency of the 
neutral-beam injectors that sustain the plasma. 

In a direct converter, fast ions expend their kinetic 
energy against an electrostatic gradient, finally 
depositing their charge on an electrode at high 
potential. This deposited charge is the source of power 
that is taken off into an external circuit. The power 
levels involved are quite impressive. Our proposed 
mirror fusion test facility, still far from a full-fledged 
reactor, is expected to have ion currents in the 750-A 
range at 80 keV. An operating reactor could have 
currents of thousands of amperes at hundreds of 
kilovolts. 

A complication in collecting energy from these 
positive ions is that they are always accompanied by 
electrons. That is, the overall plasma is electrically 
neutral. If the electrons accompany the ions to the 
collecting electrodes, they would cancel the positive 
ions and reduce the collected current to nearly zero. 

The electrons must therefore be separated out with 
a negative electrostatic gradient. The ions, being heavy 
and positively charged, continue past the negative 
electrode to the collector electrode. The electrons stop 
in a grounded grid, where they are conducted 
externally to complete the circuit with the ions at the 
collector electrode. 

TECHNOLOGY 

These concepts are easy to describe theoretically. 
Many practical difficulties, however, arise in the actual 
design, construction, and operation of such a scheme. 
These difficulties may be grouped under the headings 
of space-charge effects, heat removal, electrode 
materials, voltage holding, chemical compatibility, and 
insulator design. We will discuss these effects briefly 
before going on to describe our successful experimental 
direct energy converters. 

Space-Charge Effects. Space-charge effects take 
place when you have a large number of charged 
particles in a small volume. In a plasma, with equal 
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numbers of electrons and positive ions, the space 
charge is ze.-o. When we separ^e out some of the 
electrons, the excess positive Jiarge of the ions 
strongly attracts the remaining electrons, in effect 
shielding them from the separating field. It takes an 
excess negative potential on the first electrode to 
overcome this space-charge attraction and extract the 
rest of the electrons. In the absence of electrons, the 
ions' mutual repulsions disperse the beam, spreading 
it over a large area of the collector electrode. Space 
charge cannot be eliminated; it is simply a factor that 
must be controlled. 

Heal Removal. When a positive ion hits the 
collecting electrode, its kinetic energy turns directly 
into heat. This is one of the reasons for collecting the 
positive ions on a positive electrode, to minimize their 
net kinetic energy a»d hence the heat they generate 
when striking. If the electrode potential could exactly 
match the ion's initial energy, no heat would be 
generated and hence no heat removal problem. 
However, since no two ions have exactly the same 
kinetic energy-, it would take an enormous number of 
collection stages to fulfill this condition. We have 
tested experimental converters with as many as 22 
stages and measured efficiencies of 90%. Simpler 
converters with only a few stages may be more cost 
effective, however. 

If any large part of the ion beam were to 
concentrate on a small part of the collector, it could 
easily overheat and destroy that part. To avoid this 
we spread the beam out by expanding the magnetic 
flux tube that guides the ions. The bigger the beam 
current, however, the bigger the collecting electrodes 
must be. Designs to cope with this power density 
problem would be huge: a typical one would be housed 
tn a domed vacuum chamber 100 m tall and 125 m 
in diameter. 

Apart from heat generation, we still have the 
problem of removing heat from the electrodes. Each 
electrode must be electrically isolated, and this 
generally means thermal isolation as veil. In the 
absence of other cooling, an electrode will keep getting 
hotter until its radiant output equals its energy input. 
Figure 1 shows an experimental direct converter made 
of molybdenum and operating with radiative cooling. 

Sometimes radiative cooling is not enough, however. 
For one thing, at high temperatures an electrode will 
begin to emit thermionic electrons. These electrons 
could then flow to a collecting electrode, neutralizing 
part of the ion current. To avoid this we can circulate 
helium through channels in the eleclrodcs for 
convective cooling. The helium coolant then becomes 
a secondary source of energy. For efficient thermal 
energy recovery from this source, we must keep the 
coolant i. inperature as high as possible, about 1000 K. 

Convective cooling at such high temperatures and 
hence high pressures is complicated by the need to 
operate the various electrodes at different high 
voltages. Either we must design special heat exchangers 
to stand off high voltage, or choose insulators designed 
to confine high pressures at high temperatures. We are 
investigating various alternatives. 

