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D-T fuel would provide a unique 14-MeV source, whereas D-D
fuel would result in a dominant 2.45-MeV flux.*

The design of a system explicitly for commereial irradiations
would involve two primary considerations: First, the incorpora-
tion of irradiation facilities would require a special blanket
design; second, an optimum neutron flux would require careful
selection of the type of reactor and the plasma conditions,
Irradiation facilities would possibly consist of sample ports
and/or flow tubes in the blanket, Of principal concern would be
the mazintenance of adequate neutron economy for tritium breed-
ing (if required) and the use of struectural materials that avoid
premature neutron damage™® but that are compatible with the
chemicals or other substances being irradiated. The selection of
an optimum reactor for irradiation is much more complicated
and involves a number of factors. However, some aspects of the
dependence of the neutron fiux on the type of reactor and plasma
conditions can be illustrated through a simple model.

Consider an idealized cylindrical plasma of radius ¥p Operating
with a duty factor £. Then with D-T fuel, the 14-MeV neutron flux
¢ [n/{cm® sec)] at the vacuum wall (radius 7, is simply

o= %n e)prveye (6.1}

where ¥ is the plasma-to-wall radius ratio ¥p/¥w. Figure 6.1
presents a plot of this relation and shows the expected operating

. regions for various types of reactors.’ Mirror reactors are quite
attraciive for this purpose since they offer large fiuxes with
relatively small, steady-state reactors.?®* Laser-pellet and theta-
pinch reactors could also give large average fluxes if high pulse
repetition rates, i.e.. high ¢, are achieved.® Because of their
relatively low power density, low-# toroidal systems generally
offer lower neutron fluxes but over a larger useful irradiation
volume. However, as stressed by Jasshy,” two-component toka-
mak reactors (see Chap. 2) are especially atiractive as a neuiron
source since they offer a maximum power density. mmmmgb also
suggests a novel colliding-beam design for high fluxes.

6-1.2 Plasma Energy Extraction

To avoid contaminating the reactor chamber regions, the

plasma energy would probably be extracted via the exhaust from

*Due to side reactions and the buming of fusion products, some neutrons at both energies will be
involved, but a single energy can be emphasized by carefully selecting the plasma conditions (see
Chap. 2). .

*With the fluxes involved, eventual radiation damage seems inevitable; consequently, replacezble
sections and remote handling capability appear mandatory.
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Fig. 6.1. Neutron current at the first wal! of an idealized cylindrieal D-T reactor {from For-
sen’), The reactor is characterized by the product of the square of the plasma density
{n? - om™), plasma radius {re - m), ratio of plasma to wall radius {), and duty cycle
{£}. Uniform density and temperature are assumed across the plasma. For mirror
reactors, a mirror ratio of 3.3 is used. The duty factor £ represents the fusion burn
time divided by the time between pulses. Thus, £ = 1 for steady-state operation, but
values of ~1072 are typical of designs such as the theta-pinch reactor of Fig. 4.14.
The low £ values represent a key obstacle that may prevent puised-laser and theta-
pinch devices from achieving the operational levels suggested in the figure,

an open-type reactor or from the divertor of a closed-type
reactor, This approach, proposed by Eastlund and Gough’ in
connection with the fusion-forch concept for reclaiming basic
elements from solid wastes, is illustrated in Fig. 6.2.

The plasma generated in regionl is transferred to region III,
the interaction zone, via region II, the connecting region. The
90-deg turn indicated is accomplished by appropriate magnetic
fields and serves to isolate region III from neutrons generated in
the reactor. By the time the plasma reaches region IlI, its density
and femperature are sufficiently reduced io quench further fusion
reactions. Solids or other materials being processed would be
vaporized and ionized by injection directly into the plasma in this
region. Flow and pressure gradients would be selected such that
the backdiffusion of the process material into the fusion reactor
would be held to ifolerable limits.

The requirement that the plasma must transport sufficient
energy to vaporize the injected particles in an efficient manner
would determine the temperature and density conditions in the
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Fig. 6.2, Fusion-torch concept {from Eastlund and Gough’).

interaction region. Eastlund and Gough” define this requirement
as follows:

The energy flux F {3/(c® sec)] tramsported by a plasma of

temperature 7 and density » is approximately
F = 2nkT(RT/20m)? . (6.2)

Shock heating is desired for fast evaporation to avoid ablative
cooling. To propagate a shock wave, it is necessary that

F > u.E, ., (6.3

where v, is the shock speed in the solid and £, is the <mUo§Nmﬁom
energy per unit volume ({iypically 10° cm/sec and’ 10° J/em®,
respectively). In addition, sufficient energy must be supplied to
vaporize the pellet in a time that is shorter than the shock-wave
transit time. This leads to

%.M > 1.3 x 10° vE /a1 ™2

(6.4)

H

where T is in keV, » is radius of the solid particle in cm, and the
other symbols are as previously defined.

These relations are summarized in Fig. 6.3 where solid
pellets of 1-cm radius are assumed. Quite high densities and/or
temperatures are required for shock evaporization; for example,
a typical density of 10’* ion/em?®, temperatures >30 keV are
indicated, & may not be practical to mainfain such severe
conditions in an exhaust region; therefore, ablative evaporation
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Fig. 6.3. Reqguirements for shock wvaporization in the interaction region of a fusion torch
{from Eastlund and Gough’}. Shock vaporization is favored in the unhatched region
in the upper right; ablation dominates elsewhere.

might be used if the resonance time in the interaction zone is
adequate. As seen by extrapolation of Fig. 6.3, ablative evapora-
tion might use more modest conditions such as 10'% ion/cm® and
6 keV. Nevertheless, an energy flux of 107 J/{cm® sec) is
redquired, some three orders of magnitude larger than that
obtained in conventional de are devices.*

6-1.3 Radiation Extraction

While the fusion plasma itself provides an intense radiation
source in the x-ray (bremssirahlung) and infrared (eyclotron)

*it has been difficult to vaporize solids in such arcs because of a short residence time in the hot
portion of the arc and the relatively low energy flux.”
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ranges, these radiations are easily absorbed in structural
materials, Thus, it would be difficult to design a first wall that
would transmit the radiation and simultaneously meet the
strength and cooling reguirements imposed on the blanket. To
avoid this problem, the exhaust plasma might be used in a
manner analogous to the fusion torch’™® illustrated in Fig. 6.4.
The wall surrounding the exhaust faces less stringent conditions
S.mm does the blanket wall, possibly making a ‘‘transpareat
@.ﬁao%: region feasible. This also opens the possibility of
injecting materials to enhance radiation production and tailor the

IMNJECTION OF
HIGH-Z MATERIAL

’l\/\

FUSION PLASMA

W

MAGNET COiL

HYDROGEN INJECTION

WATER VAPOR

ULTRAVIOLET
TRANSMITTING |
W DOW ’

INJECTOR FOR
HIGH-Z7 ELEMENTS

SUPPORTS FOR
ULTRAVIGLET
WINDOW

]

St

SEC. A-A

_ua.m.a.IE:.NBBE.._Ewimnao:mawomsmxs .
. mcmﬁ_mwaﬂ iati
procass unit {from Eastiund and Gough®), i # 10 obssin enhancad radiation for w.
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wavelength to a range desired, For example, Eastlund and
Gough® suggest that the injection of aluminum could convert up to
85% of the plasma energy into ultraviolet (uv) radiation between
1800 and 1950A.%

The impurity radiation arises from three major processes:
(2} bremsstrahlung, (b) line or excitation radiation, and {c) re-
combination radiation. 'The relative importance of each depends
on the type of impurity and the plasma conditions.

movwmamw finds that the radiated power density P due to an im-
purity of atomic number Z is approximalely

z

2 -
P=nmz® 2 Kjn(T/Z" 7 (W/en®) (6.5)
j=o

where 7T, is the electron femperature (°K), 7, and n¥ are the elec~
tron and impurity ion densities {cmm™), and Kj+: are characteristic
constants; for example, for carbon, Ky = 4.8 X 107, Kp = 1.82 %
1072, and Kz = 4.13 x 107, A plot of this relation is shown in
Fig. 6.5.

