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EDITOR'S NOTE

The papers in this Volume of the Preprint Volumes cuntain late
papers which were not submitted to the Editor in time for printing befcre
the Conference. Any papers listed in the Conference Final Programme
brochure which do not appear in the five Preprint Volumes may be assumed
to have been withdrawn, The Table of Contents includes session number
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COOPERATION BETWEEN THE UNITED STATES AND THE SOVIET UNION
IN THE FIELD OF MHD POWER GENERATION: OBJECTIVES AND
PROJECTS

W. D. Jackson
Office of Fossil Energy, ERDA, USA

J.F. Louis, D. B. Montgomery
Massachusetts Institute of Technology, USA

A. E. Sheindlin, E.M. Shelkov, V.A. Ovcharenko,
Institute of High Temperatures of the USSR Academy of Sciences, USSR

S. J. Schneider
National Bureau of Standards, Department of Commerce, USA

Abstract: The US-USSR cooperative program in MHD was officially established
in 1973 by the joint Soviet-American Commission on Scientific and Technical
Cooperation amd is now being carried out within the framework of the Soviet-
American cooperation in energy. The overall objective of the joint MHD pro-
gram is the design, construction, amd operation of one or more iadustrial
scale MHD power plants. The report, in successive sections provides a brief
discussion of the commercial advantages of MHD, its current status, and the

status and contributions of the US-USSR cooperative program in MHD technology
development.

1. INTRODUCTION

Magnetohydrodynamic electrical power generation was first recognized by
Michael Faraday as technically feasible during his original investigation of
electromagnetic induction in 1831. It appears in the patent literature from
the early 1900's. The first recorded attempt to develop an MHD generator was
conducted at the Westinghouse Research Laboratories before and during World
War 1I. After World War II, MHD emerged as one component of developing inter-
ests in the understanding and utilization of ionized gases or plasmas under
I zh-temperature conditions. Since that time much progress has been made.

During the the last two decades research in the field of MHD energy con-
version has vbe2n aided by constantly growing international cooperation.
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Regular international conferences on MHD have become traditionai. The Inter-
national Liaison Group on MHD Electrical Power Generation has provided wide
opportunities for periodic exchange of information between the specialists

of many countries. There are now bilateral amd multilateral agreements bet-
ween individual scientists as well as scientific organizations of many
countries. Based on these informal arrangements the US-USSR cooperation
formally started in 1973,

Th2 development of the latter Program is one of the examples of internat-
ional cooperation invslving large-scale scientific and technical problems in
the field of power engineering whose significance extends far beyond the
boundaries of the two countries.

2. COMMERCIAL MHD SYSTEMS

Estimates of growing electrical capacity needs in the USSR and USA, as
well as in many other countries, have shown that through the year 2000
fossil fuels wili have to provide at least Lz'¥ the total electrical emergy
needs, even assuming a rapid growth in nuclear power availability. The
limited availability of fossil fuels makes it imperative that the efficiency
of today's electric power plants be significantly increased.

It appears that, for all practical purposes, the performance development
of steam-turbine systems has reached its upper limits, (about 40% comversion
efficiency) and only by combining steam cycles with owther conversion systems
can significant increases be obtainmed. The MHD genera.or falls naturally
into the highest teuwperature range where it is worthwhile to operate heat
engines and contain the working Fluid with materials which do not involve
excessive thermal losses, It is to be noted that MHD generators are not
associated uniquely with steam turbines. The combination of MHD with gas
turbines is also an attractive possibility that is receiving attention.

Many cycle analyses have been conducted on binary MHD-steam—plant cycles
and agreement has been established on the expected overall performance and
the needed component specifications. It is necessary to operate the genera-
tors with a magnetic field in the range of 4~6 Tesla (advanced gemerators may
operate at higher fields), amd it has been shown that this field can be cb-
tained economically only with a superconducting magnet. The steam generator
required is of a somewhat different design from that employed in conventional
power plants, because of the high temperature of the MHD generator exhaust,
the presence of ash, seed, amd slag ia the combustion products, amd the need
to control the decomposition of the NO . Another important component required
by an MHD system is an inverter to couple the DC out-put of the MHD generator
to AC power lines. Experience has been gained--almost all of it in the USSR--
in operating MHD operating MHD generators through an inverter system. It is
anticipated that the inverters will be similiar to those developed for asyn-
chronous links in long-distance-electric-powertransmissions lines,

Cycle analyses have generally established that the operation of first
generation-MHD combined cycles will lead to efficiencies in the range of 48~
52 percent with preheat temperatures around 1500 K, and that later improve
ments in all aspects of MHD technology can raise this overall efficiency to
beyond 60 perceni. It has been found that about half of the electrical
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power is generated by the MHD unit and the balance by the steam part of the
cycle. The performance of the MHD generator is expected to improved with
advaucing technology, and this will raise its share of the total ocutput to
around 70 percent. The main function of the steam cycle, then, is to drive
the air compressor, and the consequence of technology improvements is to
iccrease the utilization of the high-temperature end of the thermodynamic
cycle for electric-power generation.

To the extent that economiz evaluations can be made in advance of the de-
velopment of & technology the cost of MHD-steam-power plants have been shown to
be competitive with those of corresponding conventionzl fossil-fired plants
whean the cost of pollution control is included. Because of higher efficiency
and, therefore, better fuel utilization, operating costs are less. The bus-
bar costs of electricity generation by MHD is generally projected to be as
much as 20 percent lower than conventional fossil-fired plants can achieve.
Although the economics of MHD must remain in scme question until further ad-
vance of the technclogy has been made, the observation that the steam plant
provides about 530 percent of the electrical output also implies that the
components involved are either conventional technology or represent only small
modifications of existing practice. Thus, about half the electrical capacity
of the plant can be priced rather accurately; the chief uncertainties are in
the MHD unit, particularly in the supercomducting magnet aml the preheaters.
The simplicity of the MHD ducts and the straiglitforward construction of the
diffusers lead to the conclusion that these terms are a relatively insignifi-
cant part of the total cost.

In addition to efficiency and cost considerations, MHD has been viewed
favorably for commercial applications because of its poliution-control feat-
ures. The overall thermal efficiency obtainrable implies a reduction of ther-
mal po:lution which, for advanced MHD cycles, is about four time that the pre-
sent light~water-reactor nuclear plants for a specified electrical output.
With MHD combined with a gas turbine as a bottoming stage, the need for steam
condensation is eliminated, and waste heat is exhausted directly to the atmosp-
here. The situation with respect to air pollution is more complex, bur it
turns out that several of the requirements for successful MHD operation also
serve to reduce the emission of both particulates amd noxious chemicals.
Overall, MHD technology promises to provide central power plants with the
lowest possible environmental pollution rates per unit of generated electric
power, substantially below anticipated emission standards.

In addition tc its use for base load, other very attractive features of
MHD are its possible application for (with some reduction of the efficiency)
simple and inexpensive intermediate aml peak-load plants operating on gas or
liquid fuel. Analysis has shown that such peak-load MHD power stations re~
quire minimum capitacost per kilowatt of useful power. Moreover, these types
of systems while covering the need for peak, intermediate and emergency loads,

could in off times operate to produce power for oxygen or other industrial
plants.

3. CURRENT STATUS

At the present time MHD development is moving towards the utilization of
MHD generators in large-scale demonstration facilities. This ies to a large
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extent due to the results achieved on the development and operation of pilot
scale open-cycle fossil fueled MHD facilities. Considerable progress has been
made in understanding the principal physical processes occurring in MHD gen-
erators.

The US has achieved considerable success in the investigation and devel-
opment of separate elements of MHD installations. By the beginning of the
1960's a aumber of American firms and scientific instituticns had taken an act-
ive part in MHD R&D. The AVCO-Everett Research Laboratory obtained 32 MW of
electrical power for a few seconds using the "Mark-V" MHD genera:or. These re-~
sults were particularly important, since they demonstrated the feasibility of
using MHD in large-scale power engineering. The American facilities at that
time, however, could not be used for long—duration operation,

Some principal problems, such as long-term resistance cf the electrode
and insulation materials to high temperatures, and methods of seed injectiom
and recovery were still unsolved. The interaction of some verv complex and
important elmments of the MHD system, including high-temperature air preheat-
er, combustion chamber, seed injection and recovery system, MHD channel, mag-
net system, steam generator, etc., was not clear. Large-scale complex instal-
lations instead of small test stands were needed fecr solving all of these pro-
blems.

Ic the Soviet Union the research in the MHD field was started in 1960-
1961 using an incremental approach to the central problems, which coordinated
the efforts of a number of participating organizations. A complete experimen—
tal MHD facility (U-02) was put into operation in 1964, This facility in-
tegrated all the principal elements of an open-cycle MHD power station and was
used to develop promising system designs and high temperature materials, as
well as long—duration system tests.

The results of the U-02 research program and others allowed ihe Institute
of High Temperatures of the Academy of Sciences of the USSR to start construc-
tion of the first industrial MHD pilot plant ~-the U-25. The physical start-up
of this installation was in March 1971,

The U-25 is a complex power system consisting of all the components nec-
e=sary for a true industrial MHD power plant. A power c¢f 7 MWe was obtained
in January 1975 for several hours an output approximating the design value for
the channel tested. The installation operated without fzilure for 100 hours
while supplying power Lo the Moscow power grid in the power range 1-4 MWe.
There was also a 1/2 hour run in March 1975 when 12.4 MWe was attained.

The results obtained during the operation of the U-25 installation have
confirmed the soundness of the scientific and engineering developments incor-
porated into its design. The experience gained in the operation of the U-25
equipment amd the improvements made in certain components of the installation
have resulted in gradual increases in its operating capabilities. Overall the
project goals were met in a successful manner.

Thus, the respective achievements of the US and Soviet research and de-
velopment in the field of MHD energy conversion have made if possible to start
the planning, design and construction of first generation large-scale
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industrial MHD power plants operating on fossil fuel. The development of the
first industrial MHD system can be greatly accelerated and achieved at a reduc-
ed cost through the combined efforts of the two countries. This is the major
objective of the US~USSR MHD program.

4. COOPERATIVE PROGRAM DESCRIPTION

The cooperative program between the United States and the Soviet Union in
the field of MHD electrical power generation had its origins in ths contact
established between technical workers in this field through the International
MHD Liaison Group. These contacts provided the basis for proposing MHD as one
of the cooperative activities within the overall agreement for scieatific and
technical cooperation signed by former President Nixon in Moscow in May 197Z.
The outline of an MHD cooperative program was established at a meeting of the
Energy Worxing Group in Moscow in October 1972 anmd the program was finally
established at the first meeting of the joint US-USER Steering Committee in
Washington, D.C. July 1973. The prcgram is jointly headed by the Energy
Research Development Administration, Fossil Energy Program (for the U.S.) and
the Institute of High Temperatures {for the USSR).

The program is based on the complementary nature of the development of
MHD in the two countries., In the US, emphasis in MHD has been in gaining a
scientific understanding of the process and through this, learning how to pre-
dict the behavior of the key components, especially the MHD generator channel
itselif. 1In the Soviet Union, emphasis has been on the modeling and construct-
ion of plants of increasing size amd complexity. A further balancing factor
is the concentration by the Soviet Union on natural gas as a fuel for MHD
vhile the U.S. emphasis has increasingly moved to the utilization of coal as
the primary fuel. Given these conditions at the begimning of the program, the
objectives of the cooperative program were to obtain jointly as much engineer-
ing experience as possible, utilizing both US and Soviet facilities where prac-—
tical for testing components and materizls, and to share the techaiques devel-
oped for the analysis of key MHD components, particularly the generator duct.
A determined effort has been made to avoid the program being limited to a gen-—
eral exchange of information.

As provided in the protocol of the July 1973 meeting, both sides set up
working gzroups of between 5 and 7 specialists in the following areas.

l-development and testing of MHD materials

2-design of the MHD channel for testing in the U-25 installation
3-application of supercounducting magnets to MHD generators
4-diagnostic techniques

5-exchange of engineering and design information

A sixth group in the area of coal combustion in MHD systems was allowed
for, but has not yet been initiated.

In each case, the working groups have held a series of meetings to de-
velop specific activities within their assigned area. For the present, diag-
nostic techniques have been included with the U-2%5 chanmel group and this arrange-
ment will probably be retained for the coming year.
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In each case, the working groups have held a series of meetings to de-
velop specific activities within their zssigned area. For the present, diag-
nostic techniques have been included with the U-25 channel group and this
arrangement witll probably be retained for the coming year.

The joint steering committee held its second meeting in Moscow in March
1974 and its third meeting in Washington, D.C. in OQctober 1974 and will con-
tinue to meet at approximately six month intervals to review the progress cf
the working groups and, where necessary, to adjust the goals of the overal]
program. To provide a forum for the exchange of technical information, an ann-
ual USUSSR colloquium is being held as part of the overall prcgram. The first
of these colloquia was held in Moscow on February 1974 and included 12 American
and 14 Soviet technical papers with 21 Americans and nearly 200 Soviet MHD
workers and electric power specialists in attendance. The individual working
groups have also made considerable progress.

4.1 Materials Development and Testing.

The program of joint materials testing aldresses a wide variety of prob-
lems associated with the selection amd development of electrode, insulating
and vapor--resistant material capable of operating under the MHD power genera-
tion conditions. The experiments are to be performed both at the Soviet and US
facilities. The agreed plan of experiments at the U-02 includes five test
phases and is directed mainly at the selection of electrode materials capable

o long duration operation in the seeded combustion products of clean or dirty
fuels.

In 1975 Phase I of the materials testing program should be completed.
This phase deals with the long-term investigation of zirconia electraodes in
clean fuel MHD generators. The basic objective of the first stage is to study
the phase stability, general eletrical behavior, rate of disintegration due to
evaporation and erosion, oxidation resistance, thermal shock resistance, and
compatibility during 100-hour tests of four compositions bases on ZrQ .

The second phase of the program will possibly include a 100-hour test of
electrode modules similar to those planned for use in the US designed U-25
channel. Materials of construction (electrodes) may be Zr0 based or other
types of current interest such as lanthanum chromite.

Additional testing phases will be devoted to testing materials under in-
creasingly severe conditions e.g., in the presence of sulfur compounds and
coal slag during 100 hours, 250 hours and longer. These types of test will
probably require unique electrode designs and the use of electrodes based on
silicon carbode and zirconium diboride. As the program develops, projects may
include the testing of the insulating materials for the combustion chamber,
air preheater, recuperator, and steam generator both at the Soviet and US in-
stallations. At the present time conceptional and preliminary designs of amn
electrode module for the U-02 has been developed for ERDA by the Westinghouse
Research Laboratory. A control assembly (mockup) of a model of such a be made
according to joint agreements and will be delivered to the USSR for the first
joint agreements and will be delivered to the USSR for the first joint 100-hour
tests in September 1975. All the information obtained will be jointly shared.
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The Soviet U-02 facility contains all of the elements of a MHD plant and
is on a scale (mass flow of one kilogram per second) which is particularly
suited to the long duration testing of materials after they have been select-
ed and proof tested under simulated MHD conditions. In the U.S., the AVCO
Mark-6 and UTSI2 test facilities provide respectively a high interaction en-
vironment and a coal combustion product environment for advanced proof testing
of materials. Accordingly, the basic cooperation in the materials area in-
volves the testing of U.S. materials in the U-02 facility and Soviet materials
in the Tennessee, UTSI-2 facility, with the possibility of the work also being
done vy AVCO at their Mark-6 facility.

Since this particular program is the first attempt by the U.S. side to
undertake actual experimental work in the Soviet Union, the technical approach
elected both with respect to module design and electrode materials selection
is deliberately conservative for twch has to be learned mot only about the
technical aspects of cooperation hut also the practical aspects of working in
a remote and unfamiliar loncation. Thus yttrium amd cerium doped ziroconia
used will be of a kind which has already been examined by groups in the U.S.,
and it is anticipated that this work will provide a reference base on which to
conduct the later experiments which will involve more zlvanced materials. The
Soviets will provide a coal combustion environment for at least some part of
the later phases of the test program.

4,2 U=-25 Channel Design

The importance of achieving successful long duration operatiom of a pilot
scale channel has long been recognized by all concerned with MHD as a key step
in the establishment of the engineering feasibility of the process. The
Soviet U-25 facility offers a unique opportunity to undertake such tests with-
in the next two to three years without the expense involved in comnstructing a
facility of that particular size ard type. Based on U-25 specifications, the
US has made conceptual designs of an MHD channel to operate for 100 hours at a
mass flow rate of 50 kg/sec at 10-15 MW. The conceptural design work was per-—
formed by AVCO Everett Research Laboratories and MEPPSCO for ERDA. Soviet
specialists actively provided advice amd consultation to the US noting positive
features of the US designs as well as potential weak points. Thne preliminary
design by MEPPSCO Inc. is presented at this Conference in the form of a separ-
ate report.

During the course of discussion on the channel designs the US side i.ade a
proposal of joint investigation of the electrical breakdown between the adja-
cent electrodes of a Faraday channel in the direction of the Hall field. The
interelectrode breakdown is a critical phenomenon in the large-scale MHD gen-
erators and influences the characteristics, life and cost of the generator.
This project is now in a very active stage.

4.3 Superconducting Magnet Technology

One of the important problems of a commercial-scale MHD power plant is
the development of a large superconducting magnet system. Under the joint pro-
gram the US is developing a magnet which could serve as a prototype of a full-
scale superconducting magnet system. The use of this magnet will make it
possible to obtain experience in running the MHD channel at high values of
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magnetic field intensity and at sufficiently high electrical power output.

The initial design requirements of the superconducting magnet system have
been proposed by the USSR and provide for magnetic field induction of B = 4 T
over a length of 2.5 m and a heat volume diameter of 0.6 m. The USSR suggests
it is possible to construct a special MHD channel for operation with this mag-
aet and to mount it at the hot air outlet of the U-25 installation. A special
combustion chamber is also to be constucted. The superconducting magnet sys-
tem is being developed by the Argonne National Laboratory for ERDA. The su-
perconducting magnet system will have a working volume of a cylindrical shape
with a diameter of 0.6 m and a field whose intensity decreases along the
length of the active zone and has a mean value of four teslas. The magnet
will have saddle-type windings with a circular run. This type of winding is
promising for larger systems. A drop of the magnetic field along the magnet
will be obtained due to a variable number of turns. The superconducting mag-
net system will be constructed complete with the cryogenic equipment necessary
to ensure contiruous operation for a few hundred hours. It is assumed that
the superconducting magnet system will be completed at the end of 1976 or at
the beginning of 1977.

4.4 Technical and Economic Studies

The joint studies on MHD power systems provide analysis of the earlier
technical and economic evaluations of MHD power plants. They attempt to de-
fine commercial MHD power systems in terms of power, a type of fuel, oxidizer
and other parameters. This serves as a basis for conceptional design amd for
the determination of important technical and economic¢ indices. At a later
date there are plans for joint design studies which wili lead to the develop-
ment of the industrial-scale MHD power »plants., Finally, on the basis of these
studies, recommendations are made to appropriate organizations of both coun-
tries for carrying out joint construction and operation of industrial-scale
MHD power stationms.

A spacial ad-hoc working group has been created for carrv out these tech-
nical and ecconomical analyses. This group includes representa’i.<s of the
leading organizations of both countries. The basic task of the ad-hcc working
group is to carry out a joint detailed analysis of the engineering amd econom-
ical aspects related to the development of irdustrial-scale MHD power stations
and to publish a joint report. The report will summarize the engineering so-
lutions and economical indices of MHD power plants at the present state-of-the
art level amd also will include recommendations for further joint US-USSR pro-
jects. These recommendations should lay the foundation for the joint projects
involving MHD power station plants with outputs of 1200-1600 MW from a single
facility. These projects will focus on MHD installations operating zn gas,
liquid fuel amd coal.

A list of sections and chapters of the joint report has been approved. A
format has been estabiished on the basis of an example of Chapter 1.1 "High-
Temperature Preheating of the Oxidizer". The scope and content of the report
have been formulated through a review of comprehensive abstracts of each of
the sections. The report is to be issued at the end of 1975 beginning of 1976.
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4,5 Engineering and Design

The first Soviet-American Colloquium on MHD Energy Conversion was heid in
February 1974 in Moscow. It contributed greatly to the exchange of informat-
ion between the two countries. 14 USSR and 11 US papers were discussed at the
colloquiun., The greater part of the colloquium consisted of review type pap-
ers and covered a wide variety of areas ranging between the discussion of Nat-
ional Programs to separate problems of the behavior of the ionizing seed in
the MHD loop and the questions of diagnostics of low-temperature plasma. The
papers of the collogewium have been published in the original language by the
Institute of High Temperatures of the USSR Academy of Sciences {l].

The next Soviet-American colloquium will be held in June 1975 in the USA
preceeding this conference. It will be in the form of a panel discussion con-
centrating on the four basic projects of the Soviet—American cooperation,

The successful start of the USSR-US cooperation in the field of MHD
energy conversion has been accomplished. It is hoped that this joint program
will lead to early large-scale industrial MHD systems.

REFERENCE

[l1] The First Soviet-American Colloquium on MHD Energy Conversion, Moscow,
1974, Institute of High Temperatures of the USSR Academy of Sciences.
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CONSIDER ATIONS IN THE DEVELOPMENT OF OPEN CYCLE
MHD SYSTEMS FOR COMMERCIAL SERVICE

.1 ) 2
W.D. Jackson', R.V. Shanklin', L.M. Raring , P.S. Zygielbaum ',
J.W. Pepper?, S.T. Demetriades>, J.C. Cutting3, C.D. Maxwell?,
W.E. Amend”, J. VanSummernS. S.7J. Schneider®.

Abstract: The development of MHD for use in commercial service is
generally taken to involve a staged program with the goal of a commercial
demonstration plant during the late 1980's. This paper is concerned with
the procedure of achieving the stated goal of a demonstration plant buildiny
from the existing technical base, and with the issues which have to be fa:ed
in a logically constructed, goal-oriented development program.

This paper {irst reviews the system and plant analyses completed
to date and develops a base-line reference design for a full scale MHD
plant. This design is for an MHD-steam binary cycle utilizing a directly
fired air preheater and direct coal firing. The key parameters of this type
of MHD plant are established. Alternate system concepts are also consid-

ered to examine the optimum systems available and the prospect for their
commercial application,

Quantitative results are used to establish the technical issues which
must be addressed in a development program. Considerations of physical
constraints and cycle efficiency lead to performance requirements for

individual components, and these are compared with current engineering
information.

Economic factors affecting the commercial application of open cycle
MHD power plants are considered in terms of projected capital, fuel, and

maintenance costs for full scale plants. Environmental aspects are given
special attention in these estimates.

Finally, performance capabilities of the selected reference design
and technical and cost information are used to establish a preferred devel-
opment approach to the commercial demonstration of open cycle MHD power
generation within the given time table. This approach is expanded into an
overall development program in which the key program elements, major
tasks, milestones, and decision points are highlighted.

I. INTRODUCTION

The steady progress in the United States magnetohydrodynamic (MHD)
power generation program over the last four years serves as a strong
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basis for detailed, long-range planning toward the development of open
cycle MHD systems for commercial service. For the timely realization
of commercial MHD power systems, planning emphasis must be shifted
from past exploratory and scientific approaches to an engineering-oriented
program directed toward solution of specific component and system devel-
opment problems. This paper outlines some considerations in the formu-
lation of such a program.

While there was appreciable initial work on MHD in the early 1960's,
the initial effort in National Plannirg for MHD dates from 1969 when the
Office of Science and Technology issued a report titled "MHD for Central
Power Generation: A Plan for Action''. This report provided impetus for
the initiation of individual research projects in 1970 and subsequent years
by the Office of Coal Research and the electric utility industry. The devel-
opment of MHD power generation reached a point in the past year where an
overall program plan could be developed, so that individual projects could
be coordinated, decision points established, and major goals identified.

During the last few years, several technical groups have assessed
the level of development of MHD and the potential for commercial applica-
tion of MHD to central station or base load electric power generation.
Two of these gr 'ps have published key reports. (Ref. 1,2)

A joint Electric Power Research Institute (EPRI)/Oifice of Coal
Research (OCR) Workshop on the Development of Open Cycle MHD was
held in May 1574 and resulted in the May 1975 EPRI Special Report SR-12,
"An Overall Program for the Development of MHD Power Generation, "
All of these planning efforts, when cornbined with our current technical
progress, serve as a guide for continued MHD development,

The formulation and implementation of an MHD Development Program
is timely, not only on a technical growth basis, but also as one potential,
coal-based solution to the increasing cost and scarcity of oil and gas as
fuels for electric power generation. The generation of electrical power by
means of open cycle MHD energy conversion systems integrated as topping
cycles with convential steam generating plants can extend the usefulness
of our finite fossil fuel reserves and reduce the associated environmental
impact. Such systems might operate at efficiencies greater than 50% and
perhaps as high as 60%, while using readily available fuels and, in partic-
lar, while using the high-sulfur coals abundant in the United States. Pre-
liminary engineering experience indicates that ash and sulfur-laden fuels

can be used directly in MHD systems, without the need for significant pre-
processing.

II. SYSTEM ANALYSIS

The role of systems engineering and analysis is central to an engi-
neering development program for a system with the complexity of an open
cycle MHD/steam turbine combined cycle plant. Systems analysis may be
viewed as an iterative process by which various technical disciplines pro-
vide tools for the design of individual components; analytical models of
individual components are integrated into sysz:em models which may be
rearranged or varied parametrically to optimize plant design. During this
process, technological problems are identified, system performance is
predicted, system economic and environmental impact is assessed, and
direction is given for future developrment. Figure 1 shows this process

schematically for the critical components of an MHD/steam combined
cycle plant.
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Various system analyses for fossil-fuel fired open cycle MHD/
steam combined cycles have been carried out in the past. The promise
of thermal efficiencies in the range 50-60% is founded on independent
estimates by many investigators. Figure 2, taken from Ref. 3, summa-
rizes several such estimates under a varity of assumed operating condi-
tions. These and other past studies provide guidance for the definition of
some of the base-line reference design parameters.

As part of the development of an overall MHD plan, a systems
engineering effort is in progress to specify system requirements and to
provide a basis for technical guidance to the total program. Recent work
at the National Bureau of Standards (NBS) and Pittsburgh Energy Research
Center (PERC-ERDA) on the phase-states of coal slag, potassium seed,
and NOy has laid the groundwork for locating the slag-removal and seed
recovery subsystems, as well as for specifying gas cooling rates for NO
control. A simplified configuration thus determined for a coal-fired MHD/
steam combined cycle with a directiy fired high temperature air preheater
is shown in Figure 3. Figure 4 details a typical configuration of the steam
system components and auxiliaries compatible with the basic configuration
shown in Figure 3. This configuration is the basis for the base-line cal-
culations described below.

The following constraints are imposed upon this system by materials

or physical chemistry considerations:

(1) Slag/seed solubility data from NBS indicate that a significant
slag/seed separation requires temperatures in excess of 1970K
at the surface of the liguid slag layer in the slag separator.

(2) Slag/seed solubility data from NBS also imply that, to obtain
a 95% recovery of the seed, it may be necessary to reject as
much as 90-95% of the coal ash prior to the addition of seed.

(3) The solidification temperatures of K3S04 (1340K) and K;CO3
(1175K) impose constraints on the temperature of the gas
leaving the seed condenser. These temperatures have a sig-
nificant effect or overall cycle efficiency, as will be shown
later.

(4) Liquid K3SO, or KZCO3 must be solidified very soon after it
forms to inhibit serious erosion of the ceramic and metalic
materials of construction for the seed condenscr. One method
of achieving such a rapid cool-down is to recycle stack gas
into the seed condenser.

(5) Only limited amounts of liquid slag/seed mixtures can be
tolerated on currently available materials of construction.
This implies that the remainder of the slag carried through
the MHD channel should be removed before the high tempera-
ture air preheater.

The key parameters of a selected base-line reference design are
given in Table I. These parameters are chosen to retain comparability
with previous analyses as much as possible. A set of zlternate parameters

is also given in Table I which indicate a typical range of values for system
sensitivity studies.

Alternate system concepts for open cycle MHD/steam turbine com-
bined cycles with direct air preheat are also considered. Figure 5 shows
a simplified schematic diagram for a coal-fired system with a high temper-
ature air preheater fired indirectly by gasified coal. A clean fuel fired

system with a directly fired high temperature air preheater is shown
schematically in Figure 6.



III. TECHNICAL ISSUES

The technical issues which must be addressed by the development
program may be identified by the results of the systems analysis. Recently,
preliminary calculations for the base-line reference design of Table I have
been carried out with, for the first time, the physical constraints of the
slag/seed systems given above. Additional assumptions beyond those listed
in Table I are given in Table II. These preliminary calculations predict
51% overall cycle efficiency for the base-line reference design.

As noted above, the sced condenser has been inserted in the cycle to
precipitate the potassium compounds K,;504 and K,COQOj3 from the combustion
gases prior to thz gas entering the steam superheater. All of the present
calculations ha-= included the seed condenser between the high temperature
preheater and the steam boiler. As shown in Figure 4, recycled combustion
gas at approximately 400° K is introduced into the combustion gas in the
seed condenser. It must be pointed out that there is some question as to
whether the seed condenser is essential per se. The absence of the seed
generator or its placement elsewhere in the system would change the char-
acteristics of the system considerably.

Figure 7 gives the results of a series of preliminary calculations
performed on the system as a function of air preheat temperature (T ;) and
seed condensation temperature (T ) with an Illinois #& coal (3. 2% sulfur,
heating value 10, 788 Btu /#) and a low-sulfur West Virginia coal (0. 6%
sulfur, heating value 14, 550 Btu /#). In an effort to standardize the results
in this study the, generator length was limited to 16 meters and the flow
velocity in the generator to 825 m/sec.

Sensitivity studies emphasize technical issues associated wi*h the
critical components of the system:

(1) Combustor. Combustor design has a significant effect on overall
cycle efficiency. Figure 7 indicates that there exists an optimum operating
pressure, other conditions being equal, due to the high compressor work,
low electrical conductivity, and higher heat losses associated with very high
pressures. Provision must be made for slag removal at the rate determined
by constraints on the downstream components. Effects of combustor heat
loss, various fuel/air ratios, and fuel composition and preparation must
also be studied.

(2) MHD Generator. Performance and durability are the crucial tech-
nical issues for the generator. Slag coatings on the generator walls promise
to increase durability by protecting hot gas surfaces from the effects of
electrical damage and erosion without any serious reduction in generator
performance. Turbine efficiencies of 60-70% appear necessary for high
cycle efficiency. In addition, enthalpy extraction rates near 20% or more
are required. Both duration and performance must be greatly improved
over present demonstrated capability. A summary of the most significant
generator performance data is shown graphically on Figure 8.

(3) Magret. Existing superconductor magnet technolegy provides a
strong development base. Design and construction capability must be pro-
vided for the configuration and size range required for commerciai MHD
power. The present calculati.ns show little sensitivity to the peak magnetic
field because the 4000: V/m Hall field constraint requires tapéring of the
magnetic field a short distance downstream from the generator inlet. Im-
proved electrode designs will allow higher Hall fields and effectively use
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field strengths of 6 Tesla. Present demonstrated capability is limited to
about 4 Tesla.

{4) Diffuser. Performance of diffusers with high blockage from the
thick boundary layers at the exit of an MHD generator remains to be dem-
onstrated. Efficiency penalties for poor diffuser performance must be
investigated with the system models. Corrosion/erosion resistance of duct
materials must be comparable to that of the generator materials.

(5) Radiant Boiler/Sla_g Separator. Materials must be found that with-
stand the effects of slag while maintaining the slag surface temperature
above the limit of 1970K prescribed above.

(6) High Temperature Air Preheater. The effect of preheater per-
formance on cycle efficiency i1s also shown in Figure 7. The sensitivity
of cycle performance to preheat temperature in the present study {(approx-
imately 2 percentage points for each 200K increase in preheat temperature)
is somewhat less than that reported by other investigators because of the
constraint placed here on the exhaust temperature of the seed condenser.
High temperature materials must be found to withst.ad the seed-bearing
combustion products at temperatures from about 2200K down to the air
preheat temperature selected.

{7) Seed Condenser. The effect of the temperature at the exit of the
seed condenser upon cycle performance is also given in Figure 7. As
shown, for an air preheat temperature of 1800K, the cycle performance
decreases from about 52% to 47% as Ty is reduced from 1350 to 1250K.

In the present model the volumetric ratio of added ‘ooling gas to original
combustion gas is typically 1:3 for a condenser exit temperature of 1350K
and 1:2 for a 1250K temperature. Also of interest if Figure 7 is the
performance of a low sulfur West Virginia coal with a higher heating value
than the Iilinois #6 coal. Since the sulfur centent of this coal is low,all the
potassium seed cannot be extracied as K 504. assuming a potassium
carbonate seed, and a seed condenser temperature of less than 1200K would
be required. The lower seed condenser temperature would reduce the cycle
performance below that which is calculated for the high sulfur coal with a
condenser temperature of approximately 1300K.

The above situation can be altered by seeding the combustor with
K~SO4 when the amount of sulfur in the coal is less than 0. 8% {the amount
wﬁich leads to acceptable SO, emissions of less than 500 FPM). This
technique would allow T c fo be raised to 1300K with a resultant improve-
ment in efficiency, and the proposed seed regeneration system to convert
sulfate to carbonate could be eliminated {which would have a significant
impact on the overall economics of the system).

The present analysis also indicates that for coals with greater
than 0.8% sulfur, the sulfate form of the seed musi be balznced with a
seed compound rot containing sulfur in such a way that the maintenance of
Tsc at 1300K will cause neither an excessive discharge of SO, into the
atmosphere, nor an excessive carry-over of potentially corrosive seed
compounds through the steam plant.

{8) Other Ccmponents. Efficiencies and costs of MHI} subsystems,
steam systems, and the balance of plant can strongly influence the pProjected
performance and cost of the overall plant. These parameters must be
established accurately with the cooperation of the industries involved.

The above base-line reference design results are based on computer
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calculations undertaken with system, thermnodynamic, and generator codes
developed by STD Research Corporation (Reference 4, 5). The calculations
are to be regarded as preliminary, because it is believed that additional
performance optimization of the base-line design can be achieved.

Iv. ECONOMIC FACTORS

Many considerations will affect the integration of open cycle MHD
technolagy into the electric utility industry. The development of viable
open cycle MHD systems for electric utility power generation will require
the achievement of adequate component and system performance, as
discussed earlier. In actual application, MHD systems will have to compete
with alternate types of generating plants case-by-case as each utility con-
siders its cwn needs for new generating capacity. Detaiis of the load profile,
reserve capacity requirements, existing generation mix, and other such param-
eters will influence the decisions.

The central issue is meeting a projected load pattern, reliably, at
minimum overall costs, and with minimum adverse effect on the environment.
Therefore, in order for MHD plants to compete successfully, they must dis-
play both performance and confidence of continued performance comparable to
or better than other alternatives, at costs which are similarly as gcod or
better. Thus, to make proper decisions regarding the type of generating
plant appropriate for each applicatien, utilities will require the expressicn
of the power plant's technical characteristics in terms of plant economic
parameters.

The basic criterion is, of course, overall power production costs.
Plant capital costs and operating and maintenance costs are important
elements in the determination of the overall power production cost. Another
important factor is plant availability, recognizing the need io shut down
occasionally for maintenance and repairs. The amount that a utility can
afford to pay for a power plant depends greatly on the expected yearly
energy production of the plant and the expected cost of replacement power
needed during outages of the plant, since these considerations affect the time
necessary for the recovery of the capital investment. The acceptance or
rejection of MHD power plants will not depend on the attainment of any
single value of availability, but plant availability must be predictable.

In generai, older base-load power plants ere gradually displaced
to intermediate load operation by the advent of newer, more reliable and
more efficient plants. This means that MHD plants will probably be
expected to operate in a cycling mode at some point during their useful
lives. The efficiency and other characteristics of these plants under such
conditions must be understood.

Plant operating costs will be largely determined by thermal
efficiency, including efficiency at part-load or other off-design conditions.
F'uel costs are of prime importance here, emphasizing the need to develop
an open cycle MHD technology able to meet various individual power system
circumstances of fuel supply.

A factor affecting both operating and maintenance costs is the
processing of chemical wastes or byproducts resulting from fossil-fired MHD
power generation. The primary example is the seed regensration process,
which must restore seed material at a fraction of the cost of significant
seed replacement. Another example is the removal of sulfur from the stack
gases, perhaps in chemical combination with seed material, and the subse-
quent disposal of the sulfur. A third important example is the control of
NO, concentrations in the exaust gases. This might take the form of
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minimizing initial NO_ formation, or conceivably, of designing for its
formation and recovery for the manufacture of useful byproducts. The
economics and equipment reliability associated with such processes may
greatly affect the marketability of various types of open cycle MHD systems.

Recent studies have analyzed such processes and have considered
the associated hardware requirements. Pepper (Referenzes 6,7) and
Bienstock, et al., (Reference 8) along with other investigators, have con-
sidered the control of NO, etr issions by the use of 'two-stage' combustion,
that is, fuel-rich initial combustion followed by secondary air addition and
after -burning downstream. These studies, which have concentrated on the
costs associated with NOy control in coal-firad, open cycle MHD plants,
have produced very encouraging results.

Bienstock, et al., have further emphasized the recovery of seed
material and the control of sulfur emissions in coal-fired systems. They
have predicted that the use of combustor subsystems rejecting up to 95% of
the coal ash may allow very high levels of seed recovery and extremely
effective removal of sulfur from the exhaust products. Seed recovery and
sulfur removal carry an estimated total capital investment of about $10/kW
in a 1000 MW, plant operating at a thermal efficiency of 50%. Associated
operating costs have been estimated as 8% of the busbar power costs of
about 10 mills/kWh, at a fuel cost of 50¢/106 Btu in 1974 dollars.

Thus, in summary, studies have shown that MHD technology
promises to provide the eleciric utility industry with an economically and
environmentally sound method for using the nation's extensive coal
resources. Notwithstanding this promise, the following question has often
arisen: Where will open cycle MHD power generation fit in a U, S, utility
industry moving toward a nuclear base-load, actively pursuing the develop-
ment of coal gasification for use with gas turbine combined cycles, and
anticipating the possibility of the advent of fusion and solar electric power
generation? In an effort to address this question, Pepper and Yu
(Reference 9) have undertaken the evaluation of open cycle MHD in con-
junction with an analytical model developed to project the interaction of
alternative future electric power generating systems, with their corre-

sponding fuel needs and constraints, under specified assumptions of demand
growth.

Only two preliminary cases have been investigated to date. The
results of these efforts, therefore, should be taken only as an indication of
areas appropriate for further study and of approximate bounds on the system
performance and costs required for successful commercialization.

Table III, taken from Reference 9, summarizes the types of plants
used in these preliminary studies. The assumed characteristics are based
upon a variety of analyses. They are intended only as an initial refereuce
point for the studies and do not renresent any final projections.

The types of power plants listed in Table III are defined as follows:

1. Coal-fired, open cycle MHD-steam turbine combined cycle
(MHD-Steam)

2. Conventional coal-fired steam power plant with advanced
stack gas scrubbing (CONYV)

3. Gas turbine combined cycle plant with advanced low-Btu
coal gasification, with turbine inlet temperature of 2850F
(CCAG)

4. Gas turbine combined cycle with pressurized fluidized bed
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coal combustion, gas turbine inlet temperature of 1600F,

steam temperature of 1000F (PFBC)

Conventional light water reactor system (LWR)

6. Fast breeder reactor system cooled by liquid metal or
possibly by gas or molton salt (FBR)

7. An advanced technology, representing fusion, low-cost
central station solar generating plants, or perhaps
improved FBR, and not available for widespread use for
40 years (ADV)

N

Two scenarios have been considered in the preliminary studies.
In the first case, the assumption is made that nuclear capacity will not be
available to satisfy all of the base-load demand. In this case, the coal-fired
systems are considered along with the LWR and the FBR for base-load
application. In the second scenario, the assumption is made that the base-
load demand is satisfied by the LWR, FBR, and/or ADV and that the four
coal-fired systems are being compared for intermediate load applications.

Within each scenario, the analytical model yiel .s the difference in
the present value of cost between having the MHD plant and not having it
available. The program carries out the calc "ation for a 75-year period.
For each case, the program calculates the sequence of plant installations so
as to satisfy a specified electricity demand. In addition, the program does
this in such a way as to minimize the present value of all investment, and
fuel costs incurred over the 75-year time period. The calculation is a
simulianeous one for all points in time.

A number of principal assumptions were made at the initiation of
the studies. These are summarized as follows:

1. The cost of uranium ore is assumed to follow the quadratic
curve of Figure 9, which is adapted from Reference 9.

2. The capiial cost of the FBR is assumed to be $50/ kW
greater than that of the LWR,

3. A discount rate of 10% is used, implying that the produc-
tivity of capital will by 10% or more in real terms.

4, The time period 1970-2045 is examined with 25 sub-
intervals each three years long.

5. U.S. electrical energy demand is assumed to grow from its
1970 level of 1.53x10 2 xWh at a compound annual rate of 5%.

6. The cost and performance parameters are as listed in
Table III. For base-load application, =ach plant is treated
as available and in operation 75% of the year. In the
intermediate load application, the plant capacity factor is
assumed to be 45%. All costs are pretax and are expressed ‘-
constant 1974 dollars. Capital cost projections for each
of the plant types are the result of an ongoing program
planning effort at the Electric Power Research Institute.
The base for these numbers is $420/kW for the conventional
coal-fired plant (Reference 10). Each of the other plants
is priced in relation to this value. The MHD plant capital
cost range represents a reasonable spread of published
MHD systems studies, again referenced to the $420/kW
for the conventional plant.

7. In the first scenario, the coal-fired plants are constrained
to constitute at least 30% of all new capacity installed
through the year 2000.

8 ’n the first scenario, LWR installation is fitted to a
quadratic, yielding no installed capacity in 1970, 100, 000
MW in 1985, and 800,000 MW in 2000.
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9. FBR installation is precluded before 1994, but it is allewed
to represent up tec 10% of new capacity installed in 1994,
20% in 1997, 40% in 2000, 60% in 2003, and unlimited
thereafter.

10. ADV installation is precluded before 2015, but it is allowed
to represent up to 10% of new capacity installed in 2015,
20% in 2018, 30% in 2021, 40% in 2024, and so on.

11. Each type of plant is assumed to have a 30-year service
life.

12. The calculation allows for presently constructed oil and
gas units but does not allow any new construction of such
units.

Figure 10 shows the results of the calculation for the first scenario
(coal-fired base-load plants required) with the assumption that MHD is not
available. The present value of investment to satisfy the electricity demand
for this case is $357.56 billion. Figure 11 shows the results of the assump-
tion that MHD plants are available in the first scenario. The CONV, LWR,
FBR, and ADV all behave as in Figure 10. The CCAG, however, is dis-
placed by MHD shortly before the year 2000. MHD plant installation peaks
about 2020, with a maximum capacity of around 400, 000 MW, before being
phased out by 204C. The present value of invesiment to satisfy the electrical
demand for this case is $357. 45 billion.

Figure 12 shows the second scenario {(coal-fired intermediate load
plants only). The results are identical with or without MHD plants avail-
able. CONYV plants continue to satisfy the intermediate load demand until
about 1990, at which time CCAG plants take over and supply the majority
of the intermediate load demand.

In all these cases, a small percentage of the load was met by
hydroelectric power plants, but these curves have been omitted for clarity.
Also note that, for the stated assumptions, the lowest cost generation mix
for base-load or intermediate load never includes the pressurized fluidized

bed combustion system. Figures 19, 11, and 12 are taken directly from
Reference 9.

Again, it is emphasized that these results are very preliminary and
represent only the beginning of such an effort at EPRI. They are presented
only as an indication of areas for further study and to establish represen-
tative bounds for acceptable MHD system costs and performance. With
these reservations in mind, the following discussion examines some of the
implications of these preliminary studies.

In comparison with similar earlier studies (Reference 11), wkich
allowed only for conventicnal coal-fired plants, the availability of either
MHD or CCAG would reduce the total cost of producing the specified demand
by some $20 billion in present value, indicating the benefits of developing
advanced coal-fired power plants. For the specified plant cost and perform -
ance, the difference between using MHD and CCAG plants in base load
application amounts to only about $100 million. In the context of billions of
dollars, this is not significant. However, when the MHD plant is available,
it displaces the CCAG plant from base-load power generation, and this is a
significant point. This fact, in addition to the $20 billion cost saving if
either MHD or CCAG is available, makes a strong justification for pursuing
the development of coal-fired, open cycle MHD systems for base-load
application. This case is further strengthened in view of the present
situation of nuclear plant deferments . In terms of R&D priorities, these
results indicate that approximately equal weight should be given to MHD and
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CCAG systems. Again, the tentative nature of these results, in the absence
of further work, is emphasized.

The most immediate cause for the behavior exhibited in Figures 10
and 11 is the low capital cost of CCAG plants in comparison to either CONV
or LWR pla..'5 in Figure 10. However, in Figure 11, the reduced operating
{fuel) costs of an MHD plant, as influenced by the higher thermal efficiency,
overshadows the lower capital cost of the CCAG. The opposite case is true
in Figure 12, With only 4000 hours per year of operation, the higher thermal

efficiency of the MHD plant is outweighed by the lower capital cost of the
CCAG.

Several assumptions of the present study merit close inspection.
First, the size of the electrical demand, assuming a continuing 5% growth
rate, is staggering. Second, there is serious question as to whether the
LWR or FBR will be able to meet the assumed rate of introduction. Third,
the PFBC system performed poorly under the given assumptions, whereas
the use of a realistic probability of success (assumed 100% for all systems
here) might well provide PFBC with some expected benefits.

The basic conclusion to be reached from these preliminary studies
is that open cycle MHD technology has the potential for making a significant
contribution in electric utility application. The results of the study emphasize
the strong need for MHD materials, components and systems which can
reliably withstand yearly operating times typical of base-load power plant
operation, in preference to those designed to operate perhaps 14 hours per
day and to be shut down at night and on weekends.

V. PROGRAM PLAN

The general approach to a national program is ba sed on a strategy
dictated by (1) the time constraints imposed by our energy needs, (2) the
technical difficulties inherent in the commercial development of a major
high technology power system, (3) the focus ou U.S. coals including high
sulfur coals and, (4) the requirement for continuous orientation to the
commercial development of MHD power,

1. Time Constraint. Rapidly expand and direct MHD
technology toward specific engineering requirements;
identify and solve major problems promptly to ensure
timely selections of successful design approaches for
each project and phase.

2. Technical Difficulty. Initiate parallel development
approaches to critical component and sysiem develcpment
problems so as to reduce development risk in design and
fabrication of components and subsystems in the advanced
program phases.

3. Coal as the Principal Fuel. Direct the MHD development
program immediately to a broad range of U.S. coals,
including high suifur coal (HSC). Clean fuels may be used
for component development purposes where warranted.
Major component and system development efforts will be
predicated on U, S. coals.

4. Commercial Development. Continually focus the program
on its ultimate commercial application and associated
minimum busbar electric power cozt.

Table IV lists the important MHD development areas. In time
sequence, the most critical goals are:
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- MHD Generator Demonstration
- MHD System Demonstration - Engineering Test Facility (ETF)
- Commercial MHD Combined Cycle Electric Power Generation

A large supporting materials research task is under way to support
these engineering goals. It is anticipated that the most critical development
area will be in initial MHD systems development since an MHD system of
this scale has never been tested before.

The development plan progresses through three overlapping phases.
Figure 13 outlines the three phases out to the late 1980's.

Phase 1

The first phase will develop the technology required to design,
develop and test system components as well as the first set of ETF compon-
ents. This preliminary engineering and development phase leads the way to
a realistic subscale MHD experimental plant, the ETF,

The major elements of the Phase I program are identified below.

(1) Preliminary Testing: (a) Provide basic background design
data, (b) Initiate component design and development programs, {c) Analyze
design variables, component matching and other factors tc determine over-
all system effects and trade-~offs, and (d) Identify major design requirements
for materials, fabrication, instrumentation, controls and other supporting
technological improvements and initiate responsive R&D programs,

{2) Systems and Design Analysis: {a) Conduct component level
parametric studies and optimization based on computer models of critical
components, (b) Analyze component sub-systems and system interactions
to provide a firm base for quantitative trade-off studies and system
optimization, and (c¢) Analyze, through computer modeling, experimental
data developed by component engineering development tasks. Through
reiterative analytical steps, improve modeling techniques and make

appropriate recommendations for sharpening research and development
directions.

(3) Component Development: Based upon all available data and test
experience, initiate preliminary design and test evaluation of individual
components. Establish flexible test facilities capable of critical investigations
of component performance within appropriate design boundary conditions of
temperature, mass flow; chemical, physical, and fluid dynamic environment;
and electromagnetic field effects, as appropriate. Test stands must be
adequately instrumented to provide reliable quantitative data for parametric
analyses for systems and design modeling studies and optimizaticn. Identify
major material, design, and ancillary deficiencies through these tests and
immedijately initiate prompt, design oriented research and development, as
needed, under the Supporting Research and Technology Task. Major effort
will be directed to the following tasks: Generator, Channel, Diffuser
Combustor, Air Heater, Magnet, Steam Generator, Seed Recovery and Slag
Separation, Inverter, and Emissions Control System,

(4) Engineering Test Facility: Design and construct facilities
capable of the following: (a) test components as semi or complete MHD
systems ({b) selection of reference design components for integrated test
evaluation, (c) evaluation of interfacing and control characteristics,
endurance, performance, and identification of critical problem areas,

(d) provide hasic performance and parametric data for analytical and design
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analyses to further refine systems optimization and design improvements
and (e) define major problem areas requiring development work, to improve
endurance or performance, solve fabrication problems, or 1mprove control
and monitoring capability. (Note: To minimize development risks in

Phase II, consideration should be given to providing a dual ETF effort. This
will allow for a greater test flexibility, permit evaluation of alternative and
back-up des1gn approaches, and provide a broader base of exper1menta1 data
and experience to provide firm engineering support for Phase I design and
engineering decisions.)

(5) Supporting Research and Technology: Identify specific R&D
design needs and initiate effective, applications-oriented R&D work to meet
the specifically identified requirements.

Phase II

The second phase carries the ETF demonstration forward to an
advanced engineering stage. Continued design testing and refinement is
pursued to improve output and endurance and lay the groundwork for the
design of a commercial plant.

The ETF is planned as both a pilot-scale component test facility and an
MHD system experiment,and will be located in the vicinity of Butte, Montana,

An advanced ETF may be required in this second phase, to develop
advanced components and system designs in support of the commercial
demonstration plant. Preliminary design and early procurement of an
Advanced Engineering Test Facility may be started in the latter part of
Phase I. This normal development risk will be lessened as the component
development work progresses. Major attention will be directed toward
minimizing demonstration plani design risks.

Main Objectives of Phase II are:
a. Test and Evaluation of ETF #1.

b. Fabrication and test of an advanced ETF if that option is
selected

c. Preliminary Design of the Commercial Scale Plant.
Phasge III

The final phase commences with construction and ends with the
successful operation of a commercial scale plant.

The goals of Phase III are:
a., Further test and operation of an advanced ETF system.
b. Final design, fabrication, test and operation of the
Commercial Scale Plant.
c. Proof of the commercial feasibility of the combined MHD
and steam cycle to produce electricity from coal.
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TABLE ! KEY PARAMETERS OF BASE-LINE REFERENCE
DESIGN FOR COAL FIRED MHD/STEAM
COMBINED CYCLE WITH PARAMETRIC

VARIATIOMS

APPLICATION

THERMAL INPUT POMER

(M¥)
COAL TYPE
COAL TREATMENT
COMBUSTOR TYPE

SLAG CARRY-OVER

OXIDIZER

PREHEAT TEMP. (F)

PREHEATER TYPE

MHD GENERATOR TYPE
INLET STATIC PRESSURE

(ATH)
SEED/%
LOAD FACTOR

MAX. MAG. FIELD (T)

B0TTOM CYCLE

HEAT REJECTION

Parametric

Base Case Variation
Base Load Base Load
2000 600, 1200
1i1. #6 Mont., N.D.
None Brying
Oirect Direct
10% 5%, 20%, 100%
P.H. Air P.H. Air
2400 2000, 2600, 3i00
Direct Indirect (@ 3100F)
Faraday Diagonal
7.5 g, 10, 15
1.0% 1.9
0.7 0.6, 0.8, D.85
6 9,7
Steam Steam
3500/1000/1000 3500/1000/1000
WCT 1]
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TABLE 11 SECONDARY ASSUMPTIONS EMPLOYED FOR
BASE-LINE REFERENCE DESIGN SYSTEM
CALCULATIONS

FLUID

Equivalence Ratio -~ 1.0
Ng/07 Ratio Air - 3.76

LCOMBUSTOR
fractional Heat Last in Combuster - 2.5%
Residence Time in Combhustor ~ 100 Nillisec
Fractional Pressure Diap-in Combustor ~ 5%
Combustor Efficiency - 100%
COMPRESSOR
Compressor efficiency - 87%
Compressor pressure ratio - 6.71
No. of compressor stages - 1
Amhient air temperature - 300°K
MHD GENERATOR
Gas Velocity - 825 M/Sec (Constant)
Wall Temperature of Duct - 2000°K
Maximum Wall Fieid - 4000 Volts/M
DIFFUSER
Diffuser Wall Divergence Angle - 6°
Diffuser Wall Temperature - 1600° K
Diffuser Qutlet Pressure - 1.0 ATM

HIGH TEMPERATURE AIR HEATER

Fractional Pressure Drop~in Heaters - 3%
Intermediate Air Preheat Temperature - 1200° K

STEAM POWER

Steam Turbine Efficiencies - 0.87
Pump Efficiency ~ 0.60
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h h

. MHD-Steam
. CONY
. CCAG

PFaC
LUR

. FBR
. ADV

Capital
(S/kw)

340-440
420
215
35
500
550
500

COMPONENTS AND SUBSYSTEMS
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TABLE 11t - COST ASSUMPTIONS
Fuel oL Hsat Rate
(/108 Btu) Wi lls/knh (Btu/kwh)
83.3 1.0 6,600
83.3 1.0 10,000
83.3 1.0 7,940
83.3 1.0 9,000
(see Fig. 9) 1.0 10,000
0 1.0 10,000
1] 1.0 16,000

TABLE |V

MHD DEVELOPMENT AREAS

Thermal
Efficiency

92%
34
43%
36%
345
kL33
kL H

MHD Generator - Engineering Performance Demonstration

High Temperature Materials and Designs

Generator Channel and Electrodes
Integrated Combustion Air Preheater

Combustor
Diffuser

New Applications of Existing Technology

Seed (potassium carbonate) System and Clean-up

Inverter & MHD Controls
Superconducting Cryogenic MHD Generator Magnet

Corrosion Resistant Steam Boiler

SYSTEMS

MHD Open Cycle Development System
Combined Cycle (MHD-Steam) Development System

Time Of
Introduction

1988

1985

199y
(see text)
(see text)

(see text)

Commercial Combined Cycle (MHD-Steam) Demonstration System
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combined cycle plant
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Fig. 4. MHD Schematic - Coal Fired/Directly Fired Air Freheater
(arrangement used in STD calculations).
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JOINT US-USSR EXPERIMENT ON THE U-25 MHD INSTALLATION

A. E. Sheindlin, S.I. Pishchikov
Institute for High Temperatures, Moscow, USSR

W. D. Jackson,
Office of Fossil Energy, ERDA, USA

J. F. Louis,
Massachusetts Institute of Technology, USA

The US and the USSR have extensive programs on the practical application
of MHD electrical power generation. Imn the USSR the U-02 experimental MHD
facility was completed in 1964, and operated during 1964-68 to obtain basic
data required to construct the first open-cycle MHD-pilot plant, the U-25
facility. This facility was completed and started up in 1971.

The U=25 facility is used for fundamental studies of physical phenomena
occurring in large-scale power generation using plasmas producted by combustion
of natural gas with enriched, preheated air in magnetic fields. The facility
is used also to test design improvements and crucial MHD plant components.

The work on the U-25 now provides the groundwork and experience for further
advances in the Soviet MHD-program, in particular, the construction in the near
future of a commercial MHD power plant. This MHD-steam-turbine unit will be
designed to be fueled with gas and/or distillate ocil so as to make its develop-
ment independent from the problems of solid fuel utilization. The fuel re-
sources of the USSR Central European regions necessitates gas and liquid fuel
usage for heat and power plants in those regions. These fuels are able to
provide the needed centralized power with a minimum of air pollution. Taking
tnis into account, and to optimize the utilization of low-~grade waste heat
from the high temperature MHD-facilities, a heat-and-power turbine is plann-
ed for use in this MHD unit.

One of the more important tasks in both the US and USSR MHD programs is
the experimental evaluation of the basic physical requirements (and
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corresponding design solutions) for the main nonstandard (novel) equipment of
MHD-plants on a scale approximately close to real commercial conditioms.

