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DIRECT TRANSFORMATION OF ENERGY WITH
THE HELP OF FUEL ELEMENTS AND-THE
FUTURE OF THEIR USE 1N RR TRANSPORT

Doctor of Technical Sciences Prof.V. A. Taft

Master of Technical Zciences F. Ya. Liebermann

On the basis of the achievements of contemporary physics,

chemistry, and technology, the direct transformation of thermal

energy into electric has become a technical reality at present.

And although not mary of the new energy sources go beyond the

framework of the laboratory of the first industrial models, the

different branches of industry havt already initiated prepara-

tion for serious changes connected with the approaching upheaval

in the methods c- obtaining electrical energy.

The properties cf the individual fo0Ts of new transformers -

compactness, economy, capacity for overloads - answer precisely

those requirements which are demanded of energy sources for rail

transport just as for other (space, marine, and automobile)

transportation systems.

In connection with this the posing of the question concerning

the future of the utilization of new methods of energy conversion

in rail transport is timely.

Of the different possible methods of direct transformation of

energy the most developed at present are the fbllowing trends:

FTD-;,T-24-10-74 1



l) the conversion of chemical energy into electric - fuel

elements;

2) the conversion of thermal energy into electric with the

help of thermal converters;

3) the conversion of thermal energy into electric with the

help of thermionic generators;

4) the magnetodynamic method of conversion.

Of the methods enumerated above the first two methods are ;,.ost

promising for future use in the field of transportation, since the

third method is connected with high drops in temperatures, and the

last one requires the development of powerful fixed installations.

In connection with this in relation to the assigned task the

chemical method of the direct transformation of energy on the basis

of fuel elements is examined below on the basis of foreign literature.

The fuel elements (TE) are the electrotechnic&L installations

which work on gaseous, liquid, cr solid fuel and whtch convert the

chemical energy of the fuel into electric. Thus they can be

considered as installations intended for the more effective combus-

tion of fuel.

Unlike the usual process of burning, during which the chaotic

transition of electrons from the molecules of fuel to oxidizer

takes place, in the TE this process is spatially c -ganized. The

electrons pass over from the fuel to the oxidizer thvrough the

external electric circuit, and the ions appearing during oxidation

and reduction are moved in the electrolyte between the electrodis

and interact with each other, forming the products of oxidation of

the fuel.

Table 1 gives the values of theoretical emf and efficiency for

the bas1i current-forming TE reactions.

FTD-MT-24-1o-74 2



Table 1. ,

I "' U • ,% U, % . U.•

C + O = 2CO 99,8 1,02 99.5 1,02 99 1.012CO' Ot =2CO; 90,6 1,34 N 1,24 67,7 0,99
-2Ht + Os1 = 2HtO 94 1,23 90 1.13 77 0.99

CH, + 2O, = CO+ + 2HtO 100 1;04 100 1,04 100 1.04
N -114 +02  = 1 2 H1O4 100 1,56 100 1,56 -100 1.56

KEY: (1) Current-forming reaction.

The data in Table 1 show that the operating principle of the

TE makes it possible to convert the chemical energy of fuel with

a very high efficiency into the electrical energy of low-voltage

direct current. Moreover the collection of separate fuel elements

(modules) into batteries of significant power is feasible.

Real efficiency of a TE is somewhat lower than theoretical

due to losses and expenditures of energy for the driving of

accessory equipment and is 50-60%; however, even this value

considerably exceeds the efficiency of conventional heat engines.

Types and designs of TE are very different. They are classi-

fied according to different features:

1) depending on the state of aggregation of fuel there are

Iiquid, solid, and gas TE;

2) depending on the form of electrolyte - with liquid, molten,

and solid electrolyte;

3) in dependence on temperature and pressure - high-temperature

and low-temperature TE, high and low pressure TE;

4) on possible utilization TE can be used both as the electric

power sources, and as storage batteries (reversible TE).

FTD-T -24-10-74 3
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Below a brief survey is given of low-temperature TE of low

pressure, which as a result of the simplicity of construction are

most promising for transport use.

Gaseous oxyhydrogen TE have gained wide acceptance. The

±i.vout of one of such elements is given in Fig. 1.

