CHAPTER 5. Unconventional methods of electric energy production
To eliminate a threat of the forthcoming energy shortage, we are pinning our hopes on mastering of new power sources and on an increase in the power of already mastered methods of direct thermal, nuclear, and chemical energy conversion into electric energy. These methods will radically increase the efficiency of utilization of materials involved in power generation processes and significantly increase the amount of planetary resources accessible for practical utilization.

The direct power generation has found the widest acceptance in autonomous low-power sources for which reliability, compactness, convenience in service, and low weight rather than the economic efficiency are of great importance. They are mainly used for data acquisition in almost inaccessible localities of the Earth, in space, and on board airplanes, vessels, space vehicles, etc. As a rule, conventional generators, based on combustion of chemical fuel and large-scale method of thermal energy conversion into electric energy, require regular service; therefore, they are unsuitable for the considered purposes.

The aggregate installed capacity of millions of autonomous electric energy sources, despite their moderate sizes, exceeds the capacity of all stationary power stations taken together. In these sources, 2 types of effects are used:

· physical ones that are manifested in different forms including synthesis of light elements, photoeffect, thermo-electricity, etc. (fusion reactors, thermionic generators, photoelectric batteries, thermionic-emission generators, etc.)

· chemical ones that are manifested in an energy release in redox reactions of chemical reactants (galvanic cells, accumulators, and electrochemical generators).

5.1. Thermonuclear power engineering

One of the possible ways to satisfy the world’s population energy needs is mastering of controlled fusion of light elements – controlled thermonuclear fusion (CTF) – since virtually inexhaustible power source will be obtained.

The main portion of energy of stars and the Sun, as was proved by Hans Bethe in 1939, is released in the process of synthesis of light elements. If one succeeded in creating conditions for a controlled termonuclear reaction of light element fusion (deuterium, tritium) to occur on the Earth, this, figuratively speaking, will mean the appearance of the artificial small suns on our planet capable to satisfy energy needs of many generations.

The termonuclear reaction of fusion of hydrogen isotopes – deuterium and tritium – proceeds according to the scheme shown in Fig. 5.1.
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Fig. 5.1. Termonuclear reaction of fusion of hydrogen isotopes deuterium and tritium.

It is very important that the fuel for fusion reactors is easily extractable. Deuterium occurs naturally in water: one of 6700 hydrogen atoms has a deuterium core. Tritium is less widespread. It is radioactive and has a half-life of 12.3 yr, so that it does not occur naturally in large amounts. This isotope, however, can be artificially obtained from abundant natural raw material in the form of metallic lithium deposits.

The fusion reactors are environmentally safe. The random start of the reactor is impossible, since the amounts of deuterium and tritium in the unit in any given moment are very small. During uncontrollable combustion, all fuel will be fast spent and the process will be terminated. In addition, only nonradiactive fast neutrons and -particles (helium nuclei) are created due to confluence between deuterium and tritium nuclei. The main problems of irradiation are due to the secondary processes. The high-energy neutrons can cause the transmutation of nuclei in the reactor materials and components, and they can become radioactive. However, investigations have demonstrated that the proper choice of structural materials will allow such induced activity to be kept on a very low level.

Nuclear fusion was discovered a few years before the discovery of the phenomenon of nuclear fission. In 1931, Harold Jura first separated deuterium from water, and with the help of small accelerators demonstrated that the termonuclear fusion reaction of two deuterium nuclei is accompanied by energy release.

Despite many-year studies of controlled fusion, construction of an industrial reactor is still many years in the future. To overcome the natural electrical repulsion, the nuclei must have significant energy. The temperature of a deuterium-tritium mixture must reach, at least, 50 mln degrees (for comparison, the temperature in the center of the Sun is about 15 mln degrees). Measured in electron volts (eV), this temperature is 4,500 eV. At this temperature not only the electrons are torn loose from nuclei (in fact, the energy of only 13.56 eV is necessary for the hydrogen atom ionization), but deuterium and tritium nuclei can be fused. The deuterium-tritium mixture in this case represents a plasma – an electrically neutral gas consisting of positively charged nuclei and negatively charged electrons.

The maintenance of high plasma temperature is one of the main problems of thermonuclear research. The plasma looses energy as a result of several processes. For example, charged particles in plasma radiate electromagnetic energy in the process of collisions with each other. In thermonuclear reactions, a huge number of fast neutrons, which then easily escape plasma, are produced. The radiation, heat conduction, and turbulent convection of particles in the plasma are among the processes resulting in plasma cooling and a decrease in its temperature.


The «plasma fire» can be continuously supported by energy supply from the outside with the help of radio frequency waves or high-energy beams of neutral particles. However, there is an efficient self-sustaining source of additional heat – fast -particles generated in plasma. These helium nuclei are the “ash” of thermonuclear reactions. They are generated with energy of about 3.5 mln eV and are easily confined with a magnetic field because they have a double positive charge. In the process of collisions with plasma particles, -particles give up energy to them in the form of heat. Up to now, the researchers have failed to generate sufficient number of high-energy -particles in order that to compensate completely for thermal energy losses.