The MHD-generator is certainly one of the most sophisticated and unique
components of an MHD-plant. The pilot experiment should check and confirm
important items such as:

~-high efficiency of power generation (enthalpy and turbine efficien-
cies);

-electrical strength of the structures at high gradient and electric
field values and high current density;

-control, including the problems of start-up, shut-down, and emergen-
cy cut-off of the MHD-generator;

-continuous operation capability of about 5,000-6,000 hrs./year for base-
load and peaking MHD power plants, and that of intermittent opera-
tion of 10-15 hrs./day for semi-peaking power plants;

-design solutions must be commercially feasible.

The most interesting are the process experiments which evaluate the MHD-
generator together with the rest of the plant equipment. In view of substan-
tial experimental costs, special importance is attributed to the combined ef-
forts of the countries in the organization, preparation and realization of the
relevant experimental work.

U-25 CHRANNEL

In this regard, the US and the USSR have recognized the feasibility of
joint experiments including the long~term tests of a US~made MHD channel im the
Soviet U-25 facility simulating the operation of future commercial MHD~-plants.

As a result of a series of discussions, the US and USSR experts have

adopted the following main parameters of the U-25 facility for the joint ex-
periment:

-oxidizer flow rate - up to 45 kg/sec;
-oxidizer temperature- 1,200-1,250°C;
-oxygen content in the oxidizer = 40 % (by weight);

-stagnation pressure at the inlet to the MHD-generator-up to 3.2 abs.
atm;

-pressure at the inlet to the steam generator - 1 abs.atm;
~operating life - at least 100 hours.

Natural gas having a methane content of about 94%1 will be used for the

fuel, and a 50% aqueous solution of K, COz (potassium content up to 1%)
as the ionizing seed.
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The operating parameters of the joint experiment will be compatible with
the main and auxiliary systoms of the U~25 facility, whose schematic diagram
is presented in Fijure L. The facility operates in the following manner:
atmospheric air is enriched with oxygen produced at the oxygen plant (1-3),
compressed with air compressors (6), heated in a regenerative air preheater
(8), and then supplied together with the ionizing seed into the combustor (14).
High temperature plasma resulting from the burning of natural gas flows from
the combustor into the MHD channel (17) which is placed between the 2T magnet
(20) poles. The electric energy produced by the MHD-generator is fed via the
inverter substation {21-24) into the Moscow power grid. The high-enthalphy
plasma from the MHD-generator ie supplied to the steam generator (25) where its
energy can be utilized for the generation of steam with a superheat temperature
of 540 °C and pressure of 100 abs.atm. After leaving the steam generator, the
combustiun products at about 150 °C pass through the hydromechanical seed re-
covery system (33-36) with a recovery efficiency of 99%, and are discharged in~
to the atmosphere by an exhaust fan (37) through the stack (38).

Systems for Oxidizer Preparation, Supply and Preheat

The system is composed of the oxygen plant, air compressors amd air pre-
heaters.

The Oxygen plant (shown at 1-3 in Figure 1) produces gaseous process oxy-
gen having an oxygen content in the mixture of 95-96%. It has a total capac'ty
of 26 000 normal cubic meters at an excess pressure of 4(G0-500 mm #20. Process
oxygen passes via oxygen pipe-line to a gas storage tank of about 10,000 w3and
than into a roll-filter chamber (5), where it is mixed with atmospheric air,
and finally to the suction inlet centrifugal compressors (6),

Three compressors nre provided in the U-25, which can operate in parallel.
To extend the experimental capabilities of the U-25, the compressors were twice
modified to increase their compression ratio and, consequently, increase the
pressure available in U-25 combustor. The last modification was completed in
February 1975. The measurements of the compressor performance, taking into ac-
count the hydraulic resistance, are presented in Figure 2. Curve |l correspords

to the rated performance of the compressors, and curve 3 - to their current
performance.

The compressor output is controlled with the aid of chokes provided in
the suction amd pressure lines of the compressors. In the pressure line there
is provided an automatic governor (7) designed to maintain a preset constant
flow rate of the oxidizer, irrespective of the pressure in the combustor. The
control system helps maintain any preset flow rate of the oxidizer in the

range of 20 to 50 kg/sec with the stagnation pressure at the MHD-generator
inlet of up to 3.2 atm.

The desired degree of the oxygen enrichment of the air is regulated by a
choke control of the vacuum at the blower intaka. The maximum permissible
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oxygen conteut in the oxidizer is 50 per cent by weight (safety limitation im-
posed by the blower-manufacturing factory).

Parameters and operating conditions of air preheaters.

Four regenmerative air preheaters (8 - 10) of standard blast furnace type,
have the following dimensions, each: external diameter, 8.5 m; tctal height,
44.6 m; heating surface, 25,300 m2 . High-temperature portions are lined with
high-alumina refractories (Al> O3 content, 62 per cent) permitting prolonged
operation at a temperature of up to 1,350 °C.

The typical operating conditions of a preheater include one hour of air
preheating, 1.9 hr of lining preheating and 0.1 for switching. Under such
operating conditions, three air preheaters (the fourth one is a standby)
insure reliable continuous operation of the U-25 facility at an oxidizer
flow rate of up to 45 kg/sec, preheat temperature of 1,200° C. and a pressure
of up to 3.5 abs.atm. While so doing, the following temperatures were ob-
served: 1,270° to 1,300 °C. under the preheater dome in the course of heating,
and up to 400° C. for the outgoing combustion products. Pressure losses along
the oxidizer path are 0.10-0.15 kg/em. A mixing air line (9) with an auto-
matic governor serves to maintain the temperature constant in time.

As distinct from standard blast furnace air preheaters, natural g2z is
used for heating. This fact called for the development of special burners and
for improvements in the heating techniques in order to attain the maximum out-
put. As a result, the structure of the air preheaters allows for an oxidizer
preheat of up to 1,200° C. at a flow rate of up to 35 kg/sec and at a pressure of
up to 4 abs.atm under continuous operation. Further increase of the air preheat
temperature is limited by the material of the high-temperature portions of the
lining. The replacement of these materials with more refractory ones, (corun-
dum, etc.) may help increase the operating temperature up to },500°-1,700° C.
Such reconstruction may be a subject for discussion in case this is necessary
to meet the overating parameters specified in the joint US-USSR experiment.

Preparation of the Combustors and of the Ionizing Seed Injection System

Several types of combustors are under construction for future operation with
the U.S5. channel. The KS-l combustor has been adopted as the basic ome. It is
shown in Figure 3. The combustor is tapered, with the combustion zone divided into
two segments, Natural gas is injected through a system of fine pre-mixed gas-air
jets. In order to reduce the heat losses, the combustor is lined on the oxidizer
side with an alumina-based high-temperature concrete, and on the side of the com-
bustion products with a water coded zirconia-based high-temperature packing com-
pound. The ionizing seed in the form of a 50% aqueous solution of K3 COzis
injected into the precombustion zone via twelve symmetrically arranged nozzles.
The testing of the combustor in the U-25 facility resulted in adequate performance.
Heat losses under parametric conditions were not more than 3.6-4.0 per cent.
Combustion efficiency was estimated to be 98-99 percent. And, the pressure
pulsations in the outlet portion of the combustor were 5 percent or less,

A continuous 100-hour run has shown the lining erosion on the side of combustion
products to be insignificant.

In order to provide for equilibrium ionization of the seed injected in the
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combustor, appropriate studies were made of the seed injection system. These
studies resulted in its further improvement. In particular, pneumatic nozzles
have been developed and tested, providing for the atomization of the aqueous
potash solution into droplets with a median diameter on the order of 50-10U

mcm. The KS-3 combustor (shown in Figure 4) provides for a seed residence

time in the high-temperature zone of about 15 msec. Surface-active agents

were added to the potash solution to reduce the median size of the droplets.

No marked increase of electrical conductivity was observed in these experiments.

The described KS-3 combustor suffers, however, from some drawbacks, of
which the main one is an increased hydraulic resistance cver the oxidizer path,
amounting to 0.2-0.3 atm at rated parameters.

]

In view of the great importance of the combustor to attaining optimum par-
ameters at the inlet to the MHD-channel, systematic testing and final adjust-
ments of the various combustor designs are carried out in the U-25 facility.

In particular, the KS-1 combustor has been redesigned for operation with the
U.S. channel. This combustor is characterized by better organization of the
flow and, consequently, by low losses over the gas-dynamic path and higher
acoustic stability limits. However, it is also characterized by high heat
losses and calls for more complex seed injection in order to attain the thermo-
dynamic equilibrium of the seed.

From 1974, the KS-3! combustor has been under test. This combustor is
based on the KS-3 model and is design to improve the combustor characteristics
and expand its range of operation. The hot KS-6 combustor based on the KS-1
design 1is presently under construction. All of these combustors have been de-
signed such that their structural and thermal characteristics should provide
for the possibility of using them in the joint US-USSR experiment.

Electrode Replenishment

Tne operating conditions of the U.S. channel provide for the supply of
electrode replenishment material during channel operation. To this end, the
U-25 facility has been modified to accept an experimental apparatus for the in-
jection of a powder-like mixture of zirconia and doiomite (Zr0; + MgCOz .CaCO, )
as well as other suitable materials, into the combustor.

The objectives of the joint experimental program is to find solutions to
problems such as the proper location of the electrode replenishment material
inlet, optimum number and position of the nozzles, distribution of the injected
mixture in the flow of combustion products (along-side the walls), the effect
of the replenishwment materials upon steam generator operation, seed regenera-

tion and recovery. An overall iayout of this system has already been developed
for use with the KS~3 combustor.

A schematic diagram of the apparatus for injecting the powder like zirco-
nia-dolomite mixture is shown in Figure 5. The replenishing powder is intro-
duced in the nozzle portion of the KS-3 combustor (with three inlet points on
the side of each electrode wall). The residence time ir the high-temperature
zone prior to entering the channel is 1-2 msec. In accordance with the assumed
mechanism of particle deposition, this is sufficient for properly heating the
Zr0 ;and for melting decomposed dolomite.
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Some difficulties that may arise in the actual utilization of such a sys-
tem can be anticipated. One can assume that a solid film of the reaction pro-
ducts of Zr0;, MgO and Cal will be formed on the hot walls of the MHD generator
(T = 2,2000 K.). This layer will affect the heat transfer conditions as well
as the currert transfer mechanisms. In addition, additional reaction products
may form cn the convective surfaces of the steam penerator due to the inter-
action of seed and the injected replenishing material. This may also cause
further deterioration of heat transfer and cause an unacceptable increase in
hydraulic resistance. Thorough consideration should also be given to the pro-
blem of separation of the recovered seeding and replenishment components-- the
ionizing K 2C0 3and the Zro0;.

The system will operate as follows: A mixture of the requisite composi-
tion and particle size (5-10 mcm) is supplied to tha U-25 facility for a spe-
cial tank. The powder is fed to the injection apparatus by metered feeders,
which insur2 a continuous delivery of the replenishment material to the tank
of a table feeder. From the table feeder, the power posses through outlet
pipes to a mixer where it is stirred and pressure-fed by nozzles, using control
and protective apparatus, to the combustor. A Venturi tube is provided in the
circuit to preclude pressure fluctuations in the supply system.

The operation of the U-25 facility with the U.S. channel in this manner
will require further study. Part of the material supplied to the combustor for
the repleaishment of the electrodes of the U.S. channel will naturally be en-
trained by the combustion products both to the steam generator and to the ion-
izing seed recovery system. In view of the fact that the replenishing material
consists of relatively high-melting materials (Zr0 2, MgC, Ca0), deposits will
nevitably form which may reduce considerably the heat transfer in various
regions and may cause a progressive temperature lncrease at the outlet. This,
in turn, may bring about slag formation in the horizontal portion of the steam
generator. In the convective shaft of the generator the solid particles of
Zr0 , MgO and Ca0 may cause an increased erosion of the heating surfaces. The
penetration of the replenishment material in the ionizing seed recovery and
preparation system will inevitably call for special engineering measures to
clean the ionizing seed from the replenishment compounds.

Naturally, the effect of the replenishment material upon the steam gener-
ator operation will depend substantially upon the amount of the replenishment
material penetrating the steam generator, which, in turn, depends upon the rate
of deposition of the replenishing material in the channel of the MHD-generator.
Therefore, the replenishment material presents one of the scientific and tech-

nical problems to be solved in the course of the preparation and execution of
the joint ezperiment.

As shown by experiments, the purification of the combustion products=
emerging from the steam generator is accomplished by means of a hydromechanical
system consisting of a foaming unit (cf., 33 in Figure 1), a two-stage turbu-
lent gas scrubber (34,35) and cyclone droplet traps (36).

Magnet

] The q-25 magnet power supply system will also be modified to permit com-
tinuous field adjustment from zero to two Tesla; the system will be installed
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sometime in 1975. Some thought has also been given to raising the magnetic
field to 2.2T by overloading the magnet-— e.g., by replacing the material of
the pole pieces with steel featuring a higher saturation induction, by in-
creasing the current intensity in the electromagnet excitation widing, or by
reducing the interpole distance.

Inverter

The electrical loading cof the U.S. channel will be accomplished with the
aid of the existing inverter sub-station of the U-25 facility, which is
currently used for the power take-off and transmission to the Moscow power
grid during continuous runs of the Soviet MHD gemerator.

Structurally, the inverter station (Figure 6) consists of two units cap-
able of independent or combined (in parallel) operation with the commercial
network at a frequency of 50 Hz. Each unit includes:

~a double-wourd transformer up to 9 MVA with & transformation co-
efficient of 6.3/3.9 kV;

-an inverter thyristor unit having a power of 9 MW at the maximum
d.c. voltage of up to 5 KV;

-a complete set of switching, protective, control and measuring
equipment.

Stabilization of the current in both units is accomplished by reactors
designed to smooth out current pulsations to values of 5 per cent or less.
The fast control system provides for current distribution between the two units
and for the desired shape of the current-voltage characteristic of the inverter

substation. The control system is capable of generating three types of charac-
teristics:

(1) with a constant value of counter-e.m.f., Ey, in the entire work-

ing current range; the value of E can be set within the limits
of from O to 5 kW;

(2) with a constant value of counter-e.m.f., Ej, in the current
range of (0-0.9) of I-rated, a linearly increasing counter-
e.m.f. in the currents higher than 1.1 of I-rated;

(3) with the counter-e.m.f. absent in the current range of from O to
0.9 of I-rated, a linear increase in the range of from 0.9 to

1.1 of I-rated amd a constant value at currents higher than 1.1
of I-rated,

Therefore, the existing control system permits generation of anv desired
shape »f the current-voltage load curve for the MHD-generator. For processes
in which the current being inverted varies with a time constant of no less than
10 msec, the invertor can be graphically represented with adequate accuracy
using an I-V curve with a constant counter-e.m.f. in the current range of from

0 to 0.9 of I-rated and by ohmic resistance for currents of from 0.9 te l.]l of
I-rated.
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To facilitate the selection of the optimum point of load connection tu
the MHD-channel, the inverter substation has several switching devices in
each pole, and it is possible to perform eifective switching under load--i.e.,
in the course of searching for the optimum conditions.

For protecting the iHHD-generator and the inverter substation upon faivl-
ures of the latter, it is necessary to short-circuit the generator electrodes
with the aid of special short-circuiting hardware.

Channel

The assembled U.S. channel is to be .ounted on the lower pole of the mag-
net system and coupled on the plasma inlet side with the cowbustor flange and,
on the plasma outlet side, with the flange of the steam generator diffusor
cf., Figure 7). It is secured relative to the longitudinal axis with the aid
of special supports and spacers. In order to compensate for temperature ex-
pansions of the toroidal compensators mounted before the combustor and after
the MHD-channel with permissible displacements relative to the middle position
of =12 mm and =50mm, respectively. Accordingly, when the channel is in the
loop and in the course of its operation tension and compression forces of up
to 5 tons occur at the channel inlet flange and up te 25 toms at the channel
outlet flange. The presence of the compensator before the combustor and the
absence of a rigid location for the combustor with respect te the longitudinal
axis cause the transmission of a force on the order of 60 tons, resulting from

the pressure in the air line and in the combustor, to the channel inlet flange
(cf., Figure 6),

Under these conditions, it is necessary to secure the channel inlet flange
to the end portion of the magnetic circuit, thereby transmitting the exit
forcez onto the latter and relieving the channel housing. The presence of can-
tilever portions of the channel teyond the magnetic circuit (channel length,
9,180 mm; magnetic circuit length, 6,209 mm) also calls for securing the can-
tilever of the channel at the outlet in the transverse direction while insuring
the possibility of channel displacement in the longitudinal direction.

The electrica! insulation of the channel is insured by braiding the magnet
poles with insulating materials, providing insulating spacers in cooling water
supply leads and by insulating the combustor body from the air line. The com-
bustor can support a potential of up to 5 kV.

Recent results achieved with Soviet designed and constructed channels are
described in another conference paper. Using the parameters defined above,
the U. S. has completed two preliminary channel designs {1,2) one of whisk is
described in a conference paper. These preliminary designs have been ussd to

determine the final design specification and work on final design and coxirus-—
tion will shortly be commenced.
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FIGURE 1 -~ U-25 DIAGRAM

l-turbocompressor; 2enitrogen-water cooling system; 3eair

separator; &4-pas tank; S-rotating filter chamber; 6-centrifugal

air injector; 7-automatic regulator; 8-air heater; 9.heated

air duct; 10- automatic repulator; lleevaporator; 12- (omitted

in original); l3-injector; l4-combustion chamber; 1l5-coolant water
pump for combustion chamber; 16-heat exchangers; 17-MHD channel;
18-coolant water pump for MHD channel; 19« heat exchangers;
20-magnet polee; 2l-inverter; 22-inverter connections; 23-trans-
former; 24~teactor; 25-once-through steam generator; 26-cooler;
27-startupfdischarge separator; 2B-condensers; 29-condensate
coolers; 30-pump; 3l-atmospheric dearator; 32eelectric feed pump:
33-foam unit; 3435~ two=stage turbulent gas scrubber; 6-cyclone
water droplet separator; 37- centrifugal exhausters; 38-smoke stack;
39~ nonpressurized discharge 40~ process water pumps; 4l- wet cooling
tower; L2~ pressurized vater pipes.
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FIGURE 2

Compressor pressure as a function of U-02 Compressor
oxidizer flow rate (Po=735 mm Hg) ta=200C)

l-compressor type 900.32-i1 (n=4600 volZ%Z/min)
2-compressor type 900.31-2 (n=5070 vol%/min)
3-compressor type 900.31-3 (n=5400 volZ%Z/min)
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FIGURE 4 -~ KS-3 COMBUSTOR
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FIGURE 7 - U-25 FACILITY

S-Yagnet Coil
6-Front Channel Supports

7=-Mzgnet
8-Channel

g-Rear Chann=2l Supports
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12-Stean Generator
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FIGURE 8 - U=-25 FACILITY

1-0Oxidizer Inlet
2-Inlet Support
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5«Channel Supports
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10~Fixed Steam Steam Generator Supports
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NEW APPROACHES IN MHD GENERATOR DEVELOPMENT*

J. Dilmore, J. Lempert, A. B. Turner,
S. Way and W. E. Young

Westinghouse Research Laboratories, Pittsburgh, PA. 15235 U.S.A.

1. INTRODUCTION

Westinghouse, under contract to the Office of Coal Research
(ERDA), is carrying out a program comprising the measurement of gas
electrical conductivity, the evaluation of high temperature ceramic
materials, the development of test modules for the Soviet U-02 generator,
and the construction and operation of a long life generating duct. This
paper describes the status of the long life duct portion of the program.

A sketch of the general layout is shown in Fig. 1, Air is
supplied by a 350 HP rotary positive displacement compressor, capable of
supplying 1.4 Kg/sec air 3.8 atm. Tie combustion product gases result
from the burning of fuel and preheated air. No oxygen enriclment is
used (except possibly for a very small amount in the vicinity of the fuel
injector). The air heater is directly fired. It is a radiant type and
receives hot gases directly from the exhaust of the MHD generator. Since
compressed air and fuel may be supplied for any desired time, no limits
are imposed on operating times by virtue of limited supply of reactants.

The fuel used (benzene/toluene/CS2/char mixture) is of such
composition as to simulate the products of combustion of coal. The char
dust is added to provide for an appropriate amount of ash constituents.
Provision is made for seeding by either potassium or cesium. Eventually,
it is intended that a vertical cyclone coal combustor (staged type) would
replace the presently used liquid-fuel vortex combustors.

*This work was sponsored by the Office of Coal Research (IRDA) under
Contract 14-32-0001-1540 . The authors appreciate permission to
present and publish this material.
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The magnet, of 3 tesla rating, is water cooled and of an iron
core type, so that no time limit is imposed on its operation.

Ancther novel feature of the system is the use of transpiration
flow on the insulating walls of the channel. Hot air is the transpiration
gas. This feature helps to keep seed and slag away from the side wall
ceramic material and reduces leakage currents in the low velocity boundary
layers.

A water-cooled, back-pressure valve is installed just downstream
of the generator duct. This permits operation of the channel at fixed
inlet conditions, regardless of the load on the generator. The back
pressure is automatically controlled to hold an assigned combustion chamber
pressure. Also, the air flow is automatically controlled. A bleed-off
valve is used to maintain an assigned pressure at the inlet of the
measuring orifice, and the main air throttle valve automatically maintains
an assigned pressure drop across the corifice.

Provision is made to inject seed into the combustors, along
with ground char, so as to give an amount of ash equivaleant to 5 to 10%
slag carry-over from an actual coal combustor. There are two (opposed)
combustion chambers of vortex type, discharging into a mixing chamber.

System parameters are as shown in Table I.

TABLE 1
Mass flow 1.4693 kg/sec Fuel Mixture
Fuel flow .09804 Benzene .08191 kg/sec
Potassium carbonate .01295 Toluene .00910
Moist air (0.5%) 1.34456 CS» .00231
Water with seed .01295 Char (ash free) .00472
Ash with char .00077 TOTAL .09804
Channel inlet velocity: 600 m/sec No. electrode pairs: 50
Design combustor temperature: 2580°K Electrode face width (x - direc-
Design combustor pressure: 2.6 atm tion): 12 mm
Channel length (generator): 1 m Excess air factor: ¢ = 1.05
Total channel length: 1.8 m Generator inlet temperature: 2500°K
Duct (generator) inlet area: 7 x 12 c¢m Generator inlet pressure: 2.00 atm
Duct {generator) exit area: 7 x 13 cm Nominal power: 34 kW
Magnetic induction: 3 tesla Inlet hall parameter 1.704
Electrode pitch: 2 cm Design generator coefficient:
Air preheat temperature: 1200 K K=0.6

Nominal seed level: 0.5% K or Cs by
weight in gas

The above flow parameters may be varied upwardly about 10%;
seed ratios may be altered and @ can be changed. Magnetic induction
also might be increased 10%.
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Water is injected into the system at several points. A small amount
is injected at the downstream eand of the generator to quench the conductivity.
Water also enters at the back pressure valve bearings. Immediately downstream
of the back pressure valve we have a spray ring that injects 1 to 2 gallons
per minute. A final water spray is located at the ocutlet of the low
temperature heater.

During the first hot runs, a "dummy" channel was used, in order
not to endanger the electrode system. During these initial check-out runs,
a temperature of about 2200-2300°C was realized. In these runs the
operators became familiar with the system controls and several weak spots,
trouble sources, leaks, and etc. were eliminated.

2. COMBUSTION SYSTEM

The relation of air preheat to flame temperature is shown in
Fig. 2 for the case of cesium seeding. For the nominal operating condition
(2580 K combustor temperature) the preheating need be only to 1125 K, rather
than to the fullest capability of 1200 K.

The preheated air enters each of the two gpposed vortex combustors
with swirlers giving angular momentum 13.5 kgmzlsecz. The exiting stream
from each chamber carries 41.3 kgnm/sec® momentum.

Sketches of one of the combustors, and of the combustor mixer
assembly are shown in Fig. 3 and Fig. 4. Note water cooling of the chamber
walls and flanges. About 0.48 kg/sec water can be sent through the spiral
water jacket, sufficient to carry away 100 kW of heat. The chamber
cylindrical section is lined with 16 mm ceramic. Silicon carbide (oxynitride
bonded) and MgO castable have been used. Problems were experienced with
the former in the presence of slag, seed and steam. These substances are
present, because, up till the present,char and seed have been injected as a
slurry in the upstream ends of the combustors. 1Im the future, the seed
solution may be injected into the upstream end of the mixer.

The mixev box has inside dimensions (to metal walls) of 127 x
39.4 x 39.4 cm. The inner walls are limed with water cooled 'panel coils",
a 0.5 inch layer of ceramic wool, chrome steel sheet metal radiation
shields and Mg0O bricks 6.3 cm thick, so that the finzl interior dimensions
are 114 x 23 x 23 cm. The two combustors impart spins in opposite directions.
This promotes mixing after the streams merge and prevents unsymmetrical
flow distributions. The mixer promotes uniformity of composition, temper-
ature and nozzle jet velocity.

The combustors were run in the open before the installation was
completed, both with and without tail pipes. Smoke was mimimal after
moderate air preheat temperature was reached.




3. MHD CHANNEL

As mentioned in the Introduction, a "dummy channel" was first
built and operated to check out fuel, air flow and control systems, aud
ascertain the adequacy of the air pre-heaters. This channel has water
cooled walls lined with 20 mm of 97% purity MgO. Air is admitted behind
the side walls of the passage and passes around and between the MgQ blocks
to give a transpiration warm air boundary layer. However, in the first
installation, because of mechanical shortcomings, this air infiltration
was not of uniform intensity. This shortcoming has been corrected in
the sacond duct.

Several tests with the dummy channel were made to 'de-bug"
the systems. Most of the problems stemmed from faulty control of the
downstream water spray coolant, or water leaks in the spray injector rings.

The first MHD test channel, designated Duct No. 2, has been
completed and installed. A sketch is shown in Fig. 5, and a cross-saction
in Fig. 6. The duct is 7 x 12 cm at the irnlet and 7 x 13 cm at the outlet.
The Mg0O side wall blocks, typically 61 x 60 x 20 mm, are attached to the
water cooled side plates by chrome steel clips cemented in place with a
"double dove tail" type construction. Spaces of about 2 mm thickness behind
the blocks are left for the admission of the transpiration air. Block hot
face temperatures are expected to run about 1900 C.

The electrodes are in the form of bars 12 x 18 x 85 mm (with
stepped ends) as showm in Fig. 7. The electrodes nest in Mg0O retainers
mounted in metal clips holding them to the channel electrode walls. Blocks
of alumina are located between electrodes and the water cooied walls.

They are cemented to the walls. MgO spacers 8 x 18 x 85 mm are located
between adjacent electrodes; thus, electrode pitch is 20 mm. These Mg0
insulators are grouted in place with zirconia cement. There is no axial
gas leakage path behind the electrodes. As for the electrodes themselvas,
in the first installation, some are cemented (grouted) in place on the
rear face, and some are not.

Electrical connections to the electrode are made by first platinum
spray coating the rear and side portions; then brazing platinum gauze to
the platinized coating; finally platinum lead wires are welded to the platinum
gauze. These wires are then welded to a No. 4 steel nut which is attached
to the end of the current collection screw. The screw comes through an
aluminum oxide bushing to the outside of the water cooled electrode wall.
This construction is repeated 100 times, once for each electrode. (Fifty
pairs in Faraday segmented arrangement.)
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In the first installation the following electrode materials were
used, numbering from the upstream end:

No. 1l - 8 20y - Y203
9-15 2r0y - Ced2
16 - 20 Al203 - Cr;03
21 - 26 Mg0 - Crj03
27 Sic
28 - 48 ZrBy + SiC
49 - 50 Zr0z - Ce0p

A photo of the test duct with cover plate off is shown in Fig. 8.

Various electrode types, materials and constructions can, and will
be, tested with this facility. Attention will be directed to coated metallic
electrodes, as well as ceramic electrodes, and electrode systems featuring
transpiration flow.

4. IRON CORE ELECTROMAGNET

The magnet dimensions are shown in Fig. 9. Note that the working
space measures 23.4 x 13.63 x 112 cm. The field of 3 tesla is vertical,
and the pole spacing is 13.65 cm. Poles are of Hyperco 27 high
permeability material.

The winding consists of 14 coils around each pole, each coil
consisting of 20 tuyrns of 11.4 mm square hollow copper comductor, with
6.6 mm hole for the cooling water.

Magner nominal voltage is 300 volts and current 2290 amperes,
giving power of 660 kW. The conductor coils are in series electrically
and in parallel for water connections. About 80 gallons/min (5 kg/sec)
coocling water are required.

Weight of iron in the magnet is 16620 kg. Windings Weigh 1361
kg each.

A photo of the finished magnet is shown in Fig. 10.

5. AIR PREHEATERS AND GAS CLEAN UP

The high temperature air heater is direct fired by the exhaust
products and is of radiation type. The hot products of combustion flow
upward through a space about 24 inches diam. and 16 ft. long. Around this
cylindrical space .re placed an array of 29 air heating pipes, of 1 inch
pipe size. These pipes are cf composite wall comstruction. The outer
0.070 inches consists of the alleoy Inconel 671 (50 Cr-50 nickel). This is
clad and bonded to the inner layer of Incoloy 8G0.
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Data on the high temperature heater are as follows:

Gas Side Air Side
Mass flow kg/sec 1.78 1.35
Inlet temp °K 1800 800
Inlet press. atm. 1.20 3.0
Outlet temp. °K 1600 1150
Outlet press., atm. 1.15 2.7
Flow area, m2 .29 .0te6l
Heat transferred kW 542 542

The wall outside the tube array is lined with 4-1/2" 2800°F
(alumina) fire brick, plus 4-1/2"1900°F fire brick. The lower air header
hangs freely, for expansion, and is connected by tellows to the air supply
pipes.

The construction of the low temperature air heater is similar
to the high temperature heater except for changed flow directions. Here,
Inconel 601 is used as tube material. Radiation shields and ceramic wool
blankets are used for thermal insulation rather than ceramic brick.

The gases are spray cooled as they leave the low temperature
air heater, to a temperature of 600°K. At this point they enter the
venturi scrubber. It is of adjustable throat type. The circulating water
in the scrubber picks up seed and ash constituents. The K504 (or Cs9504)
goes into solution. A portion of the scrubbing liquid is continually bled
off, and filtered to remove ash particles. The seed solution is then
concentrated in an evaporator drawing heat from the exhaust duct. Both
these steps are very important as the concentrated seed solution must be
stored for future use. Make-up cesium sead is by pollucite ore (25%
cesium).

6. POWER TEST

The first power test was run recently on duct 2, After a very
gradual warming-up period, during which time tbe temperature in the
mixer was brought to about 1950C, the magnet v.as energized and seed solution
injected. The open circuit voltages were recorded on all 50 electrode pairs.
Loading was applied to the generator and currents recorded, as well as
electrode voltages and wall voltages. Measurements were repeated for three
magnet currents, the highest current being one that gave a B field close
to 3 teslas.

In addition to the power generation behavior, the electrical
leakage was measured, electrode to electrode and electrodes to ground. This
was done with and without seed. It was found, from this first run, that
electrical leakage persents a problem that must be corrected. Leakage con-
ductances are in some instances of the same order as the plasma conductance.



This test was, of course, purposely made at lower than design
temperature, for the purpose of verifying oneration of the systems under
power generation conditions.

The test lasted about 6 house, with 1 hour in the generation
mode.

7. CONCLUDING REMARKS

The facility is primarily a test bed for evaluation of MHD
channels and constructions under conditions of long-duration operation.

The system provides a means of operating an MHD channel
for prolonged periods, since fuel supply. water cooling, and air supply
are on 2 continuous basis. Valuable experience will be gained also with
the direct fired air preheater, which will be operating in an enviremment
of (simulated) products of coal combustion containing ash, seed and sulfur.

The back pressure control valve provides a yseful addition to
the MID test system. The pressure can be held constant, with variations
of air and fuel rates, or combustion temperature.

The transpiration air flow on the generator side walls appears
to function satisfactorily, and future test results will afford an evaluation.

The initial test while generating power was regarded as highly
successful.

In the future, it is intended to convert the combusticn
sSystem to one burning coal, with ash rejection as slag to the extent of
907 or more. The chamber will be of vertical cyclene type, discharging
at the top. The first stage will be a gasifier, and the second stage will
complete the combustion.
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Fig. 7--Ce07-210, electrode for 60 kW Generator.
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Fig. 8--MHD generating duct--Style II.
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HEKOTOPHE MTOIW NCCIENOBAHUM MI'ZA TEHEPATOPOB
C HEPABHOBECHOH ITPOBOAMMOCTDN

B.C.lonyGes, B.A.l'ypaunBwau
UHCTWTYT aToMHO# aHeprmu unu.[.B.Kypuaroma, Mockea, CCCP

SOME RESULTS OF THE INVESTIGATIONS OF THE MHD GENERATORS
WITH NON-EQUILIBRIUM CONDUCTIVITY

V.5.Golubev, B.A.Gourashvily
I.V.Kurchatov Institute of Atomic Energy, Moscow, USSR

Last decade's results of the physical investigations of
the MHD generators with non-equilibrium conductivity and non-
equilibrium plasma's physical property are surveged. These
results allow now fulfill the relisble estimations of such
VHD geﬁerators. The remaining physical problems to be solved
are discussed.

lipkBoZUTCA 0680p pe3ynpTaToB UccneZopanuil MIJl-resepato-
POB ¢ HepaBHOBECHON NMpPOBOAMMOCTEN, 38 Takke (USHUECKHX CBOICTB
HEpPaBHOReCHOH nnasMu, THOMYROH{ IAsA TARKX reHeparopor. lloay-
YeHHHE De3yJAbTaTH NO3BONAWT TNROBOZUTH AOCTOBEDHHE OLEHOYHHE
pacueTH MI'A reHepaTopoB. OTMEYAanTCH BONDOCH, TpeOywLUMe AANb-
Heftuux uccnezosaduii.

lenrs onucHBaeMOrO HHEE OMKAA MCCHeZOBaHKE 3aKnNYanachk B
JKCNepUMeHTaNsHOM OocymecTsaeHHn MIJ] reHepaTopa ¢ BEepaBRHOBEC-
HO{l NMPOBOAMMOCTSN NPH 3aMETHOM CHEM@ IHTaNbIUKM NMOTOK3 B BHZe
JJIeKTPO3HEprHH Ha BHemHe# Harpyske. Ilas RocTuEeHHS dToff uenm
HEOOXOZMMO OHNO AETANbHO KCCHEeZOBATh dUsSUYECKAe ABIACHMA B NN&3—
ue Taxoro MIJl remeparopa ¥ (aKTOpH, OrpPaHUYUBAWEHE DHEKTHB—
HOCTH NMpeo0pas3oBaHHA 3HEPTHH, 8 MMEHHO:

- CBoiicTBa HEDABHOBECHOH NNa3MH B 3NEKTPHUYECKOM TOJ6,

~ BAWAHKE NONEPEYHOIr0 MSTHUTHOI'O OJA HA YCTORYMBOCTE M

3QPeKTHBHYD INEKTDPONPOBOZHOCTE NI33MH,

- B3anMozieiicTBXE NOTOKA rasa ¢ Hep2BHOBECHOM nnasaMoi,



74

- W3MEHEeHWEe THAPOAMHAMUYCCKMX ¥ TEpPMOJUHAMUUECKNX napamer-—
poB noroka B Ml xanane npu CMIBHOM B3aWMOASHCTEHH.

Yxaxeuw paj QuauueckEx npoone MIT| reHepaTopa C HepaBHOBEC-
HO# NIa3MOM, CYNOCTBOBABUMX MepeZ HAyaloM WMPOKNX MCCNeZOoBaHWH
aroro sonpoea [I] .

I, Benuuura gakTopa Heynpyrux nNoTeps 3HEPTHH 3NEKTPOHOB
OHJIa HeN3BECTHA.

2. OGracTe NpEMERMMOCTH ypaBHeHMA Caxa Azl onpeieleHUA KOH-
geHTpanmu snexTpoHoB /[le TpeGoBana TeopeTUUECKOrO M IKCNEPH-
MEeHTaNbHOrG 00OCHOBAHHA,

3. TpeGosanm pemeHus BonpocH 06 3()PeKTMBHHX 3HAYEHUAX NpO-~
BOZMMOCTY HEOAHODOZHON NnasMH B NONEDPEYHOM MArHNTHOM NOJe N na-
pamerpa Xonna, a TaKge O peanU3yeMHX BEINVHHAX KO3{PunueHTa Ha-
PDY3KH.

4, CymecTBOBanO pAA BONPOCOB O NOBEEGHMHM HEDABHOBECHOH
nnasMd B NOTOKe 'a3a NpE HaaWuu@d MargUTHOrO MOJAfA; 3TO, B 4acT-
HOCTM, fABNEHHMA Ha BxoZe MIT xaHazna ¥ THAPOAMHAMUKA TODMOXEHMSA
NOTOKA.

5. Jlo HacTOfANEr0 BPEMEHH CYMECTBEHHHM OCTAETCA BONPOC O MaK-
CHMANBHO{ ZONM SHTANBNHEW, KOTODYD MOXHO EHBECTHM U3 NOTOKS HA
BHEMHOD HAarpys3KYy.

dusnyecKye NCCNeZOBaHUA, KOTOPHe JONERHH OHJY Z3THh OTBET HA
nepevuncleHHle BHEE BONpPOCH M NPHBECTH K CO3AAHAL 3PHEeKTHBHOTO
MIT reHepaTopa, pa3BepHyauMcEk B Hauane 60-Xx FOZOB OZHOBPEKEHHO
BO MHOTHMX JadopaTopusx Mupa. [locnez0BaTenbHOCTDH HW3YyYSHUA NO-
CT3BICHHHX BONPOCOB OHNA OIM3K8 K X eCTEeCTBEHHOH NOTHUECHOH
OdEepeHOCTH

I. CsoftcTEa HM3KOTeMNnepaTypHO#t HepaBHOBECHOU NIA3MH B 3NEK-
TPHYECKOM paspffe Ges MATHATHOrO HONA: 0alaHC IHEDPTUH SAEKTpO-
HOB M APYTUX KOMIOHEHT NNA3MH, YCHOBUA NOHU3ALUOHHOTD PaBHOBE-
CHfl, TOKOBAaf KOHTPAKOMAA NNA3MH H T.XK.

2. HepapHoBecHasi HU3KOTeMNEpaTypHAA NNasNa B CKPEMEHHHX
JJIeKTPNYECKOM ¥ MarHUTHOM NOJNAX, LeycTo#umBoCTH Taxoil nnasuH
(MOHN3alMORHAA, AKYCTHYECKAsA B Ip.), 3DHexTABHAR NPOBOANMOCTH
B mapaumeTp Xonna, BIUAAHEE CDAEUIl HA HEYCTOHYABOCTH NNA3MH K
TEeOMETPUD NPOTEKAHUSI TOKOB,.

3. HepanmHomecHas nnasua B NOTOKe rass* QpPOHT MOHABALMA M
BOIHA MOHW2AOMH, yCToHYMBOCTH Nnasud Ha QpcHTe ¥ npoGaeua npef-
MOHM3aTOpa, I'MAPOAUHAMUEA HEOZHOPOAHO# nuasuH B NMOTOKE NpH
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BanNuk¥ NMACHEUTHOT'O MOJNHA.

4, OcymecThicHNe CaMONOZLAEPRUBAKMErOCA JEKTPHUYECKOrO pas-
pAZa 3a CYEeT ABMEEHKA ['asa Nonepex MarHUTHOro nonud.

5. OcymecTEacHWE CTLeMa HEPrMd Ha BHEMHKWO Harpysky MU
reHepaTopa ¢ HEPaBHOBECHOW Nnaauoiu.

6. Ocymecrrnenue MY reneparopa ¢ 3dfeKTMrRHHM npeoCpas3oBa-
HueM TeNnAOBOX IHEpPrdU NOTOKA B INEKTPHUYECHYW.

B zaunHepmesm OyZeM NpUACPEUBATECA 3TOM NOCNEZOBATSABHOCTH
B U3JOXGHUHM pA3BUTUA UCCHEMO0R3HMHA.

CroilcTEA HepaBHOBECHOW NN33MH [a30BOT'O Da3psza.

Hccnenopanack nnasMa Oe3 MAarHMTHOrQ NOJA B yCIOBMAX, COOT-
BeTCTBYNEUX napasmerpam nnasumu MIZ reﬂepawoponis 19
KOHIGHTpaIMA HeiTpanbhux gacTun [lo~ I0-°-I0 ou™

KOHUEHTPALUKA ATOMOR UE3HA s ~ 10l*-10160k~3
KOHUEHTPaNUA 3NEKTPOHOB Ne ~ 1083-101%cy™3
TeMmepaTypa rasa To ~ I000-2000°K
TeMnepaTypa 3NeKTPOHOB Te ~ 2000-5000°K
IIOTHOCTH TOKA i~ 1-I0 a/cu®

HanpAxeHHOCTE 3JEKTPAYECKOro nonus E; ~ I-I10 B/cM.
TeopeTHuecKue ¥ SKCNEepPHMEHTANbHHE DaCOTH [1-3] , noceamennue
3TEM UCCIeZOBAHMAM, OPUXOAAT K CHASAYOMAM BHBOXAM:

- B cayuae nnasuH mMENOYHHX METANIOB MMEETCA MOHM33aUUOHHOE
paBHOBecHe (T.e. npuMenuMa (Qopuyna Caxa) B aHcauGle B3IEKTPOH~
HH{l r83 - BO3CyxZicHHHE ATOMH, €CA¥ BeJUvHHa f7e>47np"101 -10%

cu ~.

- OcHoBRHE NOTEpH Ha U3Ny4YeHHE COOTBETCTBYNT PESOHAHCHHM
nepexozau. Zons noTeph Ha DPEe3OHAHCHOE MBMYYEHAE NNO CPaBHEHMUD
C yNpyrHMMM NOTepAuM HeBenura, ecau (e > 10t4ey™> 1> 1018
cu™, a MMEMManBHu{ paswep muasus L~ I cu; To ecTs ~f{.
Ha ocHOBaHMM 2TMX BHEOZOB MOXHO NPOBECTH pacyeT BCEX napa-
NETPOR TEPMHUYECKH HEpaBHOBECHO! Nua3¥H Ge3 MarHMTHOTO NOxd,

UCNIONB3yAl ypaBHEHHA 0aNaHCa 3HEPIAM 3AGKTPOHOB, JHEPI4M Pasa
# ypasHuenue Caxa.
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BanfAHke nonepeyHoro MarHUTHOTO noxas_Ha cBOMcTEa

HEDAaBHOBECHON NIA3NH ¢ _TOKOM

HauGonee cymecTeeHHHE W HOBHE ANR QUSHKM NJAA3MH pS3YyABTATH
OHNM NONny4yeHH NpPM MCCHEAGBAHMY NOBENEHNA HEpPABHOBECHON nunasmu
¢ TOKOM B MAIHWTHOM nozne. OCHOBHHE DE3YABTATH 3TUX HMCCHELOBa—
HElt crozfiTCA K yTBepiAeHuw Toro (faxra, uro B ycnomuax MIA re-
HepaTopa ¢ HepPaBHOBECHOHX Nn83MOil, XapakTep NPOBOXUMOCTHE HMeeT
HOHE3aNHOHHO-TYpOYACHTHYD NPUPOZY .

I. AnomanpBoe conpoTupneHHe ¥ napaumerp Xoana HeoZHOPOZHOH
naasmd. TeopeTHYeCKH B padoTax [4-7] OHNO nOla3ado, 4YTO Npk Ha-
AMYME HEOZHOPOZHOCTEHR NPOBOAUMOCTH 6’ s OTHOCHUTENBHO#l annau-

= { (86/z )2\ 12
TYAH A= ( /o’ NOXHO 3aNucaTh CleAyvmee BHpaxkeHue
Ana ofPexTHBHEX NMPOBOAMMOCTH M napametpa Xoana

s Rt il LA R (O (1)
rae f=[,'os"'8, m =I - ofHOMepHHE® HEOZHOPORZHOCTY B BUAE NIOCKUX
CNOeB, NMAapanAebHHX CHMIOBHM JMHUAM MAaTHUTHOIO NONfA, U HOp-
MAND KOTODHX HAKNOHEHa NOZ yI'IoM 8 K CpPEexHENy TOKY,
=1 ,m=1/2 - gByNepHHE HEOZHOPOZHOCTH C H3OTPONHHM
4 DaEEOBJMKUM pacnpeneneHueM "BHCTYHos™ ¥ "nposazoB"™ mpo-
BOZUMOCTH,
f=g—, M = 2/3 - TpexmepHHe W30TPONHHE HEOZHOPOAHOCTH.
3uanne senuuunn A ( /3) BO3MOEHO TONBKO NPH PACKPHTHU (uanyeckoil
OPHPOZH Na3MeHAHX HEeOZHOpoZHOCTell. Hax NoxasHBaeT HeauHeHuit
4Hau3 HOHU3ANWOHHOY HEYCTONYMBOCTH M MHOTOYMCIEHHHE 3KCHEepu-—

MeHTaNbHNe DaGOTH, NpH /5>>/ HMEDT MeCTO yHWBEPCANbHHE COOT-
HOWEHHMAS

pgptpo'OHSt“'l (2)
e<Ned By

Gagp = B (3)

Pe3ynbTaTu pasnHyHHX pacorT [8—9] KaK npu %'.9— ~ f >01, rex =
npn Te/n>>/ nozreepxnanr (2-3), aro gwpaxeao 58 puc.I.
9TH COOTHOWEHMH CNDABEANMBH H JAA HDAKTUYECKM BU3YyalABHO OAHO-
pozuol#t onusus ( A < O,I ), 4T0, BEPOATHO, CBASAHO ¢ HANAYMEM
MEIKOUBCETAOHNX HEOMHOPOAHOCTEH, TpPeGyOmMX ANS CBOETO HaGnpre-
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HUA CNelMalbHHX SKCNEePUMEHTOB C BWCOKNM NPOCTPAHCTBEHE.IM pas-
peucH¥eM H3 OYSRD M3NHX Macmrasax (l. 4 ID’Icu). Yro xe Kaca~
ercn coorromenuft (I), TO OHM NOKa He NMONYUYMAM YOSAMTENBHOIO
KONUYEeCTEEHEOrO NMOATBEPEASHNUA B JKCnepHMeRTax,

2. WoHM3anuoHHAA HEYCTOWYMBOCTE ¥ MOHM3ALMOHHAA TYDPOYNeHT-
HocTs, [OCKONBERY 2TOMy (yHASMEHTAIBHOMY ABIEHHD, Ha KOTOpOE
BepEHe yxasaHo B padote [I0] , mocmamen npexpachuit oGsop [II],
He OyzZeM OCTaHaBIMBATHECH 7AETANbHO Ha 3TOH mpodneMe B YKARGM
TONBKO HOBHE HETEpECHHe SKCNEPHMBHTalbHHE UAHHHE.

Xopouwo ¥3BEeCTHO, YTC Zame NpH NONAHOW MOHM33NMKM NPHCAAKH,
KOPZa WOHM33LMOHHAA HeYyCTOHUYMBOCTH AcHCTBATENBHO HEe pa3BUBEST-
cfl, Beauuura adfeKkTHBROrO napamerpa Xonna afp ocraercs He-
BHCOKA. CHeluazibHHE WU3MEepeHUR [IZ] BeNMYUBH /BSQQ, B NNa3Ne
¢ nonuofl MoHM3ANMeR NpucaZkd B WEpoxok Auanasome [le= g =
=5.IDII-IOI4cn'5, nokazamm (puc.2), 4T0 ‘/33®¢ BO3pacTaer ¢
yuensuesued f[le . 9ToT daxT nospoaseT nomaraTth, YTO “HacHME-
Hue" /3 3Qx) BH3BAHO, BOSMOEHO, HEKGH MUKDOTYPOYNEHTHOCTHD
KV¥HeTHUYeCKO! NpUpoZH, Zeumndyupyewoi CTONKHOBEHHMAMM YOHOB C Hefl-
TpalaMA B YCROBMAX, KOIZ2 AJNMH3 CBOOOAROr'O Npolera CTaHOBHUTCH
ueHbwe ZedaeBCKOro paaumyca (T.e. npu Mamux [le ).

3. AKycTHuecKad HeYCTOHUKEOCTh. dusuueckasn npuyuHa 3TOH
HeyCcTONYMBOCTH 3AKNKY3ETCA B PacKayke SBYKOBHX KoAeOaHM{ $nwk-
TyauMaMA NOHASDOMOTOPHOA CHMIIHM J Xl3 [13] . Bnusude axoynesa
TeNNOBHAGNEGHUS HA ITOT mpouecc yureHo B [I4] . 9xcnepuMenTans-
Hoe Ha0IwZeHMEe aKYCTHYECKAX BOAH B BUAE CIOSB, NEPHCHAUKYIAp-
HHX K CDeZHEMY TOKY ¥ ABEEYNMXCA CO CKOPOCTHY OOPHAKA 3BYKO-
Boit ( ~ 2.I0° cm/cer) oTpameHo B paGorTe [IS] . HaTepecHHe 3K-
CepKMEHTAaNbEHEe DEe3yAbTATH [0 pacKayKe IBYKOBHX KONEOaRHH (PmoK-~
Tyan#Aud LEOYyNeBa TEMAOBHAENeHUs npueezens B [I6] , Tae ® pas-
pAne KOSKCHANABHOH TeOMEeTpME YZAS/0CH HAMTR HNOPOT 3BYKOBHX KO-

neGauuit no /3 ' Jf/k; .

BB&HHOEGﬁGT’;ﬂS HepapHOBECHOH MA33MH C NOTOKOM rasa.

fABnexns, npoucxozaume Ha Bxoze B MTY[ KaHAn NpeiCTSRNANT mH~
Tepec ¢ TOYKH 3peHuf NPOGNEMH NPEAMOHM33TOPa., B OCHOBHOM BTH
AIBNIERUA CBA3AHH C BXOZHON penakcanueldl HepaPHOBECHOH MPOBOAMMOC~
TH, NepexoZAme# B HEKOTODHX YCNOBUAX B BONHY MOHM3aLuM. OHeH-
Ka JIBHH BXOZHON DelaKcaLMu NOXeT ONTEH cAenaHa W3 ypaSHeHMA
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Ganaica SHepr4® 3nexTpoHoB H3 Bxone MIZl kanana. Tak, Hanpu-
Mep, AnA cayuyas Typdynearﬁoﬁ NPOBOZUMOCTH

Le = gg In (A )

gt Mebx - Rﬁﬁuﬁﬁﬁpaunﬁ SNEeKTPOHOB HA BXO7E,

I - noreHnuan MOHM3ALMU.
B peansHHX YCNOBAAX L.8< ~ 3-I0 cu. llockonbky ZAMHA BXONHOI
penaKcalMd 33aBMCHT OT MHOTHX (axTopoB (nIcxXas awdmccusi aNEKTpO-
ZOB, MacurTad 3KCNEepUMEHTON M T.XK.), TO yCTAHOBKE npennoauaa—
Topa lenecoo6pasHa Zaxe B Ciyyae cragoro "oTpuna" Tefr, [17].
filBnenne BOJNHH MORM3ALMM N3YYEHO TEOPETHUYSCHHE [18l Anf cayyas
nepeHoca SHEPTHM 3NEKTPOHHO{ TennonpoBOAHOCTBW. CKOPOCTH (poH-
T3 BONHH MOHK3AI4¥ B 3TOM Cyvyae ZaeTCH BHPAXEHUEM:

3
V= (L) VL )

rae Ma - Macca Heiirpana.

AGconnTAHE 3H3UEHUA qu» ’ nanepeunue B axcnepuuentax [I19]
Ges moToka rasa cocrapmim ~ 5.10° - 5.1 cu/cex. chnepu—
MEHTH ¢ NMOTOKOM rasa [20] ganu 3HaueHUHA lhp ~ 10*-5,10*
CM/cex, YTO MOXHO OCBACHUTH ZNUUB ra30ZMHAMUYOCKHM TypOylneHT-
HHM NepeHOCOM 3HEprMM INEKTpOHOS. COOTEETCTEylman STOMY MeXa-
HU3My NEepeHoca CKOpOCTH BONHH MoHm3auu¥ L21] xaercsa BHpazenu-

N =2/D, I 3= ), 6

rIe l)r - Koa@punuenT TypOyneaTHo# Auddysunm.ans peanbHHX
ycuozsutt .D ~ 164 "M2/cez{,
I)e - Y3CTO0Ta COYZapeHWif INSKTPOHOB,
Me - uwacea aneRTpoOHA.
Bupaxende (6) HaeT npaBMABHHI NOPAZOK BeNHYMHH 2}; . lmen-

HO ONaroZaps THUADOLMHAKMUECKON TYypOYyNEHTHOCTN NMOTOKA 00neryser—
cf pagoTa npefuoHM3aTOpa.

OGXI_I;GGTBJIGHHB Mlg FeHepaTopa ¢ HeP3aBHOBOCHOA NpOBOZKMOCTEN.

MoxHO yRa3aTh HECKOLBKC OCHOBHHX padoT no peanusaumy MMl rene-
paropa. B padore [22] B axcnepumenTax ¢ ZMCKOBHM KaHAaNOM LC-
Nonb30Bancs NPEAUOHA3ATOD, CO3Aa3aBUKH AIa3MEHHYD 33BECY HA
BXoZe B KaHan (puc.3), KOTOpasA HeNPepPHEHO NepexoZuna B NA33MY
reEepaTopa. Bumo Takge nokaaamo [20] , uTo paspag B KaHame cy-
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—-
WecTryeT 33 CYET CHIH HXB , 8 He 33 CueT pacCEenHHHX 3NEeKTpPO-
HOB, BCAGLCTEUE 9ero NAa3MeHHOe KOnsic, CO3KaBacuoe NpeAnoHH3a-
TopoM, CYWECTBOBANO B KOH3NE SHAUMTENbHO ZONbUE, 4eM BPEMA pa-~
GOTH NpeXUOHU3STOpa.

Ha Toii xe ycTaHomKe, 4To M B padore [20] , Oune nporezesn
JKCNEPUNEHTH C hHHE{iHHM KaHaloM [23] , B KOTOpNX yZenBEas B7ek-
TpUYeCKad MOWHOCTH, BHZIeAfieMAA BO BHEmHEN HarpysKe, AocTurana
~ 100 BT/CcM”.

Heo6xX0[¥MO OTMETHTH paGOTi, BWNONHEHHHE HA YAADHHX TPYOax
(?4,25] C AMCKOBHMY ¥ NuHe{iHHMM KAHANAMW, B KOTODHX 3QQEeKTHI-
HOCTH NpeoGpasoBaHMA SHepruM Zocturama ~ I0%.

Bonsmoii UUKA MCCheZOBaHER zHNONHEH TaKEe B padoTe [I?].

B axcnepuMeHTax [26] 3aBepuancs HeKOTODHA LMKA MCCAEXOBa-
HUA, KOTOpHMY OHNO OCYWECTEAEHO 3ffeKT¥BHOS TOPMOXEHHE CBEDX-
3BYKOBOI'G NOTOKS 8pTrOHC-UE3MEBOli NIa3MH. OJKCHEPUMEHTH NPOEOZM-
JMCH Ha CeKunoHMpoBaHHOM dapazecscKoM MIMl-reseparope (puc.4)

C yZapHO#t TpyGoit (puc.5) B KavecTEe MCTOUHKMKE Nuazun. MIT-ka-
nan ¢ Maxom 2,5 He HuMen npeANMOHUM3aTOpa, NOITONY 3KCHEPUMEHTH
NPOBOZUIMCE NpPK TeNaeparype TOpIORGHHH.I;5000-9000°K. larneHue
TOpMOKGHUA ZocTurano 20 aTa, MarHUTHOE noxe A0 4 Ti, KOHOEHTpa-
nua ue3ua B MI7l-kaHane 70 IOIScu'S. B 2THX 3KCNepHMEHTaX OHIN
JOCTUTHYTH 3IHaYUTENBHHe KOoa(dnuueHTH npeoGpa3oBaAmd, COCTaBIA-
wuMe npu | =7500%K - 20%, a npn | =900U°K - 30%.B npouecce
9KCNEPNMEHTOB M3MEPANECH BCE ONpeieiAfAllHMe NapaMeTDH NAA3MH I
MIIl remepaTopa, B TOM yucie M pacnpeZeneHWs uucia Maxa no zmu-
HE K8Halla B pSRUNE HArpy3Kd. [lOATBEepAMWEB OCHOBHHE NpELCTaBIE-
HES ¢ XapaKTepe NPOBOAMMOCTH ("TypOyZeHTEHH" 3akom G~ B ),
Hanuume pa3BUTOR MORM3BUDMOHHOR HeysToftuMreocTH (pUc.6) H T.Z.,
3TH MCCAEZOBaHUA OCHAPYXKMWNN 7B8 JKCNEDUMEHTAaNBEHX (akTa, 00Bfc-
HeHUe KOTOPHX NOTpeCyeT AONOJRHUTENBHHX KCCHEZLOBaHMAH.