Note that G,m\..wmv = 1072 keV is required for strong line (uv)
emission. Thus, for aluminum injection an electron temperature
below ~2 keV would be necessary. At infermediate temperatures,
a superposition of all three radiations with 2 corresponding wave-
length spread would be obtained. The largest power densilies are
actually obtained at lower temperatures via line radiation.

In summary, the selection of the impurity, injection rates, and
plasma conditions offers considerable control over the radiation
emission. Although no firm calculations are available, Table 6.1
presents rough estimates of power splits from a hypothetical
1000-MW D-T reactor.

As indicated, proper design could iead to very intense sources
of neutrons, radiation, or plasma energy; for example, the 85- to
T5-MW uv source indicated in the tablie is well beyond any present-
day uv source. However, it is clearly difficult to obfain a single
energy form. For example, if a D-T reactor were designed fo
provide a uv radiation, if would still be necessary to utilize the
large neutron, x-ray, and plasma flow energies in other ways
{electrical production, fissile-fuel breeding, etc.). The use of
advanced fuels would offer higher temperatures and increased
bremsstrahlung and cyclotron radiation powers.

6-1.4 Energy-Consuming Units (Source Torches)

The preceding remarks assume that a self-sustaining fusion
reactor is to be utilized. This is not required, however, if we

*The resonance lines of Al-II lie in this range.
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since they must exploit several unique features of 2 mnmmmm
reactor. Unfortunately, however, little work wmm.cmmw done in
this area, so the discussion must be viewed as highly specula-
tive,

6-3.1 The Fusion Torch--Materials Processing

The potential for using a fusion reactor ﬁm W@H...mmmmm materials
was first highlighted by Eastlund and Gough, "’ who .@H.ocommn
the “‘fusion torch’’ concept as a means of recovering pure
elements from waste materials, thereby “‘closing the eycle W@E
use to reuse.”’* More recently, Sabri® completed an extensive
study of the feasibility and safety aspects of a fusion torch.

In a sense, the fusion torch represents a scaled-up version of
current electricazlly powered plasma torches or plasma wm.wﬁm SEQH
have already found a variety of commercial applications, w.wogawﬂm
coating and spraying surfaces, spheroidizing and preparing par-
ticles, constructing melting furnaces, providing H.m&mﬂoa.. sources,
and synthesizing chemicals.®®*™® 7T illustrate the similarity of
proposed fusion-torch schemes, in Fig. 6.11 we show a proposed

NONELECTRICAL CONVERSION
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large-scale application of a plasma torch for the production of
carbon black. The use of conventional plasma torches for such
processes faces several difficulties: First, problems involved in
getting energy into the arc have restricted the size to relatively
small-scale units; second, while plasma-energy densities are
sufficient for melting solids or cracking organic materials, they

ionizing solids. In contrast, by virtue of obtaining erergy directly
from the fusion plasma, the fusion torch would allow large fiow
rates and complete ionization.

In this spirit, Gough and Fastlund®® define two types of fusion
torches. As indicated in Table 6.7, a source torch (ST) would
employ fusion technology (e.g., high-frequency heating, energy
storage methods, ete.) in large-scale electrieally driven de-
vices.* On the other hand, the weactor torch (RT) uses the
exhaust plasma from a2 fusion reactor as input power. We will
concentrate on the RT here.

Three possible RT cycles are illustrated in Fig, 6.12, In
scheme A, the solid is simply injected into the exhaust plasma,
and the various components are then separated, In this scheme,
the temperature and density of the plasma are not easily con-

WASTE trolled. Thus, in scheme B, a “carrier gas’’ is injected prior to
HEATING GOIL § PRODUCTS ! the solid. Part of the plasma energy is transferred to the gas,
GAS thereby permitting some control over the conditions prior to the
SCRUBBER — injection of the solid, In both approaches, however, the solid
tomes in direct contact with the fusion fuel and ash; this may
HYBROGEN OFF cas | introduce problems, particularly if tritium remains with the
} product streams because of imperfect separation. To avoid this
e # contamination, the fuel and ash could be separated from the
nu.lo%.mw,xmmm/ carrier gas prior to the injection of the solid (scheme C). The
use of a gas such as argon or N» with a larger mass than the fuel
makes the separation relatively simple and efficient; however,
this advantage would be at the expense of energy losses associ-
HYDROCARBON ated with the mixing with and the heating of the carrier gas,
10 BE CRACKED BLACK With the large capital investment in the fusion reactor and
POWER HEAT torch, the RT would be limited to processes involving large-
SUPPLY EXCHANGER| ™™ volume high-income products, icati

Three such applications can be

envisioned now: (a) treatment of wastes, (b} ore reduction and
purification, and {¢) select chemical synthesis. The bracticality
of such operations. ultimately depends on the technical success of

Proposed scheme for cracking hydrocarbons to produce carbon .w_mox (from Dennis
et al.¥’). Conventional techniques utifize an air fuel and a gas-turbine-type nc:.&.cﬂm...
Aside from economic considerations, the plasma-jet approach m._o.im the promise of
creating uniquely shaped particles with more desirable surface conditions.

Fig. B.11.

——————
*As discussed in Sec. 6-14,
device.

*Eastlund and Gough® also apply the term “fusion torch™ to the radiation-processing unit of

the ST concept might alse be applied to 2 low-Q (driven) fusion
Fig. 6.4. :
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TABLE 6.7

Torch Concepts
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Fig. 6.12. Possible reactor-torch cycles. Various zones are indicated: {.—fusion reactor; H.—
connection; [{l.—interaction; {V.—separation; V.—product and recycle fuel. Another

aiternative {see Fig. 6.4) would be to use the torch as a radiation source. The injected

solid or gas would then be selected 10 provide radiation in the desired wavelength
region.

the torch concept itself, the suitability of processes with high-
income products, and the seriousness of the radicactive contami-
nation of produets. Since a detailed study is not yet available,
subsequent sections are restricted to some general observations.

Technical feasibility is best examined by considering some
problems associated with each region shown in Fig. 6.2. The
cornection zone (region II) serves fo conmect the reactor to the
interaction zone by providing a flow path for the exhanst plasma.
Conversely, it is imperative to prevent impurities from diffusing
back into the reactor. This is to be accomplished by using baffles
or other siructures to condense backscattered elements and by
maintaining 2 large bulk-plasma flow veleocity. Some laboraiory
data, mcmmmmwﬁmw that this is possible on 2 small scale, but the
practicality for commercial processes remains an open question.

The connection region must zlso shield the interaction zone
from neutrons from the reactor in order to avoid activating the
products. As illustrated in Fig. 6.2, this might be accomplished
by a 90-deg turn, using appropriately shaped magnetic fields.
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While this seermas plausible and some experimental data are avail-
able, "% questions of losses, wall heating, etc., must be considered
in the context of a large flow rate. Finally, the connection zone
must be designed to provide appropriate plasma densities and
temperatures in the interaction region. Fusion reactions must be
guenched io prevent continued neutron generation; yet the plasma-
energy density must be maintained for efficient wvaporization.
Some experiments’™ where a theta-pinch plasma was guided in a
mirror field confirm that reasonable flow conirol is possible, but
the question ultimately must be evaluated relative fo a given
process scheme. For example, if the injection of a carrier gas
becomes necessary, guestions about mixing, charge exchange, and
efficiency must also be evaluated.

The central function of the énteraction zone (region 111}, namely
the shock vaporization and ionization of the injected pellets, was
discussed in some detail in Sec. 6-1.2. For a given solid, appro-
priate plasma conditions can be specified to achieve the desired
vaporization.* The question remains, however, as to whether or
not these conditions are compatible with practical reactor design.

Another critical problem centers on the sepavation process
(region IV) which must be efficient, vet economical. If even small
amounts of impurities remain in the recycle fuel, they could
accumulate and seriously degrade reactor operation. I[f any fuel,
particularly tritium, remains with the product, the result could be
disastrous.