Two chambers of element 1,

H ,into which the oxygen and hydrogen

are introduced, are divided by an

2 ion exchanging membrane with a

thickness of approximately 1 mm,

which passes the hydrogen ions,
but is not permeable for oxygen.

'47 4e On anode 3 two molecules of hydro-

"21O, .-en form the positive ions which

pass to cathode 4 through the ion-

Fig. 1. conduoting membrance, and the

liberated electrons - through the

external circuit.

2H2 4H+ + 4e.

On the cathode the hydrogen ions recombine with 02 and with

electrons

4e + 4H+ + O--*-2H..O.

The water vapors are condensed and removed from the oxygen gas

chamber. The overall reaction

H2 + 02 * 2H 20 + 4e.

The development of low-temperature hydrogen-oxygen TE,

which op rate at room temperature and pressures close to atmospheric

4I



is being carried out hy many firms of the USA, England, France and

the FRG.

Some of them initiated the industrial production of such TE

basically for military and space purposes, and also according to

the reports of the firms - for automobile and rail transport [8].

Thus hydrogen-oxygen TE of the "General Electric" firm (USA)

with a power of 2 kW were installed on the American "Gemini" space-

ships and fulfilled two important functions simultaneously: the

power supply for the ship and the supplying of the astronauts with

water. In Sweden low-temperature H2-0 2 TE with a power of 200 kW

are being developed 'or utilization on submarines. They assume

to store the H2 of these TE on the subs in the form of NH3 ; 02 -

in a liquified state. Figure 2 gives the photograph of the fuel

element of firm Chloride Technical Service (England). The fuel

element has an external shape in the form of a conventional storage

battery.

GRAPHIC NOT REPRODUCIBLE

On th. average the low-temperature

hydrogen-oxygen T. are characterized by the

following indiceb"

- 1) current derwity .i00-500 mA/cm";

.~ 2) duration of operation 5 000 h;

3) specific weight power 40-60 kg/kW

_-.- at a temperature of 200C and approximately

Fig. 2. 30 kg/kW at higher temperatures (in the

future tor the utilization of light tanks for H2 and 02 - 5-10

kg/kW);

4) specific volumetric density taking into account the

acces-io, y -quipment 50-100 dm3/kW (in the future - 5 din 3/kW);
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5) efficiency taking into account expenditures of energy

for running the accessory equipment 50-60%;

6) general cost of 250 rubles/kW;

7) cost of fuel 0.25 kopecks/kW h.

A significant shortcoming of hydrogen-oxygen TE is the need

for heavy metallic tanks for the storage of compressed gases,

their axplosiveness, high cost, and the inconvenience of storage

-and transport, which are especially adverse for the future use

of TE in the field of transportation.

In connection with this for the last two - three years at
rapid rates fuel elements with liquid fuel began to be developed.

The principle of their action is based on the obtaining of hydrogen

by means of the decomposition of compounds which contain hydrogen

'pon their entry into the element. Such compounds include hydrazine

( Hl,) , methanol (CH3 OH), ethylene-glycol (CH2OH.CH2OH), etc.

Figure 3 shows a schematic diagram of a liquid TE [2). The

fuel is methanol or ethylene-glychol dissolved in an alkaline

electrolyte of KOH. The electrodes of the element possess different

chemical activity in respect to the fuel .nixture. The oxygen

electrode is active only relative to oxygen and does not react with

the fuel; in order to eliminate the oxidation of fuel on the surface

of the electrode, this electrode is frequently made from porous

carbon.

The second electrode is covered with a dehydrogenating catalyst

of high activity (platinum, palladium, cobalt, etc.), which selects

the hydrogen ions and introduces them into the electrode.

FigUre 4 gives the photograph of a laboratory model of a

methanol - air TE developed by the French Petroleum Institute [4].

6



+ The TE consists of 10 elements and has a

total power of 10 W (I = 2.5 A; U = 4 V).

7, The electrolyte - fuel mixture enters

through the heat exchanger arranged above

.. .. -- the elements and supplies each of them

through pliable tubes,

NOH /0glhegm7 nnu5 Figure 5 gives the separate parts of

this element (from left to right): air
Fig. 3. electrode made of porous carbon, hermetic.KEY: (1) KOH +

liquid fuel. seal, holder of electrode with connected

tubes for The output of the fuel - elec-

trolyte mixture, seal, fuel electrode covered with a catalyst -

blackened platinum.

