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A PERSPECTIVE ON DIRECT CONVERSION
by W. B, Lewia

Abstract

As Tlowing energy, elecltricléy ls sought for
1ts versatlility. Ite generation from some other flow
or release of energy without mechanical power, or ewven
sometblinme s heat, az intermediary is called direct conversion,
The cobjective 18 high electrical cutput for minimum total
cost and not always high conversion efficiency. The wlde
range of Lechniques embracing cryogenics and hot plasma
derlves rom the specilal requirements of source, environ-
ment and application. Scurces include solar and other
radiation, muclear fisgion and fuslon, chemical energy
and heat, Environmeni:s and applicablons range from
space vehleles to submarines and from glant power nelworksa

to lseleted buoys and pocket devices,
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A PERSPECTIVE ON DIRECT CONVERSION
by W. B. Lewls

1. Emergy Stores and Flows

The generatlon of electricity without the inter=-
medliary of a machine or mechanlcal englre is known as "Direct
Conversion'". The energy must come from some store or flowing
stream, The large energy reserves bthe world possesses may
be classed as chemleal and nuelear, In addltlon, the =arth
receives a nearly constant ztream of energy from the sun,
some of which becomes atored as chemlcazl energy for a long
time as in foreste, agriecultural and marine crops snd thelr
residues, coal, oll and natural gas. S5Some so0lar energy
hecomes stored for a shorter time as water ralsed agalnst
gravity to lakes and rilvers.

Table 1

WORLD ENERGY FLOW

Milliong of
lkkilowatts

8
Solar radiation 1.7 x 10 on day
hemisphere

3.5 per sgq. mile
(projected area}

Heat flow from
interior of the earth 25,000 continucusly

World consumptlion of
coal 1960 2,000 thermal
petroleun 1960 1,500 thermnal
electrieity (1060 260 electrical

Canadian water power
developed capaclity

(1961) 20 electrical
Huclear Fission
1l tonnz per year 2.6 thermal

Table 1 reminds us of the magnitudes involved 1n
the principal {lows of energy in the world. These rates
are shown 1n mllllons of kilowatts, and to appreciate the

scale, 1t may be noted that the generating capacity of
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Canadlian harnessed waber power passed the 20 MkW mark in 1961.
From the fligure of 260 MkW for the world total, 1t might seem
that Canadian water power was nearly 9% of the world total,
but that 15 not soc because the 260 MKW figure is the average
reported consumption and corresponds Lo only about 50% of the
total generating capaclty. Much of the world's electricity

is produced by burning coal and ¢il at 30 to 40% conversiom
efficiency, but that represents only a small though slgnilflcant
fraction of the total consunption of coal and oll that includes
heatlng buildings and industrial processes such as iron and
steel, chemlecals and transportation, At the top of the table
the heat from the sun may seem large, but conaidering that it
would be necesaary to trap all the energy from & square mile
to obtain 3.5 MkW, by comparilscn our giant generabting statlons
using water power, coal, oll ol nuclear fisslon energy set s
high standard for compactness, simpliclty and efficiency. The
world is increaslng lts rate of energy consumpilon, and
resource s appear very adeqguate, It is to be noted that an
lncreasing fractlon 1s taken in the form of elecbkricity
hecause that 1s a versatile form of energy easily and
efficlently applied for mechanlcal and ofther forms of work.

2. 0Objectlves for Dlrect Conversion

In the context of "Direct Conversion” we must,
however, note that electriciby has limltatlions. The lowezt
coat electrlielty comes from glant generabting statlions via
transmission and distributlon networka. Forr many uses this
1z excellent, and cur remainling deslre 1s o lncrrease the
amount and lower the cost. The cost of conversion from the
encrgy store could in prlnelple ke reduced by a suitable
combination of lncreased elfflciency and reduced capital cost.
Some studies of dlrect converslon are directed Lo this
comblned objective of hligh efficiency and low capltal cost.
There are also, however, other obljectlves for direct convera
dlon. For example, electric power may be necded 1n an atrerafh
ar space yvehleole where connectlon to a transmlsslon line 1=
out of the guestion and the welght or mass of the converter
mast be minimized., As another example, a rallway locomobive
can he envisapged in which fuel eellisz, directly converting
ehiemical to electrical energy, replace the now customary
Diesel engine and eleciric penerator,