JTO npekse Bcero aECM3NBHO CONbLAEe 3HAadYeHudsA faKTopa Heynpy-
['MX ROTEPh DHEpPruK 2JIeKTPOHOB d} y KOTODHE R SKCHEDHMEHTaxX
zocruranm ~ 50, Amanormussit sffexT HaGawpanca B padore [27].
Bo3woxzHOe OGBACHEHWE SHOMSABHO GONBLEOrD SHAYEHHA éi COCTOMT
B H3IMUMK THOOTETHYECKON MHKDOTYpPOYNEHTROCTH NNA3MH,

Ecau B 3To#f MMKPOTYDPGyAEHTHOCTH YyYaCTBYDT MOHH, TO OHM
OHCTPO OTA3NT HelTpaNbHOMY a3y SHEPPHAM CBOEIO KoneCaTelbHO-

I'0O ZENECHHA, Yepnaeuylh M3 SHEPIHH TOKOBOT'O SIGKTPHYECKOTO NO-
i B Npouecce NOAZEPEaHUA MHKDOTYPCYyZAEHTHOCTH. JTO NPHBCAHET
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K yBeIMYeHMD Kaxymerocs (axrope HeYNpPyTHX noTeph 3HEPrud SICK-
TPOHOS B KX CTONKHOBEHHSX C ra3OM.

OGpamaeT Ha ceGf BHUMaHEe OTCYTCTBHMe "KpuU3uca" TeueHHR npa
3HaUYKTEXEEZOM CHheMe SHepruy (20-30%) Bo BESMHON HAarpysky B ycno-
BUAX OTHOCHTENLRe ¢nacdoro (70%) yBenuyeHusi CEUSHMA KaHanad. JK-
CNEpUNENTANBHOE ONpeZexs:aMe yucna Maxa noxasano, YTO NOTOK OC-—
T3ETCH CYUESCTBEHHO CBEDPX3BYKORHM, T.e. a3 JIONEEeH cnaldo Harpe-
BATRCH HIM Zaxe OXNSXAATHCA, HECMOTPH Ha 3HAUMTENBHHE OOBEMHHE
TeNXOBHIEeNeHNA. BO3MORERM OCEACHEHMEM 2TOr0 NAapazoxca RABAAETCHA
reHepalua CHABHHX aKYCTHUECKHX KONeOsRdil npii BXOZE CBEPX3BYKO-
BOT'O NOTOKA B KaHali, rle OOTOK HAaJNETaeT HAa NpOCTPAHCTBEHHO-HE-
OZHOPOZHYR 30HY CUN TODPMOEEHUS Jg'f5 n j‘-EB . MozHO moka-
3aTh, YTO Aisd BOJH, Oerymux OT KaToZHoWl CTeHKK K aHOZHOH Mexa-
HUA3M ycuNelud - cunoBo#f, T.6. 33 cueT QNOKTyaumit nOHZepoHOTOP-
Holt cunu J Kf} s @ Inf BOAH, Oerymux BAONL KaHalNa, MEXaHLSM
ycHIeHudA - Tennoscl, T.e¢. 33 cueT QNWKTyauu# TenmoBHAENCHHUA

J%ﬂs . 33 BpGNA NpozeTa rass 4Yepes KaHan aMNIMTYZAS 3KYCTHU-
YeCKHX BOJIE B HanpapJeHUE noflepexk NOTOKa KaHana N[O OlLEeHKaM
MOXET CHa00 BO3PacTaTh, B TO BPOMA KaK SMNAMTYAS BOJH BAOAE
K@HAA MOX6T OKS85aThOf 3HAUMTEABHOHR ( aP /D ~{ ). Ecau npea-
NONOXUTH, YTO 3HAYATENBHAR YACTh MOULHOCTH AXOylIeBa Harpesa
pacxozyeTcs H2 paCHIYKYy 233YKOBHX KOneGaRMil ¥ He mepenaeTcs
Ha Harpe® rasa, T0 B 3TON Clyuae IKCISpUMEHTANbHOE pacnpsie-—
neRue uxcna Maxa BAoOn® KaHANa MOEET OHTH OOBSCHEHO.

BHBOZAH

Taxdy 00pasos, B pe3ynbTaTe G0Jiee 4YeM ZIECATHISTHUX MCCIHE-—
AOBaHut N0 QMBMKe nnasMd M MarHATEOR rugpoaMHaMukm MIJ] rewepa-
TOPOE C A@P3BHORSCHO{ NPOBOZMMOCTH MOXHG YTBEPEZAaTh, YTO B
HaCcToRuee BpeNf:

- JlocToBepHE pacyeTH CBOMCTE HEDABHOBSCHOM NNasMH B SNeK-
TPAYECKOM Mo7e.

- B o0mux yepTax fACHHM OCHORHN® DM3UYGCKHE npouecCH B Ho-

D8BHOEECHOM nna3kie C NATHHTHHM NOREM H XapakTep . JpexTuBHOHR
NDOBOZAMMOCTH, NSHO OnnCaH#e PaGOTH NPeAUOHU3ATODA M DPa3iUy-
Eye QU3AY6CKUEe MeXaHH3MH, BIAADIHAE Ha npoueccH, NpoHCXCZAWLNe
H8 BXO0Ze B xaHaun.

Ten He weHee ocTamTes PAZ NpUHUANMEGNBHHX BOMpPOCOR, Tpelyi-~
mre AanpHeRWNX MCCAeAOBaHuM:
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- (uanueckmli MexaHu3M "HacuueHun" napamerpa Xonna B MaK-
pPOCKONUYeCKH OZHOPOZAHOU nnasue,

- [puuYviHa aBOMAnNEHO CONEBMOTO D8KTOPa HSYNDYTEX NCTEpPE
SHepr'u DIEeKTPOHOR,

- ¢BolicTBa pa3puToff aKyCTUYECKLH HEyCTOUUYUBOCTH B yCILO-
BUA €€ BO3HMKHOBeHMA B MIJl reHepaTope C CUIBHHM TODMCECHHEH.

Becr xoumnnexc uccnencBaBRuil no3BoAUT, TEM He MeHee, LpoO-
BOAUTE AOCTOBEpHHE oueHkud MIJl reHepaToOpoB C HEpPaBHOBECHOM
NPOBOZANOCTEN, €CHH MHTEPEC X 3THM NpOrpanuwaM OyZeT coXpa-
HATHCA.
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BHEOP OUTYMAJBHHX CXEM ¥ TAPAMETPOB
FUTKOMETAJUIMYECKX MII-YCTAHOBOK

.0.0pnos, JX.C.llonupux,
B.A.lIpecroB, B.U.CrapocTenko,
H.H.CrapocTenxs

CuCupckuit sHepreTHYeCcKRd HHCTATYT
C0 AH CCCP, WpkyTck,

MHCTHTYT BHCOKHX TeMIepaTyp

AH CCCP, Mocksa,

CCeCP

Abstract- AHHOTanuA

SELECTION OF OPTIMAL SCHEMES AND PARAMETERS OF LIQUID-
METAL MHD INSTALILATIONS. For the search of perspective sche-
mes of liquid-metal MHD ingitallation the method of mathematical
modelling is used, tke compcrative analysis of the factors,ha-
ving the gratest effect on the efficiency of new and elaborated
schemes, is performed the ways of their subsaequent improvmentare

defined. Investigation were carried on the generalized ma-
thematical model MHD installations of condensing and separating
types with continuous improvement of original schemes with re-
gard to uncertainty of initial infermation.

It is shown thet the maximum efficiency of one-stage con-
densing MHD instaliations does not exceed 4-5%. The potassium
installation have the best characteristics, but in the cesium
and rubidium installations there is no velocity limitation.
Introduction of two-stage acceleration allows to raise the ove-
rall efficiency by a factor of I.5. The tendency to raise
efficiency under existing velocity limitation caused to stu-
dy the variants of schemes dividing general heat d »p into two i
parallel drops. As a result, at relatively low efficienes of i
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such nodes as two-phase nozzle, MHD generator, diffuser, that
were confirmed by experiments, the overall efficiency of such
a instellation is found to be about 20%.

MeTOZOM MATOMATHUGCHOI'C MOZEJIMpOBAHMUA IPOBENECH MOMCK I6p-
CHeKTHBHHX CXoM XujKoMeTamnudecKuX MLl - ycTaHOBOK, ZaH Cpal-
HuTenbHNl anaans faxTopoB, HaUOOJee CUABHO BAMANDUX HA 3@jexr-
TRBHOCTH HOBHX H Da3padOTaHHWX paHee CXeM, ONpejelieHH NyTm ux
JalbHelnero coBepmeHCTBOBadNA. llccaezoBaHMs BHNOJNHAMUCE Ha
000GmeHAO! MAaTOMATHYECKOR MOZend Euzxkouerannuyeckux MI'l - yc-
TAHOBOK KOHZEHCALDWOHROrO @ CENapaguoHHOI'C THIIOB NpU HENpepHB-
HOM COBEpPUEHCTBOBAKMMX MCXOAHHX CXEM C yUeTOM HEONPEASIEHHOCTH
ncxozasolt nHGopMAHAM.

[loka3aHo, 4T0 MakcuMansHull K.m.Z. oZHocTyneHuarol MI'[l -
YCTEGHOBKM KOHZEHCALWMOHHOrO TUMA He NpeBwilaeT 4~5%. lyuuue xa-
PAKTEDUCTUKA HMEET yCTAHOBKA HA HAJNNMM, OZHAKO B yCTAHOBHKAX HA
Ie3KK ¥ pyOUZMA HE BO3HMKAGT OI'DAHUYEHUA MO CROPOCTHA. BBepenue
ZBYXCTYNEHUATOr0 pa3roHa NO3BOJMNAO TOBHCUTH SPPOKTUBHHE K.n.xZ.
B noaropa pasa. CrTpesnsHue NOBHCHTH 3QfexTHBHOCTE YyCTAHOBKA B
YCTOEHAX CYUSCTEBYDWOro OrpadMyeHMsa MO CKOpPOCTH 3aCTABMIO HCCae-
ZOPATh BAPHAHTH CX6M C JieJIeHYEM OOmero cpadaTHBAEMOro Teniolne-
penaiza HAa ZABa NapaiAeAbHHX. B pesynprare -~ LDU OTHOCHTEABEO
HEBHCOKMX 3HAYEHUAX K.I.X. TAKAX Y3N0B, KAk AByxdassoe comniuo,
MI'l - resepaTop, Awdjysop, NOATBEPXASHHNX AKCIODHMEHTANBHO,
nonyued apjexrTuBHHE K.I.7. YCTAHOBKA 3TOro ThHma nopazxa 20%.

ABamn3 oOpaTHNHX OWHEEOB XUZKOMETAANAYeCKEX MLl - mpeoGps—
3oBareonch {I] NOKa3a%, YTO UX MAKCUMAIBHO BO3MOXHHE Tepmuzec-
KAl K.0.X. XAOB Ha 5-6% HEXe K.N.X. DaKra KapHe. OTHOCHTEABHO
X6 HOBHCOHHH K.N.Zl. pealbHOT'0 O¥KANa OOYCAOBAGH MALHM CpadaTH-
BACMHM TONAOMEpENajioM B CONNe H 3HAUNTOABHHMA HEOOPSTHMHMY KO-
TepAMK [0 SJeMEeRTaM OGOPYAOBAaEWA (HNpE CMOmOHAN, TUAPABANYECKA-
MH, OMMYGCKUMH H T.A.). B TO Xe Bpemf 9T HOTEPH MOr'yT OHTH
CYmeCTBOHHO CHHEXGHH pSTUOHOALHHM BHCODOM padodnX TOX ¥ MX EOM-
GEEaLAft, Opomeccos npeoGpa30BAHAA DHOPIEM MO IHEMOATAM 0GOpY-
AOBAHHA, YAAYBHMK KOHCTDYKTHI::0-HKOMIOHOBOYHHMHA pOWEHMAMA, 8
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TaKxe oNnTuMu3aumefli napaueTpoB.

B zanHO#f paGoTe METOZOM MAaTEMAaTHUYECKOrO MOAEGAMPOBAHNA JAH
CpaBHMTONBAHY aHaAuz §aKTOpOB, HAMOONEE CHABHO BIMALIMX Ha -
feKTMBHOCTH HOBHX M Pa3spaGOTAHHHX DPaHEE CXeM ENZKOMETANNNYECHUX
MI'[l - yCcTaHOBOK H ONpeACNEHH NyTH MX NAJNbHEANEero COBEePUEHCTBO-
BaHua. MccnezoBanus BHIOAHAAMCEH Ha 0C0OmMeHHOH MaTeMaTHuecKOH
MOZENN ZUZKOMOTANNMYECKUX MI'/l - yCTAHOBOK EOHAEGHCANUOHHOI'C #
CenapanMoHHOTO0 THUNOB. B OCRORY MOZEXu NOJOXEHO O0GOCNEHHOE ofH-
caHWe 27EeMEeHTOB 000pyIZOBaHWA, NMPOLECCOB, NPOTEKAWEHX B HUX,
3aBiUCUMOCTeH, ONMMCHBaNUWMX CBOHCTBA NpPAMEHAEMHX DaGOYAX TEX M
TennoHocKTelei B UMPDOKOM JManas30He TeMlepazyp H zasiaeHni#l. Ip:
NOCTPOGHAKM MOJIGNH YYATHBAJINCH CYNOCTBYWIME OrDAaHAYEHHA HA 30—
HBH W3MEHEHUSA NapaMeTpoB B TEXHOJOTMYSCRUE X3paKTepUCTHRM yCcTa—
HoBra [2] .

KoMmnexcHas ONTAMH3ANdA NapaMeTPOB® DA3AHYHHX CXeM ocymecl-
BIANGCH C NOMOLELD ONpOorpaMus, pealdsymwumeil ozsy u3 mMozafmeandi
T'DAZREHTHOTO MEeTOZ8 HAXOEACHHUA ISKCTpeMyMa (PyHKIMM MHOPMX mepe-
uensdx [2 | . B mpomecce WCCHEeAOBaEMi M ONTUMA3ALMM B KaueCTBE
HE3aBUCHMHX NEepeMeHHHX pacCMaTpHBAZMCE COBOKYMHOCTH TEpMOJHHEE—
MNWYECHUX, PaCXOZHHX M KOHCTDYETHBEWX OapaMerTpoB, THNE paloudXx
TOX ¥ UX HOMOMHAOMHA, KOHCYpPYHKTHBHO-KOMIOHOBOYHHE pemeHHds. B
Kauectse KpuTepus IQHeKTHBHOCTH B 2@BUCHMOCTH OT HA3HAUEGHUA
uccueayemoff yCTaHOBKE ¥ oCOOeHHOCTEHd pemaexofi 3azaud nprEUMa—
AACHh K.N.Z. Wi NDHBOAGHHHE 3aTPaTH - AR CTALMOHADHHX IHEPro-
YCTAHOBOK ¥4 K3MEHADMAACH YacTh YAGNBHOIQ BOCA IHEProyCTAHOBKH
- RIA TPAHGHODTHHX.

A8 BHABIOHAS NMapaMeTpoB, OKA3HBAWEUX RauloXee CyHeCTBEH-
HO® BAMSIEME HA XAPAKTEPACTHKM IUKAOB, U ONpeZeleHHA CTEHeHH HX
B3aKUMOZGHCTBASN, NEPBOHAYANBHO AHAAMSWPOBANACH OXHOCTyNeRYaTas
HMHEGKTODHAA yciaHoBKA ¢ MI'l ~ reHepaTOpOM CNMPAEHHOTO THOA
(prc. Ie).Bua9 BHACHEHO, YTPO MAKCHMATREME R.N.A. OZHOCTyHEHYa-
THX CX6M, FOTODH{ MOXeT OHTH AOCTHIHYT HPH CYBECTBYDHEEX OI'Da-
HAYCHRAX HA HAUAABHYPR TOMNEPaTypy LMKAQ M CKOPOCTH EAAKOTD Me-
Taano B WHEBEICPO, He NpeBHumaer 4-5%, a yAex:HN#t BeC yCTAHOBEH
0e3 yyers Beca HCTOYHHKA Tenaa cocresaser 8~I3 kr/kBr (puc.2 m
ra0x.I). HauGcaee CyHOCTBEHHO® BAMAHAE HY SHEPTOTUYECKHS M DO~
COBHO NOKA3ATOAN yCTAHOBHE OKASHBANT Bepxafs H HUXHAR TOMIepa~
TyPH DHKESG Tu ) | Tx' TeMIepaTYpHHE HANOpH HAa KOHIAX HaporeHepaTo-
pa A rn ) | ATE , Temueparypa 3HOProHOCETeNd 3& TOMI000MOEHNKOM
Tx' caofictBa padoyax TeX M OXAAXGDEO XUAHOCTH, COOTHONOHHA
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Puc.i. [lpunyunuasswsie cxems: : a) odnocmynenvamod
8) dbyxcmyrenvamod Mro- yemanobow
KOWTeHEGGLoHN020 muna

1= LCMOoYRdk menna ; 2-haposexepamop ;
J= Upnexkmop I emynewu ;

4= M9~ eenepamap; £- dup@ysop ;
8- dpoccens; 7-wacoc newmpomaswummerd ;

8~ anwenmop Jemynewu; 9- memnoodnennun;
10 = conae sudkocmuoe.
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OnTUManbEHEe 3HAYGHUA OCHOBHHX NapaMeTpoB

¥ TOXHUKO-DKOHOMUUSCKHMX [OKasarenell nHxex-
ropHolf MI'/l-ycTaHOBKM KOHZEHCANMOHHOI'O THNA

Ta6nuna I
HarueHOBaHHE EBeAWuUH PaGoues Teno

K Nz | RE | C8
Tenneparypa I'pepmero TENaoHOCHTENd
Ha BXOZe B naporemepamop - L#,°K | I250 | I250| I250| I250
Teuneparypa rpenmero TeNIOHOCHUTENA
Ha BHXOZe U3 Maporeneparopa - ZusK 1160 | IT60| II60| II60
Teuneparypa HaArpeBaeMord TONJIOHOCH- .
TeAfd HA BX0Ze B NaporeHepaTop -TYJK 8I0 | 836 | 805 | 765
TeMmneparypa HATpeBAEMOr0 TEIICHOCH-
Telnd Ha BHXOZe U3 hmaporeHeparopa -
T.. K I202 | I140| II85| II70
CyxocTs-mapa Ha BHXOZE M3 IAporeHe-
paropa-- £y, % 9,I | 7.4 | 1I.6] I6.1
Teuneparypa oxnaxzanmell EMAKOCTH
3a renzoobuesHmkoM - T, , °K 650 | 705 | 655 | 6I0
Hepenaz zaBneHusi, cpalarTiBaeMuit
Ha XUAKOCTHOM comme - P, aTu 49 189 |43 45
CHOpPOCTEF MOTORA XAZKOCTH HA BXOZE
B fenxooOuenHuMK - W, , M/cer 3.0 | 2.2 [ 2.3 | 2.4
CKOpDOCTH NMOTOKA XHJZKOCTM HA BXOZE
B maporemepatop - W, , u/cex 3.0 | 5.4 [ 6.0 | 6.5
CKopoc?: pafouero Tena Ea BXOZE B
MI'Tl - renepazop - W,. s M/cex 28 26 29 30
BucoTa HEeMarHATHOTO 3330pa B KaHa-
ae MI'l - redeparopa - é s MM I3 10 Ie I6
Mazykons B 3y6me cratopa - B , ™ 2.0 | 2.0 ;2.0 | 2.0
YAensHHY BEC yCTAHOBRE — g, gl'c/xBr| 9.5 | 8.3 | II.I| I2.8
K.I.K. MT'X - resepatopa - 2r, % 56.6 | 56.3| 52.I| 49.8
K.[I.Z. ycrauoBKE = Jg+ % 4.1 | 3.8 | 3.7 | 3.8
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cKopocTell 1 pacxozoB AByxpaznoro NOTCKAKW OXNaxzanmelt xUzKOCTH,
CKOpOCT> padouero reia Ha BxoAe B MI'l ~ remeparop X/ , a Tax-
Xe CyNeCTBYNES® OIpadHyenne HaA CKOPOCTD RUNXOTC MOTAANA B Ka-
Mepe cKelleHMA MHEGKTODA.

l3=-3a OrpaHAYEHWd Ha CKOPOCTH EUAKOTO METAJAE, pocra yaap-
HHX NOTeDH NMpH CMEMeHMH 34 CUEF HEOAATOIPHATHOI'O nepepacupeze-
neHAR cKopocTeli i pacxonoB ABYx(a3HOTO NMOTOKA U OXiaxzamuef
EMZKOCTH, POCTA KOHEUHO! CYXOCTH Napa 3a COMJIOM B OAHOCTYNEHYa-
PHX cXeMaX MX ~QPeKTHBHOCT: He MOXeT OHTRP CYMECTBEHHO NOBHMEHA
nyTeM AanbHEfmero pacmupeHns TeMNepaTYPHHX rpaHun nuxna. Kpowe
TO0ro, HajleHue CYMM3PHOI'O DacX0za XMAKOCTH, HMPpKyJIupyome#k B ane-
MeHTaxX oJopyZAOBaHAfA, yBEARUABAAT MOTEDA OT TPOGHAA ¥ CHAEAET
K.M.X. M['l - reneparopa. [loHMEEeHHE TEMIEPATyDH 33 {'€NIO0CMeH-
guxoy T, , Xore R ¢GCOOCTBYST YMEHBUSHMY yAApHHX NNOTEpPs B Ka-
¥2pe CMEUCHMA MHEEXTOpA, HO OI'PAHAUYEHO B NpUMEHEHUN M3-33 CHU-
¥eHUs K.ID.Z. BTODOIO KOHTYpa IAfA CTAUMOHAPHHX yCTAHCBOK # poc-
T2 BECa TENNIOOCMEHHHMKA ~ IJIA TPAHCHOPTHHX. J7ech afdeXTUBHuNM
GyZeT npUMEeReHUEe OXIaxfammel ZMAKOCTH GOABEER TENNOeMKICTR UAK
Zpyroro cmocofa yaalesua napoBOi GasH.

Pasron oxnazpamuefl EMAKOCTN 3a CyeT CpalGaTHBAEMOI'D nepe-
naXa zaBisrMsa Ha MI'l - reHeparope, HECMOTPA Ha HEKOTOPOE NOBH-
memie K.O.JA. yCTAHOBKKM, He menecool(pased MO ABYM NpuymeaM: I)
BeNAUMHA Cpa0aTHBAEMOT" nepenaza AaBleHuf Ha ML - reHeparope
OUeHb CWIBHO BIMAET Ha €r0 K.M.MA. j 2) BO3HUKAET HEOOXOZMMOCTE
B MOCTAaHOBKE APOCCeds B BeTBM BO3EBpaTa paGoyero Tena Ha HATDSB.

Bun paGouero Tena (ero Tenaofu3Myecrue CBOHCTBA; OKA3HBS-
€T HauOonee CYWUeCTBEHHO2 BAMNAHUE HA K.N.Z. ¥ YASNBHHE BECOBHS
NOKa3aTelId SHEPTOYCTAHOBRKH. TaK, 4YcH BHES CKpHTAdA TENA0Ta Ha-—
pooGpa30BaHUA, TENNOGMKOCTE: B 3JEKTPONpPOBOZHOCTE METANia B KOH-
IGHCHpDOBAHHOK (ase, TeM BHOe K.M.J. ¥ MeEBNEe YASXBHH{ BeC cran-
nuK. C pocTOM TEIIOTH TapaoOpa3opaHMA padouyerc Telaa npu QuUKcH-
POBAHHHX TEeMNepaTypax rpeniero TeiJOHOCHTEeNA HaGANARETCH DOCT
ONITAMANBHOIO 3HAYEHAA CKOPOCTM EMZKOCTH HA BHXOZe U3 HKAMEDH
cuemesnd. Ina Az , K , R , 5 9STH BENMUANHH COCTABAADT CO-
OTBETCTBEHHO 225, 193, I34, IIQ u/ceK. MuHWMANBEHE yZEeALHHIH
BeC HMeeT yCTaHOBKa Ha KAaluWM. B To ®e BpeMs, eCId CHATH Orpa-
HMYEHNEe Ha CKODOCTE RUAKOCTM B KaMepe CMEemeHUS WUHESKTOpa, T0
Jydmue XapaKTepUCTUKM OYyAyT y YCTAHOBKM Ha HarTpuu. lcmonrsoBanue
pyouzma M Nesud B YCTAHOBKAX aHANM3MPYEMOro TMIA HE ONpaBAaHO
n3-33 OTHOCUTEABHO HM3KUX 3HAYEHU{ TEmNOTH Napoo6pa30BAHUA,
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TEMIOSMKOCTN U SIEKTPONPOBOAHOCTH B KOHAGHCHDOBanHBY dase.
Bec JCTaHOBOK ¢ DyGUAMEM W LE3XAEM COOTBETCTBERHO Ha 33% 1 53%
BHII®, 4eM C HATpHUeM. HeCKONPKO HeYNODPANOYeHHOe paclnpszencive
3HayeHuil a(PexTUBHOTO K.HM.Z. SHEPTOYCTAHOBKYK OGDACHAETCA CYy-
mecmaeaﬁau pasmuuueM B 3NEGKTPONPOBOZHOCTH, BA3KOCTM M INIOTHOC-
T pacouyuX Tel M UX CUNBHO{ 3aBUCUMOCTED OT KOHEYHON Teunepa-
TYDH DAKIA, G ONTHMANBHOE 3HAUGHHE ROTOPOH BAKAET TUN pabdo-
4eT0 Tella.
Jng 7aabHeiimero cOBepUEHCTBOEBAHUA ycTawoBoxk ¢ MI'L -rene-

paTopaMs Ha EUZKKX METaJNaX HeoOXOoZuMo:

—pacmypesne TeMiepaTyPHHX PpadHyll UMKIA C DAOHANBHHM WUC-
MONL30BaHUeM CpadaTHBAEMOT'0 Tennonepenaza B COMIe;

~-gfeCneueHe pPaCHKpeHKA NMapa N0 JMUHAM MOCTOAHMHOH CyXOCTi;

-BHpAaBHUBAHEE CHOPOCTE# CMENMBAEGMNX IHEProHocHUTendeill;

-pa3paboTKa HOBHX CIOCOOOB yZASQNEGHAA HapoBoll (a3H;

~[10Z00p NEePCHeRTUBHHX paGouuX Tod U 4X KOMIO3nnui.

9pfeRTHBHOCTE pACHUPERUS TEMINSDATYPHENX PPaHAl LWAKIA NpH

DANMOHANEHOM UCIMOJNE30BaHMA CpadaTHBAeMOr'o TeniolnepsiaZa UCCao-
ZOBAZOCH HA AByXCTYNeHuarTo#d MEEeKTepHO# ML - ycraHoBHe ¢ Ha~
YaNBHON CYXOCTEW Hapa BO Bropoit crymsmm 27 =0 (puc.I6). Pe-
3yIBTATH HEKOTOpPO¥ YacTH UCCASAOBAHWA M ONTUANBAIMN HNPSACTABAOHH
TpafiyecKIMN 3aBUCUMOCTSAMM HA puc.3 # B Taon.ll. UX anams no-
Ka3an, 4To NepexoZ OT OZHOCTYNeHYaTo#l X AByXCTyHeHYaTO# CXoue
NOBHIEAET [OAE3HYN IredepPUDPYEMyn WUONHOCTS M K.M.Z. 3HEProycra-—
HOBHHM B I.5 pa3a, CHuXAA yAeIbHHY Bec cTaummé B I.25 pasa. Xa-
PaKTEpHCTHKA YCTAHOBKM IIDM 2TOM ZGISWTCA GONGe NMOJOTHMA, UTO
N03B0JAET, YAOBICTBOPAA TPeGOBAHMD MAKCUMYMA K.N.Z. UIM MUHA-
MYM3 YASNBHOI'O BecCa CTaHUWM, BHONPATH €€ NapausTpH C yYeToM
TPeGOBAHNE HAaZeXHOCTH. 37Z6CH UHTEPSCHO OTMETUTE ClIeAywllee: ofl-
THMAIBHOMY BeCY CTAHOU¥ COOTBETCTBYWT Boca pAZA 3JIEMEHTOB yC~
TAHOBKH, GONBNME, UeM B HEKOTONHX HDOMEXyTOUHHX BapuaHTax. Tax
B ONTAMAZHHOM BIpHAHTe BSC NMApOreHepaTopa BHEE BECA @ro g npo-

Me@EyzoyHOM - B 1.56 pasa, a MI'll - reHeparopa - B I.I5 pasa.
AEANN3 ONPUMANBEHX 3H9UGHMiHl NapaMeTpOB YCTAHOBKM HOKABH-
BaeT, YTO BEAHUYHMHA ONTAMAXBHOU cyXocTZ mapa 2HeProHACHTENs nep—
BOll cTyMeHn cocrazasger 3%. 9TC 3IHAUATEABHO MCHENE ONTUMALLHON
CYXOCTH mapa B OAHOCTYNERHUATOW cxeue. ONTaManbLEas BeaWyMHA cpa-
GaTHBAEGMOro TennONepenaga Ha CONMES MHXEKTOpa mepeolt crTyneHM Ha
60% uedblle, YoM B OZHOCTyNGHYATOH CXeue. Cymnaphuit xe nepenaz
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OnTuMaibHHE 3HAYEHUA OCHOBHHX [apaMeTpouB M
TeXHNKO-3KOHOMUUECKUX NOoKa3aTeneldl ZByXCTyINSH-
yaroif uaexTopHOl MITi-yCTaHOBKY KOHfZEHCAUUOH~
HOT'O THIA

Ta6nuga II
HauueROBaHAE BEJHYHH 3Bnauerusa
TexmepaTypa T'pewmero T2MAOHOCATENAR HA EX0ze
B maporeseparop - Z, , °K 1250
TeMIiepaTypa I'penmero TenAOHOCUTSNA HA BHXO-
Ae K3 maporesmeparopa - ., K 1160
TemnepaTypa HarpeBaeMoro TEIJIOHOCHTENd Ha
BX0Ze B maporeHeparop - Ty, °K 970
TeumepaTypa HarpoBaeMOrQ TEMICHOCUTEAA Ha
BHXOZe 43 maporeseparopa - T, °K I214
Tpewmuit TennoHocuTedn HaTpiiit
Harpepaeuuil TenIOHOCUTSNB Kannit
CyxocTs mapa Ha BHXOZEe U3 naporeHeparopa -
I
Ly 5% 3
llepenaz Teuneparyp, cpadaTupacuuil Ha con-
Ie uEKexTOpa BTOpOM crTymem - AL, °K 100
TeunepaTypa oxnagzapief ENZKOCTH 33 TeNio-
oOMeHEMKOM - Ty, °K 770
K.I.Jl. KaMepH CMemoHMS MHESKTOpA NepBoi
crymesu ~ K, % SI.5
CKOpPOCTH MOTOX4 EMZKOCTM Ha BXOZEe B TOMIO-
ooMensug - W, , m/cex 2.0
CKOPOCTH MOTOKE EUZKOCTH HAa BXOZS B Napore—
Heparop - W, , u/cer 2.8
CKOpPOCTE HOTOKA EMAKOCTH Ha BxozZe B MI'[ -
redeparop - W, , u/cex 28
Uanykons B 3yOue craropa - B, T 2.0
JNOKTPAYSCKAR E.n.Z. MI~TeHeparopa - ;3 WP 51.3
JnensHH# Bec ycTaHOBKM - Q,ch/RBT 7.6
K.lI.Z. ycradoBku - ;y, % 6.1
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TEMNEPATYp, CpadaTHBaeMHil HA COMIAaX MHEEKTODOB o0eux cTyiieHel,
COOTBETCTBYOT ~ 444°H, yro Ha I3% Goxmule, uUSM B OZHOCTYNEHYa-
Tolf cxeme.

HecMOTpA Ha NOBHUeHAE a@@enrunuoro K n.n. W Hexomopoe CHU=-
EOHME JAeNBHOTO Beca, paccuaTpUBasMan !
WeOTBEHHHX HEZOCTATHOB, K YUCIY KOTOPHX OTHOFHTCﬂ I) OTHOCH~
TeNBHO HU3KAA 30PeKTHBROCTH, CIOXHOCTH # MHOTO3INEMEHTHOCTSH
KOHCTDPYKIMU; 2) BBOJZ [OMONHUTENBHOR CTYNEHU CYmMECTBEHHO yBemH-
YNBaeT pasuepH TEeNNO0CMIHHAKA, YTO, HAMDAMED ANA TpPAHCHOPTHHX
3HEpProyCTAHOBOK, MOEET CTATH TJABHHM TEXHUUYECKNM OIrpaHMYEHHEM.
Hamomu:it, 4TO B OfHOCTYyMeHYaToll cxeMe B KaYeGTBEe TJIAaBHOT'O OI-
paHAYEHUsT BHCTYNAeT CKOPOCTH 3HEPTOHOCHTENA B KAMEpe CMEUISHAR
UHEEKTODA,

Tagnu 06pasOM B ONiaHe ZanbpHelimero COBEpLEHCTBOBAHMA ycra-
HOBOK 3TOI'0 THN&, ZIeleHune OOmero cpadaThBAEMOI'0 TelIcnepenaza
HA CTYMEHM MOKET OHTHL MCNONB30BAHO NMpPEXEMEe BCEro KaK 3djerTHBHOE
CPEeACTBO pacuMpeHUs TeMIepATYpPHHX I'PaHull IMKIAa B YCIOBUAX Cy-
LSCTBYDIET0 OTPaHUUGHAA HA CHKOPOCTH RUNKOTO MeTalia ¥ CHUEEHUA
YZApHHX NOTEPh B KAMEDE CMelleHUS UHXEeKTOpa nepsoit crynes:. Ilo-
9TOMY Lieleco0Opa3eH ranbHeNNNA HOMCK ¥ MCCIEZOBAHMA HOBHX, HmEp-
CNEeKTHBHHX CXEM C JYETOM MOAYYCHHHX pE3yALTATORB.

TepuoanHaMU4YeCKHE MCCIEeNOBaHUA UHREHKTOPHO{ CXeMH C pereHe-
panueil Tenna B OZHOCTYNEHUATOM HOHZEHCANWORHOM ILMKJIE MOKA3aiM,
4YTO, XOTHA DEereEepaTUBHOE OXNawAeHMe M ZA3eT NMOUTH ABYXKpaTHOE
YAYUNEHNS DHEPreTUYSCKMX XapaKTepUCTUK LUKAA [3] , TEM He Me-
Hee 3T0 Temno B ycranoBxax mo mpoexry § Zauslzakfzohe [4]
ACNOJNBb3YETCHA He Nydmuu oOpa3oM. C HENEW MSYyUeHUSA TEXHUUYECKOH
peaiu3yeMoCTH 3TUX CXeM U BO3MORHOCTell ZanbpHeliiero ux coBepleH-
CTBOBaENf, ONDEXSAANNCEH I6OMETPUUECHKUE pa3MepH comell, HX 3ddex-
THBHOCTE ¥ XapPaKTEPUCTHUKM YyCTAHOBKM B YCJIOBHS.. 4€pPAaBHOBECHOIO
pacmMpeHus, M3MEHGHMHA KOHEUYHHX TeMlepaTyp, cyxocreif, MacGOBHX
pacxozoB, TEMOSDPATYpPHE X HAaNOpDOB. B 4aCcTHOCTH, BeckMa WHTEpeC—
HoMY OKa3aJUCh HUCCNEZOBaHWA CXEM C PETEHEPATHBHO OXJI3X73CMHMH
IByXPasHEMU CONNAMM ¥ ZeleHMeM OOmero CpalaTHBAEMOTO Tenione-
penaza Ha pAZ NMapaliledbHHX.

PesynsTaThH ucchezoBaHdit (puc.4) 7maHH ANA ZBYX 3HAUYEHMi
T -SOOOR u GSOOK B KOUEeCTBE OCHOBHOT'O 3JHEPIOHOCHTENT B3AT Ha-
nuﬁ JONUAHUTOARHOTO - UE3UH B NPEANONORESHMA O HEB3auMOZelCcTBRN
UX Zpyr C ZApyrcM. lHTepecHO OTMETHTH, UTO NATHKPATHOE yBeauue-
BM6 HAYAABHONR CYXOCTU mapa B UUKAe J, DU Heu3MeHHOiH cyxocTu
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Mapa Ha cpe3e COMAa OCHOBHOI'O DHEPIOEOCHTENs NOBHmAET dPdex-~
THBHOCTH yCTaHOBKM Becero B I.08-I.I2 pasa. JTO MO3BOAAET MNpH
pacmupeHds AByxfasaHOro MOTOKA MO JMEEM MOCTOSHHON CYXOCTH CHA-
3UTH yIADHWEe NMOTepu OT KOHAGHCAIMH Napa Ha CTEHKAX colia. J3e-
IWYSHUE %€ CYXOCTA Mapa 3a COMIOM JC, OKAZNBAEY AMAMETLANBHO
NpOTUBONOJMNEHOE BIMAHME HA OCHOBHHE XaDaKTEDPACTUEM YCTAHOBRM.
COOTBETCTBEHHO, HEKOTODOS yBeARUeHUe HAvalbHCOH @ KoHeynol cy-
X0CTeil MO3BOJNAET NPUMEHATH OTPACOTAHHHE H 00Nee BHCOKOI{PoK-
TWBHHG COMNXa.

PocT TeMnepaTypH OCHOBHOTO SHEDPI'OHOCHUTENA HA cpese Ccomia,
XaK # MpeAnoIaranoch, BejeT K CHUXEEND 3HJeKTHBHOrc K.M.j. yC-
TaHOBKA. XejaTenpRO, 4YTOOH 3HAYGHUE Tx ORNO MUHUMANEHO BO3MOX-
AuM. HO 37€c® OrpasnuuBanUiMd PaKTOpPaMd BCTANT I'6OMETpUYECKHE
pasMepH TEeRANOOM&HHURA, OONbIME YASIBHHE 00BeMH NapoBOi dasH
H CKOpPOCTH Z4zxocTM. KpoMe TOro, ZAs CTALUORAPHHX IHEProycra-
HOBOK OT BemMyuHH T, 3@BUCHT K.I.Z. BTOPOFO KOHTYpa.

Yxynwesue xaparTepucTHE MI'l - yCTAHOEKHM NpU 3HAYEHUM
Tx=650°K HOJROCTHD OOPACHAETCH CHUKEHUEM CPAOaTHBAROMHX TEMIO—
nepenazcs Ha COMNaX,Tenia percHepanuu, HEGJIATONPUATHHM Nepe-
pacnpeziejicHUCM PACXOLOB BHEDProHOCUTEXeill.

[lpoBezeHHHe WCCACAOBAHUA NMOKA3aNM, YTO B yCTAHOBKAX, pea-
AU3YDEMX DOZOOHHHA MDUHIMI, NOBHNEHNME ADPEeKTUBHOCTHN IAKIA CBf-
3aHo:

- C BO3MOXHOCTHN NPUMEHOHMA OMHAPHOIO LMKJIA C perenepauuei;

- CO CHUZGHMEM YZADPHHX [OTeDh fIpA CMEUEeHMH ABYX 3HEPIOROCH~
renelt 3a cuer GoNee ONATONDUATHOI'GC COOTHOWEHUA GHOpocTell, mpn=-
Y6M BHPABHUBAHME CKOpPOCTel AocTUraeTCA He 3a CYeT pocTa Jasae-
anA 3a MI'[ - resepaTopoM, & DAOMOHANGHHM MCRON30BAHHEM TeNIO-
TH NMapooCpa30BaHuA;

- C ZEeNIeHHeM oOmero cpadaTHBaeMOT0 TEmIcilepenseza Ha paAj na=
DPaNJIENBEHX, YeM DacUUpANTCH TeMIepaTypPHHE TPaHUNH IUEAAQ [pyu
COONNAGHMM CYNECTBYOLEIro DIPAHUMUOHAR HA CKOPOCTH, 4TO CHOCOO~
CTBYyET, B CBOKW OU8PEAH, MOBHUCHHN TEDPMUYECKOrO E.N.ZA, UWKIA,

Bce 310 no3BONMAO Npk OTHOCHTENEBHO HEBHCOKMX 3HAUYCHUAX
K.O.K. TAKAX y3N0B, Kak AByxfasHoe conxo, MI'l - resepatop, mmud-
$ysop, MOATBEPEACHAHX IKCOEDUMEHTAJIEHO, TOBOPUTE O BO3MORHOC—
TH CO3ZAHUA EMAKOMETANAAYecCKUX MI'l ~ yCTAHOBOK ¢ K.M.ZA. NOPRZ~
Ka 20% n Gomee.

Taxuu oGpasoM LENOHANPABACHHRH MOUCH ONTHMANBHOTO BUZE CXG-
MH A €€ flapaMeTpoB AOCTATOYHO yOOAWTONHHO NOKA3HBAET HEDACKDHTHS
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g1l BO3IMOXHOCTH EMZROMETaAnUYeckuX MI'] — yCTAHOBOK U HE0OX0—
KAMOCTH ZalbHelmumX Gosee THATSABHHX KOMIIGKCHHX MCCIEZOBaHMM.
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COMMERCIAL LIQUID-METAL MHD CONVERSION SYSTEMS
COUPLED TO IMFBR AND COAL-FIRED FLUTDIZED
BED COMBUSTORS

by

W. E, Amend, A. Brunsvold and E. S, Pierson
Engineering Division
Argonne National Laboratory
Argonne, Illinois 60439

Abstract

The constraints imposed on two-phase liquid-metal MHD (IMMHD) when
emploved in commercial power plants with practical heat sources have not
previously been studied. In this paper the coupling of a2 LMMHD power system
with an IMFBR and @ coal-fired fluidized bed combustor are considered.

Two MHD systems are considered in this study. The first is a dual
cycle where heat is added to both the liquid metal and the gas, and the gas
may expand through a gas turbine after the MHD generator. The second
system, a binary cycle, differs in that a significant portion of the sen-
sible heat in the gas entering the compression loop is converted to useful
power in a steam bottoming cycle. The effect of liquid-metal vapor carry-
over into the gas loop is included.

The couplings of the IMMHD system with the heat sources and with the
steam plants were studied in depth. The system configurations are limited
by the basic values of the interfacing parameters such as temperatures and
fluid flow rates. In addition the coupling configurations place certain

limitations on the permissible range of operating parameters of the energy
conversion systems.

The results of the study of each interface are presented parametrically
for each heat source and energy conversion system. Operating points have
been selected (although not necessarily optimized) and the compiete schematic
of each system considered is preserted along with all thermodynamic state
points and fluid flow rates. All system parameters and component efficiencies

were selected to be consistent with near term technology and good engineering
design principles.
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These criteria yielded a system performance of 37% for an LMFER operating
with a maximum reactor coolant temperature of 1200°F when the pure LMMHD
energy converter was used, A LMMHD/steam binary cycle is shown to be capable
of achieving a thermal efficiency of 44.8% when used with the same heat
source. Results with the coal fluidized bed combustor as a heat source show
even higher performance levels (about 50% efficiency) since the maximum cycle
temperature is increased. For example, with a maximum cycle temperature of
1500°F the results with the fluidized bed combustor as a heat source show the
IMMHD/steam binary cycle to be capable of 48,.3% before stack iosses and
auxiliary power requirements are accounted for,

Introduction

The performance levels of two-phase IMMHD power systems have been
previously studied in depth [1, 2, 3, 4]. These studies indicate that the
IMMHD cycle will operate efficiencly in the temperature range of 1000~1600°F
{50% maximum efficiency is predicted for a maximum cycle temperature of
1600°F). A variety of advanced heat sources currently under development in
this country are preojected to supply heat in this range of temperatures and
the attractiveness of the two-phase liquid metal MHD power cycle is enhanced
by its potential compatibility with most of these sources, For example,
the Liquid-Metal Fast Breeder Reactor (IMFBR), the fusion reactor and the
High Temperature Gas Cooled Reactor (HTGCR) are projected to operate between
1000°F and 1800°F, 1In addition, the fluidized bed combustor will have a top
temperature in the 1450-1750°F range.

Since the development of fusion reactors is in its infarcy, fossil and
fissile fuels will be the principle sources of energy for the next 30 years.
However, the reserves of cheap fissionable fuel and clean (i.e. low-sulfur)
fossil fuels are severely limited and thus, there is an immediate need for
power systems that can either cleanly burn high-sulfur coal or extend the
reserves of relatively cheap fissionable fuel, The fluidized-bed combustor
is one heat source with the potential to do the former while it is hoped that
the IMFBR can fill the latter role. Thus, the future impact of these two
heat sources is currently being evaluated,

Previous studies of the IMFBR and fluidized-bed combustors have con-
sidered only steam cycles as the energy conversion device since it is ths
only established, commercially viable present-technology energy-conversion
system. However, modern steam plants operate with an upper temperature
below 1100°F, which 1limits their efficiency to about 40% and the liquid-
metal-water interface in the liquid-metal-cooled reactors may create severe
interfacing problems. Therefore, IMMHD power cycles have obvious potential
advantages in coupling to these two heat sources. Other characteristics
possessed by the IMMHD system which makes it attractive for central station
power plants are: a) simple coupling to the various heat sources; b) con-
siderable promise of improved reliability since there are no hot highly-
stresses moving parts to be cooled; c) the MHD generator, a geometrically
simple device with no moving parts, performs the functions of both turbine
and electrical generator (both of which are relatively expensive to build
and waintain); d) a Brayton-type cycle operation that means dry cooling
towers could be incorporated economically into the system, and e) com-
petitive or higher performance potential at a given temperature.
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Previous studies of the LMMHD power systems have not considered the
restrictive constraints placed on the operating parameters by the interfaces
with the heat source and the bottoming cycle, The viable system configurations
are iimited by the values of the interfacing heat-transfer parameters such
as temperatures and flow rates, while the coupling configurations place
certain constraints on the permissable range of operating parameters of the
energy-conversion systen.

This paper presents the results of an in-depth study of the performance
limits of the two-phase LMMHD power systems when coupled to the LMFBR and
fluidized-bed combustor, In the first section the cycles under consideration
are described and viable configurations are presented. The results of the
viable configurations are presented. The results of the systems studies of
the IMFBR-IMMHD and the fluidized bed-combustor-IMMHD systems are presented
respectively in the second and third sections. Finally, the results of the
study are summarized and conclusions are presented in the last section as to
the potential of the IMMHD for commercial applications with the LMFBR and
fluidized-bed combustors as heat sources.

Description of Basic Cycle

IMMHD power systems require two-phase fluids in the primary system loop
to allow sufficient energy extraction to take place in the MHD generator. The
liquid phase, whose primary purpose is to provide the required electrical
conductivity, is termed the electrodynamic fluid, The gaseous phase, whose
main purpose is to 'drive' the liquid through the generator during the
expansion process, is called the working fluid, The electrodynamic fluid also
increases the effective specific heat of the two-phase mixture, thus acting
as a heat source for the working fluid and causing the two-phase IMMHD
generator to emulate an infinite-reheat turbine in its operation.

The two-phase IMMHD generator can be used in several types of power cycles,
These cycles can be classified as Rankine, Brayton or supercritical cycles
depending upon the choice of the combinations of working and electrodynamic
fluids and system operating conditions, All three types of cycles appear to
have potential application for central station power gensration., However, the
Rankine and supercritical cycles are still under investigation and the know-

ledge of the potential of these systems is incomplete and thus will not be
considered here,

There exist many possible configurations of the Brayton-type IMMHD cycle.
An extensive study was done to evaluate the possibilities and one cycle
configuration emerged as having much potential merit for efficient power
generator in central stations. This cycle, shown schematically in Fig. 1, has
been studied in depth to evaluate its performance limits. An inert gas is
used as the thermodynamic working fluid and a liquid metal as the electrical
conductor (i.e. electrodynamic fluid). In operation, the gas and liquid
are mixed, and the mixture enters the generator where the expansion of the
gas drives the conducting liquid across the magnetic field and generates
electrical power. The two phases are separated and both are returned to
the mixer, each through a separate loop. The gas phase passes through a
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regensrative heat exchanger, a reject heat exchanger, is compressed in a
multistage compressor, and then returns via the regenerative heat exchanger
and the heat source to the mixer. The liquid is recirculated back to the
mixer via the heat source by means of a nozzle-diffuser system, Note that
heat can be added to the gas, the liquid, or both simultaneiously.

Positive features of the cycle include the following: 1) because of the
relatively high mass flow ratio of 1liquid to gas, and the fact that heat is
transferred to the gas from the liquid metal during the expansion, the ex-
pansion proceeds almost isothermally; 2) the regenerative heat exchanger
recoups a major fraction of the energy in the gas (the gas is still at
essentially the high temperature of the mixer); and 3) multistage compression
with interstage cooling can reduce the temperature rise and make the compression
approach an isothermal process. The combination of these three features make the
ideal cycle approach a Carnot cycle, hence, it has the potential for high
efficiency. Other important advantages include: 4) heat rejection begins
at relatively high temperature and there is no vapor te condense, allowing
the effective use of dry-cooling towers; and 5) the cycle can be matched to
various temperature ranges by selection of the working fluid combinations
and independent parameter values. The major disadvantage of the cycle is
that, as in all Brayton cycles, the compression work represents a substantial
fraction of the gross energy produced, which means that the cycle efficiency
is very sensitive to the component performance.

Variations of the basic cycle are possible, and they may produce improved
performance. Replacing the nozzle-separator-diffuser system for recirculation
of the liquid by a pump may improve performance and allow greater freedom
of selection of the working fluids. A significant improvement in cycle per-
formance is achieved by using a gas tizbine to drive the compressor as shown
in Fig. 2. This is a dual cycle with a double expansion of the gas, first
through the MHD generator, and then through the turbine.

Twe basic types of configurations of the LMMHD power systems were
evaluated as energy conversion systems for the IMFBR. These were 1) the pure
LMMHD system shown in Fig., 2 and a IMMHD/steam binary cycle in which the
sensible heat that remains in the inert gas after expansion through the gas
turbine (or MHD generator in the case in which the gas turbine is omitted) is
transferred to a modern steam bottoming plant. The constraints placed upon
the IMMIID power system by the interface with the heat source and bottoming
cycle are a consequence of the requirements of the second law of thermo-
dyanmics (i.e. all pinch points must be positive). Detail cnmputer simulations
in which all known first-order irreversibilities have been included, were
used to parametrically study these interfacing constraints.

LMFBR~LMMHD SYSTEM

In the study of the IMFBR as a heat source for the LMMHD system it was
assumed that the sodium coolant of the LMFBR attained a maximum temperature
of 1200°F, When the LMFBR is coupled to the pure LMMHD power it was found
that constraints of the interface with the heat source require that the
expansion ratio through the turbine should approach 0.4 which resulted in an
overall cycle efficiency of about 37%.
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The system configuration that was found to have the greatest potemntial to
interface with the IMFBR is shown in Fig. 3. The temperature of the LMFBR
coolant exiting the reactor was selected at 1660°R while the minimum value of
the water entering the feedwater heater was set at 550°R. The most severe
constraint on the binary plant operating parameters are imposed by the inter-
face betw=en the two cycles, Typical helium and water temperaturés in the
feedwater heater and hoiler are plotted in Fig. 4 as a function of location.
The limiting parameter is the pinch point PP2 = Tcr - T_,, since PP2
is always less than PPl or PP3 when uperating undeér the vapor dome., Figure 5
shovis the variation of PP2 as a function of the steam boiler pressure for
various values of superheat temperatures. Physically meaningful solutions
(i.e. PP2 > Q) are seen to exist only as the boiler pressure approaches the
critical value (because the latent heat of vaporization of water goes to zero
as the pressure approaches the critical value) and only for maximum steam
temperatures significantly below the tempsrature of the helium entering the
boiler (i.e. PP1 > 200°F). 1t is also important to note that as T
decreases, more severe restrictions will be placed on the existence of solutions.

Other independent interface parameters studied included T , the temperature
of the condensate entering the heater and T,, the temperature of the helium
exiting the boiler (entering the compressor}. The results of varying these
two parameters can be summarized as follows:

1. The restriction on PPl can be relieved somewhat by going to large
values of T7, but only at the expense of reduced topping cycle
performance,

2. It is desirable to operate with T as low as possible to relieve
the interface constraints somewhat and to ensure that the efficiency
of the bottoming plant will be high.

As a result of the parametric study of the LMMHD/Steam interface, the
operating pcint of the MHD generator was selected to be:

T . = 1560°R

mix

P . = 1000 psia

mix

o, = 0.75

1

o = 0.85

V]
The IMMHD cycle code was run for these generator conditions to yield T4 1542°R
and from the parametrlc study of the LMMHD/Steam interface, T _ = 1242 ﬁ
(i.e. PPI = 300° F), P 3000 psia was selected as the operaélng point for

the steam bottomlng pf%nt. The value of PPZ for this operatlng point was
calculated to be 20°F which is deemed acceptable by engineering standards.

The interface between the LMFBR and the IMMHD cycle is not nearly so
restrictive since the splitting of the reactor-coolant flow into two heat
exchangers provides much flexibility as shown in Fig. 6. A solution exists
(i.e. PP3 > 0) for all values of PPl in the_range of 0 to 100°F (note that
PP3 and PP4 are essentially _independent of PPZ since the ratlo m, /mg is
essentially independent of PPZ over the range of interest). %peratlng
point for the IMFBR/IMMHD interface was selected from Fig, 6 as follows'



PP1 = TH1 - T1 = 20°F
— = - Q = o
553 TC2 - T¢ 20°F
- Y - = =~q°
PFT = TC1l - TS 39°F
P57 = TH1 - T10 = 104°F
L = 24086 1b/sec
L = 7531 1lb/sec

This information combined with that developed above yields the power-plant
configuration whose state points are shown in the schematic in Fig. 3. This
plant is calculated to have an overall efficiency of 44,8%, which compares
favorably with the values in the mid to high 30% range currently being
quoted for IMFBR's coupled to modern steam plants.

Fluidized Bed Combustor - IMMHD System

The schematic of the dual cycle coupled to the fluidized bed combustor
is shown in Fig, 7 were g and 2 indicate the gas and liquid loops. After
the two phases are separated, the gas phase passes through a gas turbine,

a regenerative heat exchanger, a reject heat exchanger, is compressed in a
multistage compressor, and then passes via the regenerative heat exchanger
and the heat tource to the mixer. The liquid is recirculated back to the
mixer via the neat 3ource by means of a nozzle diffuser system,

The schematic of thec binary cycle is shown in Fig. 8. 1In this case,
after the gas and liquid have been separated, the gas passes through the
topping cycle - bottoming cycle interface (the boiler), possibly through
a topping cycle reject heat exchanger (the precooler), is ccmpressed in a
single stage compressor and rcturns to the mixer via the heat source.

As shown in Fig. 7, the dual cycle is designed to operate with the
gas turbine driving the helium compressor. In Fig, 8, tk=2 binary cycle is

shown to operate with the bottoming cycle steam turbine driving the helium
compressor,

As shown in Fig. 8, the steam bottoming cycle utilized two reheats which
are post-fired (are heated directly by the heat source), The reason for
the post-fired reheats will be discussed below. The performance of the steam 5
bottoming cycle as a function of the feedwater temperature is given in Fig. 9.

The increased feedwater temperature is accomplished through regenerative feed-
water heating,

An impertant part of the interfacing of either the dual or the binary
cycle with the fluidized bed combustor is the interaction of the flue gas
with the helium through the recuperator (Fig. 7 or 8). That is, if the helium
approach temperature to the recuperator varies, then sc must the flue-gas
exit temperature from the recuperator. This in turn will cause both the
stack-gas exit temperature and the combustion air temperature (through
interacticn with flue gas in air preheater) to vary.
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The interface between the topping cycle and the steam bottoming cycle
is the steam boiler. The helium which serves as the heat source in the
boiler, may also have to service the steam cycle reheats., If the binary
cycle is designed such that the steam turbine drives the helium compressor
this coupling would also constitute part of the interface. The steam turbine-
compressor coupling would set resivictions on the cvcle design.

Parametric Studies. It is evident that in the boiler the helium must
always be at a temperature greater than the steam temperature. This simple
criteria has major implications when interfacing a topping cycle to a steam
bottoming cycle. Fig, 10 is a curve of the temperature - enthalpy behavior
of H.O0 in the boiler. Superimposed on this curve is the temperature history
of tﬁe helium in the boiler. When the helium temperatu. : .ae boiler inlet
is low snough (below about 1500°F in this case) the criteria of a positive 4T
between heliur and steam results in a critical point at the 'knee' of the
H,0 curve. This point is denoted pinch point - knee in Fig. 1{., Below a
1§OO°F helium inlet temperature, meeting this criteria will result in a
larger AT at the low temperature end of the boiler than occurs at the knee,
Furthermore, any effect that may change the slspe of the helium-temperature
curve would have major implications. The problem this creates is that, as
shown in Fig, 8, on leaving the boiler tha helium must be compressed. If the
helium temperature is increased the compression work increases. If the
helium temperature is kept low through the use of a topping cycle reject hx
(the precooler) energy is lost without producing useful work.