The researchers call the total average time during which the plasma looses heat the time of energy confinement or the energy time . The product of  and plasma density n characterizes the capability of plasma to conserve heat and is called the parameter of heat conservation quality. In order that thermonuclear reactions were self-sustained and gave useful power, the product n must be greater than 2(1020, where time is in seconds and density is in the number of particles per cubic meter, at the temperature T = 10,000 eV (about 100 mln degrees). Thus, the thermonuclear research is aimed at obtaining the product of three values: n, , and T of about 2(1024 s(eV/m3.

Thermonuclear systems called tokamaks are best suited now for this purpose. Russian scientists A. D. Sakharov and I. E. Tamm invented this system in early 1950. The name of this system is an abbreviation of Russian words “the toroidal chamber with a magnetic field.” The principles underlying the system operation are rather simple (see Figs. 5.2 and 5.3 [23]).
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Fig. 5.2. Three electromagnet systems of a tokamak.
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Fig. 5.3. Main components of a tokamak.

First the plasma is ignited in a vacuum chamber shaped as a torus. The system of electromagnets arranged outside of the chamber creates a toroidal magnetic field directed along the torus axis. The field acts as a hose which maintains the pressure inside the plasma and prevents its contact with chamber walls. 

Other system of electromagnets arranged in the center of the torus (in the hole) is used to induce an electric current running in the toroidal direction in the plasma. This current heats the plasma to a temperature of about 1000 eV. The plasma current creates its own magnetic field encompassing the toroid. This field prevents a drift of plasma particles outside of the region of magnetic confinement. Finally, the external conductors of the poloidal field magnet generate a vertical magnetic field confining the plasma column from upward and downward drifts as well as from drifts to the left and to the right inside of the chamber.

Up to the middle 60s, the tokamak concept had been systematically investigated only in the former Soviet Union. L. A. Artsimovich with colleague from the I. V. Kurchatov Institute of Atomic Energy have managed to gain knowledge which convinced of physicists from other countries that the period of energy confinement and the temperature of plasma in tokamaks are promising for CTF implementation. Their achievements gave impetus to the research of tokamaks in a number of the world’s leading countries. 

It is important that research on controlled thermonuclear fusion is international in character. When visiting England with our governmental delegacy in 1956, Academician I. V. Kurchatov told about the most interesting results obtained in this area in our country. Later other countries followed the example of the Soviet Union. It turned out that, working independently and secretly, the scientists of different countries came to the same ideas of implementation of controlled thermonuclear fusion. Since then these studies has become open with wide exchange by the results and discussion of perspective ideas.

As a result, the tokamak design has been significantly improved. In the middle 70s, a temperature of 3000 eV and a parameter of confinement quality of about 1018 s/m3 were realized in tokamaks. At present, a plasma temperature of 30000 eV and a confinement quality parameter of 2(1019s/m3 are realized in the most powerful experimental systems of this type including JET (Joint European Torus), JT-60  (Japan), and TFTR (Tokamak Fusion Test Reactor being an experimental thermonuclear reactor) tokamaks and DIII-D system (USA). In 1970–1990, the product of density, confinement time, and temperature increased more than 100 times.

Qualitatively new stage of collaboration in solving the CTF problem started in 1985, when the leaders of the USSR and USA (M. S. Gorbachev and R. Reugan) appeal for international collaboration in mastering thermonuclear energy for the benefit of mankind when they met in Geneva. In respond to this appeal, the engineers and scientists participating in four leading programs of research on thermonuclear fusion carried out in the European Community Countries, Japan, the USSR, and the USA decided to start in1987 joint design of the experimental thermonuclear system. They called it International Thermonuclear Experimental Reactor (ITER).

Despite a definite progress in experiments on tokamaks, some problems still remain to be solved. The researchers have not yet elucidated the fundamental nature of turbulent heat and particle transfer crosswise the force lines of a magnetic field – the process that reduces the plasma temperature. The knowledge of physics of combustion and sustenance of thermonuclear combustion is also incomplete. These problems will be investigated on the ITER. The ITER Project is aimed at the provision of conditions of ignition and long-term thermonuclear combustion, typical of an actual thermonuclear reactor, as well as at testing and demonstrating technologies of practical application of controlled fusion.

The experimental reactor under construction will be largest of tokamaks ever constructed: its altitude is 30 m and its diameter is 30 m. The plasma volume in the reactor (850 m3) is also very large; the current in the plasma is 15 MA. A designed capacity of the thermonuclear reactor will be 500 MW for 400 s. This time will then be increased to 3000 s to enable the researchers to study for the first time the physics of thermonuclear combustion in the plasma. Figure 5.3 shows the cross sectional view of units of this reactor. According to the expert estimates, the cost of the ITER design and construction will be about 7.5 bln dollars. More than 200 institutions are involved in the project implementation only from the Russian party.