In 1964 in England the Shell firm

demonstrated an autonomous power plant on

a methanol-air TE with a total power of

- ~ 5 RW. The arrangement powered an electric

pneumatic hammer and together with the

fuel supply for 12 hours of continuous

operation was mounted in the body of a

S.-.. vehicle with a load capacity of 0.7 T.
Fig. 4.

In the USA liquid TE are being developed intensively for

militavy purposes; in particular, TE batteries on hydrazine are

being deveiopt.d for power supply through the inverter of an

alternating-current motor with a power of 2 hp. [3].

A hydrazil battery with a power of 3 kW was installed for

advertising purposes as the power supply for a golf cart (Fig. 6).

Accora.7-g tC.2 the firm of Allis-Chalmers a inotoroller operated

i7



Fig. 5.

Economic indices of liquid TE a)'e worsening considerably at

present due to the action of two factors such as the high cost

of fuel and the expensive catalysts of the electrodes,

However, there are all the bases for assuming that if liquid

TE find wide industrial application, then basic changes will occur

in the trends of development in the petroleum refining and chemical

industry. An increase in the production of methanol and hydrazine

will lead to a significant lowering in the costs of these fuels.

.. As concerns the expensive and

scarce catalysts, i.e., platinum,

palladium, silver, the expenditure

of which is from 1 to 20 mgr per

1 cm2 of electrodes, then one of

Fig. 6. the most important problems in the

further perfection of liquid TE is

the finding of cheaper and more active catalysts.

The improvement of the parameters of liquid TE is going on

continuous.y at very rapid rates. This made it possible to outline

the future of their development in the next 30-40 years, after

accepting the condition that the progress in the perfection of

eproduced from

est v:ilable copy.bs t~a 8



TE will proceed at the same rates as at present [4]. Table 2

gives basic data on the indices of operation of individaal forms

of liquid TE with the possibility for their further improvement.

A brief survey of the basic types of TE makes it possible to

pass to the examination of their possible use in the field of

transportat4 "n.

Table 2.

I K.n.A. Be. YA CJUI.udITJ CM 1Tiu T3 I aKc., -4 o6Reu yCla° O W 0 n OC
A)m / -wI Vx~a"

(.I (2 c. (31) , 0- 01 () -41"

(7) Ha NeoaNo.e (4 oR11ocmL,.
1000 fT. I a);
X3'TJMH3aTOP - nICTiHHG

M alS r. (12 w m/c.1') . _ 5 ,7 1 40D 30
1970-1975 rr. (35 iemlc 36') 4-7i 520 5,31985-2000 rr. (305 At aml/ . ), 90 3,6 14126-10 64 1.9.

Ila ri pf ee (MoMtHOcMb
100 K6n, TUK I a);

1965 r.(161 .eam/ca') ... . 70 11-10 13-126 9700 119
1970-1976 rr. (145 ,ernlcm) 75 8,5-80 9,7-92 700 70
1985-2000 rr. (405 memlc ) 82 2.7-58 2-40 265 34

KEY: (1) Type o.' TE; (2) Efficiency max, %;
(3) Weight, kg/kW; (4 ) Specific volume, dml/kW;(5) Cost of inctallation,ruble/kW; (6) Cost,

kopeck/kW'h; (7) On methanol (power 1,000 kW,
burr ent 1 A); catalyst - platinum; 8) On
hydrazine (power 100 kW, current 1 A).Designation : Me T/cm2.•

Transport, and in particular railroad, along with military

and space technology, is considered one of the most promising

branches for the utilization of fuel elements. Thus the interna-
tional conferen,.e on the utilization of energy, which took place
in Lozen in 1964, noted in its resolution that "fuel elements will
receive their first major technical use probably in rail transport."