Figure 11 shows the performance of the binary cycle as a function of
the MHD generator inlet void fraction with and without the preccoler. It is

interesting to note that depending on the operating conditions, the precooler
may or may not be beneficial,

Figure 12 shows a comparison of the performance of the steam bottoming
cycle to the performance of the binary cycle with a 1300°F temperature of
the Na-He mixture at mixer outlet, The thermal efficiencies of both the
binary cycle and the steam cvcle are shown as functions of the steam bot-
toming cycle feedwater temperature, TFEEDWATER. The most notable result
in Fig. 12 is that whereas the bottoming cycle performance increases with
TFEEDWATER the binary cycle performance decreases, This behavior is also
explained by considering the boiler-outlet helium temperature. As the
feedwater temperature into the boiler increases the helium temperature out
of the boiler must increase thus increasing the work of compression. Figure
13 shows a comparison of the binary cycle performance as a function of
TFEEDWATER with and without the helium precooler. The decrease in performance
with the precooler is caused by the increased energy rejected from the
topping cycle. In the case of the configuration without the precooler the
decreased performance is caused by two effects,

1. the increase in helium temperature results in increased compressor
work,

2, The helium temperature out cf the compressor increases and this
results in poor performance of the recuperator (Fig. 8).
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The second cause of poor »erformance concerns both the interface with
the bottoming cycle and the interface with the :luidized bed. That is, the
problem is caused by the bottoming cycle interface and is then magnified by
the combustor interface. The study showed that above a TFEEDWATER of about
175°F the recuperator should be eliminated when a precooler is not used
because it is counter-productive (the helium gives energy to the flue gas).

Figure 14 shows a comparison of the binary cycle performance for the
steam cycle reheats reheated by the helium (either in or preceeding the
beoiler) with the post-fired reheater (shown in Fig, 8), This, obviously,
alters the interfacing and as Fig, 14 shows changes the performance. On
the basis of the performance gain shown in Fig., 14, the bottoming cycle
reheats were post-fired, The post-fired reheats also have the effect of
increasing the relative size of the bottoming cycle to the t pping cycle.
This was found to be beneficial in meeting the criteria Wbot

The helium heated rsheats result in poor perfcrmance because when the
helium is alsc heating the reheats, there results z nonlinear helium tem-
perature trace in the boiler and since the knee pinch point criteria must
still be met, this leads to an increased helium temperature at the boiler
outlet (as compared to the post-fired reheats, illustrated in Fig. 10).

wcomp"

Figure 15 shows the effect of sodium vapor carry-over with a liquid
metal pums in the binary cycle. The results of Fig. 15 were obtained using
a steam bottoming cycle with one post-fired reheat and an efficiency of
37.5%. Credit was not take for eliminating the rotating electrical generator.

In general, the effect of liquid metal carry-over should be detrimental
as the carry-over represents energy transfzrred through the topping cycle
which does not result in useful power output. However, because of the
interfacing problems (relatzd to the knee pinch point criteria) carry-over
can have a beneficial effect in a binary cycle because of the resulting
nonlinearity.

In Fig, 15, it is noted that at 1200 and 1300°F mixer temperatures the
vapor carry-over is bemeficial. At 1400 and 1500°F it is detrimental. The
conclusion from Fig, 15 is that the liquid-metal MHD steam binary cycle of
Fig., 8 should not be operated above 1300°F when Na-He are the working fluids.

Discussion

The binary cycle results in a significant improvement over the bottom
cycle performance used in the study. The steam bottoming cycle thermal
efficiency used in the binary cycle of Fig., 2 was 39.1%. This is compzred o
the range of 45.3 to 48,3% found for the binary cycle, which is a significsant
improvement of from 6 to 9 points, However, it was found that berause of
interfacing probiems, the liquid metal MID topping cycle as used in the
configuration of Fig. 2 did not int:=rface effactively with the steam bottoming
cvcles using regenerative feedwater heating.

It is evident from the above discussion that an improved binary cycle
configuration is necessary. It would appear that the potential exists for
better performance, As an example, consider a typical use for which the rate
of heat transfer to the topping cycle working fluids is,
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Qtop = QLM + QHE = 1127.5 MW,
The topping cycle net power output is,
= J - -
Weop L |wcompl 181.7 Mw,

Therefore, the topping cycle is working at a thermal efficiency of

- - L] - . o/o.
ntop wtop/Qt.op 16.1
If this performance occured in a configuration where all of the energy
from the primary heat source were transferred to the bottoming cycle (with
n,_ . = 39.1%) via the topping cycle then the overall thermal efficiency
02%%uch a binary cycle would be,

n = 7 49%,

top (- ntop) ot

However, the present configuration resulted in only 45.3%, a
deficiency of almost 4 points. Most of this deficiency was caused by the
necessity of the above mentioned post-fired reheats although part of the
deficiency was caused by the necessity of the precooler to lower the helium
temperature entering the compressor.

A configuration which is being studied in an attempt to interface with
the high performance steam cycle (with regenerative feedwater heating) is
shown in Fig. 13. This configuration uses a regenerative Hx and a staged
compressor to regain much of the energy available in the high temperature
helium leaving the boiler. Initial studies have shown that this confipuration
is not effective until high mixer temperature (about 1500°F) are used.

Studies are continuing on this configuration in the attempt to find improved
performance.

Summary and Conclusions

Studies have bzen made of the coupling of the twe-phase liquid metal
MHD power system with an IMFBR and a coal-fired fluidized-bed combustor,
as well as the interfacing of the liquid-metal MHD with the steam bottoming
piant. Various coupling configurations were evaluated for each heat source
and the configurations that appear most feasible were selected for detailed
study. Parametric studies were made to determine the parameter limitations
of the system and their effect on system performance.

It has been shown that IMMHD power systems do indeed appear attractive
for commerciai power plants when coupled to the IMFBR and fluidized bed
combustor. In addition the LMMHD systm can be effectively coupled to a
modern steam plant to obtain a high performance binary cycle without a
liquid metal-water heat exchanger. While these interfaces do somewhat 1limit
the parameter range over which the system can operate, and hence the system
perfornance, it appears possible to achieve performance levels above those
currently available with otler energy conversion systems.

The results of the study of each interface were presented parametrically
for each hsat source and energy-conversion system, Operating points were
selected (aithough not necessarily optimized} and the compiete schematic
of each szystem considered was presented along with all thermodynamic state
points and fluid flow rates, All system parameters and component efficiencies

were selected to be coasistent with near term technology and good engineering
design principles.
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These criteria yielded a system performance of 37% for an LMFBR

operating with a maximum reactor coolant temperature of 1200°F when the
pure IMMHD energy converter was used. A LMMHD/steam binary cycle is shown
to be capable of achieving a thermal efficiency of 44.8% when used with
the same heat source. Results with the coal fluidized bed combustor as

a heat source show evepn higher performance levels (about 50% efficiency)
since the maximum cycle temperature is increased. For example, with a
maximum cycle temperature of 1500°F the results with the fluidized bed
combustor as a heat source show the LMMHD/steam binary cycle to be

capable of 48,3% before stack losses and auxiliary power requirements are
accounted for.
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ETUDE COMPARATIVE DYUN GENERATZEUR
eHoeDe ALTERNATIF A 1IETAL PUR ET A EMULSION

Iiichel Kant et Jearn-Pierre Hansen
Laboratoire de Génie Electrique de Paris
Université 4e Technologie de Compiégne

ABSTRACT ¢ COMPARATIVE STUDY OF ALTERIATIVE k.ll.D. GENERATORS
WITH A LIQUID LETAL AID AW ELULSION

In this paper a theoretical study based on the statistier:l
equations allows to establish the power relations of the Li.*.D.
generator using an emulsion (1iquid metal-gas) as a working
Tluid. To derive the random terms, a double simulation is
made which evaluates the resistivity and the distribution of
zas ratio. Pinally the calculation made for the narticular
test facility are compared with the mesurements carried out
for the range of gas fractions smaller then 30 °/s.

IBSULE Dans ce ménoire une étude théorigue basée sur les équa-
tions locales instantanées de la physique statistique perret
d'établir les expressions des puissances développées par un
générateur I.H.D. parcouru par une énulsion stable (métal
liquide-gaz). Pour préciser les itermes aléatoires une double
simulation sert a évaluer la résistivité de 1'énulsion et le
profil de taux de vide., Znfin les calculs d'un dispositif
d'essai particulier sont comparés avec les relevés effectuds
pour un taux de gaz inférieur & 30 °/, .

ie Introduction @

Le cycle de conversion d'énergie dans un générateur il.H.JD. est
1ié directement au mode d'entrafnement du liquide incompressible par
la gaz. Plusieurs solutions ont été proposées que lton peut répartir
en Lwrois groupes @

- Le processus de nise en nmouvemeni par formatiun dl'un brouillard
[Zln par lequel le metal est injecté dans une tuyere convergente-
divergente par un Ifaisceau de tubes capillaires et le gaz par un
faisceau de tubes annulaires concentrigues aux précédentes. Le brouillard
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¢tarnt mauvais conducteur dlélectricité, le systéme doit &tre complété
par un séparateur.

~ Llaccélération par éjecteur i condensation L2]oﬁ la Vvapeur
chaude est nise & la vitesse supersonique et le liquide préalablement
surpressé est également mis en mouvenent nais 3 une vitesse beausmoup
plus faible. Les deux fluides sont alors éjectés par des buses concen-
triques, le jet résultant étant ensuite détendu dans un convergent-
divergent. Le tube d'entralnement de Preux[i] et le Staugtrghlrohr de
Radebold[lq relévent plus ou moins des méues principes mécaniques.

- La mise en vitesse d'une émulsion stable composée d'une phase
liquide continue et dfune phase gazeuse dispersée, présentant des pro-
priétés de compressibilité. Llugsage dlun "émulseur" suppose celui dlun
Es%parateu*“, que l'on peut concevoir comme un centrifugeur des bulles

5t

Le systéme l.H.D. & émulsion permet deux options fondamentales:
ag le fluide traversant la partie active du générateur est diphasique,
b) aprés séparation seul le liquide passe dans le canal du générateur.
Dans le premier cas le rendement thermodynamicue et hydraulique de
conversion est élevé au déiriment du rendement électrique ; dans le
deuxiéme cas l'insertion d'un séparateur augmente lourdement les pertes
mécaniques, La technologie enseigne que la séparation efficace de deux
constituants ne peut s'envisager que dans le cas d'écoulement en
"prouillard', dlautre part les pertes de séparation augmentant avec
1tefficacité du séparateur. Ainsi le cycle l,iH,D. & "émulsion" admettra
toujours au moins pour des raisons technologiques, un liquide diphasi-
gue & 1l'intérieur du générateur électrique.

La question fondamentale posée par l'application des émul-
sions &4 la production H.H.D. dlénergie électrique est la suivante s
quel taux de gaz peut-on tolérer & la sortie du séparateur sans se
condazmer 4 exploiter un générateur dont la puissance massique serait dé-
risoire ? Le présent mémoire qui veut contribuer & répondre & cette
guestion est basé partiellement sur les études [61 et [77 a diffusion
regstreinte et sur 1tétude [8] 4 paraftre prochainement.

2. Les lois d'Ampére et d'Ohm en écoulement diphasigue :

2.1 Gégégalités H

~I¢ comportement de 1'émulsion dans un générateur M.H.D. est
conditionné essentiellement par trois facteurs interdépendants :

~ la dérive des bulles de gaz par rapport au liguide,
- 1l'échange de chaleur entre le liquide et le gasz,
- la stabilité du mélange diphasique,

Si le premier de ces facteurs ccnsiitue 1l'un des éléments de
nos raisonnements, les deux sutres ressortent plus spécifiquement des
études thermiques et hydrauliques et A4 ce titre ne seront pas examinés,
Afin d'écrire les équations générales d'une émulsion nous retiendrons
les hypothéses suivantes :
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h) Le canal rectangulaire dans lequel se diétend 1'érulsicn (Fig. 1)
est beaucoup plus long (axe oxl) que large (axe 0X; ). Dans ce canal
chaque particule de ligquide est aninde dlune vitesSe vy, et les bulles
d'une vitesse v,. Le phénomene ce glissement longitudinal conduit
4 supposer : V, M Vp, alors que la corversion d'énergie (mécanique
#n électrique) implique TL" Ve (avec Ve vitesse du champ par rappart
aux inducteurs).

b) Lténaisseur 2a (axe 0X,) du canal est assez faible pour adopter a
priori un profil de vitesse plat pour les deux fluides. Cetie hyrno-
thése est nutorisdée par la structure habituelle des générateurs &
induction et justilfie 1fdétude séparée des équations mécanigues
(rravier-Stokecs)et dlectromagnétiques (iiaxwell). Aucune grandeur élec-
sroragnetique ne varie selon 0%y

¢) On ne considérerz pas une ¢ventuelle dérive latérale des bulles
(azxes Ci, et 0¥=), vour autant qu'elle ne perturbe pas la stabilité
de 1'énuision ("éeroulement! en Fluide stratifié) : les bulles seront
donc considérdes corue petites devant la dimension transversale
(OKZ) de la tuysre.
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Ya méthode de’distridution® ui dérive de la thiéorie cindiiaue des gaz
net en jeu des espaces hedograpniaues dl;;icllement accessibles au
caleul 7]. Dans e nenmoire nous avons choisi la "méthode des wmoyonmes

gstatistiques! ddvelopnie pour les ecou¢euents uLvha31qaes dans [10) cont
nous adopions ici, sans lc¢ révdter, les notations et formulations nati.é-—
natiquese.

242a Anoroche nathénatique du probléme

La nethode des moyennes stavistiques est fondée sur 1llassinmila-
tion d'une émuision & un milieu continu. Ainsi on isole au sein dTun
ensenble gaz-liquide un voluzle ¢lémentaire global constisud¢ d'un volw
Q7. de zaz et d'un volure AVy de liquide sdéparé par unc surface A S
qu.-"ne pernet aucun transfert de masse enire les dewr phases et avec le
nilieu extérieur. Qufils soient cono ou diphasés tous les rllleur conti-
nus obéissent aux lois de conservation d=2s variables extensives (masse,
guantité de mouveuent, énergie). Ces lois fournissent un ensemble de
relations erntre grandeurs globales gu*il est possible de "localiser' nar
1fenploi du théoréme de transport d'intégrales du type Ostrogradsky.
sn conclu51w1f101 si 1'on sc place en un point géoméirique du nilieu
2t & iustant duuermlne, il est possible dlécrire les équations de la néca-
nique comie on le Ffait exn milieu ronophasigue sous réserve de nertionner
quelle phase (G ou L) est présente au point considéré. ©n ce qui concer-—
ne les équations afélectronagnétisne nous déuontrons [7] (] qutil en
est ainsi, et que la spécification de 1l'indice de phase I {G ou L) suffit
pour légitimer 1l'équatio:.

Pour €tablir les relations énergétiques d'un géndrateur 111D nous
considérons devx éguations fondamentales la loi d'Ampére et la loi
afonm,

2,3. Loi d'Anpére :

et -
n nézligeant le courant de uepLaceaent chaque poin% Li(X) de
1'écoulement diphasique obéit en un instant t 2

-t -l
rot Ilb,(t) = g () (1)

oli K== G ou L, suivant gque L est entourd de gaz ou dliliquide a
1'instant . Pour la preniére composante du vecteur (1) s'4erit

i

1 Tl—- ';L Hg, (%) (2)

Dlautre pgrt, on sait gue pour toute composante f d'une fonc-
ion vectorielle f, on a par définition :

K

T

2p+e-1
f e,

—=— 4t ; 3 = 1,2,3
K 3‘“‘3 H b A ]

T2p+e—2

Jr{

Ty 1
4 %y Tx

Lo B o i =}
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K " iene

avec 7% temps de présence de la X
¢tablit:

| - l
b} .- 1 | b T

}

|

phase et gqulun calcull lO]

=

iy

oy T
— (o, T. ) ~ J: "} “2pte-1 |
Py

I Sar8 S
¥ Ty ix* §%. J ¥ {
J ryd
ou®{.. est le taux de présence locale statistique de la phase K,

13 [+

Lo BN ¢

“2pre~2 |

Par consédquent, 1l'égquaition ~oyennde (2) sur le temps de présence
dfune phase ¥ sllerit

e
i

- [‘ d: J o+E=2
Lo T ¥, s T T osbsergun

-l

{
| ”
A
p
i
I

“Zn+e~l
K i

3 - 1 319 “2pre-2
") L, )+ 7 ~[23—;] er_‘ !

Lo vovenne d.nhasigue de (2) sPéerit dlapreés la Torme générale :

pt -




et Tinalement en repassant aux égalités vectorielles

L3 -—— —-—— ——
s T =T -C=1. (3)
0t I=d = Q =
* ) tot
avec
Voo d I 1
= . [ . N 2p+€—2.
LE = - P pa Yy P “ P
i A T ! 3 X
K : = > no K |
'2p+E—l|

o
é T “2p+ €=-2)
v

1
Ty I

o

>

T
Ly

2p+a--ls

3

4

Ainsi la loi d'Amoére "diphasique (3) comporte deux Wermes sources" du
chanp magnétique total, l'une J correspond & la densité volumique du
courant, llauire ¢ est due & l¥interaction des bulles de gagz et du
ligquide et plus particuliérement au glissement mécanique de ces deux
phases. Le terme interfacial £ est difficilement accessible au calcul
direct, son importance apparait néanmoins lors de llinterprétation des
mesures effectudes sur un générateur 2 émuision.

2.4. Loi d'Onm :

————— T S s 2w n

Outres les hypothéses générales prdalablement exposées nous
supposons que : le rayon des bulles est petit devant la distance qui les
séparent et que la forme des vulles est @pproximativement sphérique :

En tout point du fluide, llexpression de la densité wvolumique de
courant J peut se décomposer en

-y iy i
d = dJ + d

LP LG -
ou J est la densité volumique de courant existant au point M(X) en
1'abSeénce compléte de bulles dans le volume V de la conversion (généra-
teur & métal pur) et J1g est la densité de courant "de perturbation” due
4 la présence des bulles.

En effet, les bulles qui sont égzlement soumises de la part du
bobinage statorique 4 un champ électrique induit peuvent &tre conszidérées
comme étant le siége de moments électriques, concentrées idéalement au
centre du sphérofde gazeux et qui vont modifier la répartition du
courant dans la partie liquide qﬁgq‘ge 1!'émulsion. On peut derire 3

7., =-4 graa Lt - ]
LG L X 2
i=1 Ii
avec ¥ | = gonductivité du ligquide, T = moment électrique dfi & 1

i
iéme bulle, lyy; = vecteur unitaire smion la direction.xxi, r =|§h_-xl
longueur séparant le point courant M(%) du cenire de 1l i€me tulle,

P = nombre tcotal de bulles présenté & l¥instent + dang le volume de
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conversion V,

-
Si 1'on remarque que J slannule & la surface d=s bulles de rayon
ajy on peut écrire -
JLP + 3 =0
a

L

et par conséquent la "loi d4'Chm pour 1mulsion" se iraduira par les deix
relations

3
_‘ P a, J...P - i
J(x) i + ?; gradxf-éi . :2 1;{:{‘) ;o u(x) € vy (4)
i
-“>» L - -
JX) =0 ou I == J1p Hix) & Ve

2.5. Puissance développée :

Les expressions (3) et (4) permettent de calculer la puissance
développfe par un générateur L,H.D. & émulsion selon la rormule

classique @
- -»
:/ (7,5 % B)Y av (5)
v

~ = . U A -
ou v est la vitesse _gu Jluide dans un Xolumﬂ v du converz;qigur sowzls
2u champ magnétique 3 et véhiculant lesvinduits de densité o .
La programation de P avec les termes interfacicux d6¥%%is 2

aide Jdes facteurs empiriquesf CJ4 est reprégentéesur la Tigure S, ol
on considere le gliscenent moyen de lz phase gaszeuse nar rapport &
a phase fiuice de 3C %o,

5% 1'on ndglige dans les équations noyennées (3), .o contribu-

[ =] ‘_J |_J

tion interfaciale ¢ ce quil signifie physiguement que le chamn totzl
dtun génédrateur & <dnulsion n'est pas nodifiée par la dérive longitudi-
nale des bulles, L'expression 6) se réduit & 1'aide de (4) 2

P_

(RS ‘l\_; bl

3 -
/* - 5 P ai v e i -l >
= (J-.x E)v av + . grad.,(—- —=" 1 ) 3 v aAv (6)
ny +" 1 N2 Ay e
v V.. i
‘trenanu qui enploya une forrmule semblable & (6) pour

iongieur a
1'étude du daébimdire & enmulsion uenont;e[]“J que l'invégrale de droiic
tend vers zéro lorsque le rayon des bhulles est petit »par rappors aux
dinensions du volume V. Le caractere aléatoire de VL nernes d'écrire
la relaiion noyennée

-
£ Pres (q-., » B)

- IYs
V_

~p
31 v est uniforme autour de CAaqae bulle o2 neut 1la prolonger
pour Gous les points du Tiunide conpris & Llintérieur du volume Vg solt:




124

R g P i e PN o ! 5
¥ o= e X2V AV = L{"?(_:ii)[,'.m\g_.) X E‘._] « T T Q‘:

Vv
un choisissant r‘ (% i ax ? oo a.l coame la prodabilité

vour que d'une vart le centrs u}unp bull trouve daas un ¢lément

de voluue 1% 2 situd autour du point I.{i) et quc dfautre pnrt son
- \ 4 - -~
rayon soit El._i a da- nr es ;y On ;.xeut derirve @

-2 SR 3 > -b
L ox RV AV - [ Log g’ (5_.. x : .a]d
2 v o b) i ik

Conpte~tenu de la définition «. taux de gaz O( nous avons

;= -D -D -D.. ,
P> = oo x 3T /e( 3)v av (7)

<=>=f

P

Y
la solution dz2 cette u.eI‘l'll(.I‘e expression impligue la connaissance aes
Tonctions J(X J(‘-) rtoutb. e((x)d 3e Les deux preuicres fonc-
tions peuvent ufe ?i(ul tes par 1lextenslon des calculs exposcés dans

9]; dans ce mémoire nous nous nroncsons d'évaluer Of ()55 & llaide
Alune anzlyse semi-enpirigue. Comme la c.lst ~ibution dv taix de gaz
influence en prenier lieu la conductivite J de 1ll'émulsion, nous
cherchons expérimentalement la Torme de D{) gul nous cernettra
alésablir iz relation
¥ (o))
t

]
P(“) =: i P
|

Ly

oul K”P est ia résistivitd du nétal pur et P la puissance électrique
developnee par un gcnerateur equlvalent remnll de ce métal pur, On
déduit aisénent de (7) qulune repar tition homogene des bulles dans le
volume de conversion correspond &

<2t)>=(1-ol)p, et ¥(of) =) (1-of) (8)
ce gui reléeve & la fois du bon sens et de la stotistique éléuentaire.

2.6, Complément exnérimental des études théorigues :

Pour ernloiter nunmériquement les expressions (8) ou (7) nous
avons effectuc deux ¢tudes expérimentales :

- l'une mécanigue concernant la distribution du taux de gaz local
(dans une section de 1l'écoulement et sur sa longueur) et le glisse-~
ment de la phase liguide par rapport a la phase gazeuse ;

- 1lfautre électromagnétique relative & la conductivité de 1'émulsion.

20601, Etude mécanigue =2
la déterm:].nation du tauvx de gazd \X) et du glissenent mécani-
gue des phases a été effectuée par les méthodes exposées trés en détail
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dans 7]'en utilisant les appareillages et les installations déerites
dans 12]. Le principe de la mesure régide dans llemploi de sondes
d'essai couplées avec un analyseur électronique du signal dont les
sorties peuvent Atre branchées par llintermédiaire d'un centre
dvacquisition des domnées sur le calculateur nunérigue.

Lfécoulenment de l'émulision se fera dans un canal de section
constarte~convergente, dont les dimensionsg sont ¢ partie constante :
section 6 x 36 mm~ sur 280 rmm _de long, partie convergente : section
variant Ge 6 X 35 & 4 x 36 mm® sur 557 mm de longe Le flux de 1l%¢émul-
sion est dirigé dans le sens de la convergence, On utilisera deux
érulsions eau salée~-argon et sodiun-argon soumises 4 un champ magnéti-
gque glissant. L'analyse des résultats d'essais montre qulil existe une
chute brutale dela valeur o aux envircns des parois, les bulles ayant
tendance a se concentrer dans un chenal cenitral. La configuration de
ce profil sera nettement plus caractérisée a4 la fois pour les grandes
valeurs ded o D et legs faibles valeurs du champ magnétique. On peut
donc penser que of (X) est tributaire de la distribution des vitesses,
qu'il nous a ¢t¢ impossible de mesurer sur toute la section, mais qui
tend & devenir tourbillonnaire pour les taux de gaz élevés. D'autre
part pour *tirer des conclusions définitives, eoncernant l'influence du
charmp magnétique sur le profil du taux de gaz, il convient de créer des
inductions plus inportantes que 0457 et des vitesses supérieures &

30 ms~l, ce qui limite notre exvérience.

La configuration finale de l'écoulement gue nous retiendrons des
essals est celle dfun "tunmel” central ol le %Yaux de gaz est =pproxima-
tivenent constant, entouré par des parois fluides oU le taux de gaz
déeroft quasi-linédairement (Fig. 2a). Ainsi il ect possible a'idéalisex
le profil du taux de gaz par un trapéze centré sur 1llaxe de l'écoule~
ment (Fige. 2b). Remarquons qu'd partir d'un certain taux de zaz
(30 °/ environ) la section du "tunnel! central est presque indépendan~
te de€ Of>; clle est ézale & m 70 % de la section transversale pour
3=0et mT75 %6 de la section transversale pour Bygy = 0,5 T

D'autre part, la mesure de l'évolution du taux de vide le long
de 1l'écoulement (coordomnée 0Xy) fait apparalftre une augmentation de

o dans le sens Ge 0X; (Fif. 3). Cette constatation est vraie au
centire comne anx parois pour toutes les valeurs des chanps et des
vitesses que nous avons pu explorer.

La figure 4 donne la vitesse moyenne de la phase gazeuse (argon
dans le sodiun) le long de 1l'écouleament ; nous nfavons pu Géceler que
faible influence du chanp magnétique sur cette vitesse probablesent &
cause de la Taible réaction 4'induit qui caractérise notre dispositif
dtessai.

205042, Ltude gleciromagnétigue

Les calculs et mesures de la conductivité électriqus dlune
¢umulsion ont fait llobjet dfune trés nombreuse littérature technique.
Parmi les recherches plus connues, citons : - Les modcéles de llaxwell
concernant les bulles sphériques et lsur version récente relative &
une énulsion annulaire retenue dans un volume rectangulaire due a
Fuji et Suita. - Les détudes de Rayleigh sur la diffraction permettant
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dlétendre certaines conclusions au calcul de — la conductivité des
drlsions & "bulles" cylindriques, = Plusieurs fornules pureument eupiri-
ques dues & Lafferty et Hammit, Bruggenan, iliguchi et Fearce, Leec et
Fetrick concernant le rapport 6’/6’3‘ sont également disponibles.
ialgré les nombreuses dtudes &t Tornules, il semble intcéressant
dtapporter des précisions supplémentaires aux trois problémes suivants
- dans quelle mesure la nature du liquide conducteur {phase COftinue)
influence pour une granulonétrie donnde le ravvort Ef'arLP— H

~ si la structure de l'écoulement (homogéne, annulaire, i bouchons...)
reste déterninante, il est important de se rendre compie du rapport

x .KL:sl Gans le canal mfre de conversion ;

~ comment la résistivité de 1'énulsion veut &tre influencée par llinten—
5ité et la forme du champ nagnétique.

Ces considérations ncus ont amends 3 construire deux maquettes
4l'essai sans champ magnétigque, décrites dans['?] et une maquette sous
champ nagnétique glissant exposée dans['QJ. La figure 5 donne les résul-
tats expérimentaux pour une émulsion eau-argon ol l'on peut remarguer
une assez grande dispersion des mesures : ll'ajustement numérique & une
loi exponentielle donne :

¥-¥p = 0 (9)

et recouvre pour ds{ 0,55 les formules de layleigh. Les mémes relevés
erTfectués sur l'émulsion sodium-argon sow.iis au champ magnétique
noatrent que le rapport des conductivités suit approximativement la loi
{9) pour X 0,3 et décrolt rapidement ensuite pour rejoindre la
Tormule de Petrick (e~3s2el),

3. Calculs des puissances et des rendemenss d'ua convertisseur a

énulsion :

Des expérimentations mécaniques et électromagnétiques, nous avons
déduit une distribution de la résistivité sur la largeur du canal MeH.D.y
cu2 nous approximons pour le besoin des calculs par une courbe de la
figure 2b ol le "tunnel" central (de ®{ = const.) occupe 75 °/, de la
section. Cette résistivité varie le long du canal selon les relevés de
la Tigure 3. Hous admettons deux formules de résistivité en fonction
du taux de gaz ¢

X = XLP e~2106% pour ©{€ 0,3

B’:XLP e-3,5-{ pour @ » 0,3

Le passage d'une expression & l'autre se justifie trés probable-
ument par le changement de régime d'écoulement (laminaire-tourbillonnai-
re) et par le r6le gque commencent & jouer les composantes inter-
faciales £ du ccurant induit. Pour tenir compte des courants inter-~
faciaux, nous admettons une loi empirique de dérive des bulles obtenue
par compilation de relevés semblables 4 ceux de la figure 4.
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Toutes ces considérations nous permettent d'étabiir les formu-
les du chanp résultant et du courant induit exposées dans[ Jma:.s
contenant la variable@f . L!'introduction des grandeurs aingi caleu-
1ées @ns (5) ow/et (7) conduit aux expressions numériguement analy-
sables de la puissance dcéveloppéed 2™ (nlg. 7) et du rendenent de
conversion (-1g. e)

P>
Q &P +¢AT»
Dans cette derniére Tormule A P correspond aux pneries €leceriques
¢ans 1'érulsion, caleulées & partir des fonctions X (o 4 X) et
"CO'*'( “ y A! t)

La programmation numdrique (Fig. 7 e% &) concerne le dispositis
dlessai bivolaire suivansy @

-~ gection constante : 4 x 36 mm2
- longueur ¢ 2566

- fréguence $ 50 iz

-~ nombre de phases : 3

-~ courant 4'excitation par phase : 40 A

-~ enroulenent en anneau Gramne : 12 encoches

-~ compensation : 2 encoches d'extrémité & déphasage
varai blec 9]

2L)0 na

var "rafales" de 120 sec, environ.

érulsion ¢ sodiunm & 1s50°C

~ longueur dlonde :

~ fonctionnenen :

-~ phase continue de 1!t
e

'3

Jes ¢tudes enmpiriques théoriques, on peut virer les conclu-

sions suivantes @

~ le comporteuent dnerg
e s

tique du générateur étudié est loin Ge
correspondre aux lol a

tistiques &lénentaires (U ) 3

.
a4
+

]

~ 1tinfiuvence énergétique des courants interfaciaux { se nanifeste
aans ies caleuls 4 partir de d'\'o,j riais leur signification pratviogue
ntlapvaralt que vers o~ C,5 ; pour O 0,6 les rornules (35) et (7)

sont sensibleient égquivalentes j

- lc r8le aes courants interfaciaux & dépend dlune par? de la lei de
dérive Ges bulies et d'autre part de la nature de ll'émulsion ;

- la varigtion Ge la puissance développée en fonction du glissenent
est trés peu influencée par le taux de vide, autrement dit le profi
de l'émulsion et le glﬁsseﬂeut des bulles sont pratiquemnent LPQGpeﬁ-
dants ¢e & powr les Talbles réaciions dlinduit corrcespondant 4 notre
dispositif dlessal ;

- nous avons repriésentd s
pour un gindérateur e ta
aue notre dispositit dles
\CA = G,(_‘j) cst elholsic
wique ctb nagndtigue selon

ur la Jiguwre © la courbe Q = i‘\r) caleulde

tur fonectviommant avee le Emes naranmdcirec
i mais o 1o Lorgour rel 7e e 1a veinco
2 1c
S

Cib

. cf
[
<!

¢ panicre o optliidger
es critires exposds dan

epdoiient Qnersil
3.
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Le tableau ci-4

essous reégiwe les poiais 1""porr.rt*'s de 1Votuie
our le L,¢1s.,e ent opti

mal 3 = = Ly 8¢ corresnondmnt onosre
snesitif dlesool
; ~
g,( . . . . L
calculcde czlecule mesuree egarce
i /o B °/
- z- - gl
c 250 4 250 35 R aiha
e - N =2407
2C °4 135 51 12¢ 2t em2sUe(
= = ~—_Jes
50 °/ 75 19 e ?
R 3545
3C %/, 30 < x
50 °/, 3
i e C
Pour terniner exprinons guelques renargues critiques conceraant
notre analyse @
- gt:il par aratt évident que le calcul atun géudrateur l.il.r. 0 ¢nulsion
doit tenir comnie de la structure de 1l'énulsion et des consicérations
d¢lectronagnudtiques que cette structure implique, il nlest pas du toud
cervain gue la éthode des moyennes statistiques soit la plus anpro-
nride pour 2'analyse dfun converiisseur d'dénergie. jous pensoans que les
é¢tudes Tubtures de l'énmulsion sous cuamp "lec=£pnagnctlaue perniegtront
la déTinition de la Ffonction de distribution © (coime cltest le ca
pour la distwribution naxwellienne en théorie cinétique des gaz) et
partant 4'détablir P & partir de la "métkode de distribution” qui par
diserétisation tient nieux cowmpte de la najure spécifigue des énulsionr;

- la superposition pure et sinmple des phénomeénes liés & la résistivitd
de 1l'érrulsion et au profil du taux de gaz ne peut constituer qu'une
premidre approxination du problime : les fonctions 8’(&) et of (&)

sont foredment interddépendantes ;

~ le r6le des courants interfaciaux (¢ reste a déterniner. 3i 1llon cui:
le raisonnenent physique conduisant & la formule (3), ces courants
doivent former des densités superficielles, qui dans certaines condi-
tions (glisserment des bulles et taux du gaz élevis) peuvent infléchir
le champ total. Ainsi les hypothéses concernant l'induction plan
paralléle ne seront plus valables et la puissance développéc par le
générateur diminuera par suite de l'affaiblissement de la couposante

"atile” (normale & 1'écoulement) du champ d'excitation ;

- pour ¢iudier pleinement le comportement d'un géndérateur li.il.D. &

érulsion, il convient de construire un dispositif &4 forte rcaction
dvinduit,
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ETUDE EXPERIMENTALE D'UN GENERATEUR

M. H. D. DIPHASIQUE A COURANT CONTINU

aA. CHARON , J. ROBERT

Laboratoire de Génie Electrique de PARIS - L.C.I.E.

92260 - FONTENAY aux ROSES FRANCE

ABSTRACT:

Experimental study of a two phase M.H.D. generator with steady current.

The authors of this paper describe a liguid metal M.H.D. generator the
originality of which consists of the motion process of the liquid metal.
Alternatively two identical cylinders, connected by a classic M.H.D. channel,
receive the thermodynamic fluid which expands and gets in motion the liguid
metal through out the channel. The cycle period is about one second. A com-
plete description of the system and a theoritical and experimental study
are done in this paper. Runs are carried out in order to check the main as-
sumptions about the M.H.D. channel. The experimental apparatus works with
the eutectic (In, Sn, Cd) (liquid at 90°C; electric resistivity: 51.10'8:Lm)
which does not require special care during the manipulations. The magnetic
field is obtained by means of a classic magnet. Several runs have allowed
us to verify assumptions of calculation. The output power of this generator
has reached 137 w (128 mv - 1070 A). The study is carried cut in order to

built a M.H.D. generator able to supply a homopolar engine the nominal po-
wer of which is 30 kw {3 v, 104 a).

RESUME :

Les auteurs de l'article présentent un générateur M.H.D. a métal liqui-
de dont 1'originalité réside dans le processus de mise en vitesse de la
rhase liquide. Deux cylindres identiques, reliés par une tuyére M.H.D. clas-
sique, recoivent alternativement le fluide thermodynamique qui se détend et
oropulse le métal liquide dans la tuyére. La période 3'un cycle est de l'or-
dre d'une seconde. Il est fait une description compléte du principe de fonc-
tionnement ainsi gu'une étude théorique et expérimentale du systéme. Les
es”~is ont pour objet de vérifier les principales hypothéses concernant la
tuyére M.H.D. Le dispositif expérimental utilise 1l'eutectique ternaire (In,
Ccd, Sn) (point de fusion 90°C; résistivité électrique: 51.10-8a.m); la ma-
nipulation de cet alliage ne demande aucune précaution particuliére. L'in-
duction magnétique est obtenue & l'aide d'un électro-aimant. Plusieurs es-
sais ont permis la vérification des hypothéses de calcul. Ce générateur a
fourni une puissance maximum de 137 w (128 mv - 1070 A). L'étude est menée
en vue de réaliser un générateur M.H.D. succeptible d'alimenter un moteur
homopolaire d'une puissance nominale de 30 kw (3 v, 104 a).
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1 - INTRODUCTION:

Les genérateurs M.H.D. mettant en oeuvre un métal liquide ont un ren-
dement généralement faible. Ce fait s'explique en partie par la nature du
cycle thermodynamique décrit par le fluide thermocompressible. En effet,
la mise en vitesse du métal liquide est le plus souvent réalisée a l'aide
d'une émulsion liquide - gaz. La détente du gaz est isotherme dans sa partic
utile. Il en résulte une limitation & priori du rendement thermodvnamique.
Les générateurs dits "& masses successives" permettent d'amél? -rer ce ren-
dement en limitant les échanges thermiques entre le gaz et le métal liquide;
néanmoins les chercheurs se heurtent 3 des difficultés technologiques liées
notamment & l'existence de surfaces de séparation liquide - gaz.

Les auteurs du présent article décrivent le principe d'un générateur
M.H.D. & courant continu dans lequel la détente du gaz serait polytropique;
la réalisation technique en serait relativement aisée. Le générateur a été
étudié pour alimenter un moteur homopolaire de 30 kw (3 v - 104 A). Le dis-
positif expérimental décrit plus avant a permis de vérifier les hypothéses
du calcul théorique. De tels ensembles générateur M.H.D. - moteur homopo-

laire pourraient avoir des applications intéressantes notamment en propul-
sion marine.

2 - DESCRIPTION DU SYSTEME:

2 - 1. Principe de fonctionnement:

Dans un cycindre I le liquide conducteur est soumis & la pression du
fluide thermodynamigque issu de la source chaude (fig. 1). Ce liquide con-
ducteur r'échappe par une tuyére - siége de la conversion M.H.D. - vers un
cylindr: II identique a I et relié a la source froide. Au terme de cette
opération le cylindre I est vide alors que la cylindre II contient le liqui-

de. En reliant I & la source froide, II a la source chaude, un processus

identique peut se développer, le métal liquide circulant en sens inverse
dans la tuyére.

Si le champ d'excitation est constant la f.e.m. induite est alternati-
ve avec une période égale a celle de l'écoulement dans la tuyére. On peut
imaginer un commutateur permettant le passage du courant électrique d'une
fagon unidirectionnelle.

Le tableau I présente les différentes phases d'un cycle complet du gé-
nérateur en indiquant les actions sur les diverses vannes.

2 - 2. Description du cycle thermodynamique:

Le cycle & gaz se décompose de la fagon suivante (fig. 2):

- Un volume v_ de gaz, & pression p, et & température T, , est intro-
duit dans le cylinére I. I1 se détend suivant un processus isentropigue A B
en chassant le métal iiquide dans la tuyére,

- Il est nécessaire d'arréter la détente en B' afin que le temgs 4d'é-

coulement ne soit pas prohibitif. En effe: le temps théorique de la détente
est infinie.

- Entre B" et C le cylindre I est mis en communication avec la source
froide, c'est & dire 1'échangeur de chaleur.

- Entre C et D, le compresseur réintroduit le gaz dans la chaudiére.

Le compresseur doit fonctionner de fagon telle gue la pression dans
1l'échangeur reste sensiblement constante. La partie B" C du zycle est une

isobare tandis que la compression C D est supposée isentropique dans nos
calculs.
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Le fonctionnement entre D et A implique le transfert de deux masses
identiques de gaz mais & des températures différentes: une masse m de gaz
est introduite dans la chaudiére (point D); simultanément une masse é&gale
sort de la chaudiére pour aller dans le cylindre. Tout se passe comme si la
méme masse de gaz &tait introduite dans le cylindre (point D) et chauffée
vans celui-ci & pression constante (partie D A).

2 -~ 3. Description de la tuyére:

Le métal liquide devant circuler dans les deux sens, il est nécessaire
que la tuyére M.H.D. soit symétrique par rapport a& un plan normal & la di-
rection de l'écoulement., La géométrie cholsie est celle de la figure 3. Dans
les régions III et IV de la tuyére se trouvent des cloisons non conductrices
de l'électricité dont le rdle est de limiter les effets d'extrémités, lLa
présence de ces cloisons est nécessaire dans le dispositif car le facteur
de forme c/a est trés faible notamment dans le dispositif expérimental.Afin
de tenir compte dans nos calculs des effets d'extrémités, l'induction ma-
gnétique est supposée avoir l'amplitude suivante:

-0¢xgc, régionv , B = B,
-x £0 , région IIT , B=B_ e (1)

- %Xy cC , région IVv , B = Bo e

Sur la figure 3 E désigne la différence e potentiel entre les élec-
trodes en admettant que la résistance de contact métal liquide-électrode
est négligeable devant E. Cette hypothése fera l'objet d'une étude particu-
liére lors de l'expérimentation.

3 - CALCUL THEORIQUE

3 - 1. Calcul de la puissance électrigue Pe ﬂ}
P, est la puissance électrique disponible sur les électrodes. Des courants
circulent dans les régions III, IV et V de la tuyére. Il est nécessaire

d*étudier les phénoménes M.H.D. dans ces différentes régions.

Daas la région V 1l'écoulement est supposé &tre turbulent a tout moment
et le profil de vitesse suivant O y & un instant donné est de la forme:

1/7
u 2y
e el IR

o

1/7
u _ {2 (b ~-y) b
u [ b ] pour y > 3

o

o

(2)

u, est la vitesse au centre de la tuyére et u la vitesse & une cote y.
Ce profil de vitesse est une approximation du profil logaritmique; approxi-
mation d'autant mieux justifiée que le nombre de Reynolds hydrauligque Rg
est de l'ordre de 10° ce qui est présentement le cas. Compte tenu de cette
hypothése la puissance dissipée par effet Joule P, dans la région V et la
puissance €lectrique P,, fournie au milieu extérieur par cette méme région
ont pour expression:

P = q'Bi u 2 abec (1 - 9)2 1+ 1 (3)

r 63 (1 ~p)2
2

_ 2
Peo—G'BOU abc p (1 -§) (4)
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b a
avec: - u = -—1—/ / u dz dy (5)
ab
o o

- ¢ : conductivité électrique du métal liguide
- ¥ : coefficient de charge du générateur défini par:
p= —— (%)
B Ua
o

Dans la région III et IV 1l'écoulement est de méme nature hydraulique
que dans la région V. De plus 1°'induction magnétique B et les courants é-
lectriques induits sont considérés comme nuls aux cotes x = - c'et x=c+ '
Cette derniére hypothése est raisornable dés lors que < > 3 ce qui est

effectivement le cas dans notre systéme. o

Suttcn, Hurwitz et Poritsky [2] ont montré que les ccurants électr:i-
dans ces régions diminuent (ou si le signe est négatif augmentent ) la

puissance électrique disponible sur les électrodes d'une quantité £&Pedont
1'expression est:

1 2 2 2
A Pe = B [+ ¢ Bo U a- b VY (Log 2 - d) (7)

APe entraine une augmentation de la puissance mécanique APm du métal
liquide & 1’entrée de la tuyére:

_ 1 2 2 2 rg
APm—Té-;tﬂ'Bo U a bE(Q - 2da ) (B)

ol est défini par 1l'expression (9)

1 a
a4 = 4ﬂxo 1 - 1 j--|-2—[47171:x‘,,+1]

a ¥7,3 1T a
-+
I1 2 [4Ttxo 2 ]
X
Q est une fonction de
figure 4.

(N

dont le graphe est représenté sur la

Finalement ia puissance €lectrigque fournie au milieu extérieur a pour
expression:

P =P - Ap (10)
e

3 - 2. Calcul des pertes hydrauliques:

L'évaluation des pertes hydrauliques implique la connaissance du fac-
teur de friction C_. du métal liguide sur les parois. Cependant, 1'écoule-
ment réel présente’des singularités géométriques dont les effets hydrauli-
§ues ne peuvent é&tre appréciés par la seule connaissance de C_. Afin de
tenir compte des pertes hydrauliques engendrées par les convergents, les
divergents, les changements de direction et les cloisons isolantes dans la
tuyére, il est préférable d'utiliser la rotion de perte de charge. Pour un
écoulement permanent on définit la charge H dans une section comme étant
une longueur qui, multipliée par le débit poids, donne la puissance méca-
nigue qui traverse cette section. Entre deux sections, la perte de r~harge
se présente sous la forme

AH = K (11)
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g : accélération de la pesanteur

K est un coefficient sans dimension dépendant uniquement de la géomé-

trie de la conduite lorsque R_ > 10% [3]. La valeur de K a &té déterminé
au cours d'un essais direct:

K=1,2.

Ceci étant, la puissance dissipée par viscosité dans le générateur a
pour expression:

i 3
Pf = 3 K @ aby (12)

@ : masse volumique du métal liquide

3 - 3. Calcul de l'énergie utile et du rendement du cycle thermodyna-
mique:

n : coefficient polytropique

p : pression absolue

v : volume d'une masse m de gaz

T : température absolue de cette méme masse de gaz

Les indices alphabétiques rattachent la grandeur considérée au point
correspondant du cycle thermodynamique (fig. 2).

Lagoutte Eﬂ a montré gue l'énergie utile W d'un cvcle thermodynamique
avait pour expression:

W=w- QAw (13)
v n-1 T v_ -1
avec: w = ;:—1- Pa Yy [1 - [7&] ][1 - ;f,s- [—\;—B-J ] (14)
B A A
P
=1 - 2 _B_
et Aw = [VB W on s (15)

Aw rend compte de la perte d'énergie diie & la partie B B' B". Le choix
des paramézres sera tel que:

Aw
W

=5 %
L'énergie fournie au compresseur au cours d'un cycle est:
Py

)
comp

n Tc VB -
Soit = — — — -
ot wcomp n-1 pA VA TA VA. 1] tn

Le rerdement thermodynamique théorique est de la forme:

rvA n-
= - | £ 1
DT = 0,95 1 [VB] (18)

4 - RESULTATS THEORIQUES

vdp (16)

Les calculs théoriques ont été menés en suppousant que le métal liquide
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était du sodium et gque le fluide thermodynamique était de 1'hélium. Les
principaux paramétres sont:

Py = 70 bars TA = 900°K Vot paramétre
Pp: fonction de Vg TB' = 320°K Ve T 201
n=1,6 B =117 X = 2 cm
o o
a=>5-:2m b =10 mm c =20 cm c' =10 cm

i}
[w]
~
w

v

La figure 5 montre la variation de P, et du rendement global f) en fonc-
tion du volume vp. Il apparait qu'un volume vp voisin de 10 1 conduit au
rendement maximum 17%. Ce rendement est particuliérement élevé car n=1,6.
Les différentes pertes apparaissant dans ce générateur sont représentées
sur la figure 6. Les pertes dans le compresseur sont de loin les plus im-
portantes bien que la compression soit isentropigque dans les calculs.

5 - ETUDE EXPERIMENTALE

Aprés avoir évalué les performances théoriques d'un générateur M.H.D.
fonctionnant suivant rotre principe, il est nécessaire de vérifier expéri-
mentalement le bien fondé des hypothéses de calcul. Dans ce but un généra-
teur de petite dimension a été construit et expérimenté au L.G.E.P.

5 - 1. Description du générateur expérimental:

La conception du dispositif expérimental permet de ne décrire que la
moitié du cycle thermodynamique, soit D A B'. La source froide et le com-
presseur sont absents; le gaz thermodynamique est chauffé sous pression
dans la chaudiére dont le volume est trés supérieur a celui d'un cylindre.
En fin de détente le gaz est rejeté dans l1'atmosphére. Une telle disposi-
tion ne permet pas d'étudier les performances du cycle thermodynamique
réel mais il est possible de mesurer le coefficient n de la détente.

L'ensemble du générateur ~st usinée dans de 1l'acier inoxydable, excep-
tion faite des électrodes de la tuyére M.H.D. qui sont en cuivre. Les pa-

rois isolantes ont été obtenues & l’aide d'un vernis dont la tenue s'est
avérée excellente au cours des essais.

Le liquide conducteur est l'eutectique ternaire (I -C4-S,) dont la
composition en poids est :I_ : 44,4%, C_: 13,75%, Sn:41,85%. Le choix d'un
tel alliage a permis une réalisation techneologiquement simple puisque sa
manipulation ne nécessite aucune précaution particuliére. Ses caractéris-
tiques principales sont:

- température de fusion : 90°C

- masse volumique : = 7,44 . 103 kg . m_3

1

- résistivité a 110°C : T - 51 . 10-8 Lu.m

Grice & un traitement de surface la résistance di contact liguide-é-
lectrode a pu &tre trés fortement diminuée de sorte qu'elle soit négli-
geable devant la différence de potentiel E.

Les dimensions de la tuyére sont :

a=5¢cm b=5m c=5cm c' = 36 mm

L'induction B dans la tuyére est crée par un circuit magnétique en fer
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L'usinage précis des pdles de l'électro-aimant permet d'obtenir le profil
décrit par les équations (1) avec une bonne précision. L'entrefer est de
12 mm; B, est réglable au cours des essais; un étalonnage préalable a mon-
tré que x5 = 1 mm.

Au cours des essais la durée totale d'une détente était de 1l'ordre
d'une seconde ce qui a nécessité l'enregistrement automatique des différen-
tes grandeurs:

- pression du gaz p dans un cylindre mesurée a l'aide d'un capteur de
pression piézoélectrique couplé avec un amplificateur de charge; la lecture

se faisant sur oscilloscope & mémoire.

- volume du gaz dans un cylindre v : mesure discréte de la hauteur du
liquide dans le cylindre avec lecture sur oscilloscope a mémoire.

- différence de potentiel entre les électrodes E : lecture directe

sur oscilloscope a mémrire.

5 -~ 2. Résultats expérimentaux : Afin cue les résultats expérimentaux
puissent étre exploitables, la pression absolue P, @ constamment été

maintenue a4 4 bars au cours de l’cxpériqpntation, v ,. étant de 1,51 ,
le volume v, ©est en permanence égal & _Ef _ 751 (rendement global
maximum). 24 essais différents ont été ~ effectués dans les conditions
suivantes :
BO = 1 T ¥ = 0,56
= 1,2 T = Q0,69
= 1,3 T = 0,75
= 1,5T 0,81
= 0,93
= 1

Le relevé des courbes de détente a permis @'étudier 1'évolution du
coefficient n en fonction de la durée de la détente cu plus particuliére-
ment de la vitesse maximum de 1'écoulement dans la tuyére (fig. 7). Le
coefficient n n'est pas égal a4 1,6 comme il 1'a été supposé dans le
calcul théoriaue ; ce cqui a pour conséguence une diminution du rendement
tnermodynamique 9., . Méanmoins la détente est leoin d'@tre isotherme
(1,1 € n ¢1,5) bien que sa durée spit de 1l'ordre de 0,7 s.

11 s'avére que le rendement de la tuyére %Yy y.p. ©st d'autant
meilleur gque l'induction magnétique est grande ; dans ces conditions le
fonctionnement de la tuyére est d'autant plus proche du modéle mathéma-
tique. Sur les figures 8 - 9 - 10 - 11 sont portés les rendements théori-
ques et expérimentaux de la tuyére. Ces courbes justifient les hypothéses
de calcul faites lors de 1'étude théorique de la tuyére M. H.T. Ce résultat
s'expligue par la diminution notable des pertes par viscosité lorsaue la
vitesse d'écoulement est faible ( B élevé ) ; mais dans ces conditions
le rendement thermodynamique diminueo car la détente du gaz est proche de
la détente isotherme. Le rendement atteint $3 ¢ mpour B = 1,5 T et
¢ = 0,69, °

Lle tableau II précise l'intensité I du courant dans les charges, E et
PP au cours des différents essais.

o ~ CONCLUSICN :

Les résultats expérimentaux montrent cue le modéle mathématicque
décrivant le fonctionnement de la tuyére est trés correct. Cependant
il n'en est pas de méme en ce aui concerne le caractére isentropiaue de
la détente A B’ pour laquelle des corrections s'imposent. T.a figure 1.
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fait apparaltre que la variation du rendement théorique global en fonction
dAu coefficient n ne semble pas étre un obstacle majeur ; d'olQ 1'intérét
du générateur M.H.D. fonctionnant suivant notre principe. Il ezt toutefois
indispensable de réaliser un cycle complet du gaz afin de justifier toutes
les hypothéses concernant le nrocessus thermodynamique. Au cours de ces
essais ultérieurs il sera nécvessaire d'effectuer une optimisation car

=% * Ym.p.n. (g, et G u.y.p, ©ONt un paramétre commun u) et
nous avons constaté que
397 S d 9m.u.p. < © (19)

? U © 3 U

Les premiers résultats expérimentaux décrits dans cet article sont
positifs et autorisent la réalisation d'un générateur complet d‘une
puissance nominale plus importante.
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Parcours du Opération sur I Parcours du Opération sdr I1
cycle dans I cycle dans Il

D Ouverture VC B! Quverture V*

Fermeture V

i

DA V. ouverte p = cte Passage du gaz dans

¢ 1'écnangeur,
compression dans le
A Fermeture VC BY C D compresseur et

introduction dans
la chaudiére

A B' Détente isentropigue

B' ouverture vf D Fermeture V'f

Ouvertura V!
c

Description du cycle thermodynamique

- Tableau 1 -

parois isclantes

s
/

région III région Vv région 1V

Description de la tuyére M & ©

- figure 3 ~
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T 1] ] A L ,ﬁ'r‘
0 2 3 I3 8 10 €Wk,

Variation de en foncticn de l'extension
de 1'inducticon magnétigue B

- figure 4 -

- ‘ g
(T) I I (A) } E (mV) Pe W)
— /A- 3— -
1 0,56 904 [ 108 37,5
9,69 583 : 126 74 |
Lo, 75 {483 139 Y8
0,81 387 153 57,5
G,913 143 174 25
1,0 0,56 1530 | 123 127 ‘
0,69 i 69% | 150 104 !
0,75 i 590 : 170 100 !
0,81 450 183 82
0,93 177 215 3R
1,3 0,56 1070 128 137
0,69 755 163 122,5
0,75 550 187 2
0,81 488 198 96
0,93 186 22¢ a2
1,5 0,56 370 115 110 !
0,89 755 163 §
0,75 653 188 |
0,81 537 218 7 !
0,93 193 234 j

Résultats expérimentaux

- Tableau I1II -
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P : puissance électrique

p : rendement global théorique

- Figure 5 -

P, : pertes joules
4

Pv : pertes par viscosité

Pc : pertes dans le compresseur

= Figure & -
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Variation de n en fonction de la vitesse U

- Figure 7 -
o.c

P
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- Figure 8 -
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1
0 0,2 0,4 0,6 0,8
thégrie B =1,5T7T
. experience [o)
‘ rendement de la tuyére en fonction de/u-
- Figure 11 -
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0, .
L] ¥ [ ] ¥ ]
1 i,1 1,2 1,3 1,4 1,5

rendement global théorique § en fonction du coefficient n

- Figure 12 -
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MPORAEMH COSMAHEA ONTHMANBHHX KOHEVHI[HOHHHX
Ml TEREPATOPOB A TEPMOAJIEPHHX JHERTPOCTAHIHA.

B.B., Bexixos E.NI., Boxxos D,M,, T'exydes B.C.
Ppees TafreBro B,I,, UepEyxa B.B,, fxymeB A.A.

MHCTHTYT aToMEo} sHepram ms. H.B,Kypiaroma, Mookxpa, CCCP.

oo . act, PROBLEMS OF BUILDING OPTIMUM CONDUCTIVE-TYPE

MHD GENERATORS FOR THERMONUCLEAR POWER PLANTS, Some possi-
bilities of conductive-type linear MHD-Generators with egu-
ilibrium plasma, used for the energy conversion of pulse
fusion reactors are discussed. These reactors may give high
value of working fluid parameters (po**i kbar, T8v1+2 eV).
Supersonic flow MHDG with different working fluids (H20+K,
Ar+K, He+K, Li), with a pulse or a stationary plasma source
are numerically investigated, It is shown that a high value of
a thermonuclear power plant cycle eificiency is possible (70:80)%
the plasma source being stationary, MHDG being of conductive-
type with continuous electrodes and the low-potential heat after
¥HD channel being used in a steaun-turbine cycle power plant.