Upon completion of the reactor, the ITER program will consist of two main stages. The first stage, called physical one, will last for 6–8 years. In this time, the researchers will try to provide conditions for ignition and long-term combustion typical of high-power thermonuclear reactor. After putting into operation and full testing, research will be focused on the sustenance of the stable plasma and the provision of conditions for deuterium-tritium fusion. Effects of plasma heating by -particles, dynamics, and control of plasma combustion will also be studied together with diffusion and elimination of helium once the helium nuclei have given up all their energy to the plasma.

The second stage will be a long-standing program of solving technical and engineering problems. Many technologies will be demonstrated already at the physical stage. The most important among these technologies are the operation of superconducting electromagnets, systems of plasma heating and maintenance of the current, systems for fuel feeding and deleting “ash,” instruments for remote servicing and maintenance, and external supporting systems. In the technological stage, the integral characteristics and reliability of the equipment will be tested as well as alternative materials and designs.

The design and engineering work must result in the creation of the ITER reactor with a design capacity of 1000 MW generated in the process of fusion of deuterium and tritium. This will be a considerable achievement. The expected thermonuclear yield will be about three orders of magnitude greater than that already produced by the JET being the most powerful thermonuclear reactor now.

The capability to generate thermonuclear power 1000 times greater than that produced by the existing experimental systems will make the ITER the penultimate stage for the practical implementation of controlled thermonuclear fusion. It seems likely that the scientific and engineering knowledge accumulated in experiments on the ITER will have resulted in the creation of a demonstration thermonuclear power station by the 40s of the present century. Indeed, the hope to master the thermonuclear fusion has already resulted in the considerable obligations of the four parties involved in the Project.

The fusion reaction can also be obtained by heating of a substance by laser radiation pulses or ion beams with duration of the order of 10–9 s. This reaction is called «inertial thermonuclear fusion (ITF)». Developed  countries (USA, USSR, GB, France at al.) have started the  realization this idea in 60-th  last century. 

In 2002, the Commission of the Counselors of the EC governments and experts, analyzing the situation with the ITER and ITF development, has come to a conclusion that the ITF develops too slowly; it is necessary to quicken the pace. This direction, which is in many respects alternative to the first one, instead of the confinement of unstable plasmoids, is oriented at the creation of conditions (the plasma density) under which the main portion of thermonuclear fuel would be depleted faster than these plasmoids are separated. The time-dependent parameters of this process are determined by the inertia of the fuel mixture. This reaction is called "Inertial Thermonuclear Fusion"(ITF). Developed countries (USA, USSR, GB, France at al.) have started the realization this idea in 60-th last century.

 In the creation of a pulse thermonuclear reactor, the problem of plasma confinement is transformed into the problem of plasma heating for a very short time. At present the creation of pulse thermonuclear reactors is at the stage of substantiation of conceptual projects.The efforts of scientists have resulted in the fact that now pulse thermonuclear fusion starts to compete by a number of parameters with the more conventional magnetic plasma confinement.The development of thermonuclear reactors operating in the short pulse mode upon exposure to laser or ion beams depends largely on the creation of high-efficiency lasers and high-current accelerators. Nowadays their efficiency is still very low.

The complex problem is the development of a system of utilization of thermonuclear energy that would be capable to escape harm under conditions of repeated explosions of deuterium-tritium tablets upon exposure to laser or ion beams. To obtain an acceptable energy output, rather high frequency of explosion repetition is required, similar to that of ignition of a fuel mixture in an internal combustion engine.

5.2. Radioisotope power sources
The acute need for long-term autonomous electric energy sources with specific power capacity of photo cells, electrochemical fuel cells, and chemical batteries in many cases can be satisfied by using radioisotope electric energy sources [18, 19]. They utilize the energy of radioactive isotope decay that is increasingly accumulated in composite solutions of atomic industry and fuel elements of atomic power stations. They also can be produced during neutron exposure in nuclear reactors.

Many industrially developed countries, including the USA, Russia, England, France, Japan, Canada, and Germany are involved in the production of radioisotope  power  sources (RPS).

Great interest in the examined field of atomic energy application is explained primarily by their significant advantages over other autonomous electric energy sources, including high energy capacity (a few thousand W(h/kg), long operating lifetime (up to 10 years and more), and sufficiently high reliability.

Generators of various designations have been developed for a comparatively short period, and operating experience of Russian and foreign RPS has demonstrated their high reliability.

Since the Becquerel discovery in 1896 of the uranium salt radioactivity phenomenon, more than 1200 natural and artificial radioactive isotopes have come to light.

When developing radioisotope heat sources, chemical forms and physical conditions of radioactive preparations with minimum possible radiotoxicity (for the given isotope) and maximum specific heat release are preferred. The radioactive preparation should be a solid non-crumbling material virtually insoluble in sea and fresh water, not sublimating and not reacting with air, water, and material of the ampoule. It must have high radiation and thermal stability as well. This will provide minimum isotope dispersion in an emergency destruction of the radioisotope heat source. Melting and boiling points are bounded from below and must exceed 500 and 1500(C, respectively (for generators with low-temperature thermoelectric energy converters).