In some situations, simplicity and reliability may
be the overrldlng objectlives, lfor example, lor an unabiended
buoy or radic marker beacon. A/ heat engine, whether baged
on internal combustion asg 1n the Dlesel or in the gas turbine,
or externally fired a3 in the steam engine, coupled to an
glegtrie generator is somewhat complex, although now englneered
to & very high degree of reliability for unattended operation.,
In comparison, a thermoelectrice generator, which 18 a statie
dlrect converter requiring only a heat source in the form of
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a burner or a radivactive source and a heat sink or cooler,
could be simpler, rellable, and 1n some circumstances cheaper,
and preferred although it ls likely to be less efficlientg for
a fundamental reason that will appear later.

Continuing the discussion of objectives, we should
recall the many vwges of that well esztablished direct converter
of chemiceal to e2lectrical energy, the primary battery, and
1ts e¢ousin, the secondary or storape battery. Buch portable
batteries are in wldeppread use for posket flashlights,
transistor radioe, hearing aids, and "cordlesz" devices from
razors to portable drills and cathode ray csfcillosceopesz.
Batteries that are not necegsarily portable are used for
emergenay loecal lighting and in very many 1sclated places
for minimal electrie servicez such as radics, bells and
telephones. Recall also the very many functlons performed
by the battery on the wmodern agutomobile. The unit cost of
a battery is often low compared with the insgtallation it
serves, but the coat per MW hour and the welght-to-power
ratio are high (e.g., 40 1b/kWh for az dry battery or
100 1b/kWh for a secondary battery {NiPe) cfd 0.7 1b cosl/kWh
ir & large steam plant), 7There 1s accordingly an obJectlve
for direct conversion devices to achieve lower coat and
welght-to-power ratios than those of exlstlng primary and
secondary batterles for any of thelr many uses,

Although thepe considerations about batteries wmay
ggem obvious, it should not be forgotten that they may polnt
to a very consliderable change in our ways of life and
communicatione. Not long zgo the portable radic wasz rather
masslve, and where elegtric supplies were avallable, the
8.0, models were preferred; now the trangistor has changed
the pattern. Today relatively few people carry portable
telephomes on thelr perscns or eleqfrle motor scgoters in
thelr cars. Other legs common ngeds suggeet an ever-
widening range of battery-¢perated devilees,

Thete would be uses for slmple and efficient fuel
cella or other direct ceonverslon devices for many types of
mebile wvehiele, such as boats, farm tracteors and dellvery
vehicles even 1f no dewviece captureas the maln uses of the
internal combustlion énglne. Objectives for development,
begldes high power, low cost and low welght-fto-power ratleo,
lnclude freedom from noxlous exhausts.

Customarlly an efficlency of about 40% is chtained
from large thermal generatlng statlons uwelng steam. This
low efficlency is attrlbutable Lo the large fraction of the
gnergy that enterg the steam cycle at a temperature zet by
the pressure at which the water evaporates to steam. For
exampls, at 100 atmospheres (L4700 psi) thiz is (593.5 F)
(312.17¢} 585,3°K, and for exhaust at 25 Torr (1" He Y (79.03°F)
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{ES.IGG} 299,3°K the Carnobt cyele, or maximum efficlency 1is
48.86%, and a practical efficiency would be 38%. Since the
temperature of the burner flame or nuclear fuel ls consider-
ably hilgher, thers ls ao lneentive to cobtaln mnre energ%
from above the water evaporatlon temperature {i.e., > 585 K}
Various magneto-hydrodynamlic and thermlonlc systems have

been proposed for dlrect energy converslon in this high
temperature range. Except 1ln nuclear reactors where the heat
tranafer fluld is often kept clean and reegycled, thera ls
nothing very new abouf somewhat hilgher temperatures heing
available. What has held back their exploltation 1in the

past and gtlll doee, ig the limited life of strong B0lild
materlals when exposed to steam or any of the other working
substances that have been expleored, such as mercury. The
magneto=hydrodynamic and thermionic systems seek to use
materials that wliil he compabible for a longer 1life, The
problems are not simple, for although many materlals are
strong, hard and long=lived at our famlllar room temperatures,
they become plast%c and subject to atomle Interdiffusion at
red heat (500-800C¢) and higher temperatures,