Eastlund and mo:mvﬁmu
nigues:

suggest eight potential separation tech-

1. electromagnetic separation
2. quenching

3. selective recombination

4. charge exchange

5. plasma centrifuge

6. plasma. acceleration

7. field curvature

8. gquadrupole methods.

However, little study has been devoted to the large-scale utiliza-
tion of such methods, the only specific study being by Sabri,* who
congidered the use of a plasma centrifuge with a iforch. Her
findings are favorable, and she concludes that a cenirifuge would
be suitable for the separation of quite complicated compounds in
only a few stages.

*This problem is closely related to Ew.?mmﬁm of reactors by the injection of frozen deuterium
peliets and also to the laser-pellet interaction problem.***” Both these areas are receiving increas-
ing attention, and extensive data should soon be available.
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In view of the large investment involved in an RT, commercial
application would require a large volume product offering a
sizable income. The recycling of wastes originally suggested
by Eastlund and Gough™* falls into this category but must be
viewed as a long-term possibility.

Near-term prospects would seem fo cenfer on energy-
intensive processes such as aluminum extraction from bauxite.
Indeed, considerable effort has been extended to develop a
plasma-based process for this®®; thus far, however, approaches
using electrically generated plasmas do not appear economically
competitive.

6-3.2 The Fusion Torch—Chemical Production

The fusion torch might alse be considered for chemical
production. For example, instead of solids (ef., Fig. 6.12),
methane might be injected and conditions sought to favor the
synthesis of acetylene.* Ancther approach would be to use radi-
ation from the torch to initiate photochemical processes (see
Fig. 6.4).* We will briefly consider each of these approaches.

6-3,2.a Plasma Processing

The use of a fusion forch for chemical processing represents
a logical extension of current plasma-chemistry technology.®s~"®
To illustrate some possibilities, in Table 6.8 we have listed
some chemiecal reactions that have been studied using labora-
tory-scale plasma jets and arcs. No detailed studies of possible
applications to fusion-torch processing have been reported;
therefore, specific reactions of importance remain uncertain.
Yet some general observations are possible.

Both the decomposition of compounds or the reverse, i.e., the
synthesis of compounds from basic elemenis, are conceivable.
However, endofhevmic veactions ave favored since the large
heat content of the plasma will drive a reaction such as

A+ B =AB - heat (endothermic) (6.8)
to the right. In contrast with an exothermic reaction like
C +D =CD +heat (exothermic) , (6.9)

the high temperature involved favors the reactants, C and D.

#Such a process has been carried out commercially in an electricaily driven plasma-arc furnace.5®

+Altematively, the neutrons or bremsstrahlung from the reactor itself could be used via techniques
developed by the USAEC to use radiation from fission reactors or radicisotopes for radiation
processing. 5%
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’i‘ABLE 6.8

Some Chemical Reactions Carried Out in Plasma Jels and Arcs
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Thus, attempts to form ammonia by injecting hydrogen into a
nitrogen plasma jet have not been successful® since the reaction
Nz + 3H - 2NHs (6.10)
is exothermic.* Conversely, various reactions ieading fo nitrogen
oxides, such as
Nz + 20z — 2NOz {6.11)

. . . 2
are endothermic and have been achieved in a plasmasa are.

Plasma chemical processing will typically involve three basic
steps %

1. production of reactive species via heating of the reactants in
the plasma

2. reactions to form free radical intermediates and/or products

3. rapid recombination reactions to form products during guench-
ing to prevent competing reactions.

Since most chemical reactions involve atomic and free
radicals {as opposed to ionic species), it is neither a desirable
nor an efficient utilization of energy to ionize the reactants fully.
Thus, the relatively moderate plasma conditions are desired.

These considerations suggest a flow process such as that 1llus-
trated in Fig. 6.13, which is a logical extension of current small-
scale plasma units used in manufacturing nitrogen fluoride. %™
The fusion exhaust energy is first transferred to a “carrier’ gas
(either an inert gas or one of the chemical reactants) which is
subsequently separated from the fusion fuel and ash.

After
CARRIER  RECYCLE RECYCLE
GAS FUEL AND ASH CARRIER GAS
ﬂ CHEMICAL
FUSION 7 EACTION {ayenenl ™™ PRODUCTS
REACTOR ! ONE QUENGH
. | ﬁ e ¥ MATERIAL
| H
GAS TO CONTROL —I CHEMICAL
ENERGY DENSITY REACTANTS HERT
(OPTIONAL) EXCHANGER

Fig. 6.13. Possible flow scheme for chemical production using the exhaust plasma. To illustrate
some possibilities, we assume tha? nitrogen is used as the carrier gas, Fluorine might
be injected at the reaction zone to syrthesize nitrogen fluorides, ™ or the carrier
gas might serve simply to transfer energy; for example, argon might be used and
methane injected to synthesize acetylene, as has been done in some argorvpiasma-jet
studies.®” Many other combinations are conceivable,

—————

*Hydrazine (NoHa), which has a ne

gative heat of formation, is penerally obtained instead of
ammonia,
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separation, the carrier gas provides a flowing low-temperature
plasma analogous to elecirically driven jet and arc plasmas. Its
flow rate and the chemical injection rate are selected to provide

the desired ionization of the chemicals.

The reaction zone in Fig. 6.13 provides conditions that promote
the formation of the intermediate free radicals. The temperature .
is reduced at a rapid rate that favors recombination of the radicals
to form the desired producis in the quench zone.* Adequate
quenching is a key step, and existing small-scale @wm%gmlwmw
processes typically achieve quench rates of from 107 to 107 °K/sec
using one of three technigues:

1. The plasma is directed onto a2 cold surface, e.g., water-

cooled fubes.

2. The plasma is entrained (“‘dumped’®) into a cold, high-density
inert gas.

3. The plasma is injected into a cooled fluidized bed, e.g.,
fluidized alumina pellets which are recirculated through a
heat exchanger.

Fast quench rates have also been obtained inlarge-scale processes
emploving expansion through g deLaval nozzie.®

In summary, the feasibility of chemieal production via the
fusion torch ultimately rests on such factors as whether appro-
priate reaction conditions can be achieved and contamination of
the products avoided. Furthermore, as discussed relative to the
processing of materials {see Sec. 6-3.1), a large-volume high-
dollar-value product is essential for commercial utilization.
Indeed, the chemical market appears to hold this possibility.

For example, the annual production in 1972 of four major
candidates for plasma synthesis—acetylene, fluorocarbons, chloro-
carbons, and ammonia—represented a market value of $3 billion
and consumed ~10"" kWh of uoﬁmu.mﬁﬁ In contrast, the electrical
generating capacity in the United States was ~1.5 X 10" kWh, which
at 6 mill/kKWh represents $9 billion.

6-3.2.b Fhotolysis

We now turn to a second unique approach to chemieal produc-
tion suggested by the fusion-torch concept: phofolysis using uv
vadiation. Because of the lack of strong uv sources, research on
uv photolysis (<2000 A) has thus far been quite limited. How-
ever, in Table 6.9 we briefly consider the reactions that seem
likely candidates™ for large-scale processes.