Some physical and technical problems (MHD flow stability,
wall heat flux insulator, electrode problem etc.) are analysed;

the principal possibility of the solving of these problems is
shown.

AsHoramud, OGCYyXIADTCHA DBOSMOXHOCTH NDUMEHOHHS KOHNYKIROH-
HHY JEBBEHX Wi TeHeparopOB BA DARHOBECHOX NIasMe Nid mpeoGpa-~
SOBSHEA SHCPIEN MMOYXECHHX TeDWMOANEDHHX PeaxTopOB, L0 SBOJANEMX
noxy3ars BHCORNG DapaMerpH padodero texa (mammenme ~IrGap, Teu-
meparypa I+2 8B). PaccMorpesu cBepx3ByKoBHe Ml reEepaTOPH HA
pazmEIEHX padoumx rexax (sona, aprod, rerEf ¢ npmcamxott rawma
2 aETRl), padoraxsie B CXeMeé C EMOYABCHEM H CTAIMOHEADHEM HCTOY-
HHEROM REQ9MH, ARAAN3 NPOBOMRICH C LOMOMLY KBASHOMIOMODHOT'O METO-
Ia pacuera, YUHTHBANREr'0 Eandoxee npaxmie 9fdertH 3 MTH reHeparo-
pex TaEorc TENA. idoxasaHo, YTO HpE padoTe CO CTAUHOHADHHM BCTOY-
HEKOM DIASMH KOHRYEOHOHHHE ML)l reZeparop CO CIOIONHEME 3JCKTPONAME
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cnocodeH 008CHeTATh BHCOKEe K.O.X,TePMOAUNEpHOR SA6KTPCCTAHIEHA
(ve mMeHee 70%~807 mpA YyCHOBAE YTANMIAIME HESKONOTOHILEAIBHOrO Tell-
za), PacckorpedH HexoTopHe (uamKo-TexHEUecKHe mpodaeMu ( yerofi-
TEBOCTEH TOPMOXEHRS DEASMH, TOIX0SANHTA CTEHOK, HPOGAGMA AIEKTPO~
0B I Ip.),BOSHEEANERE OpE COSNAHEN TARHX BHCOKO3dferTmRENX MTJ
reHeparopoB, H NOKASaHa NPHHURMHATLHAA BOSMOXHOCTH HX pEHEHRS,

I, Dpa paspaGoTKe TopHOSNEPHHX aeKrpocranmaft (THI3C) BoSHE-
EaeT mpodreMa BHOOpa PHeXTRRHHNX MSTOKOB IPeoCPASOBGHHEA TEDMOd-
IepHOR 2HEPT'AE B BUGKTPHRTISCKYD, (OMHHM HS BOZMOXHHX IpeospasoBa-
ronefl nEg STEX Henelk sBAserTcs KOBEAYRIEOHEHE MLl remepaTop.

Henoxssopamee dapaneeBckoro MLl remeparopa Ha HepABHOBECHOi
mm3KMe B CXeMe CO CTAIMNOHADHHM IQ300XAAXNACMHM TEpPMOSNEPHHM po-
axropoM (TAP) ¢ yraepomuuM Gramrerom ( Temmepartypa ~3000%K) mpen-
aoxera B pasore [I] . Bomee BHCOENE X,.u.X.M[Jl reHeparopa MOXHO
OOAYYHETH B CXeMe C HMUYARCHEM THAP, HO3BOXENGEM COSIABATH NAASKY
C BHCOREME napamerpamm ( mamNemHe ~I zGap, TeuMmeparypa 2+3 5B.)
H OCymeCTREATH IpeoCpa30BsHne dHepr'RE B MU'l xaRajie Ha papHOBeC—
Hoft wrasMe. Taras cxema MPH yoTaHOBR™ MMeeT CBOV CHoIMimky, Tpe-
CyNEyD COrIacOBEHHE HePOMEHHHX NApDAMOTPOB DAEaSMH HR BXOAS C OD-
THMAXFHEMY ycIopwaux MM mpeoGpasoBaEEd SHeprad. B padore [2]
PACCMOTPEH] ONBOKORTYpERSZ cxeMa TAP ¢ CuaHKETOM, OKIYXAORREM Tep=-
MOANEPHOE YCTPORCTBO IXE NPORSEOLCTBA MEKDOBSpHBRA (HATHEMep, C
HOMONBY XAaSepHOTO B SHEKTPOHHOT'O Oy9YKOE), R IOTXOMADMEro ero
SHODI'MD, H ROHAYKIRORSEM ML]l reHepa®opoM HA ZuTHeBO# nEasMe, B
KOTOpOR yKassHHOe COI'IACOBSHNEe JOCTHATraeTcd HSMCHEHHNEM BO BpeMo—
HN MATHRTHOrO D0Xd, (NHEM HS HENOCTATEOB 3T0i CXOMH SBEAOTCH
HeDOXHOE HCIOXHSOBSHEE TEHMNOBOR 2HEPTHN DEASNH, CBASAEH0OS C
HeOGXOMEMOCTED ONOPOXHEHEA o0boMA KaMepH TP xi4 coymecTBEICHHS
CECIYIMIET'O TEDMOSZEDHOTO MEEPOBSDHBE, KpoMe TOro, NMMeeT MeCTO
OpofieMa COTXACOBSHES IDJYIACMOr0 SACKTDEISCKOrSO EMOYXHCA C
norpedareunom,
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B arol cBasE GOXBNOR EHTEpEeC NpeECTARIANO OH COSHaHEe Ha
ocHOBe TAP CTAINOHADHOIO I'eHEPATOPa IMASMH C YKASAHHHME NApaMeT-
poun, TpenXOReHES DO TAKOYO PONA AREPHHM DEARTODAM NAASMH O6CYyX-
ISXHCh PAHSe H NO3BOAADT DACCUNTHBATEL HAQ BHCORREZ R.H.J.

(~0,7) [3]. Ipe mcnoapsoBesnR mMnyascHEX TAP EMGETCS BOIMOX-
HOCTH COBMEHHRA CTANEOHADHHX I'eHEPATOPOB YHCTOR MIASMH PASANYHD-
ro cocrasa, (Odcyxnesde 9THX BONDOCOB BHXOXET 3a DAMKR XagROR
padorH, [OSTOMY Iad oHmpenexeHHA nepchneRTuBH MLl meroma mas TASC
OTPaHETEMCH HCCICHOBAHEEM PONpPOCA O NpeNeNPHHX K,O.J. KOEAYEIE-
opHHX MI'Nl reHeparopOB HAa OCHOBE DOJOCHOT'C DOJA HCT OYHHKOB INASMH,
HCHOABSYIIEX B KavecTBe padoumXx Tex: BONY, JAHTHH, HHEDTHHE I'aSH
B .lm.

B macrosmeft padoTe oO0CyXnanTcd HEEOTODHe (HSHRO-TEXHAYECHKAE
OpoGIEe M, POSHRKADEEE IDH COSHANEE Takmx BHooxoddperTmBEHX fapa-
neeBckax MIH rerepaTopoB Lig mepneRTHEBHEX TASC dozsmo# MomHoC—
wm (~ IO I'st).

2. OQrmoit A3 OCHOBHHX XaparRTepicTHR M'J r~HeparTopa Kak aye-
uMeHTA cxoMmu TAIC amrmgerca sffeKTHBEOCTH NpPeolpa30PaHMA DHEPI'HH,
KOTODYD MOFKHO XapaKTepH30BarTh KOSf{MIMeHTOM OpeoGpasoBAHEA MON-
Hocr? (K.IL.M,) b= Ne /Ny . }g
( NP - DJJERTPEYECEad MONHOCTEH I'eHeparopa, /VT=m g4 — Temropas
MONHOCTS Ha BXogme B MMl TeHeparop). [onyueHde GOABEEAX SHAYCHREI
K.O.M. TpedyeT BHCOKHX TApPAMETDOR INA3MH, NpHMEeHeHHs SPJeRTHR—
HHX padouRx Telx ( ¢ BHCOKEM TOKASATENEM amaadaTH), HCIOALS0BAHEA
npenearHO Gonnpummx KoSIIMIMEHTOR AMEKTpHYECKod HATDYSKH.

B paccMaTpEBASMHX YCAOBHAX, KOTH2 33%aHO JoBICHEEe TOPMOES—
HHA Ha BXONE B KavaJ, cpadarHBgeMH# nepenan IARIEGHHR B, CHEHO-
BATENRHO, K.O.M. OPDAHEYEHH TpeCOBSHEEM MATOro mapaxerpa Xomia
(/Beé I). Dipr sanaHmOf HHIYKIAM MATHATHOTO HoMS (ANE HAMDAXSHWH)
3T0 TpelOBSHAEe OYPaHMIMEAeT WHCHO Maxa B, CIEFOBATERBHO, IOMD
KEHOTAYECKOX DHEpTHE DIOTOKA NEASMH, JYMEHBECHHe HHRYRIEE OrpaHB—
9eH0 KaK ypoBEeM manpaxeHEs MLI reHepartopa, KOTOpOe NONKHO SEa-
YATETHEHO NPEBHHEATE NPHEWNIGKTDONRHS DDTEDE, TAak B TPeGOBSHEEM
asfderrrpEOT0 ML/l B3amMopeilicTBEd, T.K, OPOBOZHMOCTH H MATHATHOE
yHCI0 PelfHogmnca He MOTYT BHOHpATHECS CHEMKOM COrbmmME. [pE nnorT—
HoCcTAX Tora ~ 40 a/cuz, KOTOPHE MOXHO PAacCMATDHBATH KAk Hpemelb-
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HHe SHaYOHEA IAH crammoEapEuX MUY reHeparopoB, NDRSIEKTPONHHE
NajeHEs HaNUDAXeHEA Ha "ropdvEX” arerrponax ( T,~2000°K) me
OpeBHEanT ~ 2008, CrexoparenbHo, Hanpaxesue MC][ remepatopa Hojix-
HO cOCTABNATH >2 KB, [I[DH JABICHEA TODMOXEHES po,é IxGap yxasau-
HHe TpeCOBaHUA OIDaHAYABAKNT TMCEO Maxa mexmamxoX ~ 4.5.

[MoxygeHre BHCOKEX K0S{imIMeHETOB HArMPYSKH OTPAHEYIEHO B OCHOB-
HOM [OHepedYHHM E ODOAONGHHM KpacBHMM opdexramu, yreuxaMud TORA
IO 2MeMeHTaM KOBCTPYKIMA E NDRSICKTPONHHMM NOTepad, lOBHNEHHR
mpenenrHEX RKO9(IHI@enTOR HATDY3KH COOCOOCTBYET yMEHBHIEHES He-
ONHOPDORHOCTEHE MOTOKA B MONEPSYHOM CeYEHEM KaHAja, CO3NagHe TOH=-
KOr0 HENPOBOZAWEIr0 G104 rasa Ha H3OIAIMOHHHX CTEHKAX, BHHOC Mar-
BMTHOI'O IOXA 33 JMEKTPOLHYD YaCTh KaHaja, yAywmeHHe 3JeKTpHIeC—
x0of msonArmE SxeMenToB MUl Kamana. OmnpegexcHde IOpelleAbHHX 3HAYSHHR
roafiur@enTa HATrPYSKE H CHOCOGOB HX DIDBHNEHHA ARITETCA BaxHO#
sanadeil mpE cosnsHEm BHCOKOPPexTABHENX MLl reHeparopon. Tak,
HaupaMep, B HacroaAmee BpeMd g MUl reRepaTOpOBR HA LPONYKTAX
CropaHEd B KauecTBe MAKCHMANEHOrO SHaYeHHsA RodjdurmeHTa HArpys-
RE paccMarpasaercs BeaEmEa K .=0.75. B nepcuerTHBHHX MIJ[ re-
HepaTopax MOXHO DAacCUHETHBATH HA HEKOTOpoe yBeAWYeHHe JTOT0 3Ha-
YeHEq,

[lpr BHCOKHEX napaMerpax padozero rexa ML reHepaTopa KOHBEK-
TEBEHEe TeILIOBHE HOTOKE MOTYT cocraBzaTs > I0 Rnr/mz. B amux
yCXOBMAX TEXHONOTHYECKMe BOIOPOCH, B YaCTHOCTH, METONH OXEAXICHAS
B SaIETH SJeMEHTOB ra30MRHAMIYECKOr0 TpaKTa IpRcfpeTant neprocTe-—
TIeHHOe 3HAYeHEe, (OmEaROo, JNOok cmocol zamurH cTeHOR MLIl ramang
JonxeH yAOBIETBOPATH TpeGOBadEsM yCTOHYHBOCTR IOTLAHHYHOI'O CJOH
P MEAEMATGHOT'O BO3MymeHHA CBEpXSBYROBOIO HOTOKA. BiadHmeM Temio-
BHX H THADABYTAYECKAX IOTEDPD HA K.O.M. KPyOHOMACHTAOHHX MI]l reHs-
DaTOPOB MOXHO npeHedpedsh, ecid WMCAO KaXEGDOB KaHAZa HE NpPEBHA~-
er I0, Jing yMeHBNICHHS BWMAHHES HPONOABHDTO Epacporo ofderTa wme-
JO KaXZHOpPOB OI'paHEYENO CHHSY BEXNIEHOE ~ 345,

YcTofImMBOCTS UOIPSHEYHEX CHOEB A INTA3MH B fApe MOTOKA TAKxe
OpABOJHAT K OT'DESHRYCHAD X,.H.M, B NONYCTHMHX NApaMeTpOP TeUeHAT,

OTDHB HOTPESHEYHOYO CIOA B BH3BAHHAS HM mepecTpolika cBepx=

SBYROBOT'O TeUeHAA ONpefelseT NONYCTHEMYD CTeneHbP TOPMOXEHHS DDTOEA
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B, CJAeNOBAaTeNbHO, OpelerbHH# K.n.M. aRTEBHOTO MINl renepartopa.
BesoTIHBEOE TOpMOXedMe NOTORA IO TPAHCSBYKOBHX cEopocTtedl (M~I.2),
KOTOpOe MOXeT OHTH NOCTHTHYTO OyTeM OTCOCa HNOTPaBAYHOTO CJoA,
HO3BOJAET 3HAUATENHHO NOBHCHTE K.O.M. DBeSOTTHBHOCTD: TEYSHHA MOX-
HO odecHedmTh TaKxe OyTeM COOTBETCTRymmed OpOfEIMPOBKYM RaHana

¥ MHIYKOMA MATHETHOTO OOJA [4] . Omparo, B 9TOM caydae MLT reme-
paTop pacoTaeT B SKTHBHO~-PEARTHBHOM pexmMe, YTO NPEBONHT K 3ameT-
HOMY POCTY IIOmaf NPOXONHOTO CEedeHHA KaHajia B DapameTpa XOJIa

oo ImMEe KaHaia.

[Ipodmre MCH RaBana, pacHpefieNeHRs WHAYKIHEE H ILIOTHOCTH TOKA,
9JeMeETH KOHCTPYRIEEM, DepEeXOJHHE YIACTER IrasorMHAMAYECKOr'O TPar-
Ta, CECTEMA 3aIATH CTEHOE KaHAJNA JOJXHH OCecCHedET: GeCcCEKAdKOBOe
TOPMOXEHNE CBEDX3BYKOBOTO noTorRa B ML) ramaxe.

PasyrauHe HeycTORYMBOCTE HE3KOTeMIepaTypHOft mnasmu (aEycTE-
JecKasi, eperpeBHAd, MOERM3ANMOHHAS H Zp.) [5] MOTyT OpHEBO=-
IETH K OTpaHHYeHED ee mapameTpoB B ML weHene (wmcen Maxa, Crmap-
ra B Xomra, RospfummenrTa HATDYSRE H Jp.) E LONYCTHEMOTO YPOBHE AX
nynecamz# Ha BXOme. N MLNl remepaToOpoB HAa maaswve, GMH3KC# K paB~
HOBecHOM, cWIbHee BCETO PA3BHBANTCA AXYCTHYECKAd ¥ HEeperpeBEad
HeycTofumBocTH. Tar, nnA TEOMYHHX DApameTpOB JRTEEBOX II23MH B
MI'J Ragane ycJOBREe BOSHHKHOBEHHMA EOHE3anMOHHO# Heycro#umsocTH, He

BHnONERETCH ( 3 & /ér/, » THe KPHTEYeckOe 3HAaYeHHe mapamerpa Xoana
B~ 5).

4 Iipe BHGOpe pexEMa TEUEHEA B KaHANe HECSXONMMC YROBJIETBGDHTH
TakEe TpeCOBaHML SNEKTPOTEXHHUY:SCKOR ycToRUmBOCTE, T.e. padouad
TOURA T'eHEepaTOpa NOJNXH: HAaXOmAThCZ Ha ycrofammoR ( J V/ i< () )
BETBE BOJELT-aMilepHOR XapaKTepECTHRH.

3. 9 OpopeNeENs ONTHMASAMOHHHX PacYeTOB ROENYKLMOHHHX
Ml reEepaTops® pa3zpadoTaH KBa3EOXHOMepHEE MeTon, ywTHBarmmit
H3MEHEHHE TePMOINHAMIYeCKEX ¥ CKTPOfEsmdIecKHX cBOJCTB padovero
Teja B Opomecce TedueHEHd, YyCTOHTMBOCT: TYPOJAGHTHHX NOIPaHRYHHX
CJIOEB E IUIa3MH B AXpe LOTORA, MEXYOEPOBAHHOE MarNETHOe HOXeE,
EOHIIEBHE YTEUYRE TOKA ¢ Y4eTOM DacCMOTpeHHHX orpammicHui.

PapHOBEcHHe cBoficTBa EM3KOTEMIEDATYDHOX IIASMH PAcCIETHBANACH
METONICM CTATHCTEYECKEX cymM. Pacuer TedeH¥A peansBOTO raza B ML

EaEAXe NDUBOJENCH B NDNGNEXeHEE morpasmymoro aros [6].
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Ina onrcaRmA TYpOYJEHTHHX INHAMAYECKOYC H TEIIOBOr'O MOTPaHMIHHX
CJI0EB HCHOJB3OBAICA METON HHTEIDANBEHX COOTHOMEHHMY & ydJeToM CXH-
MAEGMOCTE E TemmomMaccoooMeEa [7] .

JrneitEnf apamms axycTEuecKofi HeycrofsMBOCTH paBHCBecHoOft mras-
MH, BHIOOJHEHHHZ B H3SHTPOIAYECKOM IpROymxeHEE mpr M>>I, I-KK I
z orcyTcTBEE SPdexra Xosra /39 <1, OpEBOAAT K CJaEAYDEMy BHpaxe-
HED ZU OTHOCHTEJBHOTO BO3MYMEHEA IIOTHOCTH €= AF )a

E=§, ex,af(/ o1-K)5 ggﬂg— dz,

rne L. =pu/t B & - TIy6EEa CIYYABHENY MyJbcammh

Ha BX0Je B ML Ranan.

310 YCIOBEe HaKTAIHBAST OTPAHEYEHNEe CBEepXy He CTeleHS OFHODONHOC=

TH HOTOKa ¢, Ha BXONe B KaHal IPE 3afGHEHX dmcaax Maxa, Croapra

B KosffmmenTa HArpySKE KM ONpefeideT NONYCTAMHE yPOBEHE STHX

IapaMeTpoB, H, CIEACBATENHHO. NOCTAXAMYD BEINUMHY K.O.M.
HeperpesHad HeyCTORUMBOCTE HAKIAUHBSET NPHMEPHO TAaKHe Xe OT-—

DaHEYCHWA HA BINGREy ©, ; O B aROTHHECKSA:

=&, exp /(11255 FRE .

TIe S - ameno C'map-ra.

TpedoBaHMe MAJIOCTE BeT WEH & Ha BHXome B3 MLI raHana
( € < I) DaBHOCENBHO YCNOBED CTAIMOHAPHOCTE TEYEHET.

IpweenenusE Merox pacuera MLH remepaTopa OPEMEHAJICH A NC-
CIeNOBaHES DPA3JMYHHX PEXMMOB TeUeHEA. Pexw.. paGoTH (apameeBCKOTO
M reHepa®opa CO CIIODHHME WICKTPOIAME ONpeIeNAeTcd TpPEMA YIpaB-—
JADOEME GYHEImEAME ODpomOibHOE KCopmMHATH. TakEME JYyHRLISME MOTYT
OHTP WHOYKIAA MATHATHOTO NOIA, MEXIEKTDPOXHOE DACCTOSHEE H MATHET-
HH#t 3a30p. OmEaxo HemocpemcTBeHEHE BHSOp JopMH EKaEase M pacmpene-
JIEHES MATEMTHOR EEOYROAE, olfecneumBanumi BHCOKHe 3HAYCHER K.I.M.

C yUeTOM NDEEATHX OFpaHNYECHNR, OpeacTapisieT 3HOVATENREHE TPYRHOCTH.
B cpASE c STEM HenecooG6pasHO BHOpPATH KPYTrEe YnDapRADEME GyHEIEN.

B radecTBe TAROBNX pacCMATPEBANACH JORANGEHE XooffEmmeRT HarpyAKE,

OTHOMEHEEe NMONEeDEeYHHX [asMepoB RAHANA IPIMOYTONBHOr0 CEYCHEA, & Tak=—
Xe DasiivHHEe DeXEMH TeYUCHNA C 3S8HAHHHME 3AKOHAME HSMEHEHEH SHTANE-

mu (TeMuepaTypH) ,IPOBONEMOCTN, JORSTEHOR VAGIBHOR MOWHOCTE IO NANH®
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Ragana. [IpE MOCTEREHER ONHOTO X3 OrpaHNdeHEE N0 ycTioksEmocTE
NOrpaHNYHOTC CNOS, MIA3MH B Anpe KOTORA, MapaMerpa Xoxna B KavecT-
Be ynpapaaomel JYEKIENM pexmMa TCYeHWA HCNOJB30BANOCH CCOTBETCTBYD-
mee yCIOBEe yCeTORIMBOCTH.

B ramHOZ padoTe OpeIOREHHHR METOXR pacueTa IMIMMEHANCH A
ACC/IeOBaHEA BIERHAA CIELyDIEX (FaxTopoB, OompemenammmX ¥ (wm) or-
DPoHNUMBOXEEX K.O.M.: cBORcTBA padodero Tejna; pexmM TedeHma B MM
KaHaje; OTIMB H yNpARJcHMEe NATDAHMYHHME CJIOAMH; YCTORYEBOCTD Tede-
EW OnasMH; H3MEHEHWe DapameTpoB Ha Bxoje B ML xadan OpE omOpoE-
HEHMF 3aMRHYTOr0 HCTOUHMEA ILIA3MH.

4, B crammoHapHom pexmme padotH MU rexeparopz B KadecTse
pacodero Tena paccMaTpEBANMCh BOJA, APTOH, reaEi ¢ mpucamrof RaamR
7 mtEfl. Temnopas MONHOCTH HCTOUHAKA MiA3MH NPAHEMANACH DaBHOR

~ 20I'BT, IaBneREe TopmoxenEd -~ S5006ap, TeMmmeparypa TOPMOXCHHA
H3MEHANAch 0T ~ 1sB po~298. Jlnm Kaxmoro padovere rexa ompenessa-
JOCh BIMAHEE HA K.O.M. TEMIOEPaTypH TOpMOReHmd, uMciaa Maxs, XEIYR-
O¥E MATHETHOTO moiA (mampaxenma), ncsE npmcanre. KosdfsmmernT Har-
PY3ER OpAEEMANCA NOCTOAHHEM N0 LIHHe KaHANA B DABHHM ngo.ss.

I mapoB Boms mpm T » 8000°K xapskrepHa cWIBHAK CTEIEHE
IeccomEamsa ( M~ 7 T.MONE) M HN3ROE 3HAGEEHe NORA3ATENA AIMatcaTH
( Y= 1.2). Spavenwe wHcaa Maxa My =~ 4.3 ORasuBaeTCH MAKCEMATBHO
JONYCTEMHM HO OapamerTpy Xoxna.

Tumwarne napamerps MU remepaTopa Ha ONapax BOIH C HOpHCSTKOR
Kamd OPencTaBieHH B Tadmmie. PexeMm I COOTBETCTBYET TEUCHED NDE
nocroamuoft oET wmm (A =4 1=(‘0/?52‘,'. } B Ge30TDHEHOMY TODPMOXCHERD
motora mo M =I.2, pexmm II- BHOODY B XadecTBe ympanianmed GyHxmm
OpR ZOCTHMEEMRE NOIPAHMIHHM CJI0EM NPENOTIMBHOTO COCTOAHK: YCJOBRA
ero yeroftamsocTs, (MprmEMANOCs, ¥T0 gopmmapaverp [= - o 1l /X,

f=0.6’){(p ,TIe 0 - ronmgma moTepE mvmynbca, U, /A ~TpamReRT

CROPOCTE B AXpE LOTOKA, ][k ~ dopmmapameTp oTpHBa). CpanHeHMe
9THX PEeXAMOB TQGeHEA NOKASHBAET, UTO PEXEM TEUCHMA ¢ OTKOCOM HOT-
PEHAYHOTO CI0A NO3BOJAET YBMYETE a0CONDTHOE 3HAYGHKE K.ID.M. Ha

~ 5% DpE 3EAMATENHHOM yMeHbUEHHE radaprToB MI'I kamana . [Opn m3-
VMCHEHRE TEMIIepaTypd TOIMOREHHA OT ~ I2000°K mo ~ 8000°K xapar-
T¢PHHE 3HAYCHEA K.O.M. B ONTEMATHHHX pexamax TeueHMA YMeHbIAanTcA



Tadxuna

Padouee taxo |_Boga +5% X 1_Aprou +0,5%K Teamijt +3Lﬁ_+_.lg_gx‘__
TAPANETP | Pamep Bron |___Buiod ! Bxon | Buxox IBxox | Busofl BxonBu-

_| Hoovx Jzzm_a_l__l.ﬁzml L 1 l :!%L
POXAM TOYOHRA - P=const. =const A=const, R-const N;, con

SO P8 fap 208 4xp
Pacxox xr/cex 300 2000 160 250
TeMIOPATYDPA TOPMOXOHUS Ok 12000 15000 23000 13200
Yacxo Maxa - 4.30 I.20 2,50 3.30 1.20 4,41 I,20 4,20 2,57
Iannexme ap 1.54 0,23 0,057 8.9 2,2 2,87 .20 3.0 0,35
TenmepaTypa Ok 4060 3610 3250 4090 4080 3590 3520 36IC 3030
6K TRBEAA UPOBONHEMOCTD  Mo/M 540 420 280 610 445 395 470 49 22,5
Hapeverp Xomra - 0.I3 0.56 0.76 0.44 1,07 0.I8 0.76 0.08 0.25

PHIYKTRA MATHATHOT

mad ° ™ 0,35 0,27 0.I1 I.28 1,05 0.56 0.30 I.<0 0,97

[Izomans CeweHHA KAHAJA MXR 0.9 x 4.40x 5,90 0.70 2.36 0.49 3.90,0.58., 2.
0.9 = 4.40 5.90% 0,70% 2.35% 0.49%  3,60%0,58% 233‘

Jmina ranana M 21 21 I15.0 I15.6 8.0

Hemmpaxegae XB 2.5 2,5 3.0 3.2 10.0

JUIeRTPRAI6CRAA MONHOCTH I'sr I2.2 II.3 13.8 14,2 0.2

Kosdfemmen+ npeoGpaso-
BSEHS MOKHOCTH y 4 55.2 5I.0 69,2 8I.9 44,7
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Ha ~ 5%.
Bosee BHCORHEE SHEPreTHYECKEe XaparTepHcTRRE imeer MLl rege-
paTop Ha aproHe ¢ mpucaixoit rammd. [Ipy TemmepaType TOPMOXCHIAA
~I5000°K 7 wicae Maxa ~3.3 B KWHETHUECEY® DHEPIER MOTORA
nepexofAT ~ 80% TemwoBoii SHEPTEE, TTO COOTBETCTBYET HORASATENR
amadats S = 1.45. YBenmuen®e TemmepaTypd CBNme ~I5000°K mpz-
BOJAT K YMEHBUWEHAK 3TOrO0 3HAYSHWA. B Tadumne OpMBeXZeHH THIBYHHE
napameTp MLl remepaTopa B pexdve pacdoTHI, ROTOPHE MO3BOJAET HOJIY-
9aTh R.O.M. 65%-70% Opr nomycTEMHX 3HaYedEAX mapameTpa Xomia
( }32 = I).

Bosee BHCORMX K.O.M. MOXHO OXENATEL OPH ACHOIE30BSEEM B Ka-
JeCcTBE paldovuero Teja TeyqmAa ¢ Opucamgko#t, KOTOPHE ocraeTcA ONHO-
aToME Ta30M no Temmeparyp ~ 2% ( /=1I1.6). Ima MITl remeparo-
Pa Ha TeJME ¢ OpECAIROR Raumv JomycTr4oe dWmcio Maxa HAa BXome B
Ragay cocTamiieT ~ 4,5, UTO NO3BOJAET HONY4ATH B DPexEme pacdotrs |

3HaYeHAd K.O.M. ~80% (cM.Tadmmy).

A pcxemoB padoTH MIJ] remepaTopa, GJM3KEX K aRTHBHOMY, IpH
JIaBJeHUE TOpMOXeEmA  ~S5000ap ompenesammuM ABIAETCH OTpEIMYeHWe
0o napameTpy XoJiia.

s paccMOTpEHHHX OPOCTHX DEXAMOB TEYEHEHF BHCOKME SHepToTH-
JecKMe XapaKTepHCTHRN odecHeumBaeT pexyM padoTH ML reHepaTops,
OnEsREA R arTEBHOMy (CTenmeHp peaxTHBHOCTE :£I10%).

YopapneHMe HOTDAHEIHHM cJoeM (OTCOC), NOSBOJANMES CCYMECT—
BHETH G€30TPHBHOS TOPMOXEHHe HOTORKa ¢ M = 1.2, OpR OpowMX pab-
HHX JCJIOBEAX NOBHEIAET aGCONNTHYD BENFUEHY K.I.M Ha 10Z-I5%.

JcaoBme yCTUAYMBOCTH TEYEHER DO OTHOWEHME K aRycTHdeckoR ¥
neperpeBHOM HeyCTORYMBOCTAM OTPAHMYMBAET YPOBEHD NyJbCcauidit BXOI-~
AHX HapamMeTpoB (MIOTHOCTH) clieXypmm® BermumaaME <&, : BOLA B JH-
Tk ~I0~3 aprom ~I0 =2 » pemma ~ 1074, B cpasm ¢ sTEM opramt~
YCHNEM BO3HHE2eT HEOOXONEMMOCTH ONDeneJcHMS BHCOROSDPeRTHBHHX pe-
XEMOB C MEHBUHEME 3HAUEHMAME 4WMcna Maxa (axrmBRO-pearTHBHHE MIJ[
TeHePaTopH) E Gojee JIETANHHOTO ECCIEOBAHMA JCTOHTMBOCTE TEUCHEA
B MLIl xananax.

‘Boxn?-aMnepHHe XaPaKTeMCcTERE paccMOTpeHEHX MIT[ reHepaTopoB
ABiADTCR yerofivmeuvE. ONEARC TaRaes CATyalEd He ABaHercd odmel.

Ha npamepe cTamzmomapHOroe MUK remeparopa Ha mapaX JMTHEE HO-
KasaHa BO3SMOXHOCT: BOSHUEHOBEHEA HEYCTOLWHBOR BETBH BOJET-—sMIe
HO# XapaKTEPHCTHRE (SUIERTPOTEXHEYECKAR HEYCTORMMBOCTH). B radmmn?



mMBeNeEH OCHOEHHe napamMetpd MLYl reHeparops, pexmM pacoTH KOTO-
POro BRUDAE IO JCAOBHEAM IDCTOAHEOR YXEXHHDH MOKHOCSTE IO IANHE
xavaxa (%o ~ 2/3 AawHH EeHafa) M yCTOSMMBOCTH NOI'DEEEYHOIO GIOA

( £= 0.87[kp ). Ba pv. I IDRRSARA BOXBTAMNEDHAS XAPAKTEDECTE-
ra, Hosunarsmul pexms padoru J#f'l remeparopa (K =0.85 = const.)
HaxoraTes Ea Heycrokmmoft ( JV/F1 >0 ) perse moxsT-ammep-
Hoff XapaRTeDHCTREN. PoxEM ToeueHMA Jug XaHEOro mpofuas kaHaxa H
pacrpexexes HEIVKINR MATHATHOYO DOAS ORasHBaeTCH GIEHH HYBCT-
DETGXSHHM X MSMOHEHRD KOSffmrmeRTa Earpyskm. [epexon or czadoro
B3SEMOZefiCTHAS K CHXBHOMY NPOECXOIMT IDE MRNOM HSMeHeHEM Kooadin-
OEeNTa HRI'PY3KH, Y70 BALMANHO OrpaxaceT §ascBad NEATDAMMA B KOOD-
rusarax K-M {pmc.2), Bosmoxmo#f mpEyuEOft BXEKTPOTEXHEYECKOR Ho-—
YCTOMMUBOCTE SRINETCH HMANEYEEe KPynHOMACHTAORHX IUIASMEHHHX HeyCToff-
gREocrefi, NPEBOTAEEX K IyABCANEAM JOKAIBHOTO KosfifmimerTa Rarpys-
KE.

BrEgEke HSMeHCHNS IApDAMETDOB R Bxome B MIJL xakal mpA opo-
POXHOHRR SaMEKHYTOTO ECTOYHEKA IEASMH HCCIeXOBANOCH HR HpREMEpe
A’ remepaTope HA iApAX XATEA, DApAMETDPH KOTOPOro GEHSKE K IpH-
BelcEE:y B Tadmmie, a XapakTepEoe BpeMms @cregemEs ~ I cex. IIpo-
dwas M RaHaZa, pacupefefeHRe HERYRIHE, CONPOTHRICHAE OMEIECKOIH
HAT'DYSKE OUDSNEXANRCH, B BAUAYXBHHE MOMCHT BpeMeHE M B JAXLHE PmeM
CHETARRCY NOoCTOoRHmiNA, Ixa pacomorpessol MIMl yCTaHOBRKE HA OApAX
amTan spfertarHOCTs UDe0CPASOBAHEA SHEPIEE COCTARNIET /) = 25%.
JTOT PeSYIATAT OTXHYASTCA OT MOXYYeHHoro B padore [2] SHaueHEsd
pe% 40%, TTo 00BACEASTCH HADYUWGHNOM B Hponecce ECTeUeHRE YCEO-
Rl 2)PexTHBEHOI'O TOPMOREHRA IDTOKA.

5. Mpr BHCOKRAX JApaNeTPAX PROOYEro Tels OXMAXICHEEe X SamE-
ra creHOE MTY remeparopa MOTYT OHPD OGQYMECTBACHH TPAECHEDAIMOH-
HHE OXIAKTGHHEM BOmeCTBAME ¢ CORBIOf TeIIOeMKOCTRD HAM TemroToH
0apoospa30BEHEA C DOCKEXAYIUEM BHPOZOM XASNOATOHETS HR BHYTPCHHDD
IOBEPXHOCTS KARAJAA 9Yepes DOPHCTHE MATEDRAT CTeHKE, (MHAKO, BAYB
rasa B NDHCYEHOYHYD OGRACTH CHOCOUCTEYeT OTDHBY INOI'DAHATIHOTO
cxog. C xpyroff cropoHH, GeSOTDHRHOe TODMORGHEE IOTOXA B AKTEE~
BG# MT]l Ramaxe TpeOyeT OTCOCA NOIPAEEYHOTO CXOH. [o~BRIENOMY,
YZOBXSTEODHTE STHEM NDOTEBODEYRBHM TPeGOBAHMAM MOXHO NyTEeM IpH-
MEHOHERA MOXYXREOR CTeHKH, KaxXuuZ MOIyAs FOTopofl oxrasmaercs
TPAHCHNDAIMORHC, 4 YaCTh pacxona pajogero rexa OTBOJATCH qepes Mex-
MCXYALHHE DDOMEXYTXKE ¢ NOCISAyPNEM 0XIax7/icHMEM OTCACHBAaeNCrO Irasa.
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OueHKY® TIOKA3HBANT, YTO KpPYrosas TPAHCNUP3LVMOHHAA Nozava re-
IUf ¢ NOCHeZynIMM OXIaxZeHuEeM OTCaCHB3EMOI'0 r'a3a MOEET olecne-
UYUTH CHEM TENNOBHX NoToxko® ~ 10 K:B'r/cu2 (napaMeTp BAYBa Ha MO~
Iyne B 243 pasa MeHBEE €r0 KDUTHYECKOr0 3HAUEHWA) M YyCTOHYMBOCTEH
NOrpasuvYHOr0 CHOS,

B paGore [8] SKCNEDNMEHTANBHO NMOKa3aH0, UYTC NMPUMEHEeHAue no-
PUCTEX 3IEKTPOZOE NpW TeMnepaType ~ 2000°K u BAyBa apro€a ¢ npn-
cagkoii xanus (OTHOCHTENHHAA DACXOZOHANPAREHHOCTH PAyBa ~0.04)
o0ecneunBacT Oe3AyroBOil pa3pAz NPHE MIOTHOCTHAX Toxq 1o 20 a/cu
¥ NpuaNeKTpozHOe nazeHme Hanpsxenusa £ 40B. [lpn GonbmuX NXOTHOC~
TAX TOKA NPONCXOZUT OGpa30BaHHe MEKPOZYD, DaBHOMEDHO pacnpeze-
JGHHHX 1O NOBEpPXHOCTH 3AEKTPOZA. ITH DPEe3yNBT3TH NOATBEDPEAIWT
NepeneKTUBHOCTE NPUMEHSHMS pacnpeZerieHHOTO BZYBa XNaA03TeHTa C
npucazxoit Kanua vepes TeN0 MOAYABHOT'O DAERTpOfia AJNA yMEHHUEHUA
NpUaIEXTPOZHNX NOTeph M ZYTOBOH 3pO3MM DJIEKTPOAOE NPH BHCOKHX
NNOTHOCTAX Tora (Zo ~ 40a/cu®).

Hanmyue nepopHpoBaHHHX 37€KTPOZHHX cTeHoK B MIJl xamane ¢
0TCOCOM NOTD3HUYHOT'O CROA CNOCOOCTBYET TAKXE YCTOHYMBOCTH NAa3=-
MN B fiipe NOTOKAa, T.K. NO3EONAET 3HAUYUTEABHO (MAM JaEE NONBOCTHD)
racuTh BOIHH ZLaBNCHUA, NazZavmue Ha TaKyD CTEHKY [9] .

Bay® xnazoaresTos (Hanpumep, CeAMs MiAX BOZOpPOZa) Oe3 NpHCai-
KM Kaiusi NO3BONMT 00ECNEYUTH INEKTPUYSCHKYH H30AALAD MEXDNESKTDOA-—
HOr'0 NPOMERYTHXA NP¥ BHCOKUX HENPAXCHHOCTAX INCKTPUUSCKODC MOIA
( ~ I00 B/cu) M CBECTM K MEHEMYMy yTEUKM TOKA 1O LDOTPAHUYHHM
CIOfM.

B KavecTBe NEpCNEKTHUBHHX MAaTePH3NOE AJNH MOZYJABHHX CTOHOK
MIl xasana npH TeunepaTypax ~ 2000%K MOTYT pacCM3TPHBATHCA NMOpAC-
THE MATEpHaiy HAa OCHOBe BOJIOKOH TYrONJaBKUX MeTannoB (NonuszeH,
BOoIb(paM), a TaKEe Ha OCHOBG HUTEBHIEHX HKDUCTALNOB OKHCY SIDMUNHA
UnA HuTpuAa Gopa.

B HacTofimes BpeMA BO3MOEEO HAaUsTh SKCNEpEMEHTaNbhue HCCLeZo=-
BagufA MozenbHHX MI]l remepaTopo® wompocTEsD Zo ~1 I'sr. HexoTopue
BONPOCH, TpelCywiHe CO3Z3HUA yCTAHOBUBHErOoCH TeueHHMA (morpaHEvEHY
Cnofl, TenIoNaccooOMeH, npuanerPpoiHuHe 30fexTH ¥ Xp.), MOLHO HC-
Cnef0BaTh HAa CTANKOHAPHHX NN83SMATPOHAX, A Dff APyrEX - Ha GOnb-
OUX YyRZ3PHHX TpYy08X.
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_Saxxmaenne.llpa pedore CO CTANKOHADHHM HCTOYHEXOM DXASMH C
BHCORNME IapaMeTDeME padouero Texa (manzemue ~I KGap, TeMOSPRTY-
pa I+ 2 9B) xEHefmult cdepxsnyEoBof MIIl remepaTop CO CIUOMWHEME
SNERTPONAME CIOCOGeH OGeCHOUNTDH BHCOKN® K. O.X. TAC ( He MoHee
70%~-80% Ha aproHe H IejNH COOTBETCTBEHHO NDH YTRAN3ANMM BREIXONO-
TeHIMANEHOrO Temia), B aTolf cBASK HEOUXOMIMO nasbHeldimee doxee
AOONHOS MCCXOROBSHENe ROHNYKIMOREHX MLIl remeparopoB nxda TAYC, wro
OSBOXNT JPOBOCTH OGOCHOBAHHO® CDABHeHRE TAKOR CXPMH C ADyTHME
BHCORO 9ffOR TNRHHME CHCTEMAME UPEoSpASOBSHHA AHODIHN TODMOANSPHO-
I'o pearTopa.

ARums pAna (wsERO-TeXHEMECKEX R TeXHOXOTHYOCKEX mpodrem,
BOSHEEADEEX DIPH paspadorxe BHCOKOTeMuepaTYpRHX MLl reseparopos,
DORASHBA6T, TT0 HOCMOTDA HR SHAUNTOIBHH® TDYMHOCTH COSNAHNA TA-
KHEX PeHepa®OpOB, HAE OCHOBE COBDEMeHHHX IpexcTraniesEf B omurTa BRI~
Ha OPIHIMIMAREHAA BOSMOXHOCTS EX pemeHMd.

B macToAmee BpeMsA BOSMOXHO COSHNSHEE COOTBETCTEYDUMY MOJEXE-
PyDIEX YCTAROBOK MOWHOCTED IO ~ II'BT HA OCHOBe IIa3MaTPOHOB B
YREpBHX TDYO.
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THE ECONOMIC IMPLICATIONS OF THE CANHO H2/02 MHD ENERGY STORAGE
SYSTEM USED AS AN INTERMEDIATE-LOAD AND PEAKING GENERATOR IN
CONJUNCTION WITH BASE-LOAD, COAL-BURNING MHD POWER PLANTS

Stanley J. Townsend

SJT CONSULTANTS LIMITED
Thornhill, Ontario, Canada

ABSTRACT

A comparative systems analysis is presented of the
CANHO MHD Energy Storage System in intermediate-~load and
peaking use. The CANHO MHD system is comprised of three main
elements — a water-electrolysis plant for seasonal
electricity consumption within the grid, high-pressure
underground stcorage of hydrogen and oxygen and lastly, a
combined H,/0O, MHD disk generator topping unit on an advanced
steam turbine“bottoming unit for seascnal conversion of
hydrogen back to electricity.

The economics are favourable, resulting in a 25%
reduction in the annual average unit energy cost and up to
a 25% reduction in capital investment in generating plant.
In addition, the H,/0, disk generator is an ideal MHD unit
for retrofitting t0 eXisting fossil-fired intermediate-load
plants. An electric utility thus is able to recover fully
the existing capital investment in under-utilized fossi-fired
plants. At the same time, the retrofitting of the CANHO MHD
Storage System triples the electric output of the previously
fossil-fired plant, while reducing thermal pollution below
its previous value and eliminating air pollution by the

elimination of stack gases. Such plants are ideal for siting
near cities.

INTRODUCTION

The CANHO ( Canadian Hydrogen-Oxygen ) MHD Energy 1.2.3
Storage System (ESS) has been under study for several years,’”’
These studies have revealed the CANHO MHD system to be the
lowest cost form of intermediate-load and peaking unit avail-
able to electric utilities. While inherently of low capital
cost itself, the CANHO system, by virtue of its storage
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characteristics, improves the load factor of the grid, result-
ing in further economiss. This cost-reduction feature cannot

be attributed to any other type of MHD plant. Traditionally,
the intermediate-load, fossil-fired MHD plant has been the
most diffienlt to design in an economically competitive
fashion. The primary reascn has been that the mid-range MHD
plant has almost all the same features of the base-load plant,
with the attendant costs, but lacks the opportunity to operate
sufficient hours to earn adequate revenue to give reasonable
incremental power costs.

The CANHO MHD storage system was originally conceived
to operate in conjunction with the heavy-water moderated,
natural-uranium fuelled CANDU nuclear vower reactor in Canadian
use. The resultant symbiotic system produces a) low-cost
nuclear power, b) low-cost intermediate load and peaking
energy from nuclear reactors which dc not themselves have to
load follow and c) a system within which fossil-fired plants
cannot compete.

The CANHO MHD system, since it is a deuterium isotope
separator, is also capable of supplying the deuterium fuel to a
base-load, thermonuclear fusion reactor, while it provides

an indirect load-following capability for the fusion power
plant.

The CANHO MHD Storage System has also been studied by

the author in connection with solar; wind and tidal power plants
in Canada.

In the Western provinces of Canada, an abundance of low-~
cost coal will preclude the general use of nuclear reactors
for some decades. Accordingly, analyses have been carried out
of an all-MHD grid — coal-fired, base-load MHD plants and
CANHO load-following MHD units.

OPERATION OF THE H2/O2 MHD ENERGY STORAGE SYSTEM

The CANHO MHD system operates by taking base-load ( not
off-peak ) electrical energy and producing hydrogen, oxygen
and partially enriched heavy water in a high-pressure, water
electrolysis plant, storing the fuels and subsequently convert-
ing them back to electricity at the most economic time.
Figure 1 illustrates the system schematically.

The base-load electricity ( or cyclic energy from solar,
wind or tidal energy sources ) is stored in the intermediate
carrier form of the chemical potential energy of hydrogen and
oxygen as high-pressure gases in underground caverns in salt
or rock formations. At such time as the grid demands more powver
than can be met by the steadily operating base-load power
plants, the hydrogen and oxygen are taken from storage and are
burned in a high-efficiency MHD disk generator whose waste heat
is passed through a heat exchanger to an advanced steam turbine.
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The MHD disk generator and steam turbine together return
electrical powe' to the grid and pure water back to the elec-
trolysis plant in order to caplete the closed cycle.

ELECTIOLYSIS PLANT

Either conventional atmospheric-pressure cells such as
the Stuart cell can be used, or high-pressure cells such as
those of Teledyne or Pure Power, Inc. Thermodynamically, the
choice clearly lies in this application with high-pressure
production directly in the cell.

While the reversible cell voltage rises slowly with
pressure ( 12% increase (0.15V) from 1 ata to 340 ata ),
there is a proportionately larger reduction in electrode over-
potential ( 23% decrease (0.5V) from 1 ata to 340 ata ) .4
This results in 27% lower energy consumption for 340 ata cell
operation than for 1 ata electrclysis, followed by machine
compression through a pressure rato of 340,

Operaton at elevated temperature makes a significant
reduction in the reversible cell voltage and also in the
operating cell voltage.

A conservative value of 80% cell efficiency has been
chosen. Values of 80-90% for 1980 and ultimately 118% for the
conversion efficiency of electricity input to the higher
heating value of hydrogen evolved are foreseen.

While an ideal electrolysis cell can have a theoretical
thermal efficiency of up to 120% ( by fixing 20% heat and 100%
electricity irn the HHV of hydrogen evolved ), the converse
ideal fuel cell is limited by energy conservation to an
electrical efficiency of 100/120 = 83.5% of the HHV of hydrogen
input. Raising the electrolyzer's temperature, increases its

efficiency, while temperature increases penalize the fuel cell's
efficiency.

Thus, in principle, each of the MHD/AST and fuel cell
converters have an upper limit of 100% conversion efficiency
of the LHV of hydrogen back to electricity. In practice, in
central station use, the MHD/AST converter can more easily
exploit the high storage pressure of hydrogen to produce
electricity in expanders which use waste heat from the MHD unit,
The fuel cell rannot exploit waste heat to produce electricity.
The bulk of the electrolyzer properties which work in its favor
in producing hydrogen work against the inverse fuel cell. Thus,
the MHD/AST combination has a thermodynamic advantage over the
fuel cell which is the opposite of what one would first evpect.

HEAVY WATER PRODUCTION

With respect to heavy water production, electrolysis has
by far the highest separation factor of any process separating
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D from H. The cost of electricty into electrolysis has been
prohibitive until the advent of the CAN'O MHD Storage System.
Since electricity coming out of the CANHO unit is more valuable
than when it was put in, the cost of electricity to the electrol-
ysis cell is zero so far as deuterium production is concerned.
Thus, the CANHO MHD system provides,ezssentially free, an enriched
feed of 1000 ppm to a heavy water plant. The consequent reduction
in capital cost of separator towers, heat exchangers and pumps
which handle a feedwater of seven times natural concentration
leads to a 50% reduction in the cost of producing D,0. This

leads to a reduction in the capital cost of the CANBU base-

load reactor which cannot be provided by any other form of
load-following plant.

HYDROGEN STORAGE

Hydrogen and oxygen storage are envisaged as using man-
made caverns in rock or salt formations for safe, low-cost
storage. France has decades of experience of storing producer
gas ( with its high partial pressure of H, ) in worn-out
natural gas formations. Canadian electric utilities have
pperating with creating artificial storage caverns in salt
beds for seasonal storage of natural gas. The costs of such
storage have been used in this analysis.

The energy density of hydrogen stored at 200 ata in
caverns is nearly 500 times larger than for underground pumped
storage hydro operating with a 300-m head. Underground compressed
air systems have in addition to a low storage density, the
disadvantage of burning high-priced fossil fuel in gas turbines
along with the released commressed air. Such storage systems
are not competitive against the CANHO MiD storage system.

A volume of 60 m cubed of hydr2gen at 200 ata could store
enough energy for the night to day swing of the 17,000 MWe
required by Ontario.

HYDROGEN/OXYGEN EXPANDERS

While the hydrogen and oxygen were created at high
pressure in an increased efficiency electrolysis cell, the
pressure energy of the two gases can produce pocwer from an
alternator driven by an expander operating over a pressure
ratio of 10:1 , from 200 ata storage to 20 ata in the MHD
combustor. Waste heat from the MHD unit is available for
regeneration to this expansion cycle in order to increase the
overall efficiency of the MHD unit, Preheating of the 4,/0
fuels to 1400°K before combustion in the MHD unit will FaisSe
the unit efficiency from 45% up to 54%. The MHD/AST has a real

efficiency of 75%, expander excluded, from the lower heating
value of hydrogen.
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MHD DISC GEHETFATOR

The H,and O, when suitably preheated after the expander
phase, are burned®in the MHD combustor and are combined with
re-circulated CsOH as secd.

The simple , H,/0, generator has been studied by Sheindlin,
Shumyatsky and FovbaSiuK for operation for 300 h/yr, using
hydroqgen from steam-reformed methane and cryogenic oxygen.

The severe limitations of fuel usage have been removed in the
CANIO Energy Storage System by passing through the MHD unit,
base-load ener«gy in the form of electrolytically produced

hydrogen and oxygen, and taking the energy out as intermediate-
load and peakina energy.

The stean/CsOH plasma is expanded from the combustion
chamber dowvn the MHD disc generator to a low pressure ( 0.5 -
0.05 ata ) and lcw temper ature ( 2500°K ) while yielding up
DC power. A disc generator is a particularly well suited
geometry for expanding a super-heated steam plasma, since
it provides fully effective use of the magnetic volume of a
simple, solenoidal superconducting magnet of high intensity.
The MHD disc is well suited tc extract power at high Hall
parameter and low pressure since it is inherently a two-
terminal Hall generator. The inverter is also simpler.

Studies were carried out several years ago by the author
of the possibility of introducing oxygen or transpirated’
water or water vapour through the walls of the MHD disc and
{(with water) the combustor. The purpose is to provide a high
partial pressure of oxvgen over the ceramic oxide in order
to forestall reduction of the oxide, Since operation would
always be stoichiometric, a single,central hydrogen-rich
core results. This is an advantage_since the electrical
conductivity is higher when the OH radical concentration is
suppressed. Heat release is also spread out along the £flow
length which increases temperature and conductivity toward
the exit, As used in gas turbine research, liguid water
transpirated through the walls of the ceramic lined combustor
offer excellent heat transfer protection. Chemically, there is
no contamination of the MHD workiang fluid.

ADVANCED STEAM TURBINE

After being stripped of CsOH on suitable heat exchanger
surfaces, the MHD exhaust steam can either be condensed in a
simple, single-stage MHD unit,or it can be applied to a
downstream,high-temperature steam turbine of advanced conditions.
Coupled with a steam turbine whose inlet conditions are not
limited by the corrosion of fossil fuels as in conventional
steam plants, the MHD/AST combination should be capable of
approaching efficiencies of 70-75-80% real conversion.



174

EFFICIENCY OF ENERGY S%CRAGE

Used with an 80% efficient electrolytic cell, the MHD/
AST combination ¢ives an energy storage system with an overall
efficiency of 56%. This is predicatcd upon efficiencies of
45% for the simple MID unit and the AST separately. Rogeneration
of waste heat by preheating the MHD fuel to 1400°K gives 54%
stage efficiency for the MID unit alone and 75% for the
combination. Advanced steam turbines using clean fuels such
as MHD waste steam could approach the 45-50% efficiency range.

When used in the very large unit sizes applicable to
central stations, the MID/AST unit will be able tco undercut
the H,/0, fuel cell on installed capital cost while beiny able
to opéra%e at comparable conver sion effirciencies.

The MHD generator is a device which produces power from
a volume, but losses only from a surface, whereas the fuel cell
is a surface area device. Interestingly enough, the better
the design and the lower the cost of the AST, which some might
see as a competitor of the MHD unit for recombining H, and O
to electricity, the more likely is the MHD/AST combination
tc come into existence. We do not see the MID unit and the
AST as comvetitors, hut rather as complementary units sharing

a very wide interval of temperature of energy conversion which
neither unit on its own can handle.

Ultimate storage efficiency could be as high as 75-80%
overall for the CANHO ®ID system. Thusz a £uturce limit of
118% {electricity to HI'V of H,) ¥ 85% (LIV/IIIV) ¥ (75--802)
(MHD/AST converter) would resiilt. This compares very favourably
with 65-70% for various forms of pumped storage hydro.

ECONOMIC EVALUATION OF THE CANNO MHD SYSTEM

An extensive systems analysis has been carried out of a
complete utility grid in order to assess the economic
performance of the SJTCL CANHO MHD system on an annual basis.

Data have been taken from the 1973 Annual Report of Ontario
Hydro and are treated as follows in Figures 2 and 3. The
annual load curve of primary energy demand has been smoothed
out by a running-average procedure to remove all daily variation
and in addition, the 7% lcad growth. The 12,700 MWe peak and
the 5,600 MWe minimum are shown. The latter has been derived
by the author on the basis of known daily variations.

An installed base-load capacity of 8815 MWe is selected.
3.5 TWh/yr of base-load enerqgy is fed to the EP plant of
3235 MWe input capacity from April until November. This stored
energy is released into the grid at 56% oveml efficiency
from Wovember until March.

Figure 3 shows the symbiotic relationship between two
forms of MID ptrant - CANIIO and Soviet base-load - in such a grid.
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It is clear that the bulk of the savings made by tho
CANHO MDD system lie external to the MID storage system. The
demand range from 440-092 which was proviously occupied by
relatively higher encrqgy cost load-folloving plants has been
displaced by minimum-cost basc-load units at substantial
savings., 1he previcugs intermcdiate-lecad range bracket of
44-75% has been narvowad frorm 31¢ down to 7%, The pure peoak-
ing range of 76-3100°% is now occunied by low-cost CANHO MHD units.

Tah]v 1 presents the economics. An attempt was made to
5¢ a s elf-consistent saot of 1973 costs, but there are sliqht
cf:ropunm ¢S internally. llowever a sensitivity analysis shows
iteso to have only 1-2% effect on the end costs. The analysis
ig being repeated wiih 1975 costs,.

While amparently low, the MID coste are legitimately
low since cecmpressors, air preheaters, stack gas cleanup,
inverters (wrovided by the electrolysio vlant), fuel handlinc
and ash dispesal units can be omitted in the CANHO systemn.

The use of threce different costing comparisons gives
confidence that the 10:1 ratio of load-followiing to base-~load
revenue reoauired is reasonably accurate.

The figure of 7.1 mill/XWh average annual unit energy
cost from the all-nuclear grid is te be compsred to the range
of 7.1 - 7.9 mill/k: for the cheapest, base-~load fcssil
encrgy in the system. This suggests that the use of coal or
of oil in this grid is quite uneconomic.

An equivalent compariscn for 22ily vse also indicates
that only a_11% premium necd be paid for load-following
capability.