Electrode Materials. Anytlung that is to be cooled 
by radiation only must be made to stand high 
temperatures (up to 1800 K). For electrodes this 
means a refractory metal or carbon. Carbon electrodes 
have many desirable features, but they pose a problem: 
carbon atoms sputtered off from them could attack 
nearby hot refractory metals, making them brittle. 

Electrodes designed for convective cooling must also 
have high tensile strength to withstand internal 
pressure and thermal stress in thin sections. Tantalum 
alloy (107c tungsten) has been chosen as a superior 
material under similar conditions in the first wall of 
the fusion engineering research facility design. 

Voltage Holding. It seems that nature abhors a 
difference of potential, and the design of high-voltage 
electrodes must take this into account. Metal surfaces 
can have no sharp corners but must be smoothly 
rounded and higlily polished. Insulators must be clean 
and properly shaped to provide long leakage paths on 
their surfaces. 

When an electrostatic converter goes into operation. 
however, ion bombardment will immediately begin to 
modify these carefully controlled conditions. 
Insulators get dirty and start to carry leakage currents. 
Polished metal surfaces become rough and pitted. 
Practical designs must either modify or prevent these 
processes. 
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Fig. 1. Two views of an experimental direct converter scavenging ions from a neutral beam. The converter first 
strips away electrons, making the ions diverge out of the beam by their own mutual repulsion, and forcing 
them to expend most of their kinetic energy against a positive potential gradient. The upper picture shows 
the converter in operation, the lower shows it dismantled and turned upside down for inspection. 
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One effect of He + + ion bombardment on metals is 
surface blistering. The ions' kinetic energy drives them 
below the surface of the metal where they accumulate, 
weakening the crystal lattice and eventually building 
up internal pressures that raise blisters. Operating the 
electrodes at high temperatures helps prevent blistering 
by increasing the ion mobility and letting the helium 
escape from the surface instead of accumulating. 

Another effect of ion bombardment is sputtering, 
a process that blasts atoms loose from a conducting 
surface and sends them zinging off through the 
surrounding vacuum. This is more of a long-term 
problem; it takes time to remove enough material, 
atom by atom, to seriously affect a metal surface. Still, 
the rates are not negligible. We estimate that tungsten 
wires will erode at about 20 timlyu and carbon fibers 
would go even faster. 

The other half of the sputtering problem is what 
happens to the Wasted*off atoms. They have to go 
somewhere, and many go where they are least 
welcome. Little by little they build up a conducting 
coating on insulator surfaces. 

We have been coping with such problems for 
years and have a number of ways of shielding the 
insulators to slow down the sputtered-film buildup. No 
shielding system yet devised is 100% effective, 
however. Sooner or later the insulators will have to 
be replaced. One aim of any practical design will be 
to make the replacement interval as long as possible. 

Chemical Compatibility-. One of the materials we 
might make electrodes of is graphite; it's cheap, 
available, and heat resistant. Chemically, however, it 
may be a problem. Hydrogen ions attack carbon 
directly, forming volatile methane and eroding the 
surface. Graphite also has a known tendency to adsorb 
hydrogen, e.g., tritium, although we cannot be sure 
how much of a problem this will be because we lack 
experimental data. 

Another potential problem is carbiding, the reaction 
of carbon with metals at high temperatures. For 
example, one concept thai called for graphite platelets 
strung on tensioned tungsten wires is being reexamined 
because it developed that the wires would quickly 
convert to brittle tungsten carbide. To avoid carbiding, 

we could either eliminate graphite electrodes, or keep 
all metal parts below about 1000 K. 

Insulator Design. Insulators used in direct converters 
will have to be carefully designed to stand up to a 
harsh environment. They will be bombarded with 
neutrons, charged particles, and gamma rays. Above 
a certain level, gamma rays can turn an insulator into 
a semiconductor, causing catastrophic failure. Both 
neutrons and charged particles can damage the 
insulator surface by sputtering, and the neutrons can 
also damage the insulator internally by inducing 
nuclear reactions. The insulators will also require 
special cooling to protect them from high 
temperatures. 

EXPERIMENTAL DIRECT CONVERTERS 

Most of the above ideas, although developed in 
connection with direct energy conversion, also have 
present applications to improving the efficiency of 
neutral-beam injectors. Much of our recent success in 
mirror fusion experiments involves the use of neutral 
beams, and the efficiency of neutral-beam injectors 
could have a large bearing on the overall efficiency 
of a fusion power plant. 