As to the radiation characteristics, the preparation must contain a minimum amount of radioactive impurity isotopes with hard - and neutron radiation. The substances of the chemical compound or carriers must consist of elements with a small atomic number Z for fuel based on -radioactive isotopes and with a large Z for fuel based on -radioactive isotopes. The last requirement is caused by the necessity of reducing the bremsstrahlung dose from -preparations and the neutron radiation dose from -preparations.

The preparation must have sufficiently high heat conduction and must not contain large amount of radioactive impurity isotopes with half-life T1/2 that differ significantly from T1/2 of the main isotope. The low heat conduction of the preparation results in a significant temperature drop inside the preparation and possible deterioration in its thermostability, a significant amount of short-lived isotope results in the significant reduction of the initial power, and long-lived isotopes results in a decrease of the specific power.

The utilization of fuel with a low specific power Psp significantly increases overall sizes of the generator, decrease its efficiency, and increase its weight. The proper value is Psp ( 0.1 W/cm3. The fuel half-life must exceed or, at least, be equal to the operating lifetime of the generator; with short half-life and considerable operating lifetime, it becomes necessary to control the heat flux to the thermoelectric converter. As a rule, the half-life of a radioactive isotope must be no less than 100 days and no more than several years. Isotopes with half-lives exceeding a few hundred years have low specific characteristics (Psp << 0.1 W/cm3). The feasibility of obtaining a sufficient amount of fuel and its low cost are also very important.

The list and the main characteristics of fission products – the main fuel types for RPS – are tabulated in Table 5.1.

Table 5.1. The main specific characteristics of fission products.

Isotope
Specific radioactivity, Ci/g
Specific energy release (power)
Half-life T1/2



W/g
W/cm3
Ci/W


Sr90 

Cs137 

Ce144 

Pm147
144 

88.4 

3200 

918
0.936 

0.411 

26.7 

0.338
2.44 

0.77 

184.4 

-
154 

215 

120 

2725
27.7 years 

2968 days 

284.5 days 

2.66 days

Since metal isotopes, as a rule, have high radiotoxicity, metal-based compounds rather than pure metals are utilized as a fuel for RPS. These compounds are inert, stable, and have acceptable physical properties (high heat conduction and melting temperature).

In addition to the metal compounds listed in Table 5.1, the isotopes produced by irradiation in a reactor, for example, Pu238, Po210, Cm242 and Cm244 are utilized for RPS. 

Based on the physical effects underlying radioisotope radiation conversion into electric power the devices can be combined into two groups: atomic batteries and radioisotope electric generators. In turn, atomic batteries are of the following types:

· with direct charge collection,

· with semiconductor junction,

· with contact potential difference,

· based on  photoelectric effect,

· based on the secondary electron emission.

The radioisotope electric generators are subdivided into turbogenerators, thermionic emission generators, and thermoelectric generators. The two last generators are examined in detail in Sections 5.4 and 5.5; other types of RPS are briefly described below.

RPS in which the energy of radioactive decay is converted without a thermal cycle are called the atomic batteries. They are used to supply infrared vision systems and voltage standards, to charge dosimeters, to wind up automatically clocks, and so on, that is, when high parameter stability and low power consumption are required.

The batteries with direct charge collection refer to the so-called primary ones in which - or -particles emitted during radioactive decay are collected.

If we take two plates and put a radioactive material on one of them (emitter), the emitted particles accumulated on the other plate (collector) will charge it, and the charge sign will correspond to that of the particle. The scheme of this battery is shown in Fig. 5.4.
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Fig. 5.4. System with direct conversion of nuclear energy into electric energy comprising -radioactive emitter (1), metal ampoule (2), and metal vessel (3).

With the -emitter, the plate is charged negatively, and with the -emitter it is charged positively (-emitters are more often used).

The average specific power of -sources is a few microwatts per millicurie; since the source radioactivity does not exceed a few curies, the output power will be a few milliwatts. The output voltage of such sources depends both on the energy of -particles and on the resistance of insulation between the emitter and collector.

H.H.D. Moseley produced the first battery with direct charge collection in 1913. Using 20 mCi of radium, he obtained a current of 10–11 A with a voltage of 150000 V.

The voltage of actual batteries with direct charge collection changes in the range 1–100 kV, and the current is in the range 10–8–10–12 A.

The batteries with semiconductor junction belong to secondary RPS, since negative or positive charges in them are generated as a result of p–n junction in a semiconductor upon exposure to primary radiation. The battery consists of a radiation source (- or -emitter) and a semiconductor with p–n junction. The -emitter can be used because in the process of interaction with the material, -quanta knock out electrons from the crystal lattice of the semiconductor thereby forming numerous pairs of charge carriers – electrons (–) and holes (+). This causes the amplification of the primary charge of -particles by a factor of 105 or the conversion of energy of -quanta into energy of electron-hole pairs. These types of sources can have low voltage, but currents higher than those in nuclear batteries with direct charge collection. The power of these batteries is limited by the radiation stability of the semiconductor junction. Therefore, it is desirable to use sources of soft radiation (for example, Pm147). The prototypes had power of (1 W, voltage of a fraction of a volt, and efficiency of ~1%.