*(Otherwise, valuable products may be lost via side reactions or reverse reactions.
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TABLE 8.9

. /
Some Potential Ultraviclet Photolysis Applications

(from Daniels™)

Product Reaction
Hydrogen HzO -~ Ha + O
Carbohydrates COz + HO — HoCO 10y

Carbon suboxide 6C0O — 2C302 + Q2

Czone 302 ~ 205

Because of the potential importance of hydrogen as a basic
form moﬁ%wow@ transport in the future {the so-called hydrogen
economy %), the photolysis of water is a key reaction.* Pre-
EHHHM.mH.% experiments have produced H, and H,0, by the pho-
tolysis of water vapor (at 200 to 350°C and 1.3 to 28 Torr) using
a 1849-A source®®; however, as is shown in Table 6,10 other
reactions are theoretically possible. Hydrogen has mHmm been
obtained in other studies which used an additional catalyst.® It is
m:.uﬁ clear, however, that this technique can compete economically
with oﬂ.uw<m=~mowmw electrolysis or with various thermal de-
composgition methods such a
DeaBon and Mamods c s the Mark cyeles developed by

.mmémme recent studies®®* have specifically considered the
Em:wu:ﬁounw vwoﬁoSNmMm method for hydrogen in a preliminary
.mmmfcs. If 1849-A photons are produced by injecting aluminum
EE the torch plasma (cf., Fig. 6.4), the maximum conversion
efficiency is ~14%.+ Another approach would be to inject nentral
mm.ﬁmmwwug gas into the torch to produce 1215-A Lyman-eo radi-
mﬁou ; this offers a theoretical efficiency about three times
higher. It is not clear, however, how close a practical process
can approach these limits, one of the major uncertainties being
whether or not the product hydrogen can be separated out quickly
énough to prevent recombination.

e

*Alternatively, a fusion reacto i
. T could be used as the prmary energy source for eectrolysi
e s olysis or

Mmmﬁmqw_dnmmmamv but here we are Nmﬂ»:@ concemed with direct photolysis. gﬁﬁﬁﬂ and
e ave also noted two hybrid approaches: First, water vapor might be injected directly
: o the exhauvst plasma to achieve radiolysis; second, photons from the plasma forch could be
.J_WMQ f2) ___.:E_ummo maamnoam%%”g electrodes in unconventional electrolysis cells

maximum quzntum efficiency (molecules H od , ,
decomposition at this wavelength is .ﬁm.n.w.& ? produced per photon absorbed) for H:0
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3.21 THE FUSION TORCH

The fusion torch concept was conceived in 19681
the potential industrial uses of ultra-high temperature pl

of high-temperature plasmas.2-¢ Energy in such a form may appear as, or can
be converted to forms such as, kinetic, ultravielet, microwave and x-rays tha
can be tailored to do specific jobs. Figure 3.21a illustrates some possibl
applications of the fusion torch concept as man moves toward a closed cyel
economy with minimum industrial wastes,

The fusion tarch concept can be applied in several ways. Its require
energy input can be obtained directly from plasma or from an external
electrical energy source and the energ

¥ it releases can be converted to elec:
tromagretic radiation {V or x-rays} or to particle kinetic energy.

One application- of the fusion torch is to recycle solid wastes. As part
of an integrated waste reclaiming facility, plasma recycling could effective
handle the most difficult components of solid waste; and ultimately, plasma
recyeling could provide a total recycling capability.

A block diagram of how 2 plasm 3 7

in Figure 3.21b. Certain components of presently planned sold waste trea

ment facilities would fit quite naturally into the overall scheme. Solid wastes
would be prepared by shredding, drying and sorting operations. Vario
presorted combinations would then be injected into the above mentione

ulira-high temperature plasma and vaporized, dissociated and possibly ionize
The resulting mixture of elements

Research is presently underway
control of ultra-high temperature pl
on the use of lower-temperature pl
out. However, no experimental wo

asmas. In recent years, some experimen
asmas in ore reduction have been carried
rk has been reported on solid wastes.
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Figure 3.21a Possible applications of the fusion rorch.
=

iption of a Fusion Torch . o
UmmoMMNoMamﬂob& schematic of a plasma recycle system is mﬂwﬂo/ﬁwﬁm Mummwﬂm
21 : .Hrw hot plasmas can be confined or held away ?oﬂ. e o ot the
o by a magnetic feld. This i because charged parficles suc Lo
%MMNMMOHM are ..mmum%mmr to the magnetic field lines and Mmsm mm Mmm%m \ MM&
M.W@m. Because of the ultra-high plasma temperature ?% to M.OUMRM Bmﬂmm and
the resultant high flux of energy in such mwmm.Bmmu soli ﬁww. H0m iy tho
be vaporized, dissociated and woamwﬁw.ommw ww Mwm\.mowwwm > mo MBM e
i ich can consist of any combinatio . :
WMMMTMM simaple gas consisting of %E.@dw or simpler oOWW%MﬁMMWMJM mBMMm
of material introduced into the ultra-high temperature p. ool ! © g
to a much lower temperature. The fusion torch could woméﬁ 50 “EH : Hmnw e
in the 10,000°K to 20,000°K temperature range. This nw%wumwm,\mbo& wo:m
compared with the operating temperatures of mxﬂwma w%m e oy
waste processing techniques in the lower half wmw igure mmnq.ﬁmawmﬂmgmm
techniques such as pyrolysis are moving noim”a hig] M« MWQ.S wom emperatures
to obtain simple reaction produets. The mc%on 830 ' HMM ! Ww e dtane
point of this trend. Referring again fc Figure 3.2 . the %b ition stage
follows the conversion of the solid into a gaseous plasm .
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FUSION
TORCH

RECOVERED

VAPORIZATION
MATERIALS

SEPARATION

ENERGY

Figure 3.21b Operation of a plasma recycling system.

v . fos :
stage . (Mum~ e Ew € NUQ\O& mugmumm UONMQOSM SON mﬁnﬁmﬁmm ar

2 is the fo i as i i
oo MMMMEMW of w gas in which all molecules are dissociated. If the initial
oo n o e mo. Hm. are ooB.wOme of elements with ionization potentials
o ableto MWoowmn.g energies, then some lonization will also occur, Stage
Z Y lonrzation of one or more ele i ainde
3isch : ¢ ments, leaving the i
MMM@. M,Emmw. stage 4 involves the complete ionization Mm Emmﬁm%m@,
. Zes 1 and 2 do not involve ionization and do not require hi .
iputs. ‘They could be operated b S| ooy s
available i g a2 :Mumamw V\WB&,EW use of the knowledge already
. gh- ure chemistry field, For b :
vail . : example, :
: mw H.mmMom mwwomwbﬁcmm could be used. When the temperature Wm a Mmﬂwmwwww
pidiy :owered, only the simplest molecules will be form .
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Figure 3.21c  Operational schematic of 2 plasma recycle system.

flowing the gas over cold surfaces or by expansion of the flow streams. Rapid
rotation, plasma instabilities, teroperature gradients or other thermal effects

can lead to separation in flowing gases.

Separation of lonized Gas Mixtures
After full ionization of a multielement gas mixture, many separation
techniques can be considered:

1. Electromagnetic separation involves the use of electric fields to
initially separate the ions of different mass and then to collect
them in separate boxes. This technique has been used for the
separation of isotopes !®*! It is very expensive, however, and
has not been developed for large-scale use.

2. A quadruple separator'? would allow only one species to pass
through the magnetic field region while others are deflected.
Some work has been done in this area.
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3. The plasma centrifuge would operate similarly to 2 conventional
gas cenirifuge except that electric and magnetic fields would
be used to produce rotation rates which are much greater than
those which can be achieved with normal gases or liuids. This
technique has been used to separate hydrogen from areon and
hydrogen from deuterjum,13-16, ©

In a plasma accelerator, ions of various masses are accelerated

mw &H@mwmuﬁ angles and could be collected in separate recepta
cies.*!

o

gﬁ.&% flowing a plasma around a curved magnetic field will
result in separation of heavy elements from light ones. This effect

has been used to prepare pure plasmas at Gulf General Atomie "
Corporation.18

species Mo&m recombine and leave the plasma while the others
remain “hooked” to the magnetic fields and i ;

e oo g nd are piped away along
OTE‘W@ mmor,mbmm effects could also be used, in which a neutral
atomic species replaces a plasma ion in the flowing plasma to:

3.21

selectively remove a material. The replaced plasma particle
could be collected on the walls as a neutral atom while the
remaining species are piped away.?

8. Other ideassuch as combinations of traveling waves in the plasmas
and use of particular plasma resonances have been suggested but
have not been explored in depth. These techniques could be
combined with previcusly discussed methods to enhance sepa-
ration.