The questions of development of TE and the future of their
use in the field of transportation were discussed a' the joint
session of the permanent commission -f the Academy )f Sciences
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of the U$SSR on the scaientific problems of the dayel~p~ent- Of r~M
port, which took place In July 1966s the,sdittIt4 *noll ofU*tt -'!,,
Academy of Sciences, of the USSR for fuel elements,. anid the, saint1'±i@

council of the Academy of' Sciences of the USSR-for complex problaws

of power engineering.-

The future application of TE in the field of transportation

is determined by such al .lities as:

1) high efficiency;

2) favorable electrical characteristic for the powering of

traction motors;

3) admissibility of heavy overloads;

4) rapid starting and ccniparatively long service life;I 5) abs.enoe uf exhaust gases.

Let as exam~ine the basic technical and economical indices of

TE which determine the possibilities for their application in

transportation.

For a comnparison the data oi. contemporary energy sources and

on direct converters w~ith the possibilities of the perfection of

each in the ncext 3O-J4O years are given in Table 3.

The data i Table 3*4 confirmn that the efficiency of fuel elements

exceed," thim possibie efficiency of all other energy sources. This

is -.ne of the mo.st important advantages of TE.

Spiuciai attention Is merited by the nature of change in the

efficiency cf E. epenuing on the magnitude of load. Figure 7
give:; the curv -s oi' ,-Ianp-e In the efficiency of liquid TE and

folr a Ja~'i ~t ;ii~~ tiesei engines depending on the



Increasein the relative power given off by them, Fig. 8 - analogous
curves with an increase up to 100 km/h in the velocity of a traction
unit driven by an electric motor made from a TE £4]. Figures 7
and 8 show that with a dimunition in load the efficiency of a TE
increases. Such a dependence is very favorable from the viewpoint
of utilization of TE in the field of transportation.

Table 3.

1965 r.1970j-1g80 rr.
..... ~ ~ ~~~~~~ III X.- I ,IIII-. ,111i

" ,I -
3-9 4-1 9,0- 5-45 2-6 2,5- 6,4- 40-50

(7) Asaraueb sHyTpenUero. 18 I7 12
crcpamma (its ene) 1,5-3- 3-4 3,7-30--55 1-2 2-3 2,7- 36-40

(8)Pe3XTH il OH3oASHM 7,3 ! 4,6

TtAb .......... 0,5-1 .5-2 3,725-30 03-0.4- 2,7 35-40
0,6 1,3t91rsso.r, yp6NHA.. .. 0,3- 12-3 9 20-25 0.2-1.5- 6.4 3045

.. , 5 0,3 2( 10 )Cm..n.onhaA aicxy~yaugyp, 0,0, /

5,'acosoi paspiA ., . 600 330 165 21 - -
( II)AX1cyayawrop, 5,qacoaol

Pa3PRA . , . -. . .. 200 10530 15 - -(11).xymyee,"op, 4.qacoola
paSpa . . 1 20260 - - - - -

i2 )Ton f- t,,..1 se) N -
i,-Oi., -....... 40-60 50- *450 50-70 5. 5 50 80-45300

(13)TonAmmw,e ne~eHTM H 1a

MeSat1ori ............ 9P 110 1 400 55 14- 10- 64 80--903,6 2.6

rMApa3Hie ... 0. . 3 10 126 730 70 58- 40-2 265 80-90

(15 )TepMo0AeXewtp.4CcHe ripe. 2,7
o6pnaovaTae~i .- , . 20-60 - - 2-15 - - - 20

( 1 6 j)T e p o s, e r p o mI , e n p e .1
o6pa3onareiu ..... 1-16 - - 11,1-7 - - - 30

KEY: (1) Type of engine; (2) Weight, kg/kW; (3)
Specific volume, dm3/kW; (4) Cost, ruble/kW; (5)
Efficiency, max, %; (6) Diesel engine; (7) Internal
combustion engine (on gasoline); (8) Jet gasoline
engine; (9) Gas turbine; (10) Lead battery, 5-h
discharge; (11) Storage battery, 5-hour discharge;
(12) Fuel elements H2-0 2 ; (13) Fuel elements on
methanol; (l) Fuel elements on hydrazine; (15)
Thermal converters; (16) Thermionic generators.
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Fig. 7. Fig. 8.