The batteries with contact potential difference (the secondary RPS) utilize the difference in work functions of electrons from two metals forming a pair. This difference is called the contact potential difference.

If an ionized gas is placed between two different metals (electrodes), a current will run upon application of the contact potential difference in a closed circuit comprising electrodes. A self-ionized radioactive gas, for example, Kr85 or a gas ionized by a special source can be used in these batteries. Since a single -particle can produce a few hundred pairs of ions, the current in this battery will be (100 times higher than in battery with direct charge collection, and its emf will be equal to the difference between the work functions of electrodes (about a few volts). The current is determined by the ion concentration, which depends on the activity of the emitter, energy of -particles, nature of the ionized gas, etc.

In photoelectric batteries (tertiary RPS) the electric energy is produced as a result of double conversion. The electric current is induced in photocells upon exposure to light. A combination of radioisotope phosphors and photocells allows one to produce photoelectric batteries.

 
To increase the efficiency of light energy conversion into electric energy of photoelectric batteries, the light spectrum of a luminophor is chosen in the wavelength range of maximum spectral sensitivity of the photocell. The actual power of such batteries is about several tens of microwatts, their efficiency is 1–2%, and their voltage is a few volts.

The batteries based on the secondary electron emission operate as follows. If a flux, for example, of -particles is incident on the electrode having large coefficient of secondary emission, the flux of secondary charged particles will be formed. Based on this effect, a small-sized source of electric energy can be constructed, and the batteries with direct charge collection can be used to generate an accelerating voltage in the subsequent stages. The emf of single-cascade batteries is sharply equal to the energy of secondary electrons.

The radioisotope turboelectric generators have not yet found practical application, but they are of interest, because they can have a power exceeding 1 kW.

The block diagram of a radioisotope turbogenerator is shown in Fig. 5.5. The generator consists of radioisotope thermal unit (1) where the working body is heated, supply system (2) through which the working body is delivered to turbine (3) of refrigerator (4) and electric generator (dynamoelectric machine) (5). A liquid metal (the Rankine cycle) or a gas (the Brighton cycle) can be used. Of great importance is the reliability of turbine, generator, and pump operation. However, even for relatively large operating lifetime, their reliability will be always lower than the reliability of thermoelectric systems, because of the presence of rotating parts. Because of a higher efficiency of turbogenerators compared to thermoelectric generators (for high power), the turbogenerators are still promising, especially when not only electric, but also mechanical energy is required. Calculations demonstrate that the total efficiency of the generator is ~15%.
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Fig. 5.5. Block diagram of a radioisotope turbogenerator.

Experience in the development and operation of radioisotope generators in different regions of the globe and increasing capabilities of radioactive isotope production in large amounts suggest that the radioisotope power engineering will be developed extensively. 

5.3. Thermionic converters


The phenomenon of thermionic emission was discovered by T. A. Edison in 1883. While working on an electric lamp, he put two wires into a bulb. When one wire burnt out, he turned the lamp and switched on another wire. In the course of his experimental tests, he established that a certain amount of electricity is transferred to the cold wire, that is, electrons are “evaporated” from the hot wire – the cathode – and move to the cold wire – the anode – and then to an external electric circuit. In so doing, a portion of thermal energy spent on heating of the cathode is carried by the electrons and is transferred to the anode, and a portion of the thermal energy is liberated in the external electric circuit when the current flows. 


The anode heats up by heat carried by electrons. If the cathode and anode temperatures are identical, the heat of electron “evaporation” from the cathode would be equal to the heat of electron “condensation” on the anode, and the heat energy would not convert into the electric one.


There are two general types of thermionic converters (TC): vacuum and plasma diodes. Isotopes with high specific energy release (Cm424, Po210, etc.) necessary for heating to high temperatures are used as thermal energy sources in isotopic TC. The schematic of the generator is shown in Fig. 5.6, and its draft design is shown in Fig. 5.7.
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Fig. 5.6. Schematic of a thermionic radioisotope generator.

1- Radioisotope heat source
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Fig. 5.7. Nuclear thermionic converter: comprising shielding 1, cooler 2, anode 3, vacuum 4, cathode 5, and nuclear fuel 6.


The hot cathode emits electrons that after passage through a narrow interelectrode gap are incident on the relatively cold anode. If the cathode and anode having different work functions are connected through a load, a current will flow through the load due to the arising potential difference. The cathode will be the positive lead of the thermionic generator, and the anode will be the negative lead with respect to the external circuit.


The thermal energy of the cathode is spent to overcome the work function of electrons leaving the metal. In addition, the energy is lost by radiation, convection, and thermal conductivity. The energy lost by the cathode is mainly delivered to the anode. The anode must be cooled to avoid overheating. 