Our neutral-beam sources operate by generating an 
intense beam of hydrogen ions, accelerating them to 
a high velocity, and adding electrons in a gas cell to 
convert the ions back to neutral atoms. The first two 
steps are reasonably straightforward; in the third step, 
serious inefficiencies crop up. Our methods for 
neutralizing ions in flight are strictly statistical; at the 
energies required in reactors, the emerging beam still 
contains about 60% unneutralized tons. These carry a 
corresponding fraction of the total beam energy, 
energy that would be wasted unless converted back 
into electrical energy. 

Figure 1 gives two views of an experimental 
beam-ion energy converter under test in a vacuum 
chamber and turned upside down for easy access 
during assembly. The checkered effect in the ion beam 
and on the various lighted surfaces in the upper picture 
is the result of photographing the electrodes through 
a grounded wire mesh cage placed around the 
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Fig. 2 . A scaled-up direct converter being built to handle 120-keV H or D ions. The elliptical cross 
section follows the density contour of the beam. The first aperture, with adjustable tungsten plates to 
define the beam's boundary, is 39 cm tall and 9 cm wide. In operation die sharp corners and rough surfaces 
will be covered with smooth shrouds to avoid voltage breakdowns. 
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apparatus to maintain electrostatic shielding without 
blocking removal of the resulting gas. The rows of red 
and green lights in the upper right corner are not in 
the vacuum system but are reflections in the viewing 
window. 

Some of the construction features are easier to see 
in the bench top view. Note the antisputtering shield 
around eacti high-voltage insulator. Also note the 
cleaned area on the copper beam stopper (extreme 
right in lower picture, no longer on axis) where neutral 
atoms and ions that escape collection have sputtered 
away the brownish surface film. 

This experimental energy converter was operated in 
front of a steady-state ion source masked to produce 
a slab-shaped beam 15 mm thick and 60 mm wide 
consisting mostly of H + ions. We varied the ion energy 
from 10 to 15 keV. This in turn varied me full-energy 
ion current from 50 to 130 mA. When the photograph 
was taken, the device was recovering 1 JcW of electrical 
power and rejecting less than half that much as heal. 
This represents optimum operation, with .'bom 1Q7( 
efficiency. 

Figure 2 shows a scaled-up version {under 
construction) of the same kind of direct converter, 
designed to handle 120-keV H + ions. When completed 
it will be used to recover 1.5 MW (13 A at 120 keV) 
of ions from a neutral-beam source at the Lawrence 
Berkeley Laboratory. Radiation cooling would not be 
enough for a converter this size, so the electrodes are 
all of water-cooled copper, nickel plated to reduce 
sputtering. In operation the supports and rough 
exterior wall will be covered with smooth shrouds to 
avoid voltage breakdown. 

The Berkeley source has a square output aperture 
10 cm on a side. Where the converter wiH be. 5 m 
away, the beam profile is Gaussian with an elliptical 
cross section, however. Hence all the electrodes and 
apertures in the converter also have elliptical cross 
sections. The first aperture is the smallest, with major 
and minor diameters of 36 and 9 cm, respectively. At 
maximum power and best focus, the beam power 
density striking this first aperture (around the fringes 
of the beam) will be 0.5 kW/cm". Total power density 
(neutrals plus ions) at the center of the beam will be 
37 kW/cm2. 

In anticipation of favorable results from these tests, 
we are developing preliminary designs for a direct 
converter to couple with the injectors for the tokamak 
fusion test reactor at the Princeton Plasma Physics 
Laboratory. We assume that the injectors will be 
elongated 10- X 40-cm versions of the 10-cm square 
source being developed at Berkeley. There is no ruom 
to spare in the test reactor design, however, so the 
converter musi operate close to the source. At thu, 
distance *here will be no convenient Gauc^an 
distribution; the 4-MW beam of unneutralUed ions will 
have nearly a flat-topped profile and will be the full 
10 cm thick. The space-charge potential at the center 
of such a beam (with the electrons removed) is 
enormous. It would take about 80 kVon the negative 
electrode to turn back the electrons. 