An analysis of an all-nuclear grid with load-following
reactors results in an annual unit energy cost (AAUEC) of
9.3 mill/x%Wh or 145% of base-locad costs. The all-nuclear
grid thus can meet the grid demand only at a premiva cost of
31% above that of thke CANHO MUD cost.

In a thermal grid having AAUEC's of 150% or more of
base load, reductions of at least 25% are pocsible in enevgy
producticon costs.

These latter two comparisons suggest that in general,
regardless of the form of base-load unit or of its energy costs,
the CAWHO MHD Energy Storage System is the cheapest form of
incremental energy above base load.

The reasons are easy to see. Over ninety percent of the
capital investment in generating stations lies in the base-
load plant, which is iﬂportant since this type of plant
operates full time earning revenue at minimum cost.

Ninety-seven percent of the enrgy supplied to the grid
comes from base-load plants. Only 3% of the grid energy flows
through the CANHO MIID systewm. The energy lcuses in the CANHO

plants are more than compensated for by the saving made by
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replacing 25% of the generating capacity with base-locad units.
CONCLUESION

The CANHO MHD Energy Storage System being developed by
the antjor's firm, offers substantizl prospects for reductic..s in
electricity oproduction costs, regardless of the type of base-
load plant in the utility's g-id or the fuelling costs of
the utility.

Retrofitting of CAWID units to older fossil-fired
plants allows a utility to uvitilize better the existing capital
investment in mid-~range plants. At the same time, the
retrofitted plant has its capacity trivled, its thermal
pollutionr=duced and its air pollution -yduced to zero from
a sealed syvstem which emits no combusticn products to the
atmospheres.
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SUMMARY OF ANNUAL CHARACTERISTICS
OF HYPOTHETICAL 1773 ALL-NUCLEAR
CANDU / CANHIO MHD ENERCY STORAGE GRID

PELAK SYSTENM DEMAND 12,700 tte
BASE-LOAD CASIDU REACTORS 2,300 Mie - 69%
CANHG MHOD INTERNLDIATL -PEAK 3,900 e - 21%
COSTS 8,800 tile BASE-LOAD 3,900 Mide HMHD
CAPITAL COST-SI'LCIFIC 3500/k!e $105/kde
TOTAL $4.4-108 EP 3235x75= S$242H
% OF TOTAL 914% MHD 1019x60= 60

MHD 2881x25=  72W
INV 665x15=  1CM

STORE = _ 251
SE10M
REVETE REQUIRED 77 Treh/yr 8 CAPITAL
A%E , 40/1ieh 2% OP+M
=5493M4/ yr S4TH
ANWUAL THERGY TO GRID 73.5 Then/yr 1.96 THeh/yr
97.5% 2.5%

AVERAGE ARNNUAL UNTT ERERGY COST  $034l1/75.5 = 7.08 milis/kih
1117 OF BASE LOAD

27% REDUCTION IN AAUEC POSSTBLE IN A THERMAL GRID OF CONVEHTIORAL
PLANT HAVING At AAUEC OF 1505 OF BASE LOAD

IN THD ADOVE GRID BASE-LOAD FGOSIL-TIRED IS 7.1-7.2 MILLS/KMH
COMTLUSTON-CH APEST IHCRIMENTAL ENERGY IN THIS CRID IS BL+CANHO KHD

ECONOIIIC ANALYSIS DONE WITH A SELF-COMSISTENT SET OF 1973 COSTS

SJTCL 75-6-1
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THE PROELEMS OF INCREASING THE EFFICIERCY OF OPERATION
OF METALLIC COOLED ELECTRODES OF MHD GENERATOR

ABSTRACT

The paper deals with experimental results in studying
propertiea of the metallic cooled electrodes placed in the
low temperature plasma flow, Investigations were carried out
in the vacuum argon plasma flow and in combustion products
with an ionized seed. Studied were the properties of cathod-
ic spots, thermal fluxes and the erosion rate of the elect-
rodes depending on current, electrode temperature and the
presence of oxides on the electrode surface in the argon pla-
sma flow. The distributed discharge process was observed
when the erosion rate was lower by-ar order of magnitude than
for the case of non~-siatlionary cathodic spois. The properties
of copper, aluminiun,tungsten and other metallic electrodes
were studied. 1t is shown that the erosion rate of copper ele-
ctrodes under the conditions of non-stationary cathodic spots
on the oxidized electrade surface accords well with average
sizes of erosion holea, time of "life" of cathcdic =pots,
fraction of the full current and the velue cof the total cur-
rent in the cathodic spoz.

Studied were the problemsg of heat and mass transfer on
the surface of the metallic cooled elactrodes in the combus-
tion products plasma seeded potassium. The purpose was to im-
prove considerably emission and erosion characteristics of
the electrodes due to the formation of the controlling pro-
tective layer of potassium compounds and free carbon. The
poseibility of achleving a thick superficial layer at the
temperature of I400°K was experimentally verified, which pro-
vides & reliable eslectric arcing, chemical and mechanical
protection of the electrode with the simultaneous decrease in
the potentiel drop near the electrode, The diacharge which
is as good as tke diffusion cne by its nature was also studied
on the metallic cooled electrodes in experiments with the
combustion products plasma.
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AproOoTaneEn

B nornape npaBomsTcH Pe3YARTATH SKCIGPAMSHTANBEHE MO-
cnenoBaBE® CBOMCTE OXJNAKTAGMHX MOTAIZNYSCHAX B3JIEKTDONOB,
OOMELIeREHX B MNOTOXK HE2KOTeMueparypHoR nrasmu. MccaexoBaHAs
OPOBORANACE B PASPOXEHHOM -IOTORE -ITASMH aproHa # B [NOTOKS
npogﬁcron CropaHia ¢ Jerxomomazapynmelica npacaprolt. Usyuenn
CBONCTBA KATORHMX NMTEeH, TELIOBHS OOTOKA K HHTEHCABHOCTH
SpO3MA AIEKTPOROB B 38BECAMOCTE OT TOKA, TEMIepaTypH 9JIeKT-
POZOB B BANMUEA OKMCHOR HA IOBEDXHOCTH JMEKTDOJOB, HOMEMOH-
HHX B NOTOR INAsMH aprona, CoHapy=zeB pexEM pacOpexeNeHHOIO
paspAfa, Op# KOTOPOM MHTSHCHEHOCTH SPOSER HA DODAKOX BEyIM9d-
HH HAXe, 49eM A ClyJas HECTAUMOHADHHX KATORHHX NmTeH. Accie-
LOBANECE CBOMCTBA 3JIGKTPOROB, H3rOTOBISHHHX H3 MONH, ANDMI-
HAA, BONkPpama ¥ pAma [DyrdX MeTailOB. [IoKasaHo, 9TO HHTOH-
CEBHOCTD 3pOSAM MEIBHX WIGKTDOXOB B pexAMe HecTalloHAPHHX
KATONAHX HRTEH HA ORACHeHHO¥ MOBODXHOCTH JANMEKTPORA HAXONATCH
3 COIMACHA CO CpefHAME pasMepaMs PO3SHOBBHX JYHOK, BDSMEHaMA
"XA3HA" KATONHHX OATeH, XOAERX HMOHHOI'O TOKA H BejAIRHON
cymagnoro TOKA B EATOJHOM IATHE.

[1a3Me NpONyKTOB CrOpaHEA C OpAcamKol EaMA paccMarpi-
BQIMCH BOOPOCH Tello- ¥ MACCOOCMAHA HA MOBEDXHOCTH MSTAJIA-
JEeCKAX OXJaxfgaeMiX JMEKTPONOB C UIED CymEeCTBOHHEOrO yAyuIe-
AEX AX IMAICCHOHHHX B SPOSHCHHHX XapaKTeDHCTHE 34 CueT Cco3ja-
AAfA DPEryAEDYeMOre 3amgTHOrO CJOX KANABHHX coeqENeHR® K CBO-
CORHOroO yraepoza. JECHeDAMERTHIBHO DOXTBEpPENGHA BOSMOXHOCTH
OONYUSeHAA OIOTHOI'O NOBEPXHOCTHOI'O CIOS C TeminepaTypoi
no T4000K, oGecneuspapmero HAmeZHYD NIeKTPOLKYrOByD, XEMAYEC—
KyD & MeXaHEYECKyD 3amdTy WIERTpONa OpA ORHOBDEMERHOM CHERE-
HAZ OpANSKTPORHOTO NANERAS NOTEHipana. B sxcnepEmesTax ¢
onasmol OpORYKTOB CIODAHEA HA MOTALIAYECHAX OXJIaXraeMux
SJIeKTpORAX TaKXe peaji=CBaR paspAn, OO Xaparrepy SKAR K
IRGGy3BOHHOMY »

I. CpoftcTBA HATONHHX OATEH ¥ DDO3AS MOTALIAYECHAX
IEKTPONOB

B padore [I1] Ouno mOKasaBO, UTO HA OCBEPXHOCTE KATO-
I2 B 33aBACHMOCTE OT YQIOBA# 00pasynTCA JBA pa3lMYHHX THAOA
HeCTAUAOHADHHX KATONHHX NATeH, CBOHCTBA KOTOPHX, NO-BAXEMO-
My, OpaKTAYSCKE He 38BACAT OT JaRISHMA OKpyxamumeR armocde-
pi [ 2,3] . 9r0 o6cToATEnECTBO mO3BOMAET OpPOBONHTS AcCCIenopa-
BAA CBOMCTB KATONHHX OATEH B HOTOKE HE3KOTeMiepaTypHOHA ias-
MH OpA OOHARGHHOM NABRNEHAH, 9TO OOnerqaeT HAGINGEHAA OATEH
A 003BOMIAET HENOCpefCTBEHHO A3MEDATE: TEIIOBHE HOTOKW B
9JEKTpOn, M2 KATONHHX NATeH, OpeHedperas KOHBEKTABHHK TeIO-
BHM [OTOKOM H3 HarpeToro rasa,

1. JxcOepAMEHTANpHANM YCTAHOBRA

Ha dar. I npABexeHa CXeMa yCTAHOBKM JJIf ACCJe[OBAHAS
CBO#CTB 3JIEKTPOLXOB B CBEDX3BYKOBOM HOTOKe INa3Mi, CO3Lanae-
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MOM B Bakyymuom Iiasmorpone (I) momeoctTem I2 xBr. Pacxox ra-
3a B M1a3MoTpoHe cocramaan 60 r.mam ., Hccaenyemull oxaazgae-
mu# sopof karonm (3) nmameTpom I6 MM OOMEMAVICA B ILIOCKOM METAJ-
JIEYeCKOM IOJYKIHHE, OT KOTODOrO OTNENICA M30IsTOopoM (4). B
KauecTBe aHOKA HCNONB30RANCA Apyrof moayknsn (5), pacroxo-
Zennuil DapannelNbHo Ha paccroanag 40 mm or I-ro. HaGnmomeHma
NOBEPXHOCTA EATOAa OCYMECTRIAIOCH Yepe3 OTBEpCTHEE B aHOome X
oxno (6) B crenre BaryymHol xamepu (2).

CrarAveckos HaRneHde B BaKyyMHOE Ramspz #3MeBANOCH OT
0,2 MM pr.cT. no 0,3 arm, B BaryymHOM WIA3MOTDOHS ECAONH3O-
BaIACH PAasJMuHHE "a3H: aprOH, 430T, BOSAYX ¥ yreexucruf ras.
Hconepoparda NDOBONARACH EAR B HOTOKE IIA3BMH, Tak ¥ B NOTHKE
XOQJIORHOTO I'a3a.

2. PesynbTarTH B AX OGCYEReHAe

B padore [ I1 Guno norasano, uWTO L4 MBNHONO KATOA Ha-
JAGAe EKECAOPOZNa AJNE EKACIOPOROCOLEpRalMX Ira30s, CHOCOGCTBYD-
mAX OGpa30BAHED OKACHHX [VIEHOK HA RATOfe, HDEBORET K 00paso-
BAHED FAIANEXCA BeCcTAOROHApDHHX KATOxmHX nAred (I Tam), cpen-
Hee XONMYeCTBO KOTODHX HPCOODIEOHANBROMY TOKy. Cpennee Bpe-
Mg "EM334" TaKAX OATeR ccocTaBader oxkamo 0,5 MRCer, a NpERa-
TOLHCE NameHAe HanmpsXenad - 12 B. Bpewms "=mdsuA™ HOgTeH ompe-
AEIAN0Cs> C HOMGILD CBEpPXCROpoCTHOR goroperactpamaa [4] ,

a OpEXATORHOE DATeHHS - ANEKTPOCTATASECENMA 30HIaMA,

Ha ¢ar. 2 opEBeneHH [AHBHe N0 MHTEHCABHOCTA IpO3AM Mef-
FOT0 KATORA OpA Bamiwad HeSonbmoll xoOaBKE BOSAYX2 B IOTOKE
mjasvi. XapakrepHoR ocofeHHOCTRD I-r0 TEOa NSTeH ARTAETCH
HeSaBACAMOCTH BHTEHCEBHOCTH 2pO3AZ 07 TOKA K TeMIepaTypH Oo-
BEPXHOCTA, KOTOpAS HSMepAIachk C DOMOMED TepMOmAp [0 TEemIDRO-
My DOTORy B auervpor [I] (cm. dar. 3).

B orcyrcrere RECAOpONE B NOTOK® (N aproEOBOMR mxm
a30THO# mnasMH) Ha MEXHOM KATOR® HAGIOKANO0CH TOIBKO ONHO
HecraigonapHoe raroxHoe narso (I-# TAR), CROPOCTE X80THUEC-
KOro mepememeBsd KOTOPOro Cwila HAXS, 4GM JaA OATEH OepBOIo
thoa. CpexAee Bpems "XASHA™ TAKOrO [STEA SANICENIO OT TOKA A
n3xeperock or 0,8 jmo 1,2 WKCeK B pmanasone TOKOB oT I0 fxo
30 A, IpmraTopAoe NafeEEe HANPARSHAS TAREe CIerKa BOBpacTa-
JO ¢ TOKOM; HO ORIO GUIA3KO F NAIUGAHe OpAKATOZHOI'O HNagenag
unda nated I-ro taga. TemmoBol HOTOK B AMIEKTPOX K3 KATOLHOTO
ngTEa I-0r0 TANA B 33BACAMOCTA OT TOKA OpABEAGH A dEr. 3.
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Apanorausne pe3yIBTATH LIS KATONHHX OATEH HA NOBEPXHOC-
TH META/IAYECKAX JIOKTPOLOB OHiA NOIYYEHH JJIS LENOr'0 pafa
METEJNOB C DAIAYHHMA CBOMCTRami. B KauecTBe npEmepa Ha
§Mr. 4 ~ 6 CPEBENEHH JARHHE NI ATOMAHAS ¥ Boxsdpama.

Ing STHX METQLIOB RIAAHAE KACJAOPOZA HA8 MBTEHCABHOCTH
9posiA & TemIoBo@t MOTOR &HANOrMYHO CBOMCTBaM MEXHOI'0 KAaTOXA.
B sToM cnyuae MHTEHCUBHOCTH SpO3UA OT TOKA 4 TEMIEpATypH
3MEKTDOZa HE 3amucAT. Cirexyer TakEe OTMETHTH, YTO MCHONBL30BA-
HAE [OTOKA MMa3MH AJA OOTOKA XQIOKHOrO ras3a Ba TN OATEH #
AHTEHCEBHOCTE 9po3d# He muAaT0 (far. 6). Ograxo Opa HCOONB3I0-
BaHAR IIa3MH YAYyYRANACH YCTOXWRBOCTE paspdfd, 4YTO HO3BOJIAIC
OpOBOIMTE ONHTH 0Op OTHOCATEJNBHO HASKAX TOKAaX.

Axagm3 pes3yAsTaTOB OO ACCNE0BaNAN MHATSHCABHOCTH 3pO3NAN
LA pAga JeKOIasKAX METaljJOB B CIyYae OTCYTCTEAA KICIOpOjA
B NOTCKe rasa jjifd HeCcTaUMOBapHHX KATOEHHX uATer [l-oro Tana
[oKasan, 9TO HAGIPDASETCA YeTKad KO, penaids MHTEeHCHBHOCTH
oposnz ¢ Temwrofmauuccrama napameTpaMd ( Tuur 9 Tna

Aucns £ - aneprus, norpeGisemas Ir meramia mid
nepexofa OT TBEDHOrO COGTOARESA B IapoodpasHoe). B ragecrse
opamepa HAa ¢ar. 7 OpABEZEHA 33aBACAMOCTE MAHTCGHCHBHOCTA 3PO3Ui
OT TeMNepaTypH MiaBieHAd ( /74 ). 9TOT JaKr, BEPOATHO,
HNOATBEepENAST MCOApMTENERHE MOXABRR3M SpPO3HA JErKOMIABKAX MeTaj-
n0B. A TyromrasmAX MeTaULIOB (BonkfpaMm, MonaGnen) Tako# Kop-
pensdiny He HACGHNIANOCH, GTO,-00-BANAMOMYy, YKE3HBaeT HA Jpyrue
MeXaHASMH paspyleHMd MaTepuayia IEKTPOLOR B KATONHHX [FTHAX.
AHaJIOTHYRAA KoppeJdnys HaOJRAANach M A naTeH 1-0ro TELOA,

Kpome ynoMAHYTHX BeANUAH, HCCIAELOBAIACE SPO3AOHHHE HEPOB-
HOCTA OOBRPXHOCTA ICKTDOLOB, NOABEPIHYTHX BO3NelicTBAN HecTa-
IOHapHHX KATORHHX NATaH. llpepnonarasd, 49TC KAXIasg JYHKA ABIAET-
CA cJIeHCTBMEM BOSHECHCTBAA ONHOrO KATOXHOI'O i'HA, MOEHO HOKA-
3aThy YTO A3MEpEHHAS EHTEHCHUBHOCTH BPOSHHA FAA OATEH NEepBOro
taoa (B OpACYTCTBAM KACHOPOLA B NOTOKE) COIMIACYETCH C BpeMe-
geM "EA3AA" 0ATHA, ODAKATORHHEM [AfeHAEM HANpAKEHdd, TeIUJOBHEM
OOTOKOM, BeJIHUAHOY TOKA B ONHOM OATHEe W KOJMYeCTBOM MeTaiia,
yHeCeHHOM M3 JYHKA B Opomecce 2posmd,

LeiicTBATENBHO, NpEROOiAragd, 4TO MMEeT MeCTO ACHApATENH-

BHii MEXaHA3M 2pO3MA A YUWTHBAA OPONECCH BO3BpAllSHAS napa Ha
IOBEPXHOCTH SIEKTPOHA BCIENCTEHe EOHmeHcammy (DOIOBEHA BCEro
fapa, JOKHEAKNeEro JIyHKY) B BO3BpalleHdss AOHOB MeTajuia BCAER-
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CTBIEe LpOTeHKAHAA AOHECIO TOKA B OATHE JJIA INATSH I-oro Tona,

L0y M ‘
G,.E)KC‘H: _2/“'(6{0 - KMJ[) ? (I.I)

rae &,,c, - MHTEHCABHOCTH SDO3HA B mxr.k"L, A3MepenHad NyTem

TOYHOI'0 B3BEMMBAHAA AEKTPOZA NO 4 OOJIE OHHTA @0 - ACTAH~
Hag MHTEHCHABHOCTE 9pOBAN, A = 0,625.1019u‘i,M - macea
AOHA MeTajNa BMEKTPOoZa, f - HOMA HOHHOTO TOKA, ONpefende-
Masg 00 TEIUIOBOMy NOTOKy B BJIEKTPOR # 0O NpAKATONHOMY NameHZn
nanpagems [ 1] .

Iy omHOro mATHA, OCpa3ymUErocAd HA MUKPOOCTDHE ,MMEeeM:

[ =~ (4/3)35 r3p . (1.2)
© - I,
rae - CpepHdil pagdyc NyHKA, f -~ MIOTHOCTH METALIA,
T - Bpema “"mus3mg", [,-cpepHEd TOK HA MATHO.

U3 coornomemadt (I.I) u (I.2) caenyer, uro

R Goucnt K MF) T L ]f/S
(4/3) 5 p * (1.3)

Ycoonnsys NAREHE, NONyUEHHHS JIS MELBOTO KaTORA,(sxcr =
2./10‘51»¢:a‘1, F =04[17], T = O,S.Iﬂ‘écex,

IO =5,6A, #3 coornomenns (I,3) mmeem = 2,8.10'4cm .

dKCOepdNEeBTANTBHOE M3MepeHRe CpPeIHAX pa3MepoOB OCTDHii [asT

BeJIATAHY (2,51'1,5).10"'4cu, 9T0 HAXOEATCS B XOpOmEM COIJIacun
¢ BeJAUMBO% / , onpemeyeHnof no coorHomerEn (I1.3). Taxum
06pa3oM NONTBEpPEGAe?CA OPABANBHOCTE CHENMAHBHX ApemaooXeHL
a coorHomesuii (I.,I) m (I.2). Orcopma ciepfyer TakRe KODDEKTHO-
CTh OPELNONORSHAd O TOM, WTO BpeMd OyJBCAIMHA CRBeYEHAS BeCTa-
UMOHADHEX K&TOUHHX NSTEeH COOTBETCTBYET BpeMeHs “EA3HA"™ KaTox-
BHX naTeH [ 4] .

" ~oMe HeCTanHOHADHHX KATCNHHX OATEH, HAIDEANCH peZRM
pacOperiefleHHOro TOKA. YMeHBIEeHEE CKOPOCTH LOTOKA LIA3MH IR
gojHOe HOpeKpamesde Ted4eBAs a3y HEM3MERHO NpABOYANIO K ACYE3-
HOBEHEN HECTAlOHADHHX KATONMHX NATEeH B QOpPMADOBAHAD DEXEMA
pacOpeneneHsHoro ToKa, OpA KOTOpOM TOMEOBOY NOTOK BO3pacTal
(fur.3). Ypenzs@sanoch TaARZe B OPAKATONHOE JAfieHhE HAOpRXe-
Heg (mo I4 - I8 B)., IpaueM ¢ poCTOM JaBACHAA yBENMYCHEE
TEIIOBOI'0 MNOTOKS OHJIO He3HAUKTENbHHM. WATEHCABHOCTE 3pO3UA
B 3TOM pexEME DE3KO cHAXanachk, JUiss MeId OHA COCTaBIANA OKO~
a0 I-4 m.x‘l, a piad ayMAHAA B Opefenax OmMGOK EHTeHCHBHO-
CTH 9POSHM OKa3aNack B cpenHeM GiA3KOZ K HyaD. B arom crygse
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HadpRacTCA CcAnbHASA Nefopmard MOBEPXHOCTR 3MEKTpPOLOB C
odpa3oBandeM KpynHOMAcmTasHHX HepoBHOcTeR B 3ameTHOX nopac-
TOCTH NOBEDXHOCTH JMIERTPOXOB. LpAuAHN BOSHAKHOBOHHS pacmpe-
LeNeHHOr0 pPEeEEMA TOKA NOKA HE BHACHEHH, ABANOIMYEHR peXaM
pacnpefieISHHOT0 TOKA RAGIMEaICH HA OOBEpPXHOCTH sSapiel gacTH
BHCTYIADUAX 3JeKTponos B M[I-kanane B padore | 5] , B xoTopol
B& MUMHH AATEHCESHOCTH SPO3EE MENHHX ANERTPONOB OKA3ANACH
rakxe RASKaMa (oxomo I m.n‘I).

PacnpenenenHH® peXAM OpPOTERAHMA TOKa BCIencTBAE manol
3pOSHH SVIEKTPOX& MOXOT OKA&3ATHCH BEChMA NEPCAEKTABHHM s
ACOONL30BAHAA OXNSXIASMHX MOTANLNMYECHAX iSKTDPOXOB B KAHAIE
MII-resepaTopa OTKPATOrO OURIS C AANTEJIBHHM pecypcoM pacoTH.

[. IpaasexTponiue NAReHAsS HAUDAKCHAA HA OXMAENAEMHX

METANIEYECHAX DI KT PORax

Hegocrarkamd XOJORHHX METALIAYECKAX AISKTDONOB SRIADTCH
yBendueHAe BHYTPEHHerO CONPOTARISHAA I'éHepaTopa, OCYCIORIEH-
HOe HaNMUAeM XOJOLHHX OOrDanAuBHX CAOEB, H 3HATATENBRAA
SNEKTPOLYI'0BaA 5pO3KUfA, OCOCEHHO B 30HE AYPORFHAMIYECKON Te--
m [6] .

[IpiMeHeHAe B KAYeCcTBE SJNEKTPONHHY MATEDAAN0B METaJUIO-
KepaMAYecKAX KoMIo3Aumil, AMEpIFX BHCOKAE DSMEICCHOHHH® XapaKre-
PpECTARKA, TpESyeT CHEMBANBHHX MEp 32IATH OT KOPPO3AOHHOIO X
9PCG3HOHHOrO BO3HeACTBUsy DOTOKA MIA3ME OpPONYKTOB CPOpaHMA,
HaOpaMep, BAyBa He#TpaanHHX rasos [ 7] .

[IporonRapTcs ODORMCHA nyTefl NOBHIEREA MEXaHAYECKO# Npod-
HOCTE A 3pOSHOHHOE CTORKOCTE KepsMAdYECHNX 35eKTPOROB, KOTO-
pHe Oo0ecOEUMBSNT MAHUMAJIBHHE TEIUIOBHEe A ISKTpHUECHA® OOTepi.

B kanane MII-reHepaTopa JIEKTPOLH padoTawT B CpeLE, GO-
Iepramelt nmoHAzApyNMynCA OpAcagky conefl meJiouHHX METALR0B. Ha
"ropaaux" SJEKTPORAxX, TeMmoeparypa ODOBepXHOCTA KOTODHX BHIDE
TeMoepaTypH LiaBNeHAA # HcLapemaa Dpacamxe (g K2003
Tmi. = II70 K, Tucn, = 2T00°K gna P = I ara), MOERET anCcOop-
61 pOBaTHCA 'ro.vxmo kanni. Ha oxnazmaemut METANMYeCKAX 2JEKT-
po,uax B OOpeNeNeHHHX yCJHOBAAX TEMOCDPETYPH [OBEpXHOCTH U HOTO-

K3 MOTYT KOHHEHCHApOBATHCS KandiiHHe COEmdHeHEA B BUANE TOHKOrO
CIOA MANOH TeWIONPOBOLHOCTA.

lpr mwroTHoCTE TORA J > 10%/M° Ha MeTAIEUECKAX BIEKT-

porax @ Opa J > 10 xa/M° Ha "ropAwIX"” ayeKTporax Ges che-
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NA2IBHEX Mep 3alTH NepeHOC TOKa OCYmeCTRIASTCHA OfHOCTODPOH~
HEMA MAKpOLyI'aM@ C OUpaHAvEeHHOX DAYOEHOR DPOHMKHOBEHHS B 0O-
TOK ra3a, YTO ARIAETCH CJAGNCTRAECM B3aAMOZEHCTBAA CTPYA LIa3MH
U3 30HH KATOLHOIO OATHA MAKDOLYIH CO CHOCAIMM HOTOKOM. Bompoc
9pOSAM NIEKTPONOB B MAKPOLYTOBOM pEREME DACGOTH CBA3AH C BHHO-
COM BelleCTBa AWEKTPONa A3 30HH KATOLHOIO NATEA B CTLyD. B
OTCYTCTBHE 37ZATHCHE MIEHKA HA NOBEPXHOCTH JJIEKTposa, B OCHOB-
HOM, NpOACYONUT pas3pymeHAe MaTepuana AMSKTposa. lpr Tomphe
Ha 0OBepXE.)CTA, CouEmei 10'4 M, ACOApeRAD @ YHOCY B 30HE Ha-~
TOLHHX N.eH OyneT OORBEpPESH TONHKO GO/ MENOUHON NpACANKHA,
9T0 NONEKHO NDEeROXpAaHATH SMEKTpON OT 2PO3HA.

B pame axcnepAMSHTOB, MODOBENEHHHX B MHCTATYTE SJeKTPOIA-
HAMIKZ,pE ASYUYSHER XApAKTEDMCTAK OXNAENAESMHEY MOTELIAUSCKAX
SIEKTPOROB ¢ Temneparypo noZepXHOCTE KO I500%K 6uro oTmewe-
HO 3HAYATeNBHOE CHAXeHEEe NOpPOI'OBHX HANDAESHAYN H 3pPO3HMOHHOIO
A3HOCA NpA NOBHMEHHOX KOHUGHTpaUnAd OpACAmKA K2003 B DIa3me
NpOLYKTOB Cropanka 4 OpE padoTe KamepH CIOpaHAd Ha odorames-
HOP CMecE ¢ Ko3hjmmiesToM HROHTKA oxucadrens o> 0,8, Itd
afderrs OHIA CBA33HH C NOARNEHAGM HA NOBEPXHOCTA WMEKTPONA,
Temiaeparypa KOTOpPOr0 HEXE TOUKA IUIaRIeHAS KZCOB’ ycToiuaBoro
CKOHILGHCEPOBABNEroca G078, HAXOXANErocHd B NAHAMITUSSKOM pPREBRO-
BecnE ¢ rasopof aszoli B OOTOKe, & C BHCAXZEHISM CBOCGOIHOILO
yraepopa-npony KTa HEOONIHOrO CropaBEd OPEPORHOrO rasa,

C menrp GaQuee feTAnBHOID A3yueHAA Tennofu3nuecKMX OpOMEC-
COB Ha METANLIAYSCHAX EKTPORaX B NOROOHHX YCJOBAAX GHIEO
OpERIpUHATO HACTOAmMEE HCCIENOBaHAS, YUATHBANOCH, GTO yBeIHvUe-
Hie KOHIEHTpaudd Kanasg dosee IZ DO BeCy K CMECH, KAX H OTRIO-
Hemae oT crexmomeTpn# npa oL ~ 0,8, HepmomycTAMHe ¢ nosammi
affexranrocTd Ml uAKna, MOryT OHTHL CO3[AHH B KaHATe KPSTHO-
BpEMEHHO B HAQUaAbHHA MOMEHT BpeMeHR MOCJIE NpOrpeBa KaHAKa
ANM B DPAVIEKTPORHON 30He nyTeM o0LyBa 3AEKTPOLOB IazoBoit
CMECHD C 337aRHHMA NapaMeTpaMi, B oTOM ciysae MeTanmAuacKAS
9JeKTPOLH NOMAMO TaKAX JOCTOMHCTB, KAaK TEXHOIOIAYHOCTE H
OpocToTA KOHCTDYKUAHR, OPAOSpETENT HOBHE KAYECTBA-BHCOKYD
9MACCROHHY® CHOCOCHOCTH M SPO3AOHHYD CTONRAKOCTE: OpE CONMEBMAX
IUIOTHOCTAX TORA B Kamajie MITL reneparopa.

Kongencanga meqouHclt Npacenim HA NOBEPXHOCTH ONpEIeJiseT-
CA MEXaFA3MOM TEIJIO- H MACCOOCMSHAR MOXTY SAEKTPOROM B padoumm
TeroM. (THAKO, BREEAY TOI'O, YTO HPONECC IEpeBOca HA NOBEpXHOC-
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TA WNIEKTPOLA 3aBHCAT OT ero gasuueckux csoftcrs [ 8-I0]| , To B
HacTosme# padoTe aBTOPH OTOWIA OT M3BECTHOI'0 OpeNIMIONCeHAA
0 HeNpPEpPHBHOCTH XAPaKTEPHCTHK BIIOTH N0 MNOBEPXHOCTH SIEKT PO~
Ia # OpernonaranT HanAwuie CKRAYKOOCpA3HOrO H3MEHeHAS TepMmodn-
3MMECKAX CBOMCTB MpHCanKA BOIM3 OOBEPXECCTE MIEKTPOns. Brons
OpoASBONBHOY Ipamuiy pasfena napameTpu ¢as CynyT nperepne-
BaTh pa3pHBE I6pBOI'O POxa BAONE OpAMO mapanienbHol och t
[II] . V3 PHmMER3MOXEHHOrO CNELYeT, YTO TOUKA PasSpHBOB Kay
KoofdUrZeATa TeroNpoBOHOCTA A, makm IPYIrEX Xapakre-
PUCTAK Haneper B3Z3BEeCTHH M MOORNEXAT ONOpPEZeNeHAn B Ipolecce
pemer®s 3apmawd. [pAMEHMTENBHO K JCAOBASAM IKCOELAMEHTOB C NO-
MOUIED ypaBHeHA® nepeHoca  ypaBHemult dananca sHeprad BAa 00—
BIEROE rpanmne pasjgena das onpenened NpaAGnAxednHf H&KOH
TpAEeEAA DAHALH:

S (I-I)
U(t)z_t[[((-? A -4 iﬂtgraduuc{fa

0o3BoIAWIAE pacCIUTHBATE YCIOBHAA LIA CO3KAHEA PeryadpyeMmoro
3aATHOrO CIOS OpUCANKA HA NOBEDXHGCTA OPOIMAMpPOBARHHX
SIEKIpONOB NpOM3BONBHOE fopmu. 3mecs (/) - yueapHas Temwiora
fasoBorc nepexond, |/ - 3aKOR IBARGHIA I'DAHANN pasjena das,

- DS3HOCTH TempepaTyp OO 00e CTOPOHH OT JMHAM Pa3pHBa.

CremyeT OTMETATH, UTO NIA OTHOCATENBHO GOJNHIAX KAHANDB
a3 gopmyad (II-I) BHTekaeT Goxee NpocTON 3aKOHn LBAKSHAA IpaHA-~
H, NO3BONAMUZEY TouHee onrenen#Ts Ban gymkmm U (L) .

Cradmnmagpyem HaUajBHHE 3HAYGHES TeMOepaTyp B fAnpe OOTOKA
A BGIASA GOBEDPXHOCTH UTEKTpONa CAeryoim o6pas3oM:

Ecmn /CZ““"/”L 1/[’55'/q"]a/x400 . (I-2)

3necs ( = 1,23y F; - 3HaveHAs QyBKIME TEMOepaTyp
B A1pe OOTOKA N BOANSA OOBEDXHOCTH IJIEKTPOja COOTBETCTBEHHO B
HovanbHHd MOomMeHT Bpememd. Torma, eci OpAmAThH KOHKDETHHE 3a-
BACAMOCTA HOI{MLMenTaM TeIVIONpOBOLHOCTE /; & roaffup eHTam
TeMIepaTypoNpoOBOLHOCTA £, 10 06e CTODOHH OT JIMEMA DE3pPH-
Ba NapameTpoB, TO MH OPAXOMMM K Ccaenywie# acAMOTOTZKe:
i [JUE)VE T lj= 1 2V 775 Ai el HORE e i
> il ' (1-8)
o = Z /).i Xl

=1
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no3soARmell paccMATIBATL NPOUECC B KBa3ACTAIMOHADHOM Hpl-
JAKeRAn.

JKCNepAMEHT UIBHOE KCCJIeNoBande NpoUecca Temno- # Mac-
coo0Me@Ha Ba NOBEDXHOCTM WIEKTDOLOD M3 MeNE B HepraBamueld cra-
If MpOBONANOCH B IOTOKE MJIA3MY ODOLYKTOB CrOpaHils NpMpPORHOro
rasa B BO3nYyXe, odoramensom mo 80% xucnopozom. TemnepaTypa
noroxa T,, OxQIO 2600°K, pacxoy, NpOLYKTOB CrOpaHAS
(} = 0,2 xr/cer. lomnampyeMas OpuCAnKa BEOGAIACE B Kamepy
cropanma B BAJE BOXHOI'O pacTBOpa chﬂ3 B KOIMYECTBE 10 4,5%
KAAA 00 BeCy K cMecd. ONpefieieHO, WTO B OTOM JAuNAS0HE Pac-
XOIa OpACAREA HA MOBEPXHOCTA JMEKIPONOB C Temueparypoit
T., = 390~800°K ofpasyeTcsH OpouHuil CHIOZ CROHESRCUpOBABRHEHCH
ppacagxn TonumEof (2-3).I07M C omenedHO TeMIONPOBOLHOCTED

A =~ 1,3 pr/eCK, Cioff yoTo#uup B [OTOKe IIA3MH, AMuiLeM
cKopocTs 1o 500 M/cex, M CoXpaHdeTcd OpA jaabhefme# padore
AEKTPORa B Miasme ¢ KOHHSHTparmel Opacamka < IZ xamsg
(15 Becy). B SKCOEpAMEHTAX NONYUEHO YJIYUNEHAE XapaKTepACTAK
WICKTPOLOB A3 MM @ CTAIM C DOCTOM KOHISHTDAIMA IDUCETEA
I{2003 B OOTOXe %, COOTBETCTBEHHO, TOJMUHH CJNIOA M TeMleparypH
er0 NORSDXHOCTE B NpE OOARICHAZ B [Iasme C KOs(iMUudeHTOM
n30uTKA orucaurens ol 2 0,8 cBoGomnoro yriepona (fur. 8).

TewmonpoOBORHOCTE YIMIEPOZHOTO CJIOS MOEET OHTH Ha HOPANOK
HAEE TEIVIONPOBOZHOCTA CJNOA OpACANKM, TaK YTO MOEHO OXALATH
NOBHIEHAS TEMOepaTypH MOBEPXHOCTH LC TeMHepaTyTH HPOAYKTOB
cropazzs [ 12] B cOOTBETCTBYNUEr0 yBeJAUeHAS MIOTHOCTZ TOKA
repmoamacear o 90 xa/.n.ez (c yueroM asdfexra MoTTrA).

B nopodHHX yConOBAAX YBENAUEHAE TEMHEDATYDH MEILHOTOC
JJNIEKTPOLA LO TEMOSpaTypH Hawala [UIABIEHAT OpACSNKA [pABONAT
K SHAUATEIEROMYy YMCHENEHAD OPAKATORHOTO Najperds OOTeHIHana
{¢gar. 9). Ecum npuxaTopHOe HameHAE, M3MEpEHEOE OXJIAKIAEMHM
30HEOM B Npejenax TEIIOROI0 NOPSHATHOTO CNOH, LA
Tw = 4500(’}{ CTPeMITCA K HaCHHERAD OpH IVIOTHOCTA TOXS Ha
anextpoge J > 0 fca/m2 (persM OpATOREHHOTO HAanpsXeHMA), TO
Opy Harpeee ClI0A OpACANKA HO TemoepaTypH, Gma3ko#f x Temmepa-
Type WIaRIeHAs, A3MeHAETCS He TONBKO BEANUAHA IPAKATONHOIO
nanends moresmaara A Uk , H0 B Xapaxrep ee mamenemag A Uk
OT TOR4, JTO CRANETENBCTBYET O HepexOne paspaia OT KOHTDArspo-
BAHHOTO K NEQfy3mommoMy (nOmOGHO OpPOTSKSHAD TOKA y aRONA).
QororpafpoBarae NpoUEcCOB HA WIEKTPOXAX C PA3nAdHON Temnepa-
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Typoll NOBepXHOCTA OOLT3EPMIACT TAK0S OPENUIWIORSHAG, Tak Kak
paspsan OepexofaT OT per#Ma KPYNHHX AYIOBHX o0pa3onanail Ha
XOJZOZBOM 2JIEKTPOne C CANBROK ancKIpOXYIroBOR apoaueR B pexAm
¢ GONMBmZEM WACHOM MOJNKAX LYTOBHX OAT@H, OpudnazerAni K ned-
$ySHORHOMY pa3pALY. B 9TOM Gnydae CadLOB IPOSAA IPAKTAYSCHA
He HAGIWHAL: Cd, KpoMe "aprorpafoB" Or GRCTDPO LepSMENADTEXCH
MAKDORYD.

Ha qar. I0 poxkasan0, KAk A3MEHAETCH SABACAMOCTE TOKA
7epes MNa3MSHHHE NpOMeXYTOR OT OPANOXESHROrO HanpaXeHAA Opa
A3MSHERHMN TeMNepaTypi NOBEpXHOCTH METENMIUIECHEX 3JIeKTPOROB.
g cpaBHeRds OpABENEHA BOIET-aMOEDHASA XAPAKTEDACTHAKA JIid
KaTofa 43 Kapduna xpemprs. OTMermMm, 49TO MAKCHMANbSAA Temuepa-
TYpa 3MSKTPONA C SamATHHM ClOeM BHCANAEMedcs ApAcamkd apa
Temneparypé NOBEpPXHOCTA MOTaLIa HAXe TI70°K onpenenserssa
TORMXAOY LRIGHKE pACIABICHHON IPACSRFM HA NOBEPXHOCTH TBEDHO-
I'0 OTEOXeHAs., LpA BASKOCTE paciiaBa vV = I,'?.IO'6 uz/ CeK A
CKODOCTE HOTOK& mrasmMui W = 500 m/cer mperensro ycrolhuaupas
TOJMER2 RAAKOR MuenxH pocTHraér mcero I0™“M, 9TO COOTBETCT-
ByeT Hepenany TemnepaTypH A7 = £30°8B yoromasx 9KCOEpHAMeHTA.,
JT0 CSHAYaeT, WTO Temneparypa BremHe#l roOBL.DPXHOCTH 38MATHOIO
cxos cocTamrara okoo I400°K, wro dumako K TeMIePATYPe KOH-
I eHcaumn KECOS"

Cozpgarze peryadpyeMoro S2MATHOTO CGIOA OpACAnKA B CBOGON-
HOr0 yIVIepoZa HR OOBEPXHOCTH METALIRYECKAX 3NOKTDPOLOB yMEeHb~
maeT BO3MOXHOCTH KORTpArdpOBaRdd NYIOBHX OATEH B 30HE ajpomd-
HaMAI9eckolt TeHA MOXYIBHHX MAV CEKUMOHWDOBAHHNX BISETDONOR;
CHeNCTAAEeM XOTODOTO ABIAETCI BHAWATENbHAA 2pO3fS A [OABICANE
LOOOMHETENBHNY NOTeps HampaxeRus A Ugor  mia GOJMBGAX
TOKOB Da3pdna OpA CYXeHAR TPyORE TOKA y WISKTPOm&. Facuer Oo-
Ka3HBAeT, 9TC OCHOBHEMA (axTOpami, ONpemeNAnIMMA BeIAURHY

AUgon » HRIAOTCA NPOBOLAMOCTE IOTOKS IUIA3MH, TOJMAHA
[NOrpAaHAYHOIO GO HA UIEKTpULE, [Dar CeKUOHMpOBEHAR WX pas-
MePH MONYALHHX NGHTPOLOB. PacuMmTaHHas LS rapaMeTpoB 2Kome-
pAMEHT &IpHOTO EBazaja MLIT ¥-25 [IB] seaguray A Uzon  coc-
rapmiia 750 B np#t TOke ¢ anekTpOpRHOX cexmam 200 a Dpa BO3MOE-
HOM KOHTDAr#ZpOBAHMA DaSpPALS.

Coapanze 3aMTHOrO GIOA OMACANKA OCECHewiBAeT MpPOTEKAaHe
TOKA ¢ MABAMAIBHHMA ODUSIEKTPOLHHMA OaNeHnaMA [OTeHL|ana
B pexuMe, OnM3mOM K mudyauoHHOMY, YMEHEMAT GOSMORHOCTE
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CORROSION RESISTANCE Ol MHD GENERATOR
MATERIALS TO SEED/SLAG MIXTURES

B. R. Rossing, J. A. Dilmore, S. Way,
and W. E. Young
Westinghouse Research Laboratories
Pittsburgh, Pennsyivania 15235

Abstract: A test apparatus was constructed which simulates the corro-
sive MHD duct environment. A number of materials have been
tested for several hours in this apparatus under conditions
simulating 107% ash carrvover into the generator at tempera-
tures varying from 1350 to 1900°C. Materials that have been
tested include magnesium oxide, stabilized zirconium oxide,
aluminum oxide, and silicon carbide. These tests indicate
that under these conditions the slag and ash constituents
condeuse on the walls, not as a continuous slag layer, but
as isolated liquid droplets. These droplets react with duct
materjals, most particularly with impurity phases at grain
boundaries. These tests also indicate that the porosity
and impurity levels are very influential in determining
materials resistance to corrosion and erosion by slag and seed
canstituents under these conditions.

1. INTRODUCTION

The lack of understanding of the corrosion of refractory materials
by slag and seed constituents is a formidable obstacle to the development
of materials resistant to the severe MHD environment, znd is crucial to
the realization of commercial open cycle MHD electrical power generation.
The nature of this problem needs to be clearly defined by corrosion tests
on refractory materials under conditions found in coal fired systems.
Such testing should identify both the materials and the operating
conditions which provide the necessary resistance to corrosion by mix-
tures of slag and seed.

While, ideally it might be desired to conduct such tests in a coal
fired generator, the number, duration, and cost of such tests dictate the

use of test equipment of a much smaller scale. There are two

1




general types of such test apparatus. In the first type the test material
is simply rotated in a molten bath of potassium-seced coal. This can be
used as a screening test; but, it fails to fully duplicate the couditions
of the MHD duct in regards to aerodynamic flow, temperature gradient,

and gas composition.

A second test apparatus consists of a small scale combustion rig
with a section containing test materials. This apparatus can be operated
to duplicate almost fully generator conditions. This paper will describe
the operaticn of such a test apparatus constructed to evaluate the
corrosion btehavior of electrode and insulator materials in an ash con-
taining MHD duct. Also, the results of tests on several different
candidate materials will be reviewed in relation to their potentiail
generator performance.

2. DESCRIPTION OF APPARATUS

A schematic of the test facility is shown in ligure 1. The test
facility consists of several major ccmponents—--the fuel system, seed-char
injection system, air preheat system, combustor, mixing chamber, and test
section. A photo of this system is shown in Figure 2.

Benzene is pressurized to 150 psig using a gear pump. The nozzle
fead line is tapped off of the main pressure line and the benzene passes
through a flowrator and to a pressure atomized nozzle.

Benzene was chosen as the fuel because of its carbon/hydrogen
ratio. Char is added to the combustor to increase the carbon to
hydrogen ratio and also to introduce the ash, This simulates the
combustion of a coal containing 10%Z ash in a slagging combustor capable
of 907 ash retention and 107 asbk carryover. The composition of the ash,
which is 20.8 weight percent nf the char, is as follows:

1.17% Na,0
1.6 K,
0.1 S as SOA
46.8 SiO2
5.1 Ca0
1.3 Mg0
19.6 Fe,04
16.1 A1203
2.3 Other
100.07%

The seed and char system is a separate subsystem in which the char
is mixed with the seed solution. The seed material (K»C03) is dissolved
in deionized water in a one-to-one ratio on a weight basis. The seed
solution hLas a high F~nsity and is viscous which readily keeps the char
in suspension with a minimum amount of mixing. The relative amounts of
seed solution and char are dependent upon the test parameters desired.
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The mixture is constantly agitated in a supply tank which feeds a
metering pump. The mixture is then injected axially into the combustor
parallel to the fuel through a water cooled probe.

The air preheat system consists of a bank cf twelve electric
resistance heaters hooked in parallel and drivem by a three phase 220
volt variac. The variac allows for regulation of the air preheat
temperature accurately and efficiently over a wide range of air flow
rates. The maximum operating temperature of the heaters is approximately
1100°C.

The combustor is a vortex unit four inches in diameter with
swirled precheated air being introduced tangentially and with the benzene
veing pressure atomized axially at the upstream end. The preheated air
is swirled tangentially at the upstream end of the combustor which keeps
the —nmbustor walls cool by forming a swirling boundary layer as in
standard vortex combustion chambers. Water cooling of the burner wail
is required in order to insure safe operating temporatures. Oxidant
is swirled around the nozzle to prouvide for nozzle cooling. Thu oxidant
is a mixture of oxygen and air with the ratio of the two being varied
depending on the test temperature. At a lowar test temperature, the
oxygen concentration in the coolant is increased to achieve efficient
smoke free combustion at the low combustion air prebeat temperiture.

The mixture of air and oxygen used for nozzle cooling comprises approxi-
mately 6% of the total oxidant flow rate. £ir, with no oxygen enrichment,
is used during the preheat cycle and in the initial start-up.

Upon leaving the vortex burner, the combustion products pass into
a mixing chamber having inside dimensions of 13 cm x 13 cm x 38 cm. This
relatively large volume insures adequate time for complete combustion
and a uniform ash and seed concentration in the combustion products.
The outlet of the mixer is reduced to a one-inch inside diameter to mate
with the materials test section.

The materals test section has a four-inch outside diameter, 2.5 cm
inside diameter, and is 38 cm long. The test section is water cooled in
order to provide a convenient method to measure the heat flux through the
specimen‘walls. As shown in Figure 3, the test specimens consist of
ceramic tubes of 2.5 cm inner diameter by 2.5 - 5.0 mm in wall thickness.
The length of these tubes can vary from several centimeters to the length
(38 cm) of the test sectiom. The tubes are either purchased from
commercial vendors or produced by the concentric diamond core drilling
of pieces from rectangular bricks. A small duct is constructed by
stacking a series of these samples within the test section housing. A
loose fill of zirconia or alumina insulating grain is poured into the
space between the metal housing and the tubular test pieces. Five to
seven thermocouples are used along the length of the test duct to measure
temperatures. These thermocouples are fixed in either of two ways. First,
the thermocouple bead is cemented to the outer wall of the hot specimen;
or secondly, the bead is placed inte a ~1 cm deep hole drilled in the tube
wall parallel to the tube axis. The latter arrangement gives a much more
accurate measurement of the inner wall temperature due to the reduced

3
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tendency of the thermocouple lead wires to act as heat sinks. The
temperature along the length of the test scctioa can be made to vary
from 100 to 400°C by varying the water cooling, thermal insulation, or
test cenditious. A large axial temperature drop allows for the
measurement of recession rates as a function of temperature in a single
run for a single material. A smaller temperature drop is acquired

when it is desired to compare the corrosion resistance of several
different materials. In the near future, tests are being planned in
which a voltage potential will be applied across test specimens to
simulate the passing of dc current by electrode materials.

Before and after each test run, the wall thickness of each sample
is systematically measured every 5 to 7 cm. Two techniques are used;
either a direct measurement of wall thickness or an indirect measurement
of wall thickness where inner and outer diameters are measured. The
former technique is restricted to either the ends of a tube or to short
specimens. The change in wall thickness can be then converted into a
recession rate by simply dividing the test duration int> the measured
surface recession. Several factors limit the accuracy of these
measurements: {1) the difficulty of measurement of samples of long
tubular geometries, (2) the non-uniformity in tube wall thickness
and concentricity of samples, and (3) the plastic deformation or creep
occurring in many samples during testing at these temperatures. As a
result, the change in wall thickness during testing could not be
measured with confidence to better than +0.04 mm.

Specimens are subsequently sectioned with a diamond saw for post-
test microscopic examination using optical microscopic, x-ray, election
micro-probe and scanning electron microscope techniques. This analysis
is directed towards the determination of the nature of material loss
through examination of specimen microstructure and microchemistry.

3. DISCUSSION OF TEST RESULTS

Approximately fifteen tests have been run with this apparatus with
speciment emperatures ranging from 1350 to 1900°C for test durations of
one to ten hours. These tests have been used, up to this time, to
provide information on anticipated materials performance in the 40 kw
generator at Waltz Mill, PA and, therefore, has operated under conditions
close to those of that generator. These materials tests have, thus,
been run so that surface temperatures of 1500 to 1800°C are achieved
with the simulation of 10% ash carryover from the combustion of coal.
Magnesia has been the primary subject of study because it appears to be
a commercially available material showing the most promise under these
conditions as an insulating sidewall and inter-electrode material.
Commercially available yttria stabilized zirconia, alumina, and silicon
carbide have also been tested to a lesser extent.

The commercially available, 987 pure MgQ used in this study contains
the following major impurities: 0.8% Si02, 0.6% Ca0, 0.47% A1, 0, and
0.2% Fe203. This material has an open porosity of approximaéezy 18%
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and has a microstructure consisting of dense (95%), multi-grained
'erog' particles, 0.1-2.0 mm in size, located in a fine grained
matrix. The fine grained matrix is pcrous (30-407%) and contains a
higher concentration of impurities. Figure 4 shows the appearance of
this Mg0 after a 9.5 hour test. The sample at the upper left was
replaced with a yttria stabilized zirconia and a smaller magnesia
test specimens after the first 3.5 hours of testing. A temperature
drop of 400°C (1359-1740°C) occurred along the length of this test
passage. A brown discoloratiorn, indicating the presence of irom oxide,
was observed in the magnesia at depths of 0.6 tc 1.8 mm over this
temperature range. The dense (“77% porosity) zirconia showed no
penetration by iron; however, it was cracked in several places due to
its poor thermal stress damage resistance. This behavior was similar
to that found, in another test, on a dense, hot pressed magnesia.

Recession rates were calculated for the 98% MgC from this test and
are shown in Figure 5 as a function of reciprocal temperature. No
surface recession could be detected for the yttria stabilized zirconia,
whose surface temperature averaged 1550°C. Thus, under these conditions,
its recession rate was less than 7 x 1073 mm/hr. The recession rates
measured by Callister [1] for the same magnesia are also shown in
Figure 5. Callister and his co-workers used a corrosion test in which
the test specimen was rotated in a molten bath of slag and seed. The
conditions, therefore, are quite different and demonstrate that the
concentration and form of the slag and seed constituents have a large
effect on material loss in a coal fired MHD system.

Examination cf the magnesia under a low (x25) stereo microscope
and in the scanning electron microscope indicated that both corrosion and
erosion by the duct environment contributed to the loss of material during
the test. With the naked eye or with the low power microscope the action
of solid particles, liquid droplets and the gas stream itself could be
seen in the form of fliow patterns and striations on the surface of the
test specimens. This action is most pronounced in the fine grained
matrix. As shown in Figure 6, the dense grog particles are surrounded
by an eroded fine grained watrix where individual grains have been
removed. This feature becomes more pronounced with increasing temperature.
Examination of the grog particle (Figure 7) itself shows the following
features; an eroded or cerroded surface, a crystalline phase at the grain
boundaries, crystallites on the surface at grain boundaries, and 'frozen
liquid droplets' on the surface. Analysis of the grain boundary phase
and the crystallites by energy-dispersive x-ray spectroscopy indicated
that they are a magnesium silicate phase, most probably enstatite (MgO-SiOz),
which also contains some Ca0 and Fe03. The droplets are primarily a
K20-Mg0-8i02 compisition also containing some CaO and Fep03. This
composition suggests that these droplets are glassy. The droplet
composition remains constant from 1500 to 1725°C, but the amount of the
grain boundary phase and the needle-like crystallites decrease significantly
over this temperature range.



Scanning electren microscope examination of the stabilized zirconia
surface (Figure 9) showed a corroded or eroded surface, a grain boundary
phase and frozen droplets. The grain boundary phase(s) consist of a
mixture of K90, Al203, Zr02 and Si0p with smaller amounts of Ca0 and Fe0j.
The droplets consist of primarily ZrOp ard SiOj with moderate amounts of
Alp03, Mg0, KoO0 and CaO. This composition suggests that these droplets
are also glassy. It should be noted that both in the case of the MgO and
of the Zr0p that the droplets contained large quantities of MgO and ZrO3,
respectively.

The following interpretation can be made of these results. The
coal ash constituents passing through the generator are present primarily
in the gaseous state. Contact of these gases with the cooler duct walls
causes condensation of some of these constituents. With 1007 ash carryover
into the generator and the use of highly cooled generator walls this
condensation will take the form of a continuous slag layver [2,3]. The
results of this study indicate that when the amount of ash is reduced
significantly (by a factor of ten) and the wall temperatures are raised
(>1500°C) the ash and seed constituents condense in the form of isoiated
droplets which move along the duct walls reacting with the materials
lining the duct, i.e., the electrodes and insulators. These reactions
can be accelerated by the presence of a liquid phase such as those found
at grain boundaries at high temperatures. Reaction of these droplets or
gas constituents with the liquid phase at the grain boundary will produce
more liguid at the grain boundaiy and cause enhanced reaction with the
grain itself. Reactions will also concentrate in regions that are
more porous and more impure, such z. the fine grained matrix found
in the magnesia. Dispersive-energy x~ray spectroscopic analysis
across the tube wall indicated that there is general migration
of the grain components, i.e., Si02, Ca0 and Fe,y03, into the
tube wall. This penetration may be aided by the thermal gradient (&j,
but it appears to occur preferentially in the matrix region. 1Individual
grains in this region can be completely enveloped by this liquid phase
wherein they beceme very susceptible to grain pull-out by the erousive
action of the duct environment. Corrosion and erosion of the fine grained
matrix will ultimately cause the large grog particles to be eroded away.
The corrosive and erosive attack by slag and seed constituents is more
uniform in the case of materials with more uniform microchemistries and
microstructures such as the stabilized zirconia.

Although testing and post—test analysis on alumina and silicon
carbide bodies has not been as extensive as that on magnesia and zirconia,
the results on these materials provide a consistent picture of the duct
environment under these conditions. A high purity (99.8%), high dersity
(»95%) alumina reacted with potassium to form K20-Alp03 at temperatures
ranging from 1500 to 1750°C. The silicon carbide (+99% pure and ~ 15%
porosity) lost ™~ 1 mm of its wall due to a combination of cxidation and
reaction with potassium after only three hours of testing at 1550°C.