The greatest principal difficulty in the creation of TC is a spatial charge arising in the anode-cathode gap and limiting the electron current. To reduce the spatial charge, the designers try to make the anode-cathode gap as short as possible (d ( 2(10–4 cm in vacuum diodes) or to use vapors of substances having low ionization potential (for example, cesium) in plasma diodes. The blocking effect of the space charge can be reduced by increasing the velocity of emitted electrons using an additional accelerating electrode with a high potential applied to it (Fig. 5.8). In this case, the electron trajectory is corrected by the accelerating electrode and by the magnetic field. 
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Fig. 5.8. Scheme of electron acceleration in a thermionic generator: accelerating electrode 1, electrons trajectories 2, anode A, and cathode C. 


The main parameters of the thermionic generator are the efficiency and specific output power of the converter (W/cm2).  For gas-filled diodes, these parameters depend on the cathode (emitter) temperature Tc, anode (collector) temperature Ta, vapor pressure p, interelectrode gap d, and anode and cathode working functions.


Experiments demonstrate that the specific output power of thermionic generators is 5–10 W/cm2, and their efficiency is about 10% (the calculated efficiency is (30%) for output powers of (10 W. 


It should be noted that the development of thermionic generators faces serious technical problems connected with a proper choice of materials resistive to high temperatures (Tc ( 2000 K and Ta ( 1500 K).  

5.4. Thermoelectric generators
From all devices directly converting the thermal energy into the electric one, thermoelectric generators (TEG) are most widespread now (though they have comparatively low output power).

The thermoelectric generators have specific features that make them irreplaceable in many cases. The absence of moving parts, in particular, which admits the use of higher temperatures in the cycle, is among them. There is not necessary to use high pressures of liquids or gases in the main circuit, because the cycle is based on the phenomena occurring in the material itself. The thermoelectric generators can be used at low and high temperature gradients and at low and high temperatures, that is, the thermoelectric cycle is universal, it admits the application of virtually arbitrary heat sources. 

The consumption of thermoelectric materials can be small, because the thermoelement efficiency is virtually independent of sizes, but is determined by the methods of heat supply, contact resistances, and other design features. The control of the thermoelectric generator can be reduced only to regulation of the heat source, because its schematic comprises no machines and mechanisms. This makes the development of automatically operating power stations easier.

The thermoelectric phenomena were discovered in the first half of the 19th century. However, at that time they did not find wide application in power engineering because of low thermal efficiency.

Now semiconductors and laminated thermoelements provide the efficiency of heat utilization exceeding 10%. Russian scientists made significant contribution to the development of the thermoelectric method. Research and development on thermoelectricity under the leadership of Academician A. F. Ioffe in the 30–40s gave impetus to investigations in this field the USA, England, and France. The work in the field of physics of thermoelectric phenomena, thermoelement design, fabrication of thermoelectric materials, and development of calculation procedures have culminated in the development of thermoelectric generators of different types and designations that utilize heat produced by radioisotope sources, nuclear reactors, organic fuels, the sun, and exhaust gases of different engines. These power stations operate as parts of automatic meteorological stations in the Arctic, high mountains, and space as well as on board marine and underwater objects; they protect pipelines from corrosion in deserts.

The economists have demonstrated that when the efficiency of thermoelectric generators is equal to or greater than 15%, they become competitive with many other energy sources in different fields of science and engineering.

The development of atomic engineering has expanded the realm of application of thermoelectric generators. Since the late 50s, thermoelectric generators utilizing the heat liberated during radioactive isotope decay and the energy of uranium fission in nuclear reactors have been developed. These high-power systems operate on board space vehicles orbiting the Earth and far removed from the Earth’s energy resources; they are used in navigation systems (beacons and meteorological stations) and in other fields of engineering. In 1964, the world’s first nuclear reactor with a 500-W thermoelectric current generator was put in operation in the I. V. Kurchatov Institute of Atomic Energy.

The TEG with output powers from several watts to several kilowatts are widespread now. The TEG with output power of several units and even tens of megawatts have already been designed and are produced in small numbers. Many papers describing the results of scientific research in the field of thermoelectric power engineering, TEG design, methods of TEG calculations, employed thermoelectric materials, etc. have been published in the last few decades.

To familiarize with the history of the development of thermoelectric power engineering and physical principles of direct thermal energy conversion into the electric energy, monographs [15-17] can be recommended.

The priority of the discovery of thermoelectric phenomena belongs to Russian Academician F. Épinus, who described experiments on producing electricity by heating materials performed in Saint Petersburg in 1762 (see Chapter 2).

He described the thermoelectric phenomena (pyroelectricity) in the detailed work entitled Memoirs Containing a Precise Description of Experiments with Tourmaline published in 1762. The phenomena arising on heating of tourmaline were described in this work, and, in particular, a pyroelectric pendulum was considered. 

Oscillations of a cork ball were excited by an electric potential of the hot tourmaline surface. The ball was attracted to one electrode, charged, repelled, and then attracted to another electrode, and so on. These experiments were the first attempt of direct electricity production by simple heating of materials.

The thermoelement operation is based on the effect discovered by Seebeck, who in 1822 carried out experiments on deviation of the needle near a thermoelectric circuit. The essence of the Seebeck effect is that a current flows through a closed circuit consisting of different materials when temperatures of material junctions are different. Experimental investigations demonstrated that the thermocouple emf depends on the employed materials and the temperature difference between hot and cold junctions. 