Such a high negative potential is impractical because 
of power losses and the danger of sparking. One 
possible solution is to chop the beam height 10 5 cm. 
reducing the required negative potential to about 
20 kV. Unfortunately, this would halve the beam 
output, making it necessary to double the number of 
beams. 

A better way to do this may be to modify the ion 
source to cast a shadow down the center of the beam. 
We could then add a web down the center of the 
negative electrode, in effect dividing the former beam 
into two beams of half thickness. This would reduce 
the negative potential to 20 kV without requiring 
additional sources. We are studying other concepts, 
such as transverse magnetic fields, for controlling 
electron flow in the beam. 

Figure 3 is an artist's conception of such an ion 
source-converter combination. Flat panels arranged like 
louvers and equipped with coolant-circulation channels 
serve as collector electrodes. A pair of curved 
electrodes at the entrance of the converter nap 
fractional-energy ions that carry little of the beam 
energy, but would represent a serious heal load on the 
cryogenic pumping panels if they were not stopped. 

A converter to improve the efficiency of a 
neutral-beam injector has one big advantage over a 
converter intended for the output end of a fusion 
realtor: it deals with a well-defined beam of 
mo'e-or-less monoenergetic ions. A plasma direct 
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Direct converter 

- LN-cooled neutraIizer celf 

Fig. 3 . Conceptual design of an ion source-converter combination for a 120-keV neutral-beam source. The ion source, left, 
generates a slab beam of 120-keV deuterium ions. In the neutraltzer cell, about 40% of the ions turn back into atoms, still 
at 120 keV. The converter traps the remaining ions, converting most oF their energy into electricity to help run the ion 
source. The 120-keV deuterium atom beam passes unimpeded into the reactor. 

converter, on the other hand, must separate the 
electrons from a diffuse (though directed) flow of ions 
of widely varying energies, sort the ions according to 
energy, and collect the energy from each segment of 
the ion population. Most of the concepts described for 
beam converters are still valid in this application, but 
the apparatus embodying them is extensively modified. 

Figure 4 shows a triple-stage (Venetian blind) direct 
converter designed to handle ions with a mean energy 
of 178 keV and a minimum energy of 100 keV. Wire 
grids replace the grounded aperture and negative 
electrode. Rat fins, arrayed like louvers set in planes 
almost at right angies to the incoming ion beam, form 
a series of three collector electrodes of increasing 
potentials. Energetic ions pass through the louvers until 

they expend their kinetic energy, then they fall back 
in parabolic trajectories onto the next lower collector. 
Since the ions are collected on the backs of the 
intermediate louvers, we can suppress secondary 
electrons by locating a slightly less positive grid behind 
each intermediate collector. We calculate that such a 
converter should have an efficiency of 60% after 
allowing for the 8% of the incident power carried by 
electrons. 

Since the average power flux into this converter is 
only 0.5 to 1 MW/ni , we can make the grounded grid, 
the negative grid, the two intermediate collectors, and 
their suppressor grids all of carbon fibers cooled only 
by radiation. The surrounding walls and the third 
collector are convection cooled with 1000-K helium 
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to scavenge the excess ion energy and radiated heat. 
The support posts are water cooled to protect the 
lugh-voltage insulators. 

The fins of the final collector, at 250 kV, are folded 
into a chevron pattern. This blocks off all line-of-sight 
paths through the collector, assuring that every ion 
that penetrates this far will stop here. Neutral gas 
molecules can still bounce through, however. The entire 
structure is as VignX and open as possftAe, prcMotng 
a good pumping pafjt for removing stray gas from the 
spaces between the various high-voltage louvers and 
grids. The pressure here and in the expander must be 
kept below about t uPa to avoid charge-exchange 
losses. 

More intermediate collectors could be added to this 
design, but little is gained. The collection efficiency 
of each additional stage decreases rapidly and is soon 
offset by the increasing proportion of the incoming 
beam that is blocked off by the exua louver sets. 

We have experimentally tested a two-stage version 
of this Venetian blind direct converter, first with an 
ion source and later with a plasma source and magnetic 
expander. The measured efficiency was in good 
agreement with the calculated efficiency (657r 
measured vs 69% calculated). 

We have also studied two different slab-geometry 
direct converters. Both depend on a magnetic expander 
to form the plasma stream into a slab of well-directed 
ions. The magnetic field swerves abruptly at the 
entrance to the converter. Electrons are light and easily 
swayed. They turn aside, while the energetic ions cross 
the field lines and enter the direct converter. 