The high temperature reglon must, however, be
mastered for slgnificant long-term power generatlon in
space vehieles, becauge from any heat engine the waste heat
mist be removed, and for long term operation in space thia
magst be by radiation. & massive radiator would he reguired
if the temperature were not high. The heat engine 1in the
apace vehlcle mast have 1tz low temperaturg in the radiating
range at or above red heat (e.g., 5.7 W/em™ for T = 1000°K).
Thermlonic devices are well pulted for such conditions

3. Fundamentals of Energy Degradatlon

Having taken theaz glimpses at applicatlons and
obJectives, we may shift our perspective to review azome
fundamental aspects Df the enerpgy degradation process.

On the energy acale, &ectron volt corresponds to a
temperature of 1.16 x lG “K by the relatlon e¥ = kT. Now

in nuelear Mesglion the two Cragnents recoil from each other
in opposite dAlrections sharing an energy of about %60 MeV.
The lighter fragment may take about 100 MeV or IO . To
convert any high fraction of this energy directly Would
involve putting the flssion fragment to work agalnst
eXxtremely high electromagnetlce lelds 1in 2 high vacuum.

The rapid interaction of a Cfission fragment wlth matter
degrades the energy rapldly, and the high denslty of matter
requlred in 2 nuclegr resctor mzkes any such dilrect attack
Impractical, But, typleally, a large fraction of the energy
of such high energy partlcles or ionizing radistions appears
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as electrons or lons having energles in the range, gay, of
0.2 to 5 eV, i.e., at temperatures 2000 K to 50,000°K from
which energy could stlll ne extracted at high efficlency.
Peslgnera attacking the problem usually find themselves
resorting Lo the conversion of as much energy as pﬂ&ﬁiblg
hefore the energy has heen degraded Lo, say, 1000 - 20007K,
beyond which polnt a heat engline works wlth the residual
heat at 40 to 508 efflicilency. The energy derived from the
direct conversion of radlation energy is therefore Go be
regarded as a bonus baken at 100% converslon efficiency
before the residue 1s converted conventlonzlly at 40 to 508,
A bonus of 5 to 10% of the total would be worth the complica-
tion 1f the extra capital and maintenance costs are not too
large.

oome of the procepses of converting radiatlon energy
Lo another form of radlatlon are quite efflcient. Typleally,
for example, organic scintillating materials comprisling
benzene ring organic compounds can convert about 25% of
radlation to light of qQuantum energy of 0.2 eV¥. In the
process, however, there 13 scme destruction of the acintll-
lating material by radlolysls, the apparent efflclency drops, and
repurlification beacomes rnecessary Lo restore the light owtput.

For the direct conversion of the energy of {ree ions
and electrons to electrlelty, two lines of develecpment -
generally known as the thermlonic and the magheto-hydrodynamic
syetems - have become prominent.