The T.I. Seebeck phenomenon can be explained by the fact that the mean energies of free electrons differ in different conductors, and rates of their temperature growth also differ. In the presence of a temperature gradient along a conductor, electrons move from the hot junction to the cold one. As a result, an excess of negative charges arises near the cold junction, whereas an excess of positive charges arises near the hot junction. The electron flow is more intensive in conductors with higher electron concentrations. Therefore, an electric current flows even in the simplest thermoelement whose closed circuit comprises only two conductors with different electron concentrations and whose junctions are maintained at different temperatures. The smaller the electrical conductivity of the material, the lower is the electron overcurrent and hence the higher is the emf. Therefore, semiconductor elements are more efficient than metal ones.

Thermoelectric batteries. When Seebeck discovered the thermal emf, the batteries of electrochemical elements were the sole sources of electric energy. Some researchers suggested the Seebeck effect to be used to create competitive industrial sources of electric energy. Thus, in 1843 Moses Pauli was granted a patent on a thermopile representing a chain of thermocouples connected in series to produce a higher output emf. The thermocouple was composed of different metals A and B (Fig. 5.9). A significant disadvantage of such thermopile was an increase in the internal resistance, and hence limitation of output power when the number of elements connected in series increased. In other words, an attempt to increase the output voltage on the leads of the electric power source, which would allow one to use such sources in practice, led to a decrease in the source power and thereby limited its practical applications.
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Fig. 5.9. Thermopile comprising hot junctions 1 and cold junctions 2.

By 1850, the highest efficiency of thermopiles was (3%, which was approximately equal to the efficiency of the existing steam engines. Because of low efficiency, the thermocouple was long (more than a hundred years) used mainly to measure temperatures (the generated emf is proportional to the temperature difference between the hot and cold junctions).

Semiconductor TEG. The situation changed radically when semiconductors were discovered.

The concentration and sign of electric charges can be controlled by means of incorporation of various impurities into semiconductors.

The thermoelectric element comprises a pair of semiconductors with n- and p-type conductivities.

Figure 5.10 shows the thermocouple comprising n- and p-type semiconductors. In both arms of the thermocouple, charge carriers move from the hot junction to the cold one. Since the motion of the positive charge is taken to be the positive direction of electric current, the directions of currents in the arms of the circuit coincide (they are indicated by arrows in the figure). To obtain high values of the emf, the semiconductor TEG must comprise a set of thermocouples, each consisting of n- and p-type semiconductors, connected in series.
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Fig. 5.10. Thermoelectric element.

The thermal emf of semiconductors, by analogy with metals, is directly proportional to the temperature difference between the hot and cold ends of the rod. The difference is that the thermal emf of semiconductors is by a factor of 40 (and even greater) higher than the thermal emf of metals. Thus, if the thermal emf of a typical metal is 0.2–0.3 mV for a temperature difference of 55(C, the thermal emf of a semiconductor made from bismuth telluride is 10 mV for the same temperature difference.

The dependence of the thermal emf on the temperature difference is shown in Fig. 5.11 for typical semiconductors (curve 1) and metals (curve 2).
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Fig. 5.11. Dependence of the thermal emf on the temperature difference.

Good heat insulation characteristics of semiconductors allow TEG with large temperature difference and hence with high thermal emf to be created on their basis.

At working temperatures T ( 900–1000 K, 20–30% Ge–Si alloys are expedient, and at T ( 600–800 K, materials based on tellurides and lead, bismuth, and antimony selenides are best suited. A silicon thermoelement is shown in Fig. 5.12. Heat Q1 is supplied to the thermoelement through the wall of heater 1 with the help of a heat carrier (for example, liquid metallic one), thermal tube, or direct contact with the heat release zone of the reactor. Heat Q2 is removed from the TEG through wall 7 of the cooler (by means of radiation, a heat carrier, or the thermal tube). The junctions of semiconductor crystalline thermopiles 4 and 9 are formed by metal buses 3, 5, and 8, which are electrically insulated from walls 1 and 7 by dielectric layers 2 and 6 based on oxides with temperature difference T = T1 – T2.
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Fig. 5.12. Schematic of elementary semiconductor TEG.

The TEG efficiency is ensured by radically different structures of arms 4 and 9. The arm of the p-type with the hole conductivity is prepared by incorporation of acceptor impurities of atomic boron (B) into Si–Ge alloy. The arm of n-type with the electron conductivity is fabricated by doping of Si–Ge with donor phosphor (P) atoms. Because of an increased reactivity and a low mechanical strength of semiconductor materials, they are connected with buses 3, 5, and 8 through interlayers prepared from silicon-boron alloy. To stabilize the TEG operation, it is enclosed in a hermetic metal cartridge filled with argon.