The simplest slab converter is the space-charge-
dominated, four-stage device shown in Fig. 5. It 
is similar to the beam direct converter shown in 
Fig. 3. The first electrode is an electron repeller 
to stop any elections that get past the magnetic 
fiiMston. RebbeA o5 *ft wtuVistoing Mtacnn vX Vett 
electrons, the ions repel each other and the beam 
diverges. Low-energy ions diverge fastest, so they are 
the ones most likely to strike the first positive 
electrode. Each succeeding electrode pair is at a higher 
positive voltage, maintaining an electrostatic gradient 
that also helps sort the ions according to energy. 
Voltages V,, V,, V,, and V^ are adjusted, according 

Fig. 4. A three-stage Venetian blind direct converter module 
designed to handle ions leaking out of a fusion reactor. The 
beam passes first through an expander that spreads it over 
a tage mnrfber xfi riinnYay convert*!*. T^» converter must 
accept ions over a range of energies coming in a diffuse 
(through directed) flow rather than in a well-defined beam. 
Thin wire grids replace the ground plane aperture and 
negative electrode. A series of collection electrodes 
accommodates the ion energy range. Ions, except for the 
most energetic ones and those few that hit the louvers 
directly, pass through until they expend their forward 
momentum, then rum in a parabolic arc and fall back on 
the next lower collection louvef-
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Fig. 5. A four-stage, space*chuge-
dominatcd, slab converter for a fusion-
reactor output, A magnetic expander 
(r.ot shown in detail) spreads the 
beam into a fan-shaped slab. A kink 
in the directing magnetic field siphons 
off modi of the electrons, only slightly 
perturbing the ion trajectories. A 
negative electrode turns back the 
remaining electrons. Space charge 
then blows up the ton beam, spreading 
it over the collecting electrodes. 
Voltages on the different collecting 
stages would be adjusted for optimum 
power output, depending on the ion 
energy distribution. 

to the ion energy distribution, to maximize the power 
recovered. 

The other slab converter we have studied was based 
on periodic electrostatic focusing. Its 22 stages gave 
it a high efficiency even with a broad ion-energy 
distribution. However, its sensitivity to space charge 
makes this direct converter large and hence costly. 

COSTS 

Just which plasma direct converter is finally picked 
will depend on a cost/benefit analysis. For a fusion 
power reactor, the governing parameter will probably 
be the total cost per unit of net electrical power 
output. Other considerations suck as the effect of 
waste heat on the environment, however, may dictate 
a high-efficiency design even at increased cost. 

The direct converter will provide about half of the 
gross electrical output of a DT-fueled mirror reactor, 
and even more for an advanced-fuel reactor. For these 
reactors, therefore, the efficiency of the direct 
converter has a strong effect on the net electrical 

output. Even a slight efficiency advantage may be 
enough to make an expensive direct converter 
competitive. 

In D-T-fueled tokamaks and fusion-fission hybrid 
reactors, on the other hand, leakage ions carry only 
a small fraction of the total power. The choice of a 
direct converter for such a reactor would therefore be 
dictated by other considerations, such as magnetic field 
geometry and pumping requirments. 

Key Words: direct energy conversion; direct energy 
conversion ~ Venetian blind; fusion-fission reactor; high 
temperature materials; mirror machines: neutral beams; 
plasmas; space charge; thermonuclear power generation; 
tokamaks. 

NOTES AND REFERENCES 

1. The LLL magnetic fusion energy program in general 
and the mirror fusion test facility in particular (then 
called MX) are described in the June 1976 Energy and 
Technology Review (UCRL-52000-76-6). pp. 1-15. 
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ENVIRONMENT AND SAFETY 

Fire-Effluent Characterization 
and Containment Experiments 

A major concern when fire occurs at a nuclear 
facility is containment of the fire effluent, a necessary 
measure to prevent the dispersal of radioactivity. To 
overcome the most serious problem — that of fire 
effluent plugging the filtering system - we need a 
more exact understanding of the character of smoke 
particle size distribution and particulate concentration. 

Contact James R. Gaskill /Ext. 3868) for flintier 
information on this article. 

For this purpose we have constructed a full-scale fire 
test facility at LLL, and have run an initial series of 
experiments. 