These results indicate that under conditions of 10% ash carryover a



piotective slay layer is not formed at temperatures above 1560°C and that
oxidation and reactions with potassium are possible. A slag layer was
touad to form on several samples below 1400°C.

These results indicate that the concept of the continuous slag layer
breaks down when most of the slag is rejected in the combustor and the duct
wall temperatures are run hot (»1500°C). The condensation form of slag
and seed constitueuts will vary not only with ash concentration and wall
temperature, but also with such variables as ash composition, slag
viscosity, slag wettability. slag surface tension, aerodynamic flow,
combustion conditions, ctc. and before general application is made of
these results further tests incorporating these variables will be carried
out.

4. CONCLUSIONS

A test apparatus has been constructed to evaluate the corrosion
resistance of refractory materials in an environment that simulates that
of a coal fired generator. Studies were conducted on several materials
at temperatures abeve 1500°C with 10% ash carrvover. Under these conditions
materials are subjected to bLoth the corrosive and erosive attack by slag
and seed constituents.

The test results point out a need Lo engineer the microstructures
and microchemistries of duct ceramics to minimize corrosion and erosion
by slag and secd constituents. Impurities such as Si0Op that form low
melting liquids shculd be reduced to very low levels. Other components
that may produce a more refractory and more corrosion resistant grain
boundary may be intentionally added. Finally, porosity must be redu-ed
to reduce penetration of slag and seed into the ceramic. 1In this vein,
corrosion studies on higher purity (99.5%', lower porosity (11-147%)
magnesias are currently in progress.
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Fig. 6 - 987 Mg0O after 9.5 hour exposure to seed-slag
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Fig. 8 - a) Surface of Y.0, stabilized Zr0, after 6.0 hour test at
1550°C 23 2

b) Non-dispersive x-ray analysis of grain boundary phase(s)
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VCTIONB30BAIVE MIVILCHHX MCI-I'EHEPATOPOB LA I'EOOU-
SYUECKUX VICCIAEJOBAHVIL UM IIPOCHO3A SEMJIETPACERMA.
Beymxos E.I., Bosmor .M., Iesxonop B.II., 3oToB A.B.,
Bapcyros 0.M.
UrcturyT Arommof dmeprmm M. M.B.KypuaToma,
Mocxma, CCCP.

Abstract. UTILIZATION OF PULSE TYPE MHD-GENERATORS FOR GEO-

PHYSICAL RESEARCH ANDEARTHQUAKE FORECASTING,Earth
golid core and upper mantia deep electromagnetic probing al-
lows to obtain the earth substance electrical conductivi'y and
temperature data for the conditions of deep layers., Thnese data
provide many informations about mineral sources genesys and
tektonic processes mechanisms,

Two approaches are possible for in this activity:

a) improvement of the methods of the collection and of the
transformation of experimental data with a considerable noise
background ;

b) probe signal power growth.

Due to highvalues of the earth core specific electrical
resistance, the electromagnetic diffusion times through the
skin depth are of the orders of 1-10 sec. This circumstance al-
lows the utilization of the pulse energy sources such as an auto-
nomous MHD-Generator, comparatively simple and small.

An experimental MHD-installiation "Pamir-I" has been fabri-
cated and investigated in the earthquake forecasting station
system. This installation allowed the hign fidelity probing up

to the depth of 15-20 km in very complicated mountain condi-
tions of the Pamir.
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3 LacwoAres B)e I iLIDC.a0 JaBITH pas’Hoolpa3slidHe Ieo(llsid-
Yeci'le MeTOJIH IICCJCNOBaHNA CTPYKTYPH 3eLIHO# KOpH i BepXHeil i1aH-
TN IEKTPOMATHUTHOE 3I0HMUPOBAHUE BEPXHUX CJOEB 3eMHOR KOpPH ja-
eT DBOZOXIHOCTH IoJydaTh CREIEINHA O I'eORJIEKTPUIECKOM paspese,T.e.
O paclpemeJieHmy 2VICKTPOIIDOBOGHOCTU ¢ IvryOuHoii. CBemeHus o pac-
OpeneseH JJIEKTPOIPOBONHOCTH, fABIANTCHA [[0=-CYUECTBY ONHIM K3
HEMHOTMX HNOCTYOHHX MCTOYHUKOB MHPOpMAINIX O paclipefesieHuy Tom-
IepaTypHd B 3eMHHX HELpaX ¥ B CBA3LM C 9TUM INMEenT QyHIAMEHTaNb-
lloe 3HaYellie A reodu3UYECKOH HAYKN. I llaubliefitee passiTie Je-
TOMOB IVIyOIHHOT'O JJIEKTPOMATCHUTHOTO 3UHIHMPOBAHILI 2aXmHO TaKwe U
C TOUKI 3peHid nasbdellliefl paszpaCoTiti! KPATKOCDOYHOTO IPOITio3a
3C ULATDACCILIN, MOCKOABKY 3HEleH.[e BJICKTPOIPOBOMIENCTH 3ellloi
XODH B paioHC OTSHINIANBHLK OYaroB 3elUICTPACCHHN, KAK [1DaBIVIO
1ACTIO0NCIIID. A OOJIBIMX TVIyOiiiaX, SIDVIACTCHA POTHOCTIIUECHILA
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IPI3HAKON BQS.IJIe'l‘prCGHIIH/ =/ . .lo cremen: n3uelleniua cpemilell suaenrT-
DOIDPOBOHOCTH (OKHO MPEeNBaplite ™ = CYJAHTE O BEPOATHO.I M0ICHTE
1T DLEPTETIMYCCROI KWIACCC 0% ~"¢.uuT0 3Ee.UIETRICEH:IA.

B nacrosmiee Bon i »a3paloTaiH I ECIPOLNO IICIOIL3YRTCS B Teo-
(N2IUECKIX ITCGASMOBAHNAX 11 TeOJIOTHYECK! X H3HCHAaHIIX Pas3sEool-
pa3dHe eTONH JIERTDOMaTHIITHHX 30UMIIPOBAINiil, T03BOJsLulEe H0-
Iy4arh GifopMalnmo ¢ mIyGuH no 3-5ni ( @ B OTHENBHEX CIyYasX
' ¢ HECHOJBLO GOJBIIX TUIyGiH) . OTII :eTOMH OCHOBAMH ila 1i3Mene-
HITT DAsVIWIEX XOMLIOHEHT BJIEKTPOMATHITHOTO [IOJIA, I3IyYaeioro
TOPNBOLTANBIEL] JIEKTPHYEC UEI IWIH BEPTIRAIDHEN JATNITIHT TITI0-
JLTAI, DACUOJIOXEHHE D! Ha IIeKOTODO.I VIaJeiln! OT TOUiM lI3Mepeiiid.
Mdopalial 0 Te0dIeKTDIIUECKO:! Daspese CONERRIITCA B LLIITYIe
T ase IpHHILIaelE CHIPUAJIOD I BHEEJNTeTCS Teil Ul IHHT CII0COo-
6o 1 In1 gocacTynredl oohadorre, IUydimiHoCTSH DASIIUHHY I€TOLOB
B {IEDBYI0 OYEDeNb 3aBICHT OT UILTEAEHOCTI {iuill YACTOTH) il3Jy-
YaerkX NINIONENI CHTHAI0B. (IOCKOJLKY ila TwyouHax mo 20-30xi
VLeJBHEEe COINOTHBASHINI CaaramiliX mopog~ 10 +IO4O.:“;‘I.I.-I, TO COOT-
BCTCTBYHILIE BDENIeHA COCTABLOT BeJsrwink ~I+I0cex. CuemoBare.b-
(0 TIT INOMHIIXNHOBEINIT 30MTIIOVIHMCTO 10 Za CoJAbinle IICCJSIye!THe
TUIyOIHE 7OCTATOUH0 pacloJsararts IDUIyJabCaiTl TOKA B I3IIYyYaioninl
TUIONN ¢ Xapanrenioit mriteasiioctsn ~I-I0cen. Bronoil BeJTum-
zioi-‘x,m:m::)nzeﬁ e Tyomuly 30imImoBam:ilii, JInadeTcs va3ioc, T.e.
DACCTOAHIIE ACHTY TIyYawurl TInToNe.l I UImieliHoli aHTeHoii. Jra
3aBICILIOCTH CBI3aHA ¢ TSM, UTO B pEILICTIINYELION CITHALE 10—

JIT OTDANeININY OT IVIVOIUIHLLY CJIOEB .0 1I0Hell? BOo3pacTtaeT ¢ yia-
Jlelizier] OT IICTOUILiia (10 CDABHEHIN C HODMAMBUHN ClIHaJ0M (KOTo-
DHI OCHYHO Oipele/IAnT Kali CITHAI Ha TOHM Xe DACCTOSHUI B ONHO-
POIHOM TOJYIPOCTPaAHCTBE & YHEJBHHM COMPOTHBICHUEM BEPXHETO
cyiof). 'I09TOMY IV 30HMUDOBAHUA HA IVIyOHUHY A HEOOXOMITMO ILIEeTH
DABHOCH P~ (223) L , XOTf IAA MCCJAeIoBaHEd Be'pxmnc CJ0eB pa3-
DadoTaild MCTOMH, laplie IHOODIaill O pal3pes3e I mNl Daslio —

cax r_s -

DUKCHDYe IHe Za T0BeNXHOCTI! CITHaMH (0.ILI0 moJie3Hoil (-
UAIUET COUEDHAT I Mo.IeXIi, CBA3ANHHe nal ¢ Wyuali I0ie Hoi an-
iII4PATYOH, & 11 C LaBOTRALLT OT eCTECTBCHIEX I IHIYCTHIAMBIINX
BASUTNO IATLLITINDY 10cHt, XapanTeniix 77 lcciemyclioro naijona.
JEHIIOCTD HMOsIyuaeiiofl 1HEO N IAlnl (IPOIIONIEIOHANSIIS OTHOMMe: 1) M 10~
Je3MHE curiat/Togexa™ 11 19 yBeJIuCHIT 2rofl BEMTTTHE DOZ0N-

A IBRQ 107MXoMa.  lenprii, uanCosee pasBitLil B limcTodriee Bpoil,
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BANTINARYPCTI B YCOBENNICHICTRODAII ! (ICTOJO0B ({3..eNCII CHACHX Clil'-
HeJioB lia Qolie GoanLLrX TOolcX, IS C YCICXOMl ICHOAL3YITCI, .ail-
MTIED, DNAJVIMUHHC IOMIOUNAILIT IeT0Ta [1ai0ilIeilid CiiT:aton IyTe:
JIIOTO.LNATHIK TOBTORHEX 13.epesil.

Bo3z:.omel T Inyroll f01X0oN —~ YBeJUCiLe ILITelCiBLOCT! [ICXOI-
HIDT CHPHAAOB, TDeOVHNRIi VBEJIIUCIDLT MIIIOALANY L0/IEHTOB IICTOYll-
40D OO, a CJAeJOBATEIbIi0, i JOsee LIOULD IICTOUIHIILOD DHenMLi.
Com.lecTiloe IICIOJB30Baine 00l 3TIX 101X0JI0B I03BOJIIT [IOBLCITE
HOOGXTIIBAOCTD BAERTNOMATILITIREG 30iymobaiiiil. GuenyeT omiewnivs,
Yo YIS JOJYYEInlA [HGODIALRII OTHOLO I TOI0 e {avdceTBa JICHLI
73 9TIX I8T0I0B TNeCYETCA 3arnatiiTL OmID I TO 58 HOJIIYECtBO
DICLTLIUECKOll 2HEe T, KOWOp0e JIDH CNIKCIIDORALLLI pa3iienax 13-
CyuaOMeTo TDIoAA DAcTCT G maydiof xai 99T, 1o T~he, a J~ P
TG4 welCRTOIIECHOTO~ K_:' M IaDHITHOTO TLiodeld, 100900y B lIDeIe-
S8 YDSIIIMEeHIe 1ICCMe Ty ei10i mryde:::m CIXI3alC ¢ YDe3BHYAMHO DEe3-—
2774 DOCTOM 3aTDAT uIeNTIn! (™~ Ry Tl (NIKCINOBAIILOT0 JJICKTHHYCC—
KOTO~ wmf-z JATUIITHOTO mimiosei. ). Pasiitutibml Ipresa.rl corvia-
coBanldl I OUTIZIIBaLTl JILIONT (I (ICTOUHILLE ! ICI0JIb30EBaKIC.! .e-
TOTOB 3OMIIPOBaHINl, He TpelyoliX OOJBILIX DAasHOCOB, iM0XHO 3ila-
WITEJABHO VHEHBIIITH CKCDOCTL Tpedyexoro pocTa 3HCLIIfl ¢ IVyll-
0t 30HIEIpOBaHILT, 1I0 BCES DaBIHO OHA OcTaeTesaI OOJBNOR B Ji000:
ciayuae. JTO 0OCTOATSIBCTBO, MO-BILTIM0.1y, I CHCDHIIBAET Tajlb-
Heiree pasBHTIE AAenTDOLIATHITHHX [IETOJNOB PasBEIKIl C :ICI0JbL30-
Bairieil IICKYCCTBeHHHX :(oJeff {1 orpailrdipaeT 00jgacThk #X [Ipilieiic-
HIA [0 CDABHEH:IZ) C APYINLIM IeofH3:UEeCHIL.LI JCTOMaM IVIYOUHHUX
IccsieoBadilil, HailLILIED C celic4MYeCKiliid 30HEHDPOBAHIEGH, TANULLA
CBemeHi 00 YIDYTTX ROHCTAHTAX seuecTBa 3eMit. I TUIyCHHHEL
DJIEKTPOMATHITHHX 30HAUPOBAHU B HAcToAllee BpeMd NpIMeHASTCA
JIBE MEeTOIL MaTHUTOTEJLIYpPriYeCcKOT0 30HZUPOBaHifA, B KOTODOM HC—
IOJNIB3YOTCT NOJAA MOHOCHEePHHX TOKOB. IJTOT MSTOX IO3BOJIAET B DI~
IOIe OJyYaTh AHJOPMAIRT) ¢ GOJBINK IVIyOmH ( JO HECKOJBKIX CO-
TeH Wi), HO 113-3a HEOMDEeHeqeHHOCTH IapaveTpOB LCTOYINIKA USJy-
Yend W Z0BEeDXHOCTHEX HEOJNHODOIHOCTe# OCHOXHSICTCS IHTepIpeTa-
INIA BXCIEDMMEHTAIBHHX JaHHHX H De3yiabTaTH DasHHX aBTODOB Cy-
FIeCTBEHHO Da3Ianz?cs MexIy coloii. CremopaTenbHO, HaJBHEMumIi
IIPOTPESCC B DasBUTINI 3JEKXTDOMATHUTHHX CTONOB IeO(RI3IMEeCHIX
lIICcHeZOBaNil Tak M Haye CBA3aH C DPa3BHTHIEM 3HEpPIreTHHI Iic—
TOUILIOB, IUTARIJX ICKYCCTDeHHHe TANOJI, & TaKKe cobepliencT-
BOBaHIIe! MDHEMHON amnapaTypH 1 MeToIoB o6padoTw nrdop1alul.
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Hleo6xomr10 NOMUEPHHYTH, YTO CJIOFHHE I[I0JIEBHE YCJOBHA Ieofiay~-
YECKOTO OKCIE ILIEHTa IPeNbsABLINT Cllieliudilyeckue TpeGOBaHnA K
HCTOYHMKAT DJIEXTPIUECKOM duepriy Iid reodu3MdecKiX YCTaHOBOK.
QueBILAlIO, OINT NOMKHH OHTH &BTOIOMHELIY OT MIDOLMIVICHIIHY JJEKT-
DIUECKIIX ceTell, MOCTATOYHO KOMIAKTHH IJIA TPAHCIODTHPOBXY IX
D JioOHE, Hmaie TPYLHONOCTYIIHHE, DPaifloHH Y OTHOCHUTENBHO IIPOCTH
B 3KCIJyaTalfid.

ToT ¢arT, Y10 GCHOBHOE OrDaHIUeHIEe IVIyOMHHOCTI H13-33 CKIH-
sixberTa MOIYCKAaeT IICIHOJME30BaHdIe HCTOUYHIIKOB C OTHOCHUTEJNBHO KO-
DOTROH ANHTENBIOCTED ZAryiascoB (~ I+I0cex), HECKOJBKO yIpoua-
eT pemeHile IDOGJEMH DPa3BUTUA .IOUHOCTHOTO [I2NPABJEHIA B METO-
Jax 30HMIDOBAHIA C IICKYCCTBGHHELL! IICTOYIIA.ll, T.K. I03BOJLA-
CT !CIOJIE30BATh ILLIYVILCIHE CTOWIIX'Y JUenrN, KOTODPHE B [IDIH-
Iyime .IoTyT OHTH Gosee IDOCTILLI, UYeJd cTaltioHanHue. llepcmextim-
SE0D ICTOUINIKOL! TanOTC 70..2 ARIIeTCHA CaI0BO3CYHRTALIRIACA ILITY:ib—
cimi: WTI-TeHepaTopn, KOTODHE 0Py WIMTCJALHOCTH nNadoTH mo I0cek
0%eT GHTH CHENEH JNOCTATOUHO HpocTHM (oTHAmaeT HEOOXOMUMOCTH
B OXJIARIOHNYM KOHCTDYKIpMW), a B cwiy upucymx MLI-reHepaTopy
BHCOKMX YISJBHHX XapaKTepUCTKH-IOCTATOYHO KOMIIAKTHHM. JCmOas-
30BAHME OPUHIIMIA CaMOBO3CYXUSHUS C HOCTATOYHO COABMEAM XO3{du-—
LUeHTOM YCUJIeHIA JHepI'™MIT IIY BHEMHETO BO3CYXIEHUA C HCIOJE30-
BaHMEM CBEepXIPOBOIMIMX MATHUTIHX CHCTEM [03BOJAET CO3TaThk KOM-—
JaxTHHE aBTONOMMHC ILIIYJALCHHE (ICTOYHMIZ! DHEDIMII, INITOTHHE
JUIA PeOoMIBINecK ! padoT I ofeclewIBapliiie B IMOJCBHX YCJIOBILIX
Teienallm (TITYABCOB 3Henrii~I00Mpen teuenne 10cer, 4TO BIBI-
BAICLTIIO B [ICTOZE HanOLICHIIT CITHAJNOB HZelpepHBHOH padore craH-
TANTHOTO TICTCUINIHA 10imiocThyn LOHBT i CHCTEMH IDIe INHX cTax-
171 B TEUeHile ~3YacoB ¢ ICiloJb30Baiiie:d COMBIIK COBEII0B 012~
DaTIBHON daltITII NCINICTRIDYCD YyeThoiicTts. C pocTo:1 liccsie-
Jye:ofl miyOiiH Iyoe.] OUTILIIBaIRI! COIVIACODBAILUA ICTOYMIKA il
NBIYYQREICTO JULIONT THCOYCIOC KOJMIYeCTBO DHEDIHI JOXKST DACTi
Meaciiice, veid B "4ieToi" [1eTOTe HAKOMJIEIUIA DI (IKCIIDOBaH—
{01! CTAHTADTIION HCTOUHIIKe ¥ TIrIoje; B IOCHAeIHe:! CJIydae Tpe-
Jyeitas JIUTCJBHOCTE I3.leleidril xaTacTpodrueciil pacTeT I oXeT
COCTaBJIATh BCIIWLIH IODATLE HECKOJILIIX (1eCAISB HeIDPePHBHOI
padorh ( i TuryGiH ~30Kk1), UTO ABJISCTCS Cephbe3HHM IDelATCT—
BIICT & IYTH TaibiCiliiero pasBiITiA TaxlX [1eTon0B. OUeBITHO,

YTO ONTILIANDIILI IYTe.1 JoJserl OHTH Heluit KOMmpolice MexRIy .1e-—
TOMA LI Y.IOLUHCHIA 1T iiaxo.ule:dild CITHANOB, THeOyOulti B Jid00:1
caydac »aspalot .l CrICILIAN 3T 0BaIINK JIOLEN IICTOUINIKOB dHeD—
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RATSRRI Aot SRR A's To HDMC MAS COT6 2000 M A 1N [ I 8

O actosicil padore paco‘Ia'r‘;mnafo'ro(z, VIADIULNT 00pazoit, 1,006~
Jermr, emAzaue ¢ nanpiroell "onrioctlioro" HanoanIciiil ¢ ICHOIb-
gopairiel H=Tenenaro,0n. B .enBoil dacyl valoTH IN0BOTITCA ala-
c3 wnebopaiidt n JCi-yeTanoBradt WIA ICowit3ideciitl nadotr, a Bo
nTonoit nacciarniBaerca onutiag J[li-yeraiopza "latm-I", nas-
nadoraHas WL "CHOJB30BAH LT B CHCTC.Ie IeOQNI3IUCCIIIK CTaHIniii,
IDOTUIO3IINVIONLD 3ervieTnace: ' B palione Tapllckoro I'Co(kI3IM¥eCHOo-
ro Torirose ClieTuryra Qs Sonurr w1, Ol idiirmra Al CCCP a

-

<. Tnedopaiig i JLi—reieparonanl WIS DAVOLEE LeT)I0B
DJIELITDOLICTLIITIIOTO RO NOBAlIA.,

2.1. QserTuiyec i i JATHIITHEG I3yUaonfie TIMIOJII.

HODPOTKO OCTaHOBIMCH Ha HEKOTOPHX OCOOGEHHOCTAX [oJyieifl n3-
Jy9apIpX mmroJieii, B OCHOBHOM II ONpPEIEeJUIOINX TpeOOBaHUA X MC—
TOUHITKaM dHepruaw’ “/ . I'Opu3OHTANBHHI 3JEKTPIUEeCKH# MIMIOAb C
TOKO: IIPEenCcTaBafdeT COOO0# MPOBOITHIK l[JmHoﬁL , 3a3eLUIeHHH# Ha
RO:llaX, B KOTODOM [OJ ,iSHCTBUE. JJIEKTPUYECHOTO IICTOYHIKA DO~
16T TOKJ B Bile ILIOIyJabca TO# Ll MHOM QOD:MH 1WII B BilIe
TapA0MIgeCKOr0 KOJIe0aTeNbHoro Ipolccca C 4acToTol W . l3imy-
Yaprple CBOMCTBA TAKOTO TUIONA XapakTepi3yuTCH €0 TOKOBHHM
MITIOJIBHEL 10 {HTOM IE , [puye:l

IE(QJ)z Je L (I)

HOpi.'IaJIE:HOe QJIEKTDIYECKOe IIOJie Hal HOJIyIDOCTPAHCTBOI C
YICJILHELI COIDPOTZBJICHIIC!T ‘9 ollpenmeJisie TCA 3aBlICILIOC ThI0

E, (o) = SLE 5@, (2)

TPy
rme § -yrox MRy OCBI0 JHIIONA, HanpapieHHolt BOOJL X, I panly-

COiM~BELTO PO Fa TouKy HaduomeHid. YIvopad 3asucimiocTs $(R)
onmpegendeTcs B olmeil ciayvae pasHocou T 1 CTPYKTypoii paciipe-
IeJieHisg § B IELTHEM OJYIDOCTPAHCTBE. BaxHCHE OCOOSHHOCTEHK 34—
3EIVIEHHOTO 3JIEKTPHYECHOTO AU~ 9 FABJACTCA COXpaHEeHUe 3aBiCH—
ioct Ex(§) B nepo.r opuéimmenns B CummkHeil 30He Iame Ha mo-
cromidoi Toxe (63 =0), uro, B IpUHINIIE, OCECIeUNBagT ero"HH-
GopiraTitBHOCTE" (GTHOCIITENBHO BeNHUMHE § ) U HA MAINX pascTosd-
HIVIX CT OMIIOJS, 3HAMITEJNBHO HMEHBUX IJUTHH BOJHH Xs cpene ¢
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CONDOTIIBIEHIE. ] g’ : \/E} -3 |

% Tayp 10HT4ECKO.] 13.CUCHITI [LLIONBHOTO 40MMElTa DO Bpeie-
A1 C 4acToTOoH, “3 OMHOPONHO:T IOy IPOC YDANCTBe aLLnITyma doaa Ey
youBaet ¢ r.ujd nici oo ugxoaemu R xax

B, (R) = E2 & "t Wy, (3)

rIe % F? - TOAU{IHE CHMH-CJOR B CPele C COHpOTHBICHIE! §
e qaoTom w .

Ko moreiiTy . 1aTiiTHoTo oas ( Ba, Ba ) pemyr ceda mo-nas-
g0y B Grnmielt (Y& ) u BosuoBo#t (F® M) sonax, #o ¢ mIySmuoH

327YX&NT wakiC B COOTBETCTBHN ¢ 3aBreiiccTro (3).

De »Turanbinil 1aruiiTiHid TMIoab IDeICTaBIaeT COO0# KO4ATYD
LIONATEN S ¢ Towod J, pacilosaraciil Ha MHEBAOR TOBEDXHOCTH
I XaaRTePH3YeTes ATHUTHEM TUIONBHEA .i048HTOM #H

= J(w) S. (4)

JleTkO BUNETE, YTO COOTBETCTByWUIAA BJIEKTPAYECKSA KOMIOHEHTA
IO MATHUTHOTO IVIIOJIA E [0 NOPANKY BeJNYMHH MeHBIe, YeM y
DJSKTPUYECKOTG NMUIONA B ....3.’_1: pas M B BOJIHOBOW 30HE €CTh

E-“) "= - _—32-34——‘:-_5:, , 5)

B OnuxHe# 30HE IOJIe MATHUTHOTO HUNIOJA IPAKTAYECKH He 38BHCHT
OT COIDOTUBICHUA ONHOPOTHOR cpenn O , T.e. SBIACTCA M2NONH—
fopaTIBHE, B HEOTHOPOMHOH cpeie osaBiadgeTcA cradad saBHCI-
A0CTD E\?(g) TaKke It B Giinilieit 30he.

CorHal OT HATHiITHOTO THIOZ ¢ TVIVOIioil R yOHBaaT guasio-
TITUHO CHTHAIY 0T aJentprdcekoro Tnroad (e.1(3)) s co
B'LI ¢ X&parTeplioll ciioncil mydzmong

AOMIOLIEHYE LATHITEOTO T0JA B BOJHOBOR 30x22 VOHBART ¢ Das
10C0: Kam BE«. /5 ,a B ~r3_,/r‘i , T.C. SBJASOTCI 507~
AT.IBIHA

OTBETCT—

Z.2. Cn1sp Toedye w0ff LTIressHocTi ILUIVIRCA O TUIOLTOH.

051 OKA8aTh, UYTO TILIITUHHE IDLIYVJLCH TOKE, TEhCPINYE.iNe
ca.l03030yimanitniea Ll-rexeparonol, I10TyT OETL 12 Qoode Ori3-

a1 U000 ®OIOI0R0NI0OCNABHONY, JIIG0 A IRTIOVTOSLIQN, IILIVARCY
C JCHODONITZ I MIITeiBii0CTLD "t
Tapiowrieciiil auamis CiTHAIOB TAKOH GC.wiH [I0LKG3WBaST’ *’

o~ 70-80 /5 HEDTI B CileKTe TApIOilIR TAKIY :LLTAILCOD CO -
TCOEITCA B XaparTeitX dacrotax ¢t U 1o , TIC -_f, = R/,
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LI {0J0RCI006pasiioro riryinca: e O, [+0.2 (5)
WA HPLIOYTONLHOTC RIIysikca : hx 0.5

OrpanIdiiiag B MalbleliX oleHrax paccuoTperie.l 381VXamg cil-
ZAJI0B A 9TIX TPalllUHNX UacToTay; OUEBITHO Iapioiil.ll C iClib—
FILDD gacToral OyTyT 3aTYXATh MeieHHCe, TaK ULO A TOJYULIl
OLgHKY CILIAQIBHHX CRIHOBEX IVIYOUH 3,“,, .

e OTPaIETEITRCA DACCHMOTPeHMe:! w08t OXHOPOMHCTO (1po-
BOTANETO TOJYIDOCTDAHCTBE C YICJBLLI COIPOTHBICHIGH @ , TO
mQopMamI O § Oymer COmeDRaTbCA TVIABHEN OCPAB0M B aiIUTYNe
CIITMiaJioB, uUDIHIMAe X He2 DACCTOSHNH T OT mumoJel i comensars
B cede "OTWINKE" C VVOIH ?1,*'»(4’*2)3 . B ciyuae HeCTHOPOIHEHX
cnen OymeT Halaomarhed ICKaxeH:Ee (ODHH CHTHAMA "OTpameHHHMT"
I0ITHI, BaTYXAHIe XOTOOHX TARKE IPOMCXONHUT Mo zakoxy (3) 1
"OTWINK" OT KOTODHX Takwe OyIeT CBI3ad ¢ IVyOIHO# UpTiepHO
Te.d me coorTHoueHIe Ry ~(1+2)% |

Lng omeHox sMGeKT!IIBHON 30HIUDYye:0H TIYyOUHH 10KHO [IDUHATH
JIA ONDEeNeJIeHHOCT

ho<8 =\ 2% (7)

YIoCGHO BHpaxaTh Vw.* B 1, g B Oil.:i, TOTIa YYITHBaA BHDAXCIIA
A TPaHMUHHX 9acToT (6) mosyuaed OUEHKY HAA MMiLAJbHOR Tpe-
Oyexoil MIMTEJaBIIOCTY MMIYJIECOB TIA 3OHTUDPOBAHIA IO TWyCGUH ﬁ_,:
2 0.4 F‘-z*/f ~HOJIOKOJI
Ty » dn % = o (8)
g 2.0 /@ _npaoyToMbHIS
lyisT TIOAPOCLOTO pa3pelieHiA CTPYKTYDH I'E€O3JEKTPUYECKOro paspe-
3a C yueTon HilkesexaliX 2JiGeB, €CTECTBEHHO HOTpelyeTcA HEKOo-
TOPOe yBeJMYEHNe JJINTeJBHOCTY UMIyJAbCA. Ha pucyH:e I moxasa-
Ha sasucmiocts T, (Re) B coorsercrama ¢ (8). Kax Bummo, mid
B0HOUpOBaHUA TpaHul] CJIOEB, PACHOJIOXSHHHX Ha miyounax mo JCOwu,
TOe BEeDPOATHHE YOeJbHHE CONDOTUBACHUA I0DOX MOTYT COCTaBJIATD
Besmuuie L0 -I0° oM. .t EOCTATOUYHO OI'PaHUYUTBECHA KOJOKOJO-
O0pasHHy MLAIYJABCaME ¢ IUIMTEJBHOCTBEH ~~ 5+50cex, IJIA 30uTi-
poBaHud e TUyOuH :ernee 50mM (3enHad Kopa) MOCTATOUYHO Iid—
IyJILCOE C IHMTENBbHOCTEN ~ I-I0cexK.

2.3. Cpfize Tnedyemofl -IOWHOCTY HMIYJIBCA C IVIyGMHOMH

Panee i oTiMevami:, uTo IJd pAspPEiieEMd CTOYKTYDH CJIOEB C
Uiy CHHOHR R ;{eodxo,mmo padoTaT: B 00JaCTHU Da3HOCOB r>§w Ipr
aToM IpuHWMaeuft crurHanx E(r) nosxed NpeBHUATH MOJE 1IOMEXU ©€n
B COOTBETCTBII C TpeCyerofl TOYHOGTDI MBMEPEHUS Y= % Ja
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npocToil IBYXCJOHEOH [107mest cpenu OpuMeM IJIA ONpeNeseHHOCTH
VCJOBYE
r= 2 ﬁ* .

Torga TIA U3Mepellil ¢ 3amaHHoi TOYHOCTBI0 Y CHTHAJOB, XapaKTe-
DEIYOIIIX TUIy OUHY &, KeoOXomL40 pacilojarais I3JyJanuimit Tuio-
JSLGT C MO IeHTaM '

- DJIEKTPUBECHYE INUIOY

161 H <€n?
IE 2 -———§——%—-—‘ j (9)

~MaTrHUTHHE IYIIOJB 29 ﬁ‘,}. Zen>

Mu > 553 . (10)
g $&THETEOTO IIMOJS VCKOEXe 1aloTH B BOJHOBOE 30He ( roA Y
ecTh M 32nwien pTE
L] > 33-)42 nt o 4 e
Tan o TIM9ERX. yCAOBY i 9~4030HH)T\4 ~4 cex ,\n.~10 F‘“’ €n o M
HOJyYaeM yCJOBHE pacoTH B BOJHOBCH 30HE
Mu » 10'%240"%a.m?

YTO NPEACTAaBAfeT COCOK YPEe3Mep:Ho GOJBIYH BeNHUNMHY. CrefoBaTesb-—
HO (Ipi padoTe ¢ MATHHTHHAY JUIIONSEIM HEOOXOLIMO OPHeHTUPOBATECA
HQ LATOMH SOHMNPOBRHIG, miloplaTiBHHE B OmixHeil 20He (Hampr-
1ep, '1eTON CTAHOBJIEHIA IOJIA, XOTA B MATHITHOM IITIOJNE TDPYRHO
IOJIYYITH XDYTHE ODOHTH UMIYILCOB 13-38 COOCTBEHHOR HNHIYXTHB-
HOCTH TITEIOJNE, IV LeTOJME, CBA3AHLENE C adHallz0M NCKaweHw# Gop-
ME TDEHILIAE [0TO CHTHAMA 18-38 OTDaXeHu# 0T HeomHOpPoIHOCTel).
Doree [IepCHeXTIBHEN IIPEnCTaBIAeTCS IICIOJb30BaHle A Iefei
TUIyOIrHIIOTO 3041IDOBAHNIA [10Melt DACKTPIIUECHOTO 3a3ClUICHHOTO Mil—
J02, (IO3BOJLTONMX £afoTaTh pane B OJUIRHGH 20HE ¢ HCIONL30Ba-
iitex! (1eTOROB, CBASQHINX C QHAINM30M QULMITYOH CHIHaJIOB. B cBA3M
C OTIII g JaJbHeilne:] OTDAIlUILICA DPACCMOTPeHIe! JIUib JJeXTDH-
YECHIX IILIOJBHHX lI3jyuateiei.

{3 (9) uomydaer BHpaxeHIe LIS TOXS DICKTDIYECKOTD [T uI0Jf

J - Te S 16m h3 ¢en? (1T)
L sSL [y
L7 Bo30yXLIedIil 9TOP0 TOXa DEHEeparop JOMXeH DA3BRIBATh

LA DAeHIIe Ic
J R* = E‘ R* , ( 12 )

rie R —~ COHPOTMUBJIGHIE B IEHil Towa mulond. JUeBigHO, 3TO COIDO~
TIIBJISHIIE c‘)y 18T CHIANHBATRCA 13 cOIDPOTHRICHIA iulenelt Re 1

conpo'rzmﬂe:ﬂm 3a3EIVICHIN Ry, BiINYAIHETO B ce0d KOHTAKTHOE CO-
UPOTIBIeHTIe "3eiIA-BIexTPon" I 9(XIEKTHRHOE CONDOTURIEILIE Cpe-
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T ISy BJICLTU0TE L.

LoHTaK” e COIMOMIBIElIe B IXIaliIMe [10ECY CHTDL ClreJsalio
damnt (~ 0.I01) CuaBILT2AbHO (I)OCYHLLI CPEACTRa, a CI:jpol.IB=-
JieHie CLeTH B .IDOBOIMNET [I0JAVINICTHRUCTBC IC 3aBllcilt 0T Jac-
CTOSHILT HMENTY BJICATDONALT 11 olpemesdeTcd b ouxdrirypaliiei
9JIERTDONOB 1 YACJIBHEN COIPOTHBJICH!EM § NMOPOX B BEDXHEM CIOE
¢ Tuy6uno#i~ L ,Tax wro %

Ry = /s
e G- XapaKTepHHH pasMep 3a3eMLTONETe SJASKTPOXA.

ITpmmMad mag €, 3Hauerme ~ I00M.M, XaparTepHOe LA Oca~
NOYHHX [IOpOX HA TWyomHax ~ IkM, noxyvaem pid R, BeswausH ~Iom.

JTO0 OT'DaHWYEHMe HARISNHBAET OIpeleJeHHHe TpeCOBAHHA HA
BeJIMUUHY TIEHepUPYeMOTO HATIDARKCHUS HCTOYHMKAR TOFKA.

ArTEBHOE conpo'rmenue Kadend . “uHO# L.‘H cedenveMm 4, ecTs

R\: = S K/ ar,
TIe g - yZeJbHOE CONPOTHBJEHAE MaTepHasa IPOBOIHMKA KaleJd.

“nsg xadens c BECOM IpOBOJHUKA D., ouesugo

?.c L"/ Dw
Tme S -~y IeJBHEHIL BeC NaTePHdJLa xalend.

VI’I‘aR, TeHepUpyenMoe HalDakeHUe CBA3AHO C NapaMeTpaMy TUIIOJL
CJe Iy 00paz3oM

_IE(9K+Q3) JL (.9.@8‘.3(_‘__:\

I[JI.FI PUKCHMPOBAHHOTO MATOJBHOTO MOMEHTA LgOUYEBMIHO CYMECTBY—
eT MIHMMyM TPedyeMoTo IeHepHUpyeioTo HAIDARCHNA 110 IJIMHe Kale—
N9 3aJaHIOTO Beca, UTO COOTBETCTBYeT cayuan Re=Ra , upi aTou

L = (P'K'Y/z an=(Sle)% Uo B gy

9.:5! k Sx } L L
MmmipesTbHOe TpeGyeMoe HAMDAREHIe ONpeNeJIieTCs COMpOTHBISHHEM
3a3e/UIeHNA I DaBHO Ie
Umin = IRy = T Rs.
Ycmonssya Bupexenis (II) n (I3), B ciyvae ONTIHMAJILHOTO COTIVIA—
COBEHH{ IONyYaei TpeCOBaHMe Ha MONHOCTE HCTOUHUMKA SHEDPIM JJLA
30HLIPOBAHNA Nydm ~ byt

Nr > R: = ZIE Qn = 2(91&:) IE (14)
S
2.0 S« 2-8"'2 £
Ne > "%‘:" ' Sf:'l{z (I4a)

YBe/mumBadg COOTBETCTBYMUEM 0Gpasois Bec Kaleja ¢ TViyOuHoi
- : m
{IOKHO CHUIATE II0MA3aTe]h CTeleHU B 3aBHCIMOCTHU N,'\— k* Io
3HAQUEHUA m=3-4 OpU pasyMHHX Becax KadeJs.
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He puc.2 B KQUecTBe WLINCTPAINIA foia3aHa oLeHKa Tpedye-

MHX AOUHOCTEHR MCTOUHIIKOB TOK2 U 30HIMPOBAHMA 3eiHOE KODH

( 1o R#~30m1) C UCIIO ™»30BaHieM BJIEKTPUYECKOTO J:UIOMA npnvizzﬁg,
JlapateTpoil SbITETCH UPOISBEIeHie 59!3‘ , Tme ¢ B O1° .1, &
Ne - B T . g TUNNYHHX YCJOBUHA B 3eMHOR Kope MOXKHO IDUHATH
9~a102—1040m.4. Hampmiep, i §~I107 oM.it 1 upu Bece natead B

I 7 doxyuaem ip: ﬁ* =10r1 N.x= JBT. SauTpixoBaHa 0CNACTE Lal-
Gosee sepoATHix sHavenuit § 1 D¢~ I+I0 t. BugHo, 4TO 1A 3TOH
06J1aCc T ﬂapameTpag?CL THIDIYHE TPeCyeiHe 3HAYEeHIIfA MOIHOCTII

~ I0 IBT. Ina soumipomaunidd uiyOiH Gosee 30K:1 HEOOXOMIIIO yBe-
JIMLIBSTH Bec wateas mo 50-I00T, Tar 4To Takie yCTaHOBKU Yike
JMOMENH CHTH CTAITICHAPHHEII M ..uqOOHHE DKCICPIMIEHTH HOCHT YHil-
KaabHHl XapaxTep.

Omz 0Ty GuTh OPENIDUHATH, HauDitiep, IAd ZCTAIBLEOTO II3JyYeilid
CTPYKTYPH BEDXHIX CJIOSB HMaHTILI, YTO HperncranideT OOoJBUWO# MHTEe-—
PeC A QyHORIEHTAIBHON TeoJsoTiilil. HSTalbHH{ aHasI3 TIDIMYHHX
3a7ay TeofNI3NKil I COOTBETCTBYOUIX BePOATINX YCIOBIH B 3enuilofl
XOpe MIO3BOJAST DPEXOMEHNOBAThH IJIA "MOMHOCTHOTO" Ha&IpaB/eHId
BHOOD IICTOYHIROB TOKa, TPCOOBaHHA I KOTODHM CY!MLIMDOBEHH B Tal—
ame T,

Tadmuig I. Turrudpe TPeCOBaIif I TICTOWINNAM TOKa I
TUIYOIIIOTO 30iLIIip0Balii.

Sazaua Fs Tu ! De 1 U ! N,
1 cer ! T 1 R BT
SOIIDoBAalLIe
oe ol opu IO I g,> 0.1-0.3 1,0
20 0,2-2,0 0,5 I,5 3
30 2=5 I.0 5.1 I0
30 2-0 >=10 =3 37
20 =10 I0-50 8-1 10-3C
inorHo3 0 I+2 0,5 I,5 I,0
3¢.LIeTDACCHIT
¥ _=1:%) | 20 2+3 1,0 5,0 12




Ti~ycTandBha JUISL IPOTHO32 3erlielndacediil na :la.rrpe.

B 82 clonmiyaipoBall OCHOBiHEe TPeCOBAHIA HA IICTOWIIKI 2:iCp-
11, [HeOOXOMILINe MIA IpoBeleHlnT TVIyCS:IHHOTO 30HTIPOBaHIA 3eil-
0l LODH I IPOTHO3A 3e:ueToAceinil "ouloctiEa" Cu0C0o00M. faK
BIUIHO, GoJipliad YacTh OCHOBHHX 3Aauadv iI0&eT CHTE peleHa I I1IC—

JL30BAHTI LITYIBCHHX IICTOWHUKOB C uoLiiocTer mo I0-30 BT
OpI TUITENBHOCTH TAlyabcoB~I-10 cex. Taxad COBOXYIIIOCTH TDE-~
coBarilil genaeT IePCISHTIBENN HCIIONAL30BANHME WA DTHX el fi-
IVABCHHX caioBo3dymmamrxes Mi-reHepaTopoB, KOTODHE B MuifH-
IDIIe JOTYT OHTH HOCTATOWHO XOIMISKTINI, a CaloBO3CYXIeHUe C
GOJIBILTI KOBMMIIIeHTOM YCIVIEHUA HauvalbHOH 3HeDTHM olecleyrBa—
eT VX aBTOHOMHOCTB. UDH MINTSNBHOCTH MMIYIBCOB TOKA~ I-5cek
OTIazaeT HEOOXOMUMOCTH B HCEYCCTBEHHOM OXJNAXNeHMY 2JeMEHTOB
koHCTpyximm MI7l-TeHepaTopa, 4TO 3HAUATENBHO YUpPOmAeT ero ycrT-
policTBo. KopoTkwe BpeMeHa paGOTH TaKkke MO3BOJMAET HCIOJIB30BATH
00JIeTYeHHY® MATHUTHYYH CHCTeMy 0e3 XeJe3HOI'O CepIeYHUKA M OX-—
JI2RTEHUS OCMOTKA, YTO [OSBOJAET CHM3UTh BeC yCTaHOBKU. ONHAKO,
TpeGOBaHie KOMIAKTHOCTY IDUBOAUT K yXECTOYSHWD) yCJIOBHiA
HA [apaMeTpH TeHepaTopa (MCTOUHHKA) ILIasvMeHHO# cTpyu. [locaen—
Hee cJenyeT TaK®e 4 M3 HEeOOGXOOMMOCTU OHCTPOTO BO3OYEIEHNA 3a
BpeieHa, CDaBHMMHE C LITEJLHOCTBHH DAcoyero MMIyJALCa TOLA.

Oda aT# TnedOoBaHUA mAQUECTBEHHO HNDUBONAT X OXHOM I TOo# ®e
OLleHKE SOMEKTEBHOTO "3HEpPreTMHYeCKOTo napaveTpa" IeHepaTopa
aazm Gud , rme 6 - 2JeKTPOIPOBOINOCTE, 24 U — CHODPOCTE 10—
TOHA HA BXOJile B JICKTDOMHynw uacThk :AlJ-kaHaira , a I1DICHHO:

SU? 2 150 £200 MO (EM)? (15)

IeficTBHTEABHO, HOJaBAANNAA YacTh Beca (M1 ycTaioBHII, Kak
IpaBlo, IPMXOMUTCA Ha MATHATHYH CUCTEMYy, & BeC IocJenHeit oi—
peNesAeTcsa, B OCHORBHOM, BECOM TOKOHECYlue# oOMOTHM. lORI0 Toka—
3aTh, 9YTO IJIA MATHUTHON CHCTEMH C BOBIYNHHM CEDIEYHHKOM":MOoM-
HOCTIO# YIeJLHHA Bec™" 0GiioTKH 3’ 8—6 (rme D - nomimit Bec

OG:OTKI IIPU TeHepIpyeMoit MOLJ,HOCTHN'.B‘.CX& e c ca.10130°6yn,71e-
Hiei) CBA3AH C [ApaveTPali YCTRHOBHU CJIIYIIRL 00pasz0m

Yo~ (2€) = T

B N Ts (60D B
T'me 3's 1 €, — yIeJbHHI Bec U IPOBOLIMMOCTE Marepiiana OGMCTITI,

By - MaKcHMaNBHO NONYCTHMAS MATHATHAA MHIYIIA, OLDAHITIBAE~
iMaf OCHYHO JNOMYGTMMOR IJIOTHOCTEHW ToXKa B .JII-Kanase o mpod-
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HOCTBK KOHCTDPYKILGIM MATHHTHONM CHCTEMH.

Kar BMOHO, BEC YCTAHOBKM YMEHBIAETCA C MOWHOCTEW, C YMEHb-
leHi1e: RINTSJLHOCTI MMITYJECA 1 C POCTOM apaieTpa MIasMeHHO
CTpyI su’ JOIyCcTHMGH MAarHUTHOR HMHIyHLIUei.

I camoBo3dyxaenna MIJI-yCcTaHOBKY HEOOGXONMMO BHIIOJIHEHUE

A
A T — —
YCJIOBHA SUt > = Vn) ,
T7IE T HOCTOAHHAA BYEMESHE MarHATHOH cuctremH, V..,V - 06%eMH Mar-
Hura n Ml-isHana. [Ipn KOSOMIIMEHTAX YCUAEHIT HAYaAbHOH# BHEep~

rmi~ I-I00 T wT cBA3anN cooTHOmeHNed T ~ (I+R)Tw . s Timumy-
HEX Teoduamieckix {IJ~yGTaHOBOK OTCHAa moJydaem ycaosue (I5).
CiemyeT OTMETUTH, UYTO 3TO YCJOBIe, OTpAHIYUBAET BHOOD LOTyC-
TIGIHX THIOB TEHEDATODOB IJa3MH MO CYUECTBY JhUUh BHCOKODHEDIIY-
HERDI XTTLIYECKIMI TOWJIMBAMM C TE:IeDaTypaili TOpeHua ~ 3200~
~3700°K.

[lauGosiee OpPOCTO YHOBAETBOPHUTE 9STOMY YCJOBUI, MCIIO '7yﬂ
TBEDTHEe MOPOXOBHE TOILANBA C JOOSBHKAMU WEJOUHHX METaJIOB 0

Ha paccioTpeHHEX IPIHIGIIAY H OCHOBaHa CXeMa Teofu3:iigec—
1oft [IM~ycradoBri “Iamp-~-I", npencrapiammed colon IBYyXiaialb—
iHiE caoBo30yRIantntiicsa paryabcHdil (Ill-redepaTop, padoTawniyii
[ia IPOIYKTaX cropaHnf CaLTICTHTHOTO (IBYXOCHOBHOTO) TBEDAOTO
TOMTIBE C MOCACRAU WENOYHHX [IeTaLIOB.

O0a redepaTopa Ia3xH HYIEHTIMHH 1T 00ECIeulBapT NOoJydUeHue
MaCCOBOTO 'acXOza [IPOILYKTOB cropaHuf mo 25-30xr/cex. :loJHoe
Bpe.dd pACOTH YCTaHOBXKH COCTABJALET~ 3CELH. #ATHUTHAA ClCcTeMa
YCTAHOBKI! COCTONT 1i3 3 OMIEAKOBHX IJIOCKIX OGMOTOK, MERAY KO—
conr i pazvenanted [Tl-nanasd. 06.10TK: BHIOJHEHH 13 lemd,
JaxcIanbHasg MATHHATHAA CHOYRUEA B ClCTeMc JocTiraeT 4,d5T.
losnitil Bec uL@TIDITION cucTexH 8,47.

ATA~ranauls 1DlenT IJUTHY 2JeXTponHoit 30um Ini, a1eXTpPOIH
BHI[OJIHEEN 113 I'padirra Wil [MeTLINYECKIX IJIacTiiH, I30JIRICHHOM
CTell ™~ 113 CTeRIOWIacT:a. UXOoianoe wicjo .laxa cocTamideT sip=
2,4. amcilasnibiiag rexeplpyeiiasl IOMHOCTE RAWIOTO <AHAIa COCTaB-
jrieT IZ2-I5 BT, uUTO 0o0eCileviBaeT IOJYUCHIE YIEeJabHOH :1OUHOCT:H
renepioyedolt eqminneit pacxoza 0,5+0,6 MBT/(KT/cer) upn obneii-
nolf WIOTHOCTH onEocTi 400-500 Br/cu®, 2 m I peodpas30BaHua
DHTAJBINE TOILIEBA COCTABISAST COOTBETCTBeHHO I0-I2 %.

Tomasg reofusiueckaa ycTaHoBxa cocTouT u3 MIIl-reHepaTtopa,
OaTapey KOHIEHCaTOPOR HAYANBHOTO BO3CYEISHMA, CHCTEMH yHpaBie--

HIA, NIyYa0lero SJeKTPAYEeCHKOTO AWIONA X CeTH IMPHSMHHX CTaH-
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nomif, PACHOJOXEHHHX HA DA3VMYHHX YAJeHMAX OT H3Aydawllero mu=—
mosig ( me 40rmv). OSumii BUE reHepaTOpHOR YAaCTH YCTAHOBKM ITOKa-
3aH Ha puUC.3.

MII-ycTanoBka "ilamup-I" padoTaeT ciemywur1 o0pasoid. B Mo-
MEHT IPOXOXIEHWA CUTHAIA efWHOTO BpEeMEHM HA BCEX CTaHLIfAX 3a-
nycKaeTcsd DeTHCTpUpYoMad alnapaTypa ¥ NOZAOTCA KOoMaHDH Ha 3a-
TYCK TeHepaTcpa [JIAsHH I MONKIOUeH! s X MaTHUTHOW clicTeile dara-
DCII XOHMEKCaTOopoB HavyalbHOI'0 BO30YRIEMmil. JTa faraped IIpeaBa-
DITEABHO 3anSRaeTed OT LajOMOLOT0 OeHBOIAEKT DIYeCKOTC arne-
rava. Tox paspdana Garaper co37aseT Hadasiblloe Harilitioc !oJe,

B .otopod .[Tl-rauarar! Tesepipyercsd Tox, copilataomdi 1o ran-
DEBJIVHID C TOKO.! HAUY&ibKOTO BO30yHmeiild., JTOT TOK locuyracT

B aDiniTiyR CrieTe.dy, B pe3yJabraTe Uero iariiliTioe Ioje B Heii
YEELIUIBAeTCH, UTO B CBOX OUEnEIb INIBCIIY K O4Yepeqio.ly yBe-
JOTUEHI Tellenipyeroro ToXa U T.H. ([0 JOCTIDZeHIN TOKOM 3alaii-
HOIl BeJIIUUHH B 3aBIICIZIOCTIHI OT :POTpailid palGoT B LEdb .l0XKeT
OuTH BaI0UEio O0ajiacTHOoe COuUPOTIBIEHe, CTACIUIM3IDYOLee TOil.
Hagde! 2JeKTPITYeCKOT0 MITIONA MONWInYalnTesS . dxexrpomal M-
KaHajoB, BHINUYEHHNX I0CJICHOBATENbO TIA YBEJIMCGHHA Peliepli-

QYe ioT0 HAIDTHEHIA BBINY BHCOKOOMHOTO  XapaxTepa Harpyswil
(~I,30:1). locae apexpaueinid paGOTH IeliepaTtopa IJIasiH 3Depris
3allaceHiasd B [IADHUTHON cuctrene, 4acTUUHO BHIEJAAETCA B 3JAEKTDI~
GCCKOi1 minIoJie, Ofeclew!Bad MosyUeH:ie OTpIAATeJNbHOR YacTi I1fi-
MyJA5Ca TOKE OJAUTeJBHOCTEN L,8CeK, UTO OiarolpiaTHO CKa3HBaeT—
CA HA YacTOTHOM CIERTPe pes3yJAbLTUDYHUEro CIlHaJja. -laKCIriayibHasfd
QUUUTYIA TOKA B [IOJORUTENBHONE YACTU MIYJIbCA COCTABIAET
~1+I,5ka, a B orpumatensuoit — I,4+I1,8Kka, YTO ofGecHeviuBaeT DI
raleqae mmiHO#M 1,54 nosydenye MAKCILIANBHOTO IIIONBHOTO MOMEH—
ta ~ (3#5) « I0° a.u, Torfa Kak craugapriaf reodusideckad au-
llaparypa Ha Toil Ke xadejge 06ecIewBaeT MOMEHT - (7+10)- I0%a, A
T.€. a2 2 [IODANKA eHBbIIe.

ilpl ZCI0JB30BAHIY CPABHUTEJNBHO NMPOCTOTO I KOMIAXTHOTO Iipe-
o0pazoBaTeid HAMDMAKSHUA MOXI0 YBEJLIIUTE HOJORITEABHYHD 9aCTh
ILaTyneca TOKAa B ycTaHoBre "Mamup-I" mo I0-ISxa, T.e. elle HA
T0pAno BesruniH. C novouph MI-ycTaHoBxu "lavup-I" ymajaochk
o6ecClIeynTh HaIeRHOe 30HMIpOBaHIE IVIyOMH ~ I2-20K1 B CJORHEX
TOpHHX YCHOBMAX lavipa. ITH IVIyOHHH KaK pas i 1IPeJicTaBJLLoT
co0oif xHTEpeC, T.K. OHI COOTBETCTBYWT IVIyOMHAM OYaI'OE 3enie-—
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rpacenu® B pafore I'apMa.

OxcmepuMeRTH ¢ MIJl-reHepaTOpOM IPOROJAXANTCA M B BACTOAMEE
BpeMA. BOSMOXHOCTH HCCNEROBAHAS H3MEHEHHS CONDOTHRJICHWS HO-
PON BO BPEMEHE MOSBOJMT DASBHTEL METONEIECKAE OCHOBH KDATRO-
CPOYHOrO OpOTHOSE SeMieTpACeHH:.

JarmUeHue .

[IpoBeneHuNil aHAMN3 MOKASHBAET, YTO ABTOHOMHHE MMITYJBLCHHE
MII-ycTaHoBKE ( RAR CaMOBO3CYENAMIEEcH, TAK E CO CBEDXIPOBOX-
IUME MATHETSME) ABIIDTCA B CEAY OTHOCHUTENHHOR IPOCTOTH yCT-
poficTBa ¥ BHCOENX YIEJHHHX BeCOTACAPATHHX XAPAKTEDACTHR OX-
HUME B3 Hamdosiee MepPCHGKTHBHHX MCTOYHWKOB SHEPIHE IIA reofu-
3UYeCKUEX YCTAHOBOK IMIyOHHHOT'O 30HNEDOBAHHMA 3eMHOE ROpH.

JarcHellmee pasPETHE YCTAHOBOK TAKOTO THOA NOJNXHO HATH MO
OyTH yBeJAAYEeHWA BHXORHOI'O HANDAXEHHA, 4TO GBASAHO ¢ NEJeCQOC-
DPa3SHOCTED MAKCHMANEHOI'O OoGJeIdeHMs Beca HEaGesell mamydaommx
mmoneR. JnA TpascnopradeabHHX YCTAHOBOK 3JIEKTPOMATHWTHOE
SOHIUPOBAHME TIYORH donee 30rM ¢ 2HEpreTHYECROZ TOYRE SpeHHA
apencTaBaaeT CJOXHYD 3aa4y ¥ MOXeT NOTpeGoBaTh paspadoTERR
VHARQIBEHNX CTAUMOHADHHX IeOodUSHIeCKEX YCTaHOBOK.