4, Thermlionie Converters

Jome of the difficulties of cbtaining long life and
regsonable efficiency from a thermionle converter will appear
if we review the several parts and their functions. There
mustobe the thermjionie emitter at a high tewmperature, say,
23007K, ao that sufficlent electrons have enough energy to
gurmount both the work functilon and some sSpace charge. gf
the emitter were a black body, 1t would radiate 160 W/cm
at EBDGOK so0 some Burrounding radiation reflector is desirable
to et as a heat barffle to reduce this lozazs. There must be
a collector whlch must be at s congliderably lower temperature
if there is to be much energy conversion and any significant
efficlency. The true work functlon of the collecior (1.e.,
the potentlal difference beiween g free aleciron at the
surfacce and the Fermi level) may with advantage be low. Sincee
the e.m.f, that will be developed 1z perhaps lees than 2 volte,
the aurren% denslty we are seelclng must be at least seversal
amperes/em® to compete wlth the heat loss by radiatlon. Such
gurrents can only be obtainad across very small gaps® unless
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the electron space charge 1s neutrallzed by forming a plasma
with a thermally ionlzed material which at these temperatures
means caesium. One advantage follows that caesium wlll
condense on the eollector because 1t is the celd spot in the
system. The condensed caeslum will lower the work function.
The temperature of the emltier must be sufficlent to keesp the
caeslum vapour ionized, There must be lnsulafors to encloss
the vapour between the electrodes and keep cut alr. If the
ingulators are cooled, there willl bte more logs of heat, and

if allowed to get hot, they are 1lable to contaminate the
yapour wlth unwanted satoms of carbon, oxygen, etc. To prolong
the 1ife, a reserve of caesium and relatively cool surface may
he malntained in another chamber connecting with the dicde.
The problemy of the thermlonie plaama dlode are compounded
when 1t 18 deslred to use as emltter 8 nuclear fuel such as
uranium carbide 1in a reactor and to form the heat barlfles

and collector from materials that will not capture too many
neutrons and yet have an azdequate 11fe at a temperature
pufficient to malntaln the caezium vapour pressure.

By drawing attentlon to these features, I am not
intending to suggest that useful thermlionle converters cannct
be made: rather, I suggeest that great respect should be
accorded to working devices even 1if their lives and efflicien=-
cies do not appear great.

H. Magnete-hydrodynamie Converters

The first problen of a magneto-hydrodynamic convertenr
is to obtaln sufflelent conductivity in Che working gas. At
lower temperatures lonization of the desgired concentrzation
is rapidly lost by recowbination, and most work has therefore
congldered higher temperatures shove 20007K where a2 gas seeded
with caesium or potasslum has sulflcient conductlivity. IC
does not geem very practlcal fo heat s gas Lo such a high
temperature by contact wlth a 30l1id at st£ill hipgher tempera-
ture, sco consideratien falls on achieving the high temperature
by some form of combuation or radimtion energy relemse within
the working gaz. It is also customary to gceept that the gas
will lose heat Lo the walle of the MHD chamber so the walls
may be cooled by & fluid that takes part in the subsequent
lower temperature working cyaele. The gas wvolume to surface
ratle i3 mich higher than in thermionle deviees, and the
walls may be cooler. Acceptlng these principles, the MHD
generator offers a large output at a conveniently hipgh
voltage of many hundreds or even thousands of volts from a
relatively slmple chamnel. To be sconomle, however, it mugt
be o high power deviee contributing not less thanh about
100 eMW to the output of perhaps a 400 eMW plant. The
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problems lie 1n achieving the high temperature or at least
the lonlization denslty required while preserving a reasscnably
long lirfe for the compcnents of the sysien.

. Thermc-electric Converters

Thermo-electric converters deserve some speclal
mentlon. ®lg. 1 shows the basic form. The dissimllar metals
of the fanlillar thermocouple are replaced by blocks or wafers
of p and n type semlconductor, connected by low resistance
esontacta between conductors, one at Ty receiving heat from
az Bource, and the other at Tp cooled éy a hest sink. As 1n
the ecase of the thermlonle caonverter, the efficleney 1z
seyerely limlited by the diresct heat lozs from the source to
the aink, in thia case yla the thermal conductivity K of the
semiconductor., It has become customary Lo gssess thermo-
elegtric prgperties of materials in terms of a figure of
merit X = 8°T/Ke where S 1s the thermo-electric power or
Seebeck coefficient at temperature T and p 18 the specific
regsigtance. For most materisls X < 1. Flg, 2 illustrates
the thecretlcal efflclency as limlted by X of a2 typleald
gystem where Ty = 2Ts =c that the efflelency of the Carnot
oy reversible cyele would be 0.5,