The Fusion Torch

When low jonization potential species are preferentially ionized (stage
3} both chemical separation and plasma separation techniques could be
atilized. The ionized species would be constrained as a plasma by the magnetic
field lines while the unionized species could be absorbed on wall elements
or pumped away by vacuum pumps.

Coliection of separated species can occur in a number of ways. For
example, metallic elements could be condensed on cold surfaces which inter-
sect the flow stream of ionized or vaporized metals, while gaseous species
could be pumped into chambers suitable for storage and transfer.

Construction of a Fusion Torch System

The fusion torch system would employ the following components: (1)
large vacuum systems; (2) various valve systems used for the injection of
material into the plasma and for the recovery of the separated species; {3)
wall materials able to tolerate large energy flux; and {4) magnetic field coils.

Under the controlled fusion program and due to the development efforts
by NASA, large, high throughput vacuum systems have been developed. For
example, diffusion pumps handling 50,000 to 150,000 liters per second have
been designed. The vacuum in the plasma source region would have to be
much higher than that in the interaction region. It is in the preparation of
the source plasma that careful attention to vacuum conditions will be neces-
sary. The connection region should be so designed as to prevent contamination
of the plasma source region by material in the interaction region. Thus, the
interaction, separation and collection regions would be operated at relatively
high pressures. The following vacuur levels could be expected in the various
regions: 107* to 10~ mmHg ir: the source region; 1072 to 10~* mmHg in the
interaction region; 1 to 30 mm¥lg in the separation region; and 30 to 700
mmHg in the collection region, if magnetohydrodynamic separation was used.

The electrical component reguirements can vary, depending on the means
chosen to produce the source plasma. One advantage to using fusion plasma
technology is the ability to produce large plasmas. Devices with plasmas of
many feet in diameter are possible. Steady state, i.e., continucusly operating,
plasmas can be built with high-frequency or microwave generators. Pulsed
plasmas of very high temperatures {up to 60,000,000°C) can be produced now
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o - + :
MMMMnnMMMMMw: WMMW energy storage. Inductive energy storage systems ay,
The wall material will also be a function of the selected fusion tor
separation process and of the plasma source used. For example, if the vacuy
levels noted earlier are typical of an operating system, .%mdd in the sour
region materials must be suitable for high-vacuum operation. Materials in
connection region would need high-thermal conductivity to allow remov.
om. the dissipated heat. (This is because the connection region will be desi
with a series of bafftes or other structures to condense wmwwmom:mﬁam &mmﬁmw
or compounds from the interaction region.} Copper or aluminum éocEw
ESJ\ choices for this region. The materials comprising the walls of th
ﬁﬁﬁ,momow region will need to be resistant to sputtering, mw able to withstani
high-operating temperatures and have Emr-mﬁacﬁﬂmwamﬁwmmmﬁ. Due to th
use of magnetic fields, the plasma-solid interaction can take place witho
thermal or physical contact with the container walls, thus alteviating the bma
for a high degree of corrosion resistance. Stainless steel or S.EEMB woul
be Enm:\ choices for materials of construction for this region. The separatio
regions would probably be made out of the same material as the H.bwmwmcmo
H,mw:u.d. The collection chambers will present the most difficult materials
requirements. If collection of metals in liguid form is attempted this wil
require very temperature resistant wall materials such as molybdenum o
tungsten alloys.

) Interlocking valve systems, especially in the material feed and collectio
regions, would need to be developed. Again, extensive NASA technology i
expected to be helpful in this regard. . ~

Large volume, superconducting, high-field magnets have been develope
and the capital and operating costs are much lower than those of conventions
copper magnets. This technological inmovation is-one of the main reasons fo
Mmm surge in interest for the development of economical fusion reactors. In
fact, the use of superconducting magnets in place of copper magnets coul
influence the economics of electromagnetic isotope separation #wm_m.

Energy Requirements

; The energy requirements for processing materials are a function of th
mmmdm of ionization, vaporization or dissociation required in the process unde
study. Energy requirements may be calculated using Equation 3.21(1).

23,800 <
Ai

W._»w average energy usage in all relevant processing interactio
i ev

7 Fo percentage of the total composition represented by specie
i .

The Fusion Torch 3.21

Ai = the atomic weight of species i
N = the number of species in the material
the total energy requirement in KWH/ton

el
il

This equation has been used to calculate the energy required to raise a ton
of ALO, or a ton of typical solid refuse of the states described in Figure 3.21d
While large amocunts of energy are required for processing in the complete
jonization state, intermediate states with only partial ionization would use
much less energy. The values in Figure 3.21d represent the energy which must
be absorbed by the solid material being processed. The overall energy re-
quirement will be determined by the efficiency of plasma production from
electricity in the source, the efficiency of energy transfer from the plasma
to the solid and the efficiency of energy recovery from the process regions.
Using advanced plasma generation techniques, ultra-high temperature plasmas
can be produced at 80% to 95% efficiency from the bus bar. There are no
reliable data on the efficiency of vaporizing the solid; however, it is expected
to be high because of the effective thermal transfer from the plasma to the
solid. Finally, the wall temperatures in the interaction, separation and collec-
tion regions can be high, thus permnitting energy recovery and regeneration
of electricity at 30% to 40% efficiency.

The degree of purity desired in the end products will be an important
factor in determining the overall system energy and cost requirements. The
separation by the fusion torch of copper from iron ina waste automobile would
require relatively unsophisticated technigues while the separation of isotope
is very expensive.

Special Considerations

The preceding remarks were based on the use of electxicity to produce
source plasmas and the discussion has been general since little experimental
data is available.

One purpose of proposing the “fusion torch concept” was 1o stimulate
interest in the use of the science and technology that have been developed
under the fusion power program to meet hoth near-term specialized recycling
tasks and long-term total recycle capabilities. The near-term efforts can be
investigated using source torches which obtain their energy input from elec-
trical power sources and reactor torches which would use plasma generated
by a fusion reactor.

The use of a reactor torch would have the advantage of eliminating the
need to first produce electricity before producing a plasma. Assuming a 33%
efficiency for generating electricity, this would cut the overall energy re-
quirements by a factor of 3. (Note that this does not change the numbers in
Figure 3.21d.) A fusion reactor will not be available for some time in the future
{estimates range between 20 and 30 years) and the design of the first reactors
will be devoted to electrical power generation. The fusion reactions either
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Report no. 70-08, June 11, 197C. {To be published in Plasma Physics.)
po . : \

: : los ‘,
16. Lehnert, B “Rotating Plasmas,” Division of Plasma mumgv\mm.um; mﬂOvumm Institute of Techno 0gy
5. 5 20 S ]

7. N 970,
3 { Report no. 70-37, November 1 , o }
Stockholm, mw.mmmﬂwmomw 7 Plasma Accelerators and Their ..wm%ri:o:.w in Hmm::.mz.ﬂww nww_..
g Wnoqowowu.”»ﬁmm?nmann Qw.vﬁmmiw Fhysics and Controlled Nuclear Fusion Research,
esearch,

: 1968,
nationa; Atomic Energy Agency, August ..SSENOZ:&m&w@%ﬁ?bﬁﬂ@?
The “fusion torch coneept” has heen extended and expanded due to the i8. Tuckfield, P. G., and F. R. Scott: Plasma Physics J w

O 271, 1967,
talents and effores of mauny individuals. 2

Porter. W. A.; M. O. Hagler; and M. Kristiansen: IEEE Transactions on Nuclear Science,
18. Porter, W. A.; M. O. Hagler; h

he Boeing Research vaoSﬂoﬁ in Seattle, Washington, i m&émaw a February 1971,

sizable company effort to the development of a source torch for the reductiy

and separation of aluminum ore and other applications, At the Jokns Hopking
Applied Physics Laboratory in Baltimore, Maryland, plasma-solid Interactiog
are being studied as applied to aluminum ore reduction. At Texas Tech
CE.<@E.QV the plasma-solid interactions are v&.bm studied. The Arizona State
University has built 4 source torch and, using a quick-quench separation
technique, has produced, from mzow.&umw and carbon black, CF, (useful for
Teflon production) and CaC, (useful for acelylene preduction),

At the University of Wisconsin, an extensive study of the feasibility of
fusion torches js being completed.

wm@ﬂ?mcimm@wo»w:ig production and careful handling of tritium will ha
necessary 1o avoid health hazards In the recycled materials, .