To provide efficient operation of commercial TEG, the temperature of the hot junction must be increased to (1100(C. The difficulties in increasing the semiconductor temperature are caused by the fact that with increasing temperature, semiconductors of different types tend to convert into true semiconductors with equal numbers of positive and negative charge carriers. In the presence of a temperature gradient, these charges move from the hot junction to the cold one, and hence no thermal emf is produced. 

Nowadays, investigations are extensively carried out on the creation of semiconductors operating at high temperatures. To increase the temperature of hot junctions using heat produced in reactors during fission of nuclei of heavy elements, a number of technical problems must be solved, in particular, caused by the severe effect of radiation on semiconductor materials. 

Figure 5.13 shows the schematic of the generator in which heat is produced by combustion of an organic fuel. A significant disadvantage of these generators is that the utilization of standard organic fuel is irrational because of large losses of heat carried away by gases.
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Fig. 5.13. TEG based on organic fuel.

The future industrial application of TEG depends in many respects on a successful search for materials that possess the properties of semiconductors at high temperatures and can operate upon exposure to intense radiation.

It is expedient to use TEG when their compactness, reliability, portability, and convenience rather than efficiency are important.

The TEG are convenient in operation, because they do not have moving parts and are noiseless. English physicist John Gardner wrote for fun that «… the society of noise control would be satisfied for certain by mowing-machines actuated by thermoelectric generators that would restore to a certain extent peace and silence in suburbs at weekends».

5.5. Electrochemical sources.

The chemical energy in electrochemical generators (previously called Galvanic cells) is converted into electrical one.

An emf is generated in the Galvanic cell due to the ability of metals to transfer their ions to a solution as a result of molecular interaction between ions of metals and molecules (and ions) of solutions.

 All possible combinations of the Galvanic pairs with different electrolytes were investigated from the viewpoint of their use as sources of current. However, only few electrochemical systems turned out to be promising. In addition to conventional lead and nickel accumulators, silver accumulators with zinc or cadmium anodes and a few systems capable of short-term generation of high output powers (mainly ampoule batteries) were found promising for industrial applications. The specific energy capacity of the best (silver-zinc) storage batteries does not exceed 120–130 W(h/kg under the most favorable operating conditions. The application of such sources at elevated and negative temperatures worsens their characteristics. 

In addition to useful power consumption, of great importance in the development of autonomous systems with long operating lifetime is a self-discharge period of chemical batteries limiting the operating lifetime and decreasing the effective energy capacity.

The Galvanic cells have found important technical application in accumulators in which the material spent for current is previously stored on electrodes when current from an external source (during charging) flows through them. The application of accumulators in power engineering is hindered due to a small reserve of an active chemical fuel that gives no way of producing continuously electric power in large amounts. In addition, low specific output power is typical of the accumulators.

At present, in many countries more emphasis is placed on systems that directly convert the chemical energy of an organic fuel into the electric energy called fuel cells. The efficiency of these systems is higher than the efficiency of heat machines, and their power capacity is several times greater than that of chemical batteries. In 1893, German physicist and chemist  W. Nernst calculated that the theoretical efficiency of electrochemical process of coal chemical energy conversion into the electric one is 99.75%.

The most developed and perspective are oxygen-hydrogen cells. The electric energy in these cells is produced as a result of chemical energy conversion into the electric one; the cell can operate at room temperature and atmospheric pressure, but the efficiency of electrochemical process significantly increased with temperature and pressure.

Figure 5.14 shows the schematic of the oxygen-hydrogen fuel cell. The electrodes in the fuel cell are porous. The positive hydrogen ions are transferred to the electrolyte on the anode.
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Fig. 5.14. Schematic of an oxygen-hydrogen fuel cell comprising casing 1, cathode 2, electrolyte 3, and anode 4.

The remaining electrons produce a negative potential and are displaced to the cathode in the external circuit. The oxygen atoms located on the cathode attach electrons and form negative ions; the latter are combed with the hydrogen atoms from water and then are transferred into the solution in the form of hydroxyl ions OH–. The hydroxyl ions, combining with hydrogen ions, form water molecules. Thus, with continuous supply of hydrogen and oxygen, the continuous reaction of fuel oxidation by ions takes place with the simultaneous flow of current in the external circuit. Since the voltage on the cell leads is low (of the order of 1 V), the cells are connected in series to form a battery. The efficiency of fuel cells is very high. Theoretically, it is close to 100%, and in practice, it is 60–80%. Utilization of hydrogen for the fuel leads to high total expense of operating the fuel cells; therefore, the feasibility of application of other fuels, primarily natural and generator gases, is examined, because gas is a cheap fuel. However, the rate of gas oxidation reaction is satisfactorily high only at high temperatures (800–1200 K), which gives no way of using aqueous alkali solutions as electrolytes. In this case, solid electrolytes with ionic conductivity can be used.

At present, the work is underway on the creation of efficient high-temperature fuel cells. The specific output power of fuel cells is still low. It is several times lower than the specific output power of internal-combustion engines. However, advances in electrochemistry and structural modernization of fuel cells will make the use of fuel cells for motor-vehicle transport and power engineering quite possible. The fuel cells are noiseless, economically efficient, and do not pollute the atmosphere.