Fig. 7.
KEY: (1) Hydrazine TE; (2) Methanol TE; (3)
Diesel; (4) Internal combustion gasoline engine;

Fig. 8.
KEY: (1) El. motor; (2) Internal combustion
gasoline engine; (3) TE + el. motor.

The use of TE on transport aggregates makes it possible to

somewhat improve the traction indices of these aggregates in

connection with the fact that TE are capable of three-fourfold

overloads, whereupon with an increase in the current density the

voltage across the terminals of the TE decreases considerably

(Fig. 9). The maximum current load of a TE will probably be

selected near the maximum permissible values of current [6].

As concerns the weight and volu-
"' P/ IA m metric indices of TE, then on the

contemporary level of their technical

-------------- _development it is difficult to give

---. conclusions about dimensions and weight
04;z of TE of medium and high power. The

-. weight ad volum~etric indices for TE42 of,-
0., -- given in Table 3 are obtained from an

,00l~o~00T 01 0mA/r2 analysis of the data only of the first

Fig. 9. industrial models of TE. Table 3 shows

that in weight and volume TE thus far

are still considerably inferior to heat engines; in the future

they probabiy can compete with them. Already at present TE have

better Indices in comparison with storage batteries.

12



Table 4 additionally gives comparative weight induces of

hydrogen-oxygen fuel elements TE, accumulator batteries and a

gasoline engine 20 kW in power [8].

As is evident from Table 4, with an increase in the electrical

capacitance of the battery its weight increases almost proportion-

ally, whereas the weight of a reversible TE remains constant and

only the quantity of fuel consumed by it in increased. According

to Table 4 already under the condition of operating for one hour

the weight ot oxyhydrogen TE is less than that of a storage battery

and for 5-hour operation the TE has better volumetric indices.

Thus both in weight and volume and in efficiency TE already

at present can compete successfully with contemporary storage

batteries, especially during prolonged discharge.

Table 4.

() DNA NCTO4IIN4fl (2) DOA0POAR@MO-I *f 3 )AXnCYNYMSM".MA hsartAb)
( ) D~m~pr.w~lmn )~ollPOJ~t.N~ojo1.v " AII~yey. TS liarpirs? D@H3oA*9P&?Are b (4it)

(5 pAML1dJ 1 51 I0 1 $ 1 I $ 0

i Lom~ .~ i.* 1 n0 i i j "

(6) Be ct 1c.......000 1000 1000 150M0 500 9 000 200 200 20()
(7) 06e, 3.1 W000 I000 I0 M00 2000 3800 - - -

(8) Bec ,iCTo0411K n,.
•ramrIi ,sg . . 100 500 5000 - - - 10 501 00

(9OO I, O,N 5 I00 SI 1000 - - - - - -
(10) O6u e, Kc, 3 5 100 1500 2000 150 5000 9 000 210 250 300
(11) OMtt014iouO. O,' 1 500 1500 S2000 600 200036W - - -

KEY: (1) Form of energy source; (2) Hydrogen-
oxygen TE; (3) Battery aggregate; (4) Gasoline
engine; (5) Duration of operation, h; (6)
Weight, kg; (7) Volume, dm; (8) Weight of
power source ,kg; (9) Volume, dmi (10) Total
weight, kg; (1 Total volume, dm .

This gives grounds to assume that TE can find use in the
field of transportation as stationary storage batteries, in

particular for powering of installations for STsB and communi-
catioi [CL - signalization, centralization and block system],

13



and also f'or power supply of nonelectrified railroad consumers

(stationZ, transportation buildings, etc.). Precisely in such

a manner - for the power supply of homes - in the USA it is planned

to use lH.-_, TE with a power of 500 W and higher. The possibility

of utilization of TE as autonomous energy sources for the power

supply of railroad cars Is very tempting.

In the more distant future the use of liquid TE on battery

transport units Is possible. The possibilities of such use was

Indicated in a number of foreign investigations.

According to best indices of Table 3 the weights and volumes

of fuel elements for the powering of the traction motors of a

locomotive with n power of 2,000 kW are (Tab. 5):

Table 5.