Fire in laboratories or facilities where radioactive 
materials are used creates a special problem. As with 
an ordinary fire, it must be extinguished. But unlike 
an ordinary fire, the fire effluent must also be 
contained to prevent the dispersal of radioactivity that 
can pose a hazard both to those immediately involved 
in the fire and to the general public. For this reason, 
considerable care is taken not only to prevent fire in 
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these facilities, but also to suppress it quickly and to 
mitigate its effects should it occur. This requires 
rigorous fire-prevention and emergency procedures as 
well as careful design of the facilities and selection of 
the materials used in them. 

Several means are employed to confine the 
radioactive materials in facilities where radioisotopes 
are used, stored, or processed. These procedures and 
structures are not designed specifically to control 
fire-related radioactivity dispersals, but, rather, they 
have been instituted to prevent dispersals from any and 
all mischance or unforeseen hazard. They include: 

• Negative pressure. Radioactive materials are 
placed in enclosures that have a lower pressure than 
the surrounding workroom; the workroom is 
maintained at a lower pressure than other areas in the 
building, and the building itself is kept at a lower 
pressure than the outside atmosphere. Tliis descending 
order of pressure from the outside in assures that all 
air leaks will be directed inward from clean areas to 
areas containing radioactive substances. 

• Collection devices. Work areas are equipped with 
collection systems such as scrubbers and absorbers to 
prevent the escape of mists or acid vapors liberated 
by chemical reactions. 

• Filtration devices. Exhaust ventilation from the 
work areas passes through high-efficiency particulate 
air (HEPA) filters installed in the ductwork. These 
filters, composed of pleated fibrous glass mats sealed 
into frames with elastomeric adhesives, can trap 
particles as small as 0.3 pm with an efficiency of 
99.98%. 

When a fire occurs in such a facility, the essential 
concern is to maintain the work areas at a pressure 
lower than that outside to prevent the dispersal of 
radioactive material. Two problems arise, both 
resulting from the fact that air must continually be 
withdrawn through the HEPA filters to maintain the 
inner negative pressure. First, the integrity of these 
filters may be impaired by hot gases that attack and 
weaken the elastomeric sealer. Smoke and any 
contained radioactive matter can then be released. 
Second, the filter may be clogged by smoke particulate 
matter. Exhaust ventilation will then lessen, and 

pressure in the room where the fire started may 
become higher; this can lead to the spread of heat, 
smoke, and contamination throughout, and possibly 
outside, the building. 

We developed a countermcasure to ihe problem of 
hot gases weakening the elastomeric sealer several years 
ago by simply using water sprays in the ventilation 
ductwork to cool the gases before they reached the 
filters.1 This protected the elastomeric adhesive. Later 
work attempting to simulate the production of smoke 
particulars of various materials used in laboratories 
proved unsuccessful because we were unable to 
duplicate the materials' "real life burning rates." We 
did find out, though, that when small amounts of these 
materials were pyroly/.ed or burned, the filters plugged 
up readily.-

Later tests '-'ith simulated fuel loadings in a Quonset 
hut confirmed this fact, but also indicated that the 
problem could not be properly addressed without 
resorting to full-scale compartment (that is. laboratory 
room) tests. We therefore constructed and equipped 
a full-scale fire test facility and have been using it to 
analyze filter plugging and to develop appropriate 
countermeasures.3 

FIRE TEST FACILITY 

The full-scale fire test facility consists of several 
elements (Fig. 1). These include: 

• A 100-m3 fire test cell (5.9 m long by 4.0 m 
wide by 4.2 m high) and an associated control room 
containing view ports, gas sampling and analytical 
equipment, controls for a sprinkler system, and a CRT 
display capable of showing the constantly updated data 
obtained from sensors located in the test system. 

• High and low exhaust ducts leading through 
dampers to the experimental duct system. 

• A bypass air pollution control system used to 
clear away the fire effluent after a test. 