Status
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6.1 ENVIRONMENTAL
INTERRELATIONSHIPS

Man's environment is a web—a complex network of totally interactive
beings, forces and events—wherein siress on one of the strands affects the
entire web.! A panoramic view of these interrelationships is presented here
to give the environmental engineer a greater perspective for his work. The
story of man as he molds and is molded by the environment is traced from
Neanderthal to contemporary man. Possibilities for the society of the future
and the steps that must be taken to ensure a successful transition into that
future are also discussed.

The Historical Relationship of Man to His Environment

Our earth is about 4% billion years old. Fortunately, the sun provides
an zbundant energy source to power and create change in the environment,
A brief history of these changes is traced in Figure 6.1a. Within a few billion
vears, the earliest forms of life had appeared. As time went on, more advanced
forms of life developed with the environmental forces acting as selective
agents. An example of the power of these forces is the extinction of the
dinosaurs from the earth some hundred million vears ago. These creatures
had become too specialized and had only a narrow range of ecological
adaptation. When a slight shift of the ambient temperature altered the sarth’s
vegetative cover, certain edible plants were removed from the diet of the
herbivorous which in turn were removed from the diet of the great carnivores
and brought about their extinction. T

Only in the last few million years have human-like creatures existed on
earth. Originally probably several gender and species of erect, man-like
primates existed. However, only one gender, Homo, and of this one, only one
species sapiens, has survived,

The effect that the environment of this earth has already had upon shaping
Homo sapiens or man is not often recognized. Although the size and shape
of humnans can be shifted in a few generations due to factors such as nutrition,
there exist differences which may be viewed as genetic adaptations to partic-
ular environmental extremes. For example, animals, including man, living in
colder regions are larger than members of the same species inhabiting warmer
regions; this is known as Bergmann’s rule. Warm-blooded animals need to
maintain a constant internal temperature and, therefore, in cold temperature
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6.1 Environmental Interreiationships

regions, the larger bodied creature {all else being equal} is more efficient than
the smaller because it has less surface area in proportion to its volume. At
the same time, the body shape should be such as to conserve heat for cold
weather living. Thus, the surface area of the skin should be minimized in
relation to the volume of the body, giving a stocky body with the limbs close
to the warm, central core. Both are characteristics of arctic people. To adapt
to the high (and relatively dry) temperature of the desert, the human should
tend toward lnearity. There is a distinet tendency for the more linear group-
ings to be associated with this environment. A more specialized case is the
large rumps of Bushmen and Hottentots. The fat rumps provide a storage
location for chemical energy for use during periods of food-scarcity. Since
the energy storage is in a restricted location, it provides minimmum interference
with the body’s heat dissipation to the environment.®3

Another example is skin pigmentation. Until modern science developed
substitutes, mankind resembled the living plant in that he was dependent upon
the direct use of solar energy for his health. Vitamin D is essential for the
proper use of calcium in the body. It is not present in significant amounts
in the normal diet and, therefore, is synthesized in the body by the skin in
a photochemical reaction using the ultraviolet energy from the sun. The
amount of vitamin DD in the body must be maintained within a limited range.
Too little results in the bowlegs and twisted spines associated with rickets;
toc much results in hypervitaminesis D with the appearance of kidney stones,
since the human body is unable to selectively destroy toxic doses of vitamin
D once they have been absorbed. For man, the rate of vitamin D generation
isregulated by the pigmentation and keratinization of the skin; i.e., the darker
the skin, the more ultraviolet is reflected and the less vitamin D is synthesized.

Since the ultraviolet energy available on earth varies depending upon
latitude, there exists a direct correlation for man between skin pigmentation
and latitude. For example, by 100,000 years ago, man in Europe had adapted
to dim ultraviolet light in the northern latitudes through almost a miltion years
of evolution. This area of the world was occupied by one subspecies of
Homo sapiens commonly referred to as the Neanderthal man. He was white,
hairless and intelligent. It was his fate to face up to the last ice age. However,
unlike the dinosaurs, the Neanderthal man had shown great flexibility in
adapting to environmental changes. He had harnessed supplemental energy
through the use of fire and had developed tools and weapons to gain control
over nature.

The technological solution to the glacial cold, developed by these early
environmental engineers, was to dress their infants warmly in animal skins
during the winter months. However, the artificial body cover used in defense
against the harsh, damp cold of the ice age in Europe shut off the ultraviolet
irradiation of body chemicals necessary to produce the vitamin D. By drast-
cally reducing the area of skin exposed to solar ultraviolet energy, rickets
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became of epidemic proportions. This was disastrous for the Neanderthals;
infants crippled by rickets had a low probability of survival because they could
not hunt game effectively. Thus, only some 35,000 years ago, a subspecies
of present day man died out in western Europe when a successful short-run
solution to an environmental change eventually proved disastrous. %5

While the environment was making its impact upon man, the long history
of man’s impact upon the environmient began. The first big ecological change
that may reasonably be attributed to man was the extinction of large mammals
roughly 30 or 40 thousand years ago. In North America, 70% of the large
mammals became estinct along with their predators and scavengers. Since
there were no indications that mass extinction of smail animals, plants or
marine forms took place, the cause appears to be man’s hunting rather than
the great climatic changes of the period,

As man continued this fransition from precivilized to civilized society,
our early hunting ancestors proceeded to invent agriculture which resulted
in an even greater impact upon the environment. Overgrazing and Jumbering
were at least partly responsible for the desertification of much of northem
Africa and for the expansion of the great Thar Desert of north western Indiz.
Heavy logging and the clearing of land for agriculture denuded many of
China’s watersheds, leading to destructive flooding on her rivers. In North
America, large areas of what previcusly was first-rate grazing land was tumed
into desolate expanses of sandy desert by Navaho sheepherding.®

As we move from the recent past into the present there is another danger
appearing. The cbjective of modern agriculture is to grow pure strands of
crops, single species of plants that can be eaten directly by man; or single
crops that provide food for animals that can be eaten. The shorter the food
chain, the more efficient the conversion of solar energy into human food. Thus,
forests and grasslands communities, ¢containing many different kinds of plants,
insects and animals, are displaced by fields of single crops from which man
attempts to exclude other plants, insects and animals. This trend toward
simplification is dangerous. A general principle emerging from ecological
studies is that the more complex the ecosystem, the greater its stability. Thus,
man is now moving towards a more arbitrary, more artificial, more precarious
relation with the ecosystem of this earth. Thus, Homo sapiens are becoming
more like the dinosaurs—dependent upon = highly specialized ecosystern.

The Present Relationship of Man to His Environment

Since early history, the earth was essentially & closed system in which
materials were recycled and reused. The primary links in nature’s closed
materials systems are: (1) the energy source—sunlight; (2) the earth’s nonliving
resources—oxygen, water, etc.; (3} the plants from plankton to trees that
produce carbohydrates via photosynthesis; {4) the consumers which feed on
the plant products or on other consumers; and (5) the decomposers—bacteria,
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fungi and insects that close the cycle by breaking down the dead producers
and consumers and retumn the chemical compounds to the earth’s pool of
resources.

For the million or so years man has been on earth, he has both heen
changed by and has made changes in the earth’s environment. Until very
recently, however, these changes have represented only 2 small perturbation
in a large system and have not threatened the self-healing balance of nature’s
closed system. At the root of our growing environmental crisis is the fact that
man is now capable of making large enough perturbations in the total earth’s
system to upset the present balance of nature.