At high temperatures intrinsic conductlvity over-
rides the p and n type conductivity 2o the efficiency falla,
Thermo-alectric converslon is therefore not well suited to
ve a high temperature "topplng® device by which a bonus of
power 1s talken above the temperature of the wmain converter.
ks we have suggesated, thermo-electric convertera seem llkely
0 find thelr main use where slmple and relisble samzall) power
sourges are requlred. For these uses long 1ife may be
important and will 1imlt the top temperature where it becomes
difficult to maintaln 3 good low resistance contaet and where
the propertier of the semleonductor change due to atomies
diffusion. Because of itz low ratic of thermal to eleetrical
conduetivity, lead tellurldse FPhTe has been developed, but the
top temperature that wili be pract%cable for long life sesms
likely to be nearser 300°¢ than 600%C. For higher temperatures
other heavy element alloys and oxlde semiconductors have been
sugge sted but de not remove the limits set by atomile diffusion
on the 1ife of low resistance ¢contacts,

The thermo=-eliecitric converter appears most promiszing
as 4 low weight (7 to 15 watts/1b) coanverter if not pushed
to the limlif¢ of temperature or maximum efficlency. The cost
lies in fhe range $3000 to $1000,%W using PhTe at about
0.5 W/em=, and 3 to 4% efficiency.
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7. Fuel Cells

Several objectives were seen for fuel c¢slls, One
attractlon 18 high erficlency potentlally 1in the range 60 -
704. The fuel ecell is usually characterlzed as taklng a
contimuous feed of fuel in the form of oxygen and hydrogen,
or oxygen and a fuel o1l or natural gas. To obtalin a
suffleiently rapid cBemical action, the Cemperature has to
be raised (e.g., 200°C) requiring some special procedure for
starting from cold. A ¢ell has been proposed for natural gas
that operates at much higher temperature and burns the supply
ga3 o ralse the temperatvre lnltially., Many different types
of fuel eell are under development throughout the world,

Moat encouvnter problems from the progresslve accumilatlon
of impuritles from the fuel that reduces output and efflelency.

8. Photo~voltalc Converters

Generally on the small sgale of tens or huindreds

of watts photeo-voltale converters deserve mention. Perhaps
their gpecizl field of utllity is to charge storage batteries
rom sunlight 1n laolated locations and In 2pace satellites.
In principle, they consist of a thin layer of semiconductor
formed on the surface of 3 zemleonductor of the copposlte type
of conductivity, that is to Bay, pon n, or n on p. They are
often termed solar batteries, and for space applieations the
e tetrinls have to be chogen to be resistant to damage by high
energy radiations and particles. Bfficiencies of 15% or more
can be atbained,

9. Another Viewpolnt

To obtain perspective on direet converslon from
a physleist's viewpoint, consider the means zvallable for
generating electricity. Elecotronie or ionle charges wmay
be caueed to loese kinetlie energy by woving up a statis
potential gradient, This process can take place within a
s0lid or ligquid as in the chemlesnl cell and in certain photo-
yoltaice gellg, or 1t can talte place between elesctrodes in a
plasma or vgeuum 28 in most thermionle generators, In other
systems such as the magneto-hydrodynamle generators, streams
of charged particles perhaps carried by a gas or llgquld can
lose thelr energy as well as energy from the gas or liguild
to a combination of electrdce and magnetlic Clelds. The energy
then passes to electrodes or current streams and on to meet
tThe demand.
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Electricity may be generated aeg direcet current or
alternating even up to the highest radlo frequencles. For
the latter, devices that are ln some réspects the inverse
of lon acceleratore are consgldered; others are llke travelllng

wave tubeg,

10. Conclusion

To conclude, many cblectives could be achieved by
satigfactory solutions of the engineering of direct conver-
sion devices. It does not, however, zcem likely that these
will take over from establlphed methods of generation, hut
will be applied to more limited although numercus situations
whare the versatillty of electricity 1s sttractive., The most
dlfficult problens appear %o lle in achleving long life at
high temperatures where atoma are moblle,
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