• A pit for waste water collection and monitoring. 
• A computerized data acquisition system. 
The fire test cell is insulated internally with 

138 mm of a sprayed-on alumina-silica mixture 
capable of withstanding internal temperatures in excess 
of 1000°C. To guard against slippage resulting from 

32 



ffc f-L.*in-

^ " _ 
Fig, 1 . LLL's fire test facility. The test cell and attached control room are in the right half of the picture. W0i md lorn 

exhaust ducts exit from the left of the test town, join, wid lead into experimental ductwork or to the screbbrr system. 
The wzsle wafer collection pit is below ground in the chained off area and collects separately waste water fron the scrubber 
system and from the test room. The data acquisition and reduction room is out of the view to the right. 
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differen'.ial expansion during heating, die insulation is 
held in place with 1400 stainless-steel fork, welded 
onto the interior skin of the cell. 

Temperature and pressure sensors are located in the 
ductwork. Thermocouple temperature sensors are 
located in the test cell, which also contains 
optical-density, pressure, and radiant-heat flux sensors. 

PREPARATIONS FOR EXPERIMENTS 

To prepare for our experimental work we obtained 
photographs and listings of various laboratory 
fumbling* from hRDA contractors throughout the 
country. We tabulated this information as fuel-load 
concentrations, that is. kilograms o( combustible fuel 
per unit floor Tea (kg/nv). We also classified the 
materials as "dirty" or "clean'* burners based on our 
past experience and that of others in the field. A dirty 
burner is defined as a fuel that, in a well-ventilated 
fire, will n^duce a large quantity of smoke particulate 
matter; y clean burner is the oppos:te. We then plotted 
the dirty-to-clean (D/C) .-eight ratio of these 
furnishing materials against the fuel loadings for the 
various laboratories. From the distribution obtained we 
made mathematical analyses of the concentrations of 
the various points and arrived at smoke -an d-fue. 
loadings, which we believe represent extrer»-? cases. 
These are, respectively, D/C ratios of 5 a .5, anti 
combustible loadings of 5 and 20 kg/m2. 

We then obtained surplus laboratory furnishings 
from various ERDA contractors and designed 
furnishing systems typical of those used in FRDA 
laboratories, and consists* with the paran. .eis 
decided on. Finally, we performed the experiments. 

The experimental program was divided into two 
phases: (I> an evaluation of the heat and smoke 
concentrations delivered to the HiiPA filter by various 
likely fii„' scenarios, and (2) the development and 
evaluation of counter measures. The fire scenarios have 
been divided into three experiment sets to examine 
the effects of various fuel and smoke loadings, the 
effects of high vs low exhaust ducting, and the effects 
of the use vs nonu:c of automatic sprinklers in the 
test cell. 

INITIAL EXPERIMENTS 

Our first experiment (Fig. 2) was conducted lo 
evaluate the opiHlional characteristics of the test 
system and to determine the filler-plugging effects of 
a dirty (D.'C = 2.7), moderately heavy fuel load 
(10 kgn r ) using the high exhaust duct. The fire was 
lit by igniting 2 litres o\' isopropyl alcohol in pans 
located under the test fuel. After the initial flaming, 
the fire tended to overp^ssuri/e the cell and produced 
large quantities of dense smoke. The filler was plugged 
in less than 10 min. We extinguished the tire at 
13 min. and examined the fuel wmaimng. About 40''f 
of the clean items, but only one-quarter of the dirty 
it^ms, had been pyrolyzed or burned. Total fuel loss 
was 307c. 

A second test with laboratory furnishings o\' the 
same fuel concentration but of a clean variety (D/C 
= 0.6) showed that when the one dirty item (a plastic 
hood) ignited, the fire bei .me dirty and the same 
room-overpressuriiT-ing phenomenon occurred as noted 
in the first experiment. Attenpls to depressurize the 
room by increasing the cxhau;t ventilation resulted in 
more rapid niter plugging thai; m the first case. 

In both tests the smoke particulate concentration 
in the exhaust ductwork was heavy: 3 to 4 g/m-1 o\' 
effluent. 

As a result of several other experiments with either 
different furnishing arrangements or diesel fuel floated 
in a pan of water, we concluded that better 
information could be obtained by igniting crisscrossed 
piles (cribs) of identical materials to characterize 
smoke production (particulate concentration and 
particle size distribution) and filter-plugging effects. 
The crib configuration was chosen because this has 
been used as a standard test fire for various 
exper.. Hits in this country and also because wood-crib 
fires have been fairly well characterized. 

To maintain the fuel within the flame /one when 
testing plastic cribs, we had to construct the fuel pile 
by inserting the rectangular plastic pieces through the 
openings in a cubical metal cage in a crosspiled 
configuration. We also applied this technique to certain 
wood cribs to maintain the same ventilation space 
within tltc pile for correction purposes. 