One reason why man is capable of creating such large perturbations i
his control of energy. Man is the only animal on earth able to hamess energy
other than that obtained through the conversion of food and air inside its body.
This event ocewrred 300,000 to 400,000 years when man first used fire. Until
about 800 years ago, the sole source of man’s guxiliary energy was his daily
sunlight, ie., solar energy. This was stored in wood which was bumned for
heat or in the food eaten by the beasts of burden which assisted man in his
work. Then man discovered coal, a reserve of concentrated energy created
over the last half billion years or so when a small trickle of the sun’s energy
had been trapped and stored in the form of fossil fuels. The successful harness-
ing of sizeable amounts of this concentrated energy only a few hundred years
ago—first as inputs to agriculture and then to industrial products—is the rea}
source of man’s wealth and also of his present day problems.

o illustrate the role of energy in determining the economic well-being
of a society refer to Figure 6.1b. In terms of total energy, the main source
for any society remains the sun, which through the cycle of photosynthesis
produces the food that is the basic fuel for sustaining the population of that
society. The efficiency with which the sun’s energy can be put to use, however,
is determined by a feedback foop in which auxiliary energy sources form a
critical link. The auxiliary energy (derived mainly from fossil fuels) “opens
the gate” to the efficient use of the sun’s energy by helping to produce
fertilizers, pesticides, improved seeds, farm machinery and so on. The result
is that the food yield {in terms of energy content) produced per unit area
of land in a year goes up by orders of magnitude. This auxiliary energy input,
when it is transformed into food energy, enables large populations to live
in cities and develop industries and nevw ways to multiply the efficiency of
the feedback loop.

During the last few hundred years, mankind used the fossil fuels to obtain
large multiplications in this energy feedback loop, but this has not oceurred
evenly among the peoples of the earth. Today we have a large gap, which

f=1

is still widening, between the rich and poor nations of the world. The cause

of this unequal distribution can be debated, However, Figure 6:1¢ shows that
for large segments of the world, ihitial fossil fuel €nergy reserves correlate
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illustrated by these agricultural feedback loops. In an economically less developed country {top)
the bulk of the population must be devoted to the agricultural transformation of the v.:sw‘mmﬁqm
inte food in order to support itself at a subsistence lovel. In an economically more mmcw_owwm_
industrial country (bottom), auxiliary #hergy sources “open the gate” to the more efficient
utilization of the sun’s energy. making it possible for the entire population to maintain & higher
standard of Hving and freeing many people to live in cities and develop new ways to mul-
tiply the efficiency of the feedback loop. (Frem “The Prospects of Fusion Power™ by Wi ¢ Cough and
B. I, Eestlund, Scientific American, 19711

well with present wealth (GNP), whereas the present population has an inverse
relationship with large numbers of people in those portions of the earth which
are most lacking in energy and material wealth.

The nations of North America and Europe {including all of the USSR}
have 82% of the fossil fuel Suergy reserves of the world.® These same nations

only 27% of the world’s population.?

This gap between the rich and the poor of the world is still widening,
The feedback process shown in Figure 6.1b is one cause of this because many
of the poorer nations lack the where-with-all to get the amplification process
of the feedback loop underway. A secondary effect is the rapid transfer of
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in the future will be an abundant and hopefully inexpensive energy source
whose fuel is available to all nations. However, there mayv not be sufficient
time available to await the routine development of new energy technologies

to help the feedback process get underway,

A more detailed look at what encrgy means to society appears in Figure
6.1d. On the upper left is a plot of energy consumption versus gross national
product on a per capita basis for the nations of the world. Although imperfect,
the GNP is a good measure of material living standards. “The very close
relationship between energy use and Hving standards is apparent. The United
States stands alone; with 6% of the world’s population, it consumes about

one-third of the fotal auxiliary energy used on earth.

The use of materials versus CRergy consumption is shown in the upper
right on Figure 6.1d, which is the same kind of plot as for standards of living
and energy. The data are for steel which is a good indicator of overall
materials’ use, Again, the United States with 6% of the world’s population
consumes over one-third of the earth’s minerals. This nation is becoming
Increasingly dependent upon the less developed nations for the supply of these
materials. Three quarters of a ton of each large United States automobile

comes from foreign sources.

Almost everything people consume is eventually turned into wastes since
there is relatively little recycling. The fact is that no material is really “con-
sumed”; its form is altered into one which is less desirable for human use.
Thus, the lower part of Figure 6.1d projects that pollution will follow the
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Same pattern as living standards and materials use.!® As the use of energy
is increased, so is the standard of tiving, the use of materials and the amount
of wastes that are generated. This is why the United States has a major
poliution problem, Without recycling, there are orly three sinks for these
wastes—the oceans, the atmosphere and the land, The rivers transport much
of the wastes to the ocean in the form of water pollution. When wastes are
burned, they create particulate matter and gases that pollute the air. If the
wastes are buried, groundwater and sojl pollution can result. Most poilution
programs that environmental engineers will carry out attempt to put wastes
into less objectionable forms and focations,

population is now on a very steeply rising curve as shown in Figure 6.1e.
The curve is rising faster than one would expect using a simple exponential
extrapolation. That is, the rate of growth of the world population has been
increasing, thus continually decreasing the time required for the world popu-
lation to double. In 1650, the growth rate was 0.3%; if this remained constant,
each @oﬁwmnm of the population would take 230 years. At the present time,
the growth rate s 2.1%, with each doubling taking only 32 years. The rate
of population growth is the birth rate minus the death rate with both expressed
as a percentage of the total population per year. Thus, Figure 6.1¢ is really
a conservative projection into the future, since it assumes that the growth
rate will remain constant, A positive force acting to slow down the population
explosion is the decrease in birth rate with the wealth (GNP) per capita as
shown in the upper part of Figure 6.1f. Yet, at the same time, increased wealth
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results in improved nutrition level which as shown in the lower part of Figure
6.1f increases life expectancy and, other factors being constant, would result
in a decreased death rate.

The finite earth has a limited amount of suitable land for agriculture.
This has been calculated to be 7.86 billion acres (3.2 billion hectares). About
half of this is under cultivation today and the rest will require high capital
expenditures before it will produce food. Yet at the present time, over half
of the population of the less developed countries of the world are inadequately
nourished. In addition, although agricultural production is increasing in these
countries, the production per capita is barely holding constant at its present
inadequate level,

The optimistic assumption that the financial resources will be obtained
to use all the arable land available is made as the basis for Figure 6.1g. Here
the amount of land needed to feed the growing world population is assumed
to be the present world average of 0.4 hectares per person (less than half
that required for present United States standards). The world population is
assumed to grow at the projected rate of 2,1% per year; as a result, the amount
of land available will decrease in the future due to the land required for
housing, reads and power transmission.

Figure 6. 1g illustrates that, with an exponential population growth within
& lmited space, the world can move within a relatively few years from a
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Figure 8.1g Relationship between food supply, land area and population. (Fuken from “The Limiss
to Growth” by D. H. Mevdows, ot al, Universe Books. N.Y, 1972}
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situation of great abundance to one of great mom_‘&.c\. The use of less .Mm.wm
for living space or the doubling and even mzmghdﬁram of land productivity
postpones the crisis only a few decades at Em most. .
The ability to operate an industrial society and to .mmmm large num ers
of people depends upon the natural resources mwmmmgm. Like Hmmgv there mﬁmw
only 2 fixed amount of resources on earth. With an wxﬁozmbﬂ.& woﬁamwwm
growth and living standards rise, there has been a aoﬂam@oz&:m mrm:.m.u rise
in the world’s demand for iron, copper and other minerais. The ﬂo.wm% mineral
deposits and districts in the world are being mmwwmwm& first. Deposits that were
created over billions of years are being depleted in decades. Thus, 9.@ grade
of ore being mined has been decreasing, which, in turn, has required an
increased use of energy. o o
One result has been that the developed nations are becoming Eowmmmﬁm@
dependent upon the less developed nations for the m:mmu_w of raw Hmnmzﬁm.
Table 6.1h lists both the staples of an industrial society such as iron and
aluminum plus the “vitamins” of an industrial society 9.5? as molybdenum,
nickel, tin, etc., needed for the stainless steels, mm?m:ﬁw.@ steel and o&.ﬁH
specialized items. These metals occur in the earth’s crust in a concentration