9,, T S (2 ) (a). () (3)
Deit OOWes. .0 Dec. Mn O8-beu. A*'

(') T3 na MeUaRoae . ... 194 220 7,2 5.2
(5 T3 Ha rnnpa3 ie . . . 220 252 5,4 4
6)Boao POA O- KCC1OA S e .

T .. .. ...... 80 100o10 10

KEY: (1) Type of TE; (2) Weight, t; (3) Volume
m3 ; (4) TE on methanol; (5) TE on hydrazine;
(6) Hydrogen-oxygen TE.

However, at present there are virtually still no accept-able "

constructions of TE for electric traction.

For use on locomotives TE should satisfy a number of specific

requirements determined by the specific nature of rail transport,

name ly:

1) possess high reliability and be resistant to vibrations;

l1



2) use inexpensive forms of liquid or solid fuel and air

as an o.xidizer, working at low temperatures and pressures;

3) have comparatively small volume and weight on the order

of 10 20 kg/kW;

4) possess a large overload capacity and easily carry the
"shocks" of load;

5) have minimum accessory equipment and be simple in operation.

The survey carried out on the state of the question of the

direct transformation of energy with the help of TE and thermal

converters makes it possible to make the following conclusions in

connection with the possibility of the incorporation of these

methods in the field of transportation:

1) with their further development TE can find use in the field

of transportation;

a) as autonomous energy sources for the power supply of

railroad cars;

b) as storage batteries of energy and for the powering of

nonelectrified railroad consumers (reversiole TE);

c) as an energy source called to substitute for an internal

combustion engine on a locomotive;

2) at present for the preparation for wide utilization of

TE subsequently it is advantageous to have:

a) extensive conducting of technical and economic investiga-

tions of the questions connected with the preparation for incorpora-

tio., cf TE in the field of transportation;

15



b) the creation of experimental station-storage batteries on

the basis of liquid and oxyhydrogen elements.
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The use of the method of the weakest link for the accelerated

tests of radio-electronic circuits for reliability. Boritskaya

L. N., "Calculation and reliability of electronic devices". Trudy

MIITa, Issue 261, 1968, pg. 79-90.

The method of calculation of a circuit based on the worst

combination of parameters is examined; the criterion of the

equivalency of effects necessary for the selection of laboratory

test conditions equivalent to the actual conditions of operation

is derived.

Tables 1, references 3.

The use of the method of logarithmic characteristics for the

calculation of transient processes in circuits with periodically
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changing parameters. Taft, V. A., Krepkaya K. A., "Calculation-

and reliability of electronic devices". Trudy MIITa, issue 261

1968, pg. 91-99.

In the article a grapho-analytic method is given for the

calculation of transient processes in circuits with periodically

changing parameters. Comparative transient characte:1itics are

given which are obtained by the numerical method on , computer

and by the grapho-analytic method. Figures 4, references 6.

The direct conversiun of. thermal energy of exhaust gases of

a locomotive into electric energy with the help of semiconductor

transformers. Shenkman E. Z., "Caloulation and reliability of

electronic devices". Trudy MIITa, issue 261, 1967 pg. 100-112.

A general method is given for the calculation of a thermionic

converter which works from the exhaust gases of an engine (TEG).

Specific examples of the calculation for the 10D200 diesel are

examined. Figures 6, references 6.

The itilization of tunnel diodes in the measuring circuits of

time parameters of pulse signals. Taft, V. A., Vidershayn M. N.,

"calculation reliability of electronic devices." Trudy MIITa,

issue 261, 1968, pg. 113-123.

Questions connected with the utilization of tunnel diodes

in the measuring circuits of time parameters of pulse signals are

presented; estimations of error for measurements age given.

Figures 4.

Electron level gauge. Galyoker E. I., Tret'yukhin V. A.,
"calculation and reliability of electronic devices." Trudy

MIITa, issue 261, 1968, pg 124-126.
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The circuit of an electron level gauge intended for the

calculation of bulk material during its loading is given. The

instrument is built on semiconductor digital elements. Figures

1.

The determination of the field application of the adjustable

and nonadjustable batteries of cross-capacitive co~mpensation on

traction substations of alternating current. Herman L. A.,

"Calculation and reliability of electronic devices." Trudy

MIITA, issue 261, 1968, pg. 127-139.
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