34 



Fig. 2. First experiment in 
the fire test facility, (top) 
Set-up of simulated labor
atory furnishings before the 
test. The fuel load was 
10 kg/m2 (237 kg total) 
with a dirty-to-clean ratio 
of 2.7. (left) After 30 s 
of bum. (right) After 60 s 
of bum. (bottom) At com
pletion of burn. The fflf" 
plugged in less than 10 UP . 
and the fire was extinguished 
at 13 mtn. The fuel loss was 
69 kg. 
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Because large fuel cribs (100 to 150 kg) are nol 
readily ignited or kept burning, we used a gas burner 
under the pile both to ignite the fuel and to force 
its pyrolysis or combustion throughout each of these 
tests. 

The results of several tests with cribs of Douglas 
fir and of a clear plastic used in glove-box windows 
are summarized in Table 1. From these tests we have 
observed the following: 

• An initially well-ventilated, uncaged, wood-crib 
fire bums rather cleanly, produces a light smoke 
containing a small tar-to-carbon ratio, and does not 
plug the filter readily. 

• A moderately ventilated, uncaged, wood-crib fire 
burns well initially, but soon becomes starved for 
oxygen and changes to a pyrolytic mode, that is, the 
smoke particulates show a lugh tar-to-carbon ratio. 
This kind oi smoke tends to readily plug filters. 

• A caged wood-crib fire, moderately ventilated, 
changes to the pyrolytic mode even sooner and plugs 
the filler in a shorter time. 

• The use of an automatic sprinkler system on such 
a caged wood crib controls but does not extinguish 
the fire. However, it noticeably extends filter life. 

• A well-ventilated crib of a particular plastic shows 
simijdr characteristics to that of an uncaged wood crib 
under .ilar conditions. 

• Tie moderately ventilated plastic-crib fire tends 
to change to a pyrolytic mode and plug the filter fairly 
quickly, similar to the moderately ventilated caged 
wood crib under similar conditions. 

• The use of a sprinkler system on the moderately 
ventilated plastic crib does not appear to have any 
beneficial effect in regard to extending the filter life, 
although it does apparently control the fire in the cell. 

We have conducted a number of experiments on 
smoke scrubbing using various kinds of scrubber 
systems with and without the addition of wetting 
agents to the scrubbing water. Some smoke was 
scrubbed out of the system. However, these techniques 
appear to be selective in that they do not remove the 
fine particulate matter that seems to be the prime 
agent in filter plugging. 

Table 1. Fuel-loss, smoke, and filter-plugging characteristics of wood- and plastic-crib test fires. 

Smoke characteristics 

Initial Fuel loss Particulate 
vent, Sprinklers rate, concentration. Tar, 
l/s used fcgfc g/'m3 % 

Carbon, CO, 
7, 

0 2 , CO,, 
Time to 
plug Tilter, 

ks 

Cmsspiled uncaged 
Hood 500 No 0.13 1.0 <10 -90* 3 6 - >I.O 
Wood 250 No 0.10 12.0 87 13 6 4 - 0.9 

Crxtispilcd through openings in a metal cage 

Wood 250 No 0.23 - 56 44 5 4 - 0.37 
Wood 250 Yes an - - - 2 9 13 >1.0 
Clear 

plastic3 500 No an 1.4 _ _ 0 13 3 >I.O 
Clear 

plastic 250 No 0.03 4.0 67 ' ' "-Si. 2.6 12 4 0.47 
Clear 

plastic 250 Yes 0.03 - - 1 19 4 
31 trc retardant was a component of the plastic used in all these tests. 
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For the immediate future, we will continue to 
characterize smoke - and its filter-plugging 
capabilities - generated by cribs made of other 
materials of interest. The effectiveness of automatic 
sprinkler systems will be investigated at the same time. 
We will analyze the smoke using cryogenic sampling 
techniques followed by gas chromatography. With this 
procedure and our particulate sampung-and-analysis 
system, we expect to understand more fully the 
character of smoke and the mechanism of filter 
plugging. Further work can then proceed towards 
developing effective smoke abatement methods. 

Key Words: fire figlttitig; nuclear safety: nuclear accidents; 
radiation safety; reactor safety. 
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