Table 6.1k
DEPLETION OF WORLD RESERVES OF COMMERCIAL
GRADE ORES*

v_mwﬁw._‘.wﬁ ' W_“MWW_AM“MURR i
Ruesourves HAate in .t.qann
iyr
Aluminum 81,300 31¢
Iron 50,000 93
Zine 220 Hm
Chromium 200 mm
Nickel 80 w X
Copper 7o mm
Tungsten 69 mr
Tin 40 3
Lead 18 21
Molybdenum 13 34
Mercury 0.3 13 11
Silver 0.1 16 13

imits ; ’s, ini Books, New York, New York,
2Uses data from The Limits To Growth, Meadows, et. al., rw;ﬁ.ﬁm X ]
1972 and from the Handbook of Chemistry and Physics, R. C. Weast, Ed., The Chemical Rubber
Company, 50th Edition, 1969-1970.
bBauxite
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of a very few parts per million and will be difficult to obtain once the high
grade ore is gone. Two values have been given in Table 6.1h for the number
of years for which the present known reserves of a resource will last. The
first assumes that the current rate of usage will continue indefinitely. The
second takes into account that the rate of usage has been growing exponen-
tially; in many cases, it is growing even faster than the population. The effect
of exponential growth is to reduce the probable period of availability of iron
from 240 to 93 years and of aluminum {bauxite) from 100 to 31 years.

Detailed computer models have been used to study the interrelationships
in the materials problems. The conclusions were very clear:

Given present resource consumption rates and the projected increase in these
rates, the great majority of the currently important nonrenewable resources will
be extremely costly 100 years from now. The above statement remaing true
regardless of the most optimistic assumptions about undiscovered reserves, tech-
nological advances, substitution or recyeling, as long as the demand for resources
continues to grow exponentialiy.

The effect of the present trends in population growth, food demands,
industrialization and energy use are already being translated into exponential
curves for various kinds of pollution. However, no upper bounds can, as vet,
be indicated for the exponential growth curves of poltutants because the upper
Hmit of mans ability to perturb the natural ecological balance of the earth
is not known. How much CO,, atmospheric dust or thermal poliution can
be released without causing irreversible changes in the earth’s climate can
only be speculated. No one knows how much radioactivity, lead, mercury
or pesticide can be absorbed by plants, fish or hisman beings before they begin
to die in large numbers. In addition, there is typically a long delay hetween
the release of a pollutant into the environment and the appearance of its
negative effects on the ecosystem. Another effect of this lag time is that even
after decreasing the input of a long-lived pollutant into the environment, its
absorption into the tissues of living organisms can still continue to rise for
decades. The environmental engineer obviously needs some data on the effects
of pollutants and in the meantime must exercise conservatism.

The Future Relationship of Man to His Environment

It is clear that over the next few decades—before the end of this cen-
tury—the human race will have to face and resolve challenges that may well
determine the shape of its life for centuries to come, if not its very survival.
To help define these challenges, there has been a rapid growth in recent years
of research into the future. The ajm of this research is to develop rational
forecasts of future possibilities open to society.

In the United States, the future research field has approximately 600
full-time workers plus about 500 part-time workers. At present, future research
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has had very little impact on national policy. The field is not well ou.mm.ﬂm&
or supported. The work is very uneven in quantity, range and quality of
research. Much is narrow and specialized work in support of relatively short
range planning. However, the potential contribution of futures wmmmmwmr to
society is very great. It deserves close serutiny by those engaged in environ-
mental planning and engincering. 12

One example of futures research is the work being carried out at the
Stanford Research Institute in Menlo Park, California. The approach taken
is characterized by maximum scope. A newly developed technique is being
applied whose underlying philosophy is similar to the relaxation methods of
mathematical physics that have been used to model complex dynamic systems
{as in thermodynamics). The procedures constitute a method for qualitative
analysis of complex fields of partly or wholly nonquantifiable information. The
result is the construction of alternative future histories. The ultimate power
of the method lies in the possibility of continued refinement, through system-
atic iterations, of a whole set of feasible futures seen as a whole. 13

Serious efforts have been made to search out distinctive lines of evolution
that are characterized at each date in the future by internal consistency among
their parts and by sequential continuity from the past through the present
and from date to date in the future. The result has been that the alternative
futures are to be numbered only in dozens, instead of the thousands that might
be expected. For practicality reasons, a limited set, fewer than ten, must be
selected for further evaluation. When such 2 set is developed, it forms the
kind of “tree” shown in the upper portion of Figure 6.1i of the projections
of alternative futures is represented by a tube taking its own individual route
away from the present. o

Although results to date must be censidered tentative and vawwz.:bmavm
a tree for alternative futures for the United States is shown in Figure 6.1i.
The “branch points™ in this tree are of particular significance m.u.bow they
identify crucial choices between alternative futures. A representation of the
two dimensional surface obtained by making a slice through the year 2000
is shown in the lower portion of Figure 6.1i. .

The two dimensions result from the fact that the various “year 2000
alternative states tend to differ in two especially significant dimensions. One
concerns the degree to which the society is both competent and motivated
to attempt control of its own destiny. The other relates to .mwo degree of
“openness,” which implies flexibility, the social coherence which flows .mﬂ.dnp
trust, tolerance for diversity and the ability to sustain decentralized decision-
making without undue internal violence.

A significant overall conclusion of the work to date is that m.vm the many
feasible futures, very few manage to avoid some period of serious row._m
between now and 2030. The few that do, appear o require a dramatic shift
of values and perceptions with regard to the present world problems. For
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example, to even reach some of the desired alternate futures in the upper
right hand corner of the two-dimensional lower view of Figure 6.1i requires
an all-out pational efort on ecosystem problems of a magnitude approaching
that of World War 11 and with similar unification of rational will, launched
ne later than in the period of 1875 to 1980.1

Another fact which has gradually evelved from the future studies at
Stanford is that the problems facing the world appear to be surface manifesta-
tions of a fundamental cultural condition. The roots of the preseat problems
appear to be implicit in the basic operative premises of our present indus-
trialized culture. These operative values have served to bring the world to
its present state of development, but will result in intolerable problems in
the future if not changed. Although various aspects of the world macroproblem
may be postponed by certain technological achievements, the conclusion is
that the paramount and urgent task for the nation and the world will be to
change those premises whether they be explicit or implicit. As an example,
six of these premises are quoted on page 952:1°
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6.1 Environmentat namm.,wm.._mu...ozm?ﬁm

1. The premise that the pride of families, the power of nations and
the survival of the human species all are to be furthered {as in
the past) by population increase,

2. The “technological imperative” that any techrology that can
be developed and any knowledge that can be applied should
be.

3. The premise that men are essentially separate, so that little
intrinsic responsibility is felt for the effects of present actions
on remote individuals or funure generations.

4. The premise that man is $eparate from nature and, hence, that

nature is to be exploited and “controlled” rather than cooperated

with,

The “economic man”™ image, Hmm&.am to an economics based on

mcma-u.sﬁmm.ﬁ.sm GNP, consumption and expenditure of irre-

placeable resources.

6. The premise that the future of the planet can safely be left to
autonomous nation-states, operating essentially independently.

vt

Future research at the Massachusetts Institte of Technology projects the
present trends in popuiation, Em&ﬁ.mmﬁmmozv pollution, food production and
natural resources depletion. The basic operative premises of present society
were assumed to remain unchanged and 4 computer simulation using a global
model of present trends Was applied through the methog known as system
dynamics and characterized by the presence of the feedback Ioop. A sample
simulation of the global model used by the MIT researchers appears in T igure
6.1, together with the basic interactions used in the model. A complex flow

1. ¥ the bresent growth trends jn world population, industrializa-
tion, poliution, focd production and resource depletion continue
unchanged, the limits to growth on this planet will be reached
sometime within the next one hundred years. The most probable
result will be a rather sudden and uncontrollable decline in hoth
population and industrial capacity.

2. It is possible to alter these growth trends and to establish a

are satisfied and each person has an equal opportunity to realize
his individual human potential.
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