OmarEas MIT-ycraHoBra "llamup-I™ npomna ACHHTAHEA B CIOE-
HHX TODHHX YGIOBEAX [[aMupa B TpONeMOHCTPHDOBANA XOpONHE SKC-
IIyaTalMOHENe KAYecTBa NPHE paGoTe B CHCTEMEe OPOTHO33 3eMiIeTpd-
ceunit Mueruryra dusmry 3emam AH CCCP. C ee nomompm yZajoch ofe-
CHEYHNTh BO0HEHWPOBAHEE IO 30HH pasMemeHHs oJYaroB 3eMieTpsaceHmit
(I2-20mM).

B sakwueHVH 2BTOPH MOKSANR BHPAXANT CBOD KECKpEHHEND Gia-
TONADHOCTH CHEIHAN¥CTaM ¥ KOUISKTEBAM, IPMHEFMABIIM yYACTHE B
paspacoTke, H3IOTORICHAN ¥ HCUNTAHEM yCTaHOBKE "lMammp~I" m oT-
JNEeJbHHX ee y3JOB.
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UCCIENOBAHUE ®AKTOPOB, BINAKIMX HA CAMOBOSEYXIEHUE
UNTIYZIECHHX MTTI-TEHEPATOPOB

E.H.Benuxon,D.M.Bonxon,A.B.EOTOB,O.P.MaTBeeﬂKo,A.A.ﬂuymen
UncTuryT aTomHo# amepruu uu.l.B.KypuaTosa, Mocksa, CCCP

Abstract. FACTORS INFLUENCING THE SELF EXCITATION OF PULSE
TYFE MHD GENERATORS.

The self-excitation of an MHD-generator is possible when
the generated electrical current passes through the magnetic
system of that gensrator. Such a generator can be employed as
an energy source in geophysical researches. An approximate
theory of the phenomena in a self-exciting MHDG is developed,
allowing to classify the principal effects of the excitation
regime; an experimental investigation of such regimes has been
fulfilled. Most important effects are the near electrode electric
losses &nd current losses during the initial phase of the self-
excitation process; the concluding phase of this process is con-
nected with strong MHD interaction phenomena such as boundary
layer separation, leading to a dramatic reconstruction of the
MHD-flow and to general changing of the integral characteristics
of the MGD-installation. The experiments have been fulfilled
with the "Pamir-I" instellation, with working fluid mass flow
of 30 kG/sec. The working fluid consisted of a solid fuel com~
bustion gas with some alcaly seed. Electrical energy amplifi-
cation coefficients about 30 have been achkieved, excitation
regime duration was no more than 1-1,5 sec.

AnHoTanuf. [Ipn BBeZeHMM NONOXKTENbHOH oCpaTHO# CBA3M MEEXY
M3PHATHON cmcTeMoit ¥ MI7Zl-xaHaloM uepe3 PeHepDUpYEMHU TOK BOSMOXK-
HO camoBo3lyxzeaue Mill-reHepaTopa. Taxoif reHepaTOp MOEOGT MENOAS-
30BaThCH KAK 3BTOHOMHH{ HMCTOYHHMK 3HepIMU B reodU3UUSCKUX uccCle-
ZOBaHWAX. Paspadorana npuOIHEEHHAA TEOpuA NPOLECCOB B CaMOBO3-
6yxnavmeMcsi MIT-renepaTope, NO3BOJNAWWLAA NPOBECTH KAACCHIMKALHUD
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affexToB, RMADIEX HA PEXMM CamMOBO3CYXIEHMA, ¥ ODOBENEHO 2KC-—
IepIMeETaIbHOE HCCIENOBAHME TAKHX DEeXMMOB, OCHOBHHMH H3 3THX
$aKTOpOR ABJNANTCA OPAIEKTPOLHHE NAJleHMA HampDAXKEHHA M yTEeuKH
TOKOB HAa DAHHEX oTA;AAX BONHE3E NOpPOTa BOICYXNEHWI B ITPONECCH,
CBA34HHHE C CHIBHHM TOPMOXeHHEM MOTOKA MOHJNEePOMOTODHMME CHIA-
ME, TXle H3IBECTHYX pOJb HI'panT MNoNepeuHHe CIHUIH K ABNEHEE OTpHBA
DOTpaHMYHOro chod, NMpHBOIAmEE K pe3Ko#l nmepecTpoilke ROTOKa H
Pe3KOMY H3MEHEHHD HHTErDANBHHX JIERTPEYECKHX XaParRTepPHCTEK
JCTaHOBKH. OKCLHEDMMEHTH OpoBomMEchk Ba MIL-ycraHoBKe "Ilamup-
=I" ¢ XapakTepHHM DacX0IOM NPOAYKTOB CTODPAHMA TBEPOHX TOILIMB
¢ meJodYHHME noGaBKamA N0 30 kr/cek. IoayueHH KoapfuImeHTH
JOHGEHHA JMeRTpEYecko# sHeprm He meHee 30 Impa mMTENBHOCTH
pexMma BO30ymIeHEA He CGojgee I-1,5 cek.

I. BBEJEHVE.

CamoBosdyxnanmm#ic mmuynbcHuft MITI-renepaTop OTHOCHTCH E
RJIAcCy aBTOHOMHHX SICETDHMYECRHX MalMH, KOTOPHE HCIOJE3YDTCA
B KavyecTBe HCTOYHMKCB MOUHHX HMOYJHCOB TOKa B YOJIOBEAX, IJe
OTCYTCTBYDT MOpPOMHIUIEHHHE 2IeKTpDEYecK#e CeTH, a EMEeHHO, B reo-
fu3w9ecKAX HCCAELOBAHRAX IpA IYOHHHOM I0HIMPOBAHAM 3eMHOH
ROTH .

[lon aBTOHOMHOCTHEX 3ISChH NOHAMAETCA MAIOXTH COCCTBEHHOTO
noTpedyeHRd aeKTpRYecKOf sEeprmM mym ofechnedeHEA padoTH Mamm—
#H, KosmdecreeHao# MepoRk aBTOHOMHOCTE MOXET B H3recTHOR mepe
CIYXETH TaR HasHBaeMHE KoofiII@eRT yCHIEHWA IeRTPEUECKoR
S5HepTrEE Yw , PaBHHE OTHOWEHED JIEKTpEYecKoli SHeprW, 3amna-
cennof B marmmrTHO¥ cEcTeme MI-ycraHOBKE W,_, R 3arpartam
JeKTpEYecko} sHeprE W, Ha ee HauaIbHOe PO3CyXLeHme. Jeio
B TOM, 4TO Hamdojee CJIOXHO ABTOHOMHHM COpasoM OGecHedYHTh HOIy-
YedRe MATHATHOTO NOJNA, HeoOXomamoro mnA padots MI-reHepaTopz.
TerepEpyeMas MOMHOCTH NK OpONOPIMOHANRHE B OUpemeleHHHX yC-
JIOBAAX 2HEPI'HE, 3alaceHHO# B MATHNTHOR cmcTeme, HOITOMY Xarib-
Heflmee yBenmEdeHEe 3TO# MONHMOCTE CONPAXEHO ¢ POCTOM 3aTparT Ha
noppepxanme MarHETHOT'O NOJA, T.e. (aRTEYeCRE C yBEJIEYCHEEM
rooffmIMenTa yCEIEHNI SHEprEa. B cBA3E c 3TEM HpmodperaeTt
aRTYAIBbHOCTh NCCJSROBaHMe KpyTra npodieM, CBA3SHHHX C Camo-
BosdyxneHEeM MIIl-ycTaHOBOK X ¢ H3yueHNMeM JaKTODOE, CYymEcT-
BEHHO BUINIDIEX Ha KOoffmumeRT yCHIeHRA SHEPIMH.
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imeeTca ®m BTOPoRX achexT Opoljenst camMozosdivmmenEa MIjl-ro-
Hepartopa. [IOCEOJBRY MBI reofHSEYecKEY OpHjoxedkl HeOJXOMMLME
HEGOJBURY IJIETeNHHOCTE MMIyIbcoB ToKa (T.~I~I0 ver), To nm
oGecliedeH!s BOSMOXHOCTH Bo3CyxumeHmd MI'Ml-ycTaHOROR 3a Bpemea
TAKOTO Xe NOPAIEA MOXHO CHIO OH cymecTREeHHC yOPGCTETE KOHCT=
pyxEn TakmX MIJI-MammE, T.K. MOXHO OHIO GOH HCKIUIAThL CHCTEMU
oXJIasneHdss, cGecleuMBamnite PaCoTOCOIOCOGHOCTE OTHENEBHX YRJI0ONH
ycraHoBKE (MarmuTHO# cHcremd, MII-Ramasii H T.O.), TO—-€CTH &8R-
TYyaJbHHME TaRRe ABJIANTCA HCCIELOBAHMA, CBA33HHHE (¢ NOBHEEHNEH
Gucrpomeiicread MC-ycTamncBOK. OueBEEHG, IT0 BHCOROE (GHoTponef-
CTBHE, KOJMUESCTBEHHO XevLaKTepH3yemoe Tak HazuBacmod moCTCHHHOM
BpEx2HA CHCTEMH T, {CcM,7aiple) MiM BPeMEHeM BHXONA YCTAHOBKE
Ha HOMWHR2JBHHR pexmM T, , MOXET OHTE OCecHevYeHO JRWE: OPE 3HA-
YBTENHROM NpEeBHmEHEM reHepapyemoli MITI-rRanamroM MOWEOCTE Had
BHYTDEHHEME [IOTepAME SHEPrES B 2IEeMEHTaX H y3JdX yCTAHOBKH.
JTO youoOBEE, B E3BecTHOE Mepe XapaKTepE3YeT ¥ JCJICBHE CAMOBOR-
OyENEeRAA YCTAHOBKA, HO ABMIeTcA fonee CHIBLENM. OHO OPENBABIA-
eT NOPHIEHHHe TPeCOBAHMA K LapameTpam RcTOuEmKa (remeparopa)
Wra3MeEHO#® CTDy®, MArHETHO# cmcTeMH M MIT-KaHama, KOTOPHS JOMAX-
HH o0ecHeYMTh BHCORHE YDOBER ~pemHeo(BeMiol ymemsHOR MOmHOCTH
B MIll-Karajne M SKOHOMHOE HCHOONHSOBAHME 3HEPTHM B MATHETHOR
cAcTeMe. CiemoBaTeNrHO B CHCTpomefcTaynme# camoBosbyruammeics
MIJ-¥CTAHOBRE MPOCTOTA KOHCTDYKUME JOJEHA COYETATHCA ¢ BHCOROH
afberRTHRHOCTED PadoTH OTHEIBHHX BIeKeHTOB.

Camoposbyxpemme MII-ycTaHOBXE cdeclewmpaeTcd IPH JCHOBID!,
x¢TRa reHeprpyemad MII-gaRancM MCHOHOCTH WACTHYHO ENH DOXHGOTHD
PacxoIyeTcA HA IMTaHWE ee COGCTBEHHN# MATHMTHON cHCTeMH H IpX
39TOM FMEST MECTO HOJOXATENbHAad o0paTHad CBA3h MEXAY BU3CY#Ea-—
DIPM MATHETHEM HOJEM M TI'€HEDHDYeMHM TOKCM.

B cmaAzd ¢ HemaGexHHMM NOTEpAMH SHEPrA¥ HA IXOJJIEBO TEIAD
B Mill-xKaHase B OOMOTKE MATHETHOR CHCTEMH NOJXEH CYHECTBOBATE
HOpor BO3OYRISHAA [0 MHHAMAJIBHO# SMeKTpoxBExymed cmie 6.‘ N
HeoOXommvo# InA HpeomoaeHmA comporTrBieHRf MCI-kaBara R,. @
OCMOTKE MAarHETHO# CHECTeMH Q\_ . B CBA3SH ¢ TPONOPIHMOHANEHOGTLE
3.M.Co &y MATHATHOH MEZyKImE B. B MJ-wamaze 3TOT mOpOT
SKBHBAJIEHTEHE LOPOTY HO MMHAMATBHOR CKODOCTE HOTORA Iasm: % .
9Ty MHHMMAJIBHYR OOPOTOBYD CKODOCTH HASOBEM EPETHYECKO# CRC-
pocTsp U, . B MUI-gaHanax, padoTammMX ¢ HACOCUE30BAHHEM XOJAOB-
croli 9.XM.c., 3aBECAmEHi Xpome TOTO OT mapamerpa XoJuia ﬁ: ,é B
(roe )‘e - MNOIBERHOCTH SMEXTDOHOB), OUEBuJHO JIOJIEEH CymecITBO-
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BATh TaKXe K DOPOT IO MEHEMAJBHOMY MATHHTHOMY IOJ® (T.€. MHHE-
MAJTBHOMY TOKY B MArHETHOX cAcTeMe), odechevrBammiii IOJyYEHAE
TpedyeMoro napametpa XoJua. B ¢BA3¥ ¢ 9TEM B jJarbHefimeM MH Gy~
IeM paccMaTpEBaTh ToabRo (PapanesBckme MIZI~-KoHaTH cO CHOJOIHH-
ME ZJEKTpomeMi. JUNI MIa3MH UDPONYKTOB CTOPAHAR XPMEYECKHX TON-
JHB MaKCHMAJEHHE YICHbHHE SHeprocheMd cOecneuEBabTCA OpPH WMOJIaX
Maxa M>I, B ceRA3® c 4eM OyIyT paccMaTpaBaThCA TOJBRO CBEpX-
3ByKOBHe TeqeHuA B MIJl-Rauajsax. OcHOBHOE BHMMAaHMe JyXeT yreje-
HO HCCIENOBSHED (aKTOPOB, BAMADIMX Ha KO ShrumeHT yCHIEHHA
NICKTPAICCRO® SDHEPrEM, KOTODHA CHA3Y OTPaHWTMBAETCA TJIABHHM
06pasoM OPHAIEKTPOIHHMA HOTepAMA SHeprEm B MIl-kanare, a cBep-
Xy - pAIOM IIPOIeccos, CBABAHHHEX C PEXEMOM CHIbHOro MII-Topmo-
XeHWs [OTOKa, B TOM YACJIE, HNOBMIMMOMY TJIQBHHM O0pa3oOM ¢ OTPH-
BOM NOTPAEMYHOTO CJIOS K CYMEeCTBEHHHM BO3MYmMEHESM KADTHHH Tede-—
HESI B RaHajue. B mepmo# wacTE padoTH OYyIYT KOPOTKO DPACCMOTPEHH
OCHOBEHE DE3YABTATH IPUCAREEHHOTO AHAMMTHYECKOTO DPACCMOTPERHA
faporieccoB B camoBOadyxnapmExcs MIIl-ycTaHOBKaX, a BO BTOpo#
9aCcTH - PEe3yIBTATH SKCOEPMMEHTANBHOTO HCCICHOBaHEA pAga HarTo-

DOB, OTDAHMYMEADDHEX KOo(fMIMeHT yCHJIeHWMA IO SHEPTRE CBEpXy X
CHE3Y.

2. Cawoposlyxyenme MII-ycToEOBOR.

Bo3moxHOCTP camoBo30yxnennd MCI-reHepatopa, Rak H Jmdof
Ipyro# aNEKTPHYECKO# MAIWHH, OCHOBAHHOR Ha NpRHORIE BJIEKTDO-
warpETHO% mumyrmaE Papames, cpAsaEa ¢ JmHelwo#t (B mepBoM npE-
ONIMKEREW) 3aBECEMOCTED MArHMTHOZ EEHIyRIME O, B coseHoEme
OT TOKa IL » IpOTeRammero B ero o6moTRe (saroH BEo E Camap-
pa), ¥ TeHepEpyeMUR} B NBEXYNeEMCH HTPOEOMHWKE IEKTDOIBEXymeld
CRIH E,Kor MATHETHOR RHIYKINE BL (3aror ®apages). Ipomycras
TeHepEpyeMHit TOR Ig 42pes OOMOTKY MarmETHOR cHcTeMH MIJ-re-
HepaTopa IIPE COOTBETCTBYNNEM COTJIACOBAHME NCApROCTE MIJl-RaHa-
Ja ¥ HAOpaBJeHHA HAYAIbLHOrO TOKA BOSCYRIEHER, MOXHO HOAYYATH
JCRIEHES TOKA B TaxOZ cHCTeMe, IPE 3TOM B IEpBOM IDPROIXEHEH
TOK OyZeT SKCHOHEHIEAJBAO HApacTaTh BO BpeMeHM ¢ IOKasaTeleM
9KCHOHEHTH, 3aBACAmMEM OT "HIGHTKA" 5.N.C. &, HAZ CYMMADHHME
DOTepAME HANpAXeHRd B IEeNH TOKA.

BusMoxHEN pasiAvHHe ROZXONH K ONECAHHRD HPONECCOB B TAKNX
ccremax. Tax, mampmuep, B padore | I, mponmeccs B comMoBosGyx-
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raomemesl MUIl-reHepaTope HCCISAVHTCH C HOOMCHEBD BOJHT-aMISDHHX
XapakrepucTer MI-Raraja, pacuETHLAEMHX Ha OCHOBE ONHOMEDHOTO
NpRCTEECHEA . TaXoe pPacCMOTpeHHEe,X0TA M ABJHETCA JOCTATOYHO NIO-
crefoBaTeNbHEM, ONHAXO B CBAZH CO CIOXHOCTRY DealhHHX NPONEcCOoB
B M['-raHanax, OpercTapideTcd HEROCTATOUHC HARIAXNHNM M He ofec—~
meunBaeT QarTHYECKE Oojbme# TOWHOCTH, 4YeM donee HOpOCTOoe M Ha-
rpHoe “RIeKTPOTeXHAYecKoe" OpHOIMmeHMe, ONCDHpyDmee ¢ cocpe-
IOTOGBHAHMY OKBMBAJIEHTHHME NapaMeTpaME, yCDemieHHHM o0pas’oM

¥apaKTeIM3yOIEME SJeKTPHUecKEe cBOficTB& OTHEIHPHHX Y3J0B CaMOBO3-

ovxnanmefica M[I-ycTaHoBrM. CrenyoIMMm HaIOM R TAKOMY HPHOIHREHWD
MOXeT OHTHL YUET B3aMMOCBA3e# Mexly ycpemHeEHHMY JIOKAXBHHMM Da-
paMeTpaMi miasMeHRoro noTora B MIJi-Kanmale I mapaMeTpaMy MATHAT--
moft cEcTems. Tamofi NONXCX UACTHUEO HCIONB3OBEH B padore | 2.
Kax noxasnBaeT cpaPHeHme ¢ NONYyUeHHHMM B HACTOAMe#R padore
SKCEEDHMEHTANLHEME De3YIbTaTaME, IpPOCcToe SIEKTPOTeXHRUEeCKOoe
OpUCIRREeHNE HORBOAAET KONMYECTBEHHO IPaBAIBHO ONRCHBATE LpoLec—
CH, CBA3aHiHE ¢ [NOPOTOM CcamMOBO3COYRIEHAA B JIOOycKaeT ydeT AN
OCHOBHHX (aKTOPOB, BIMANUKMX Ha BEJHYRHY 3TOTO HOopora. B paMrax
STOTO OPECIAREHMA ynaeTCA JOCTATOYHO TOYHO OIMMCHBATE MPOLIECCH
B camoBoadyxnammemc MIJl-reHepaTope BIVIOTH IO mapameTpos MIZ-
~pzamvomeficTEmE Se~ 0.I5 (rze S° = *"S,B——-(-I“:’,‘f , L« - mwmna MO-
-KaHajia, HHAEKC "O% COOTBETCTRYyeT ygnoaﬁﬂm Ha BXone B MIJ~ra-
Han). OTEM 3HAUYEHWAM Hapametpa MII-B3ammoneficTBAA COOTBETCTBY-
DT KOSHIMIAENTH MPeOGPA30BEHUA SHTANBIMH B EKTPAUECTEO Yo~
~ 7+I0%; uTo ABIAETCH JOCTATOYHO GOMBmORN BenMarHOH , OnE3Ro# K
npenery 3KCICPEMEHTAIRHO NOCTHTHYTHX B HacToAmee BPeMd 3Haue-
Hmii 9, . KODpeXTHOE omfcanMe IPOHMECCOB NPH GOJNBIMX 3HaUe-
EmAX S  OpencTaBisieTCA BechkMa CIOXHOR 3amadelf W B HacToAmee
BpeMA MOXeT OHTH BHIOJHEHS TOJBKO B PaMKAX JOCTATOUYHO I'DYCHX

MOJEeNbHHX MOPHONEXCHA# B CBAZK ¢ Maof M3yUeHHOCTHEH IPOIECCOB
B 9TUX DPermMaX..

2.1. JJeRTPOTEXHNUECKOE IpuGiIRense

PacemoTpiM IpocTeiuyn SREMBAJIEHTHYD CXEMY CaMOBO3GYRuAn-
merocA MII-reneparopa (Puc.I). B cooTBeTcTEBME C 3aROHOM Bmo-
CaBappa HpDeICTABEM CBA3h cperHelt MarEwTHOf zumyKmE B B M-
KaHaie C TOKOM J, B OOMOTKE MATHHTHOR CHCTeMH B BEIE

B =d, I, (1)

§ PR in SAET L
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3T0 COOTHOWSHME BHIOJHAETCA B HOCTATOYHO MAPOKCH 0GJacTHM TOROB

M SKBUBAJIEHTHHX YacTOT M3MEHEHWA TOKOB M MOXeT HApymATHCH JIHUE
IPE YPE3MEPHOM CIIOBOM BO3RefiCTBAM NMOHXEPOMOTOPHHX CHI Ha 00=—
MOTKY MarsMTHO# cHcTeMH Z SfPeKToB OJH30CTH ¥ CKHHMDOBaHEA B
oGMOTREe. B WEKTPOTEXHAYECKOM NPHONUKEHAM NPEeACTABHM 32BHCU-
MOCTh TI'eHepEpyemol 9.4.c¢. OT TOXa B MarHMTHOR cHcTeme B BEAe

&n-"- R*IL . (2)

B cBA3E ¢ TeM, UTO B cradopacmmpanmeMcA PapaneeBcxom MII-
KaHale CC CIUIONHWME SJICKTPOUaMH T'eHeprpyeMmoe HanpAxeH:He ompe-
mexAercAd (OOMEMO SUIEKTDHYECKOTO HONA 3.H.C. Eg =oB ) nome-
peurHME pasmepamm BXomHo# 30EH MIN-Kamana, e BozxefcrBme mar-
HATHOTO TOPMOXEHWI Ha MOTORK ILTA3MH [POABAAETCH CJAAGO BILUIOTE X0
3HaveHmi# nmapamerpa MIJI-B3ammomelicTREA S._? ~ 0,I5, cooTrOmeHme
(2) BunmosEAETCA ¢ GOJABMO% TOUYHOCTED B IMPOKOM JHEANA30HE H3Me-
HEHRT MaTHRTHOR WHIyKMEE B .

OueBHHO, YTO HIPE STHX NPEANOJIOXEHWAX MMeeT MeCTO CBA3b
MeXQy BeJmdMHO# BHOCHMOTO "OTDANATEJHHOTO" CONDOTEBJEHAA Rax
VI napaveTpamz MIJl-RaHaia ¥ MarHRTHO# CHCTEMH B BHAE

R* = U—odl-n QQ&: (3)

rre Yo - paccTodHMe MexXOy VIEKTPOmaMA BO BXOAHOI 30He KaHana,
CIDR’ -goSffmImenT, 3aBmMcAmER OT JODMH KaHAIA B IapameTpa Top-
mozermz SO .

CocpenoTodueHHHe NapaMeTpH MArHRTHO# CHCTEMH - HEAYKTABHOCTH

. B aRTHBHOE COHpOTEBJEHEE OOMOTKE N, B INDOKOM IEaNasoHe

TOKOB '_[L MOTYT CHTH BHIOOJHEHH cJaad0 3&BECAIMMF OT TOKa. HawmGo-
Jee CHIBHYD 3aBHCEMOCTH OT TOKA OCHADYXMBaeT SKBHBANECHTHOE CO-
mpotERieERe M[U-kaHana R B cBA3A ¢ 3aMeTHOR 3aBHCAMOCTED
SJIEKTDONMPOBOAHOCTHE OT OapameTpa MIN[-B3ammomeifiCTBMA M IpA3JIEKT-—
POIHHX CONPOTHBJICHE# OT TOKa.

CooTBeTCTBYDIEE OLEHKE NOKa3HBAWT, 4TO IOPH Moz 2,543 3a-
METHOTO H3MeHeHEWA Ry N3-3a MIJI-TODMOXEHNA MOXHO OMAIATDH JIHNE
mpr So~0.15-0.20. Ms-3a pocTa TeMIepaTypH MO JHHE KaHATA
3T0 CONPOTERNEHNEe yMEHBmAeTCA & pocTom O .

Ipromoft, ypemamsapnest R , MozeT G6uTh »ffexr Xoxna. B
AIeaJbHOM Caydae

o -‘QK:R: (1"'}}2):
TIe Re - CONPOTHBJICHME KaHana Oez ydera adbjerra Xoina.

Iipr wmcnax Maxa B Ramane ™ > 2,5 maMeneHEwWe mIOTHOCTE B
ranase wano (mpE o -I &LI) ¥ sffexTepHuil mapameTp Xosra P*
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B IEepBOM OpAC/MXEHTM MOXHO CUNTATH c1ad0 H3MEEADIEMCA IO JIMHE
ReHara, T.e. B, = B . OmHaxo KOHeWHOCT: MMMFM TERTPONOB K
HaJumque NPRICKTPOIHHX cONpOTHEJeHHMYl, SaTpyIHADIMX 3aKopavH-
BaHEe XOJUICBCKOI'O TOK2 JWIEKTPORAME [3], a8 Tagxe pPocT IAIOTHOC-
T# B BHXONHHX 30HAX KaHara NPE CHNBHOM MIT-TopMOXEHME cyumecT-
BEHHO CHEXADT BJNAHWe 2T0TO oierTa Ha K , TAE 4TO0 ero BO3-
IeficTBEEM B THIE CAYYAEB MOXHO RpeHedpeds DO cpabBHemwD ¢ Goree
CHIBHEME 3fferTavE, CBA3IQHHNME, HanpEMep, C POCTOM TeMiepaTyDH
E napieHEY OpH OTPpHBE NOTPAHAYHOTO CJOA HA [MIEKTPONHHX CTeHKaX
‘KaHaJa.

Hrar, cymecTByeT NOCTATOYHO MMPOKad OOJNACTH PEXEMOB BOIN-
SE pex#Ma HaganrbEOTO BOSCYENCHEA, I'le COCPENOTOYeHHHE HapaMeT-
PH oKBEBaseHTHON CXeMH camcBo3Oyxuammerocd MIJl-reHepaTcpa caa-
60 38BECAT 0T I'EeHEPEDYEMOTO TOKa. PAccMOTPEM IPOIEecCH B 2TOR
00JacTE ¢ OesD onpenencHuaA ycaopmlt camoBosdyxmemma MIA-ycra-
HOBOK.

Us ypasHenma Kupxrojfa mna cooTBeTcTRyvmeX SKBEBaseRTHONX
cxemd (Pmc.I) mpE ycuopHm

Ie= 1 (5)

THe IK - Tok B M['fl-xauane, 1;_ - TOK B MarHETHOR cmcTeme,

K HaXOJEM 3aBECHMOCTE TOKA
2 B cEcTeme "ML~ -

r—u u'—l n
— = MABrHAT" OT BPEMEHE.

i S o +
T,
C =t Ry IL(ﬂzlL e (6)
o ___f e
) RL
X T= R ~(Re+R) ’ (7)
TaR HasHBaemad NOCTOSH-
- L HAf BDEMEHM CACTEMH WK
L= NOCTOAHHAA CamoBO30yxIe-
HEg, ], - TOK HauagbHO-
L IO BO3GYXIEHEA,
' JioGHe BIeRTPOTeXHA-
- - . . JeCKMe mapamMeTpH ycTa-
%%‘%63252%3%%%53“ BAACHTHAA CXeNa HOBKE Janee MOT'YT OHTB
~JCTAHOBKE C CH-~
GTENOR HEUATHHOTO Boadyi.uennﬁ. BHPAmCHR €epes MONydeH-
Eg napalfeAsHOE BO3CYEACHHE HOe 3HAYEHRe I,_(‘(:) ’

NOCXeZOBATEABHOE BO3CYXIENHE ., Jnéoe W3 CONpOTHMBICHHR
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oxpEBanenTROR cxemd R« , Ry mmm Ry ¥ mpa xospjrmmenra ma-
TPY3RE

Re - R
Ky = "'*—ﬁ;—‘c-" ~ DONHHA Koo)ferment Harpyskx (8)
Kg = Ry - Koojfmment arTHBHOR (9)
R .+ Rk HATDY3RH

Hanpmmep, DonHas reHeprpyemasd MUJ-kaHamoM MOMHOCTH NK ecTh
_ KL 41-Kp 2
"PeaxTaBHAA" (CcBOGOZHaf) MomEOCTE N , KOTOpDad MoxeT GHTH

HCIONH30BaHa BO BHeNHe# HArpysKe IIpE COXpaHEHRZ YDPOBEA MATHHT-
HOTO IOAT B CHCTEME €CTH

NoG) = Bo =2 R OTF )

Ke (1)
llocToAHHAA CaMOBO3CYRIEHMA H
c - KeU-ku)
[ K, - K L (12)

rge T = L/Rl_- HOCTOANaA BPEMEEN MarHMTHOR CHCTEMH.

Jond DOTEph MOWHOCGTH HA AKTHBHOM CONPOTHBJICHEM OCMOTHE
MATERTHOR CHCTeMH

NRI. 1_|<L Ke
RL NK KL 1- KR

2.2, Hopor camopoadyxpérma ¥ xosfdumment yomieHWT 3fepra.

M3 (7) BEmHO, UTO YCJOBME CaMOBG3CYXICHEA CHCTEMH
SKBRBANICHTHO YCJIOBED

R* >/ th: + QL (14)
970 ¢ yueToM (3) mozHoO 3amEcaTh TaKxe B BEIE:
. Qx + RL
U 2 Uy = ——-"'_"d'- Y. B (15)

rae Y, - Herad XapDaRTEPECTERA CamoBOo3dyxnanmefca MIJi-ycTa-
HOBRE B LOJIOM, BEASHBAaEMas KDETEYeCKOR cropocTsp. IIpE dERCEpO-
BaEHHX pzamepeX MLJI-kanana, fERCEDOBAHHOE HPOBOIFMOCTE IUTA3MH
H ompegencHHo® marmmTHOR cEcreme (d.,R,) i camoBo3CyRIeHAA
JCTEHOBKA HEeOCXOIEMO, 4YTO0H CKOPOCTE HOTORA ILIa3MH NpeRHmANA
KPETEYeCKOe 3HAUYeHEe, chpemendemoe ycaorEeM (I5).
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W3 (I5), (8) = (9) HaxomeM cBASH MeXIY \J, wu U !

U
4-%, = U'Z (4-KR).

(16)
OTRyZa A NOCTOAHHOR camoBOSOysueHmA T, HOaydaeM:
- Y
Te = G- RTL, (17)
PaccmoTpEM Temepsh KODHIMUMEHT yCHJIGHAA SHEPrME B MATEMTHOH’
CHECTEME WA 2t
== e (18)

B paccmaTprBaeMoM OPAGAHMXCHEH BpeMA T, ZOCTAXCHHMA TOIOM

8aFAHHOTO 3HAYSHMA If_‘ CRBA3aHO ¢ KoSfimImeHTOM ycHaeHMA M.
COOTHOWEHEEM
Tw =T = KT,
2 Ue- Uy 2 ’ (19)

T.8. 4eM (ojbme Tpedyemoe GHCTPOLelcTBEE YCTARHOBKE NPE BHCOKHX
KOSHIMIAEHTAX YCHTEHEA, TEM MeHbWe NOMEHA GHTH HHAYKTHBHOCTD L
B dosbme OpepHmEeHmEe CROPORTHE NOTOKA HaX KPMTHYCCKEM 33HavYeHMeM,

[lpn A3MeHeRMR BXONHOE CROPOCTH NOTORAa OPE OCTANHHHX fEmCH-

poBanEHX mapamerpax ( R., R_ , L ) morxem mwers mecro onTm-
MyM IeHepapyemo MOUHOCTE OO U, .

Ini noxHof momsocT® Wk omTEMYM mocTraeret mpm O =
= 2(4-KR)U;, , a Wi peaxtmpHoft N, - mpm UP=2, .
CymecTnyeT onTEMyM (MAHEMYM) B 3aBACEMOCTE KDATHUECKROH
ckopocTE U, ¥ mocToAHHOR camoBozdymmenmd T, oOT Ko Pimm-
€HTOB HarpysrZ Kp B K, . OM3MYecKE 3TO CBARAHO C TeM, dITO
KDETHYECKasA TRODPOCTH K NOCTOAHHAT BPeMeHN CHCTEMH 33BHCAT KaK
or Re ,raxmor L , R, u ol , opmuen nocaemme  omm-
ame o7 Re 33BHCAT TakXe OT UKCia BETROB B MarHMTHOE CECTeMe,
T.e, OT coocoda "pas3dmeHMA" (UECHPOBAHHOI'O CEYEHWA IPOBOINHEEA
OCMOTKM Ha OTHENbHHE BHTKHA.
MupmMym kpuTEuecKoft CHOpPOCTE Uppw = U;?  ZOCTHT@eTcA OpH
Ke= % (90 cooTBETCTByET MARCEMyMy BHIEXEHEA MOLHOCTA B
COIPOTEBJICHAN OGMOTHE Ipa L —» 0, T.e, MANEMyMy HOpora BO3GyE—
Iemnd). ManpMarbHOe KpETHYECKOe 3HAYeHWe CROPOCTH ecTh
U min = 2 RE
' d.(_Yo ¢Q* (20)
9TO MORHO NPENCTARHThL B SKBHEBaJIeHTHOft fopme B BuZe

2 _»1- Ve
G'U::-,mu - TL( VK) @U;, ) (21)
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rHe VL - 00BeM MarERTHOH cEcTeMd (o cpejHe} JMHAM OSMOTRH),
Ve = 00BeM M‘H-Raﬂana.a?g - MHOXETENS, paBHHI 142 mm cHc-

TEM C BO3JyUHHM CEPIEYHHROM (3a3ncn'r TOJBKO OT I'eOMETPHE 00—
MOTRE H RaHana). llapamerp GU> B AETerpamsHOf fopMe ZapaKTepn-
3yeT CHOCOGEOCTE TeHepaTopa Mia3MH padoTaTh B COCTABE CamMOBO3-
Oyxnamomefica M I~-ycTaHOBRE. Ha30BeM ero yciIOBHO 2HEPIeTHIECKMM
mapaMeTpoM TeEepartopa WirasmH. Kag pummo m3 (2I) mHEManpHOE
KpHTHYecKOe 3HAYeHHMe SHepreTHYEecKOTO ILNIasMeHHOTO IapaMeTpa 3a-
BACHET TOJBKO OT reomeTpnm® MLI-KaHAna M MAarHWTHOR cCACTEMH
QIEKTPONPOBORHOCTH MATepHEa o6MOTRR (uepe3s C_ ) E He 3aBHCHT
OT Wcia BETKOB B OCMOTRE,. ¥ moGux IHapaMeTpoB ILTa3MEHHOTO MOTOKA.

MoxrO mOKa3saTh, UTO BeaZEWAHA T, = L/R_  onpemeiserca
TJIaBHM O0pa3OM NOJHHM cedeHWeM NPOBOTHAKA OOCMOTEE SG '
JIeKTPONPOBOJHOCTED MaTepwana OoOMOTKM €, . JnA OOWYHHX Opo-
BOJHAKOBHX MATEPHAIOB IPM HOPMamhbHOR Temmeparype T, ~ I cek
OpE Sy 500-I000 cM% MERRMATEHOe oTHOWeHEe oGmeMoB V. H Vi
Gm3K0 K ~ 5-I0 B 3aBRACAMOCTH OT KOHCTDYKIEM OOMOTEE., OTcoza
floMyuaeM, 9TO MAHEMATGHHe SHAYEHET IapaveTpa SU° , Eeo6XomE-
MHe ZA% CaMOBOSGyXTerER MIT-ycramokm ¢ T, ~ I cer & (M./Vi)~5
COCTaBIAELT

2
G’U'Hm 50- 100 ( ) (CEK
(22)

I moayuerms ROSfmumeHTa YCHICHEA SHEPrME Iy, > 1 HeodXo-
IMMO DOTDeGOBAThH, WTOOH HOCTOSHHAA CAMOBO3GYXIeHMA C. OHia
xoHeTHOR BesAumMHO¥. OTa BeNEYNHA TAKEKe MOXET GETh ONTEME3EDOBA-
Ha N0 CHRODOCTE WIM ROGJMIMEHTy HarpyskM. Moxno norkasaTh, |TO
IpE NpPOWMX DABHHX YCJIOBRAX MEHEMAIbHHE 3HAUEREA T, ,,, ZOCTHIra-
DTCA Opz nojHOM Kosdfummenre HarpyskE K7=14 (pexmm march-
mapHOR noanrof mommoctE). Ipm sroM

2
U,
TC,HIN = ’CL ——run

\5:2' - U*,amn (23)
rae Ygyun = COOTBETCIBYNmE® ONTHMATSHOE BHAUEHHE KPHTEYECKOH
CRODOCTHE, onpenendemoe ycuoBkeM (20).
T napauerpa 6U2 mpm sTOM mOXyuaeMm V
enfw L
U= (1+ )6 b SU, mu"' —:'M 2 V&)@\I,‘. (24)
Kar BupHo 23 (24) 7 NOJY4eHRA 33jaHHOTO GHCTpozef#icTREA CHCTe-
M TpedyeTcAd YEEJNUEBATH napamerp SU2 , IpEuem TeM GOJIbIe,
gem Gobme HeOGXOIEMOe JCRIeHHe SHEPTMH MM MeHble BpeMd BHXOJA
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Ha pexmMm. TaR, Hampmvep, LA DOJyYeHEA ROSHIATTACHTOR YCHIEHMA
rw ~ I0° 3a Bpema T, ~ I cek HeoGXommmo oGecHeuUHTh 2HEpPreTH-
geCKH#t MIa3MeHHHR OapaMeTp SU*

sUu?y 150+ 300 £

KM )2
ex
Ycanosae (2I) moXHO SamMcaTs B WHOM BHXNE dYepes KooddmiNeHT mpe-
OGpPasoBaHEl SHTAGINE NOTOKa (K.0.2.) B JUERTOMYeCTEO 7, X
MaccoBHl pacXonm rasa B ILTasMeHHOHX cTpye GK y TOTER
0,6 » o L,

o NER T W T (2Ia)
TIe Wy - omrammsa eIMHRIOH MACCH rasa Ha BXoze B MIJl-ranai,
W\ - sHepras, samacaeMas B MATHRTHOR cmcTeme.

BupHO, 4TO NpE @HKCEDOBAHHHX NApaMESTPAX MATHATHOR cHCTeMH
7 BHOpDaEHOM padodeM Tene PexEM CcamoBO30yxmeHMA MOxeT GHTH ofec-
OeYeH OPX MRUIHX R.0.9. OyTeM yBeyRYeHRA pacXols raza, T.e., 00
K.I.3. \Q y Hopor BO30YXICHAA OTCYTCTRYET.

Hrar, moi camorosdyxmerma MCI-ycTaHOBRE HEOOGXOmEMO Tak HO-
noépatek mapamerpi MITI-ranana, mMarHMTHOK cHcTeMH ® TeHepaTopa
ILTa3MH, 9YTOOH BHIOOJNHANIOCH yciopme (2I). Ipm mMamuX BpemeHaX BO3-
OyXIcHRAA B GOJBUHMX KOSHIPIMEHTaX yCHIEeHmI 2TO YCJIOBHE OIpexme-
JseT TpPeGOBaHWA K MapaMeTpaM reHepaTopa IUasME 6UZ m marmEmTHOH
cucremy ( T. , Vio/Ve ). IIpr neSompmmx mapamerpax MI-p3azm-
vogeftcrerA (wm MamX ROPIEIEeRTaX NpeoCSpas0BaHEA BHTAJDIIHE)
MponeccH BOOYRIEHRA OMMCHBAKNTCA OPOCTHM JMHeHHHM OPRGIEXCHEEM
OOCTOANHRX SRBABISHTHHX COCPENOTOUYECEMHX NIADaMETOB OelH TOKA;
OpE napaMeTpax BaammomeficTemA S. ~~ 0.I540.20 BOZMOXHO mpo-
fABJIeHMe HequHedENX S{feKTOB, NPABOJANRX K HACHMEHNMD TOK2. B
OpAHO@de SIpefieNbEHe 3HAYCHMA IeHEDUPYSMHX TOKOB MOFYT OHT: yBe-
JPIBHH OYTEM YBEJEYEHRRN MAacCOBOTO pacXona rasa B MiL-kaHase
OpM COXpaHEHMM HA HA3KOM YPOBHe IapaMeTpa B3aEMOLeiCcTERA.

B cpA3® co ciaoXHOCTHD HeymHEe#HHX npomeccoB B MII-Kamanax,
OUEpPOJa KOTOPHX A0 CHX OOD €me OROHWATeNbHO He BHACHEHAa, H200G-
X0IMMO JeT&IEHOe SKCHEPEMEHTaIbHOS HCCAEeNOBaHMe 3THX MpONecCOoB
B pexmMe cCaMOBO30YRICHHA.

3. JRCHEpAMEHTATLHOS HCCRENOBaHAEe Mponecca CuMoBo3dyxpenad MTN-
=T:eHepaTopa.

3.I. Omucamme srcnepimentamsnod Eff=ycramopRs “Mavmp-1°.
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HecenepoBanme OpomeccoB B camonoadyp:ammemca MCJl-reHepa-
TOpe NPOBOZMIOCH HA SKRcHepmMeHTambHO® MUI-ycTanopke "Iammp~I"

C TeHepaTOPOM ILIa3MH C MACCOBHM PAacXOZOM IDONYKTOB CTOpaHEA
TBeproro TommBa a0 30 Kr/cek.

[IprHNEmMRaAbHAA WWIeKTDNYecKad cXeMa YCTaHOBKH IOKasaHa Ha
Puc.I. CEcTeMa HavaabHOTO BO30yxmeHma "C" mpelcTaBiieT codop
daTaped MMIYJBCHHX KOHINEHCATODOB X ONpefenfeT TOK HAYAIBLHOTO
BO3CYXISHEZ ]. . BOSMOXHN jiBa BapMaHTa BEINYEHMA OECTEMH Ha-
YamLHOTC: BOSOYXICHRA: a) napalerbHOe BO3CYXIeHEE, oGecledrBa-
mEee MOABJIERHEe HAUANBHOTO TOKA 13 TOJHPKCO B MAUHETHOR cHcTeme
BCOJAENCTRHE 3AMAPAHRA BEHTWIN B NOTEHIMANIOM GaTaper KOHIEeHca-
TopoB K (6) DocaemoBaTenbHoe BO3GYXIeHME, IPE KOTODUM TOK
C Ccamoro Hauaja OpOTeXaeT Tarkxe X uepe3s MIll-kaxar.

Pexuyi DapagneirbHOTO BO3CYXRNEeHES yHOOEH TeM, 9TO MO3BOJA-
€T KOETDPOJEPOBATE B KAXIOM 2KCIEDEMEHTe 34BECEMOCTE HampRReH®d
X070¢TOT0 Xoxa MIT-ramara (SPPeKTHBHOR 3.5.C.) OT MATHHTHOX
EEIyKIME B, , a B pexnMe MOCHEeXOBAaTENBHOrO BO3CYXNCHEA Ha Ha-
YaNbHOM DTalle PeaNM3yDTCH YJCJIOBMA BHeNKEro BO3CYRNEHHMA, YTO
D03BOJAET B KaxjoM SKcIepHMMEHTe ONpenendTh HAYANbHOE BHYTPEH-
Hee compoTmpiaeHme MIll-kaBRana (Pmc.4). BaTapes RauarsHOTO 303-
OyxneHEA ofeclewMBaeT MOJYUeHEe TOKOB BO30yxneHuz 1o 25 KA.

MlI-kaHautd ycTaHOBRE "Ilammp-I" npezcTaBmanT codoft pacmm-
pAnm@ecHd 00 MaojArmmonHof cTeHKe B OTHomeHmE I,62:1 mpAMOyTOIEH-
HHe COILIa CO CILIOMHHME 2JIeKTpoxam# pasmepom I00 x I6 CM2 Hso-~
JATEOHEHEe CTEeHRE MOIVIX OHTL RaX MOIYABHOTO THRIA, TaK H BHICJHEH#
HEME A3 CYCJEMADYDUmErD MATE[EANA HA OCHORE CTERJIOIIACTOB.

VeouTHBAMCP WIEKTPOMHHE KOHCTDYKIMH DPASJNYHOrO THOZ, B
TOM WHCJIE H3 DASNEYHHX MarepzanoB (ompodoBaHo Goxee 30 marepd-
aJI0B) B Da3yMuHOf KOHfMIypamm®. B CRASH ¢ HAAEUAEM NUIAKOB B
CPONYKTaX CTOPAHEA ECOONH3YEeMOI'0 TOIUIMBA He OGHADYXEHO cymecT-
BEHHO# 3aBHCEMOCTE NDEICETPONHHX NajeHRi HaupAxesws oT PadoTH
BHXOZ2 MaTepAana areEKTpoRa, HO HadabpaeTcA ONpeNeNeHHAA 38BHCH-
MOCTh OT TEMIEPATYPH IIOBEDXHOCTH JJICRKTPONA K BeJKYMHHM TOKa. Jim
HCRIDYEHRA CYMECTBEHHOT'O BJARAHEA NPRANEKTPONHHX HafeHmZ Ha no-
Por Bo30yxmedmd PRIDYCHRE HAYATHHOTO MATHATHOTO NOAZ NPOBOXEIOCH
KaE IpaBmi0 Hocie HpeNBapETEeNSHOTO IporpeBa 3NEeKTPOJOB TEIoM
NOTOKA HpOLyKTOR cropapmR (gepes 0,3-0,5 ceKk B 3uaBECEMOCTH OT
MATEpEAJIS IERTPONOB).

KoHcTpYyKIEA EKAHANOP OGeclevEBana OpOBENleHEe E3MeDEHMA CTa-
TE9eckoro papneHEd B I0 Todrax BOONH WIERTPOAHHX CTEHOK, & Tax-
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Xe BO BXOJHON E BHXONHOR 30HAX KaHanNa, VEKTPOIH OHIM pasie-
Jerd Ha 10 cerumit, no3BOJADIHAX OPOBOTATH RCCAENOBAHEE paclpe-
fejeHAA TOKOB BJOJL RaRana. Ha A30MAIMOHHHX CTEHKaX pacmojga-—
resmch CHACTEMH NOTEHIHANBHHX 3O0HNOB, DO3BOJANMEX MPOBOIHTH
A3MEpCoHMEe DACHpEeNeseHEA MOTeHlHaja B HEeCKONBKEX NOHepedHHX
CeueHMAX KaHana, a Takke BJOJD moToxa, Bo BXoxmHOH, OmeHT-
DasbHO# B BHXOAHOR CERUIMAX JWIEKTPONOB EMENNCH OHNTHYECKHE OR-
Ha, DO3BOJANIMS OPOBOIMTH COEKTPAJbHHE H3mepeHRd. Hpome TOoro,
TepMONapamM® E3MEpAJOCh pacEpefeleHNe TeMIepaTypH MEKTPOROB
00 TiyGHHe ISKTPOLA, UTO HO3BOJLIO CYHMTH O TEILIOBHX HOTOKAX
Ha CTEHKA EaHaja.

MarauTHAA CHCTEMa COCTOSJIA X3 BOCHME HEOXNaXIEHHHX MeJ-
HHX OOMOTOK, BHTAHYTHX BIOJB OCH IIOTOKA, KOTOpHE MOIJIF BRJID-
9aThCqd B PR3JRUYHHX ROMORHaNWMAX, ofecHedMBADIMX NOJYJYEeHHme pas-
JUVEHX DapameTpoB o), , L = RL . MakcemaumEHe padoume mar-
HATHHEe URNYKIWMH B cCHcTeme cocTamnaam 3,544 T4, pachpereneHme
REIyKIER 00 mmKe MI-xaHana NORasaHO Ha pmc.7. lipa mapain-
JIeJIEHOM COGIEHEHMA ceKuuii B NOJOBRHKAX MATHATA MEIYKTHBHOCTH
CHCTeMH cocTaBiana 8,9 mrH, compoTmeienme (¢ ommromkofi) II,5
MoM, a mapametp o ° = I.I8 rc/a.

TeHepaTop IiasMHd OPENCTABJIAN COGOD LWIMHIDAYECKYD Kamepy
CTOpasda ¢ 3apAJioOM TBEPAOTO TOILMBa, KOHQATYpPalEA KOTODOro
ofecrneuwnBana MNOJY4eHWe MMOYAbCa NaBAeHHA J0 opme, GAH3IROTO
K mpamoyrosbpHOMY (Pmc.2). KpuTmdueckoe cedeHme NPAMOYTOIBHOM
fopMd pacrmosiarayonhk B KPHOKE FeHepaTopa IIas3vH [0 CTHROBOU-
roro (¢ MI'll-rarazom) duanua. $opMa NOSBYROBOR WACTY KDHUEH
HoxGHpanack TarWM 00pa3oM, YTOOH ofecHewMTh MMHMMANBHEYD Cena-
panup KOFIEHCHPOBAHHHX 4acTHI HONEepeR NOTORA M MUHUMATBHOE
SPO3RCHHOE BO3gelicTBRe CTPYE Ha crerrz MCI-Ramana. JaBieHme
B KaMepe CrOPaHEA COCTaBJANO ofhHwHo S0XI0 amm.

Vlcnonb30Ban0ck MWIA3MEHHOE TBEPISE TOILIEBO IBYXOCHOBEOTO
THOA ¢ FOGaBRav¥ MENOTHHX MeTawioB (nesmi wm kaumit). B pado-
WX JCAOBRAX TeHepaTop IMMa3MH ofecleunmBasl HNOJy4YeHME HA BXOZe
B IeRTPOXHEYD 30HY MIl-KaHala caepyolmx ycuoBmii: dmcno Maxa
Mo =2.4, amextpompoBomHOCTE G, =555 MO/M, CRODOCTH NOTORA
Vo =2.1 kN/cek, momskmHOCTH anekTpoHoB 7 =0,I19%0,01 I/mx,
MacCOBHfi pacxop OpOAyKTOB cropamua G, =272 rr/cex.

PerucTpanga m3mepAeMHX DapaMeTPOB NPOBOIMIACE HA IEKT-

poHHEX 7 mwielfHHX ocmminorpafax, a Takxe HenoCpeZCTBEHHO B
ONEPATEBHON HamaTm JBM.



3.2. 00mad_XaparRTepRCTHKA NPONEccoB P >aMoBO30yXxabmeMcs
MI'li-reHepaTope.

Ha pmc.2 NOKasaHH THIMYANE 38BACAMOCTH TOKA B MATHAT-
Holt cMcTeMe l,_ ¥ TeHepEDYeMOrO HAMDAXEHRI Uy OT BPEMEHH
I IBYX PasArYHHX ypoBHe#t TOKa HaYaIBHOMO BO3CYXIEHMA .
Ha prc.3 B moayaorapufMmdecKoM Macmrade MpeicTaBleHa 3aBA-
CAMOCTH I'éHepRDYOMHX TOKOB OT BpeMeHH AN PA3JAHYHHX YCnoBmd
BOSGYRIGHHA, B TOM 9McJe pasiMYHHX mapamerpai oli H TOKaX
HavalLHOTO BOSCYXmeHEA 1, .

OGpamaer Ha ce0s BHEMAHHE DAL XapaKTepHHX 0CoCGeHHOCTeil
NOBEJieHAA CHCTEMH PO BpemeHW. Bo-NmepBHX, BO BCeX HpeACTaRIEH-
HHX c/yd9asdX SHAYATENLHYD 3aCTh COCTABISWT pPEXUMH C 3KCHOHEH-
IManpHEM DOCTOM TOK2 BO BPEMEHH B COOTBETCTEER C OPOCTHM
9JIeKTPOTeXHEYeCKEM mpAGAR®eHEeM (6). Bo-BTOpHX, B OTAHYEE OT
9J1eMeHTApDHO! TeOpHHE, HaGANIAASTCA NOPOT BO3GYXNEHHA MO TOKY
HavaNbHOTO BOSOYXICHMA, 3aBHECHIMA OT HapameTpa MATHETHOX cHC-
Temd ... . Kpome TOrO, HadamnaeTcd 3aMelieHHHE pDOCT TOK2 B0
BpONEHE HOIOCDEACTBEHHO BOJHE3E TOKA HAYANBHOTO RO3CYXUGHRAA,
H,qaxkoHen, B-TDeTHHX, Taxkxe B ¢TJIAYME OT 3J6MEeHTapHOR Teopun
HaOnnpaeTcA SaMelleEHe DOCTS TOKA CO BpeMeHeM E euyie Gojee
CHAJNBHOE 3aMeJJieRHe DGCTa T'eHeDHPYeMOTO HanpAXeHwd, OpW KOTO-
poM OHO JZaxe Ha4Y¥HaeT YOWBATH H Jajee BHXOMAT Ha Gojee HAR
MeHee CTAIMOHApHOe SHAYEHHE.

Tem camumM, ecTeCTBEHHO BHIEJAOTCA TDH DABJMYHHX DEEKHMA
DOBEJICKHA CHCTEMH, & EMeHHO (a) pexuM "HOpPMANBHOTO" BO3GYX-
Ieresa; (0) mpumoporoBu#l pex¥M BO3ZCYXAENEA B (B) pAxBN HACH-
MeZ¥d TOKA HIH DPEXAM CHARHOT'O TODMOXKGHMS.

PaccMOTDEM 3TH pexHME HECKOJABKO IIGApOSHee.

3.3. PexaM sKCNOHOHNMANEHOTO pOCTA TOKA.

llocre saBepmeHAA OepeXONEHX DPOMEeCCOB B CHCTeMe Hauojip-
BOTO BO3OYXRIEHEA, IAETOABHOCTH KOTODHX SaBHECHT 0T SMKCOCT: Oa-
Taper ¥ AHAYKTRPHEOCTE MATHNTHOK CHCTeMH, Ha0ANIAGTCH 3KC=
OOHEeHIHaABHHE POCT TOKA CO BpEeMEHeM B COOTBETCTBEE C RABRE--
cEMOCTED (6).

Ipn Hem3MeHHOR EeJMYEWHe mapamerTpa oL_ 3HAYEHHEe OOCTOHH-
HOl BpeMeHE cECTeMH ", He 3aBHCHT OT TOK2 HAYALHHOTO BOS-
OyxIeHAA, CXeMH BO3CYXNeHMA (IapainesbHO® WM NOCNeLOBATENb-
Hoe BO3CYXIEHWe) E B W3BECTHHX Npefienax OT bBPEMEeHE BR/NIe-
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HR CECTeMH HAuYaibHOTO BO3OYEgemmA. IpE ol =I.2%0.05 rc/a
NoNydYeHHOE SHAYeEEe T. cocrammier Tc =I.T$D.0I cex mpm
o =2,35%0,05 rc/a, T. = 1.55%0.05 cer. lip BauanpHOM TO-
Ke, MeHbUEEM NOPOTOBOTO, NPOECXOIMT IPHGIMIATENHHO BSKCHOHEE=
ImarhEHA coag Toka ¢ ‘T, = -I1.9 cex. (Pac.3, Kpm=es 4).

HadmopaeTced Takme TEHNERNMI K HedoJhIOMy DOCTY T, C TO-
KOM HavuaJbHOTO BO3CYXUCHEA IpE CONBMEX TORAX, GIM3KEX K Ope-
IEeMBHOMY 3HAYeHRD.

Bo BceM 5TOM pexEMe Hal/OnaeTcs JIRHeHAHad 38BHCHEMOCTL Ha-
OpIREHEA XO0JOCTOTO XOKA Uxx OT TOKA B MATHATHOR CHCTeMe
{Fmc.4), 3a EcKmYeHEeM MOXeT OHTH OGJAacTell TOKOB BOJNESH KOH-
Ia pexima, T'Ae HalpAxeHEe HATAHAeT CNerKa YMEeHLWaTBCA; BO
BoAEOM ciyuse 4O TOROB L. =I4fI wA (mpz df =I1.06-I.I7rc/a)
Ee HadmppgercAd 3aMETHOT'O OTRIOHeHHEH OJKBPEBANEKTHOTO “oTpHma-
TENBROTO" COOPOTHBNEHRA &5.0.C. Ry OT CDENHEr0 3HaYEHA:

Ry =42%2 mom (mpz o =I.I-I1.2 rc/a). 3TO CONDOTEBAZHEE
BEeMeHAeTCH JRHEHHO ¢ oy .

Vameperne MOCTOAHHHX BpeMeHM caMoOBs030yxmeEwA T, , Hapi-
Iy C A3MEHEHMeM NOCTOSHHHX BPEMEHW MATHATHOX CHECTeMH ‘T,

B HaOpAXeHAR XOJOCTOTO XOXa NO3BOJAET ONpeNeIHT: SKBEBRJIEHT-
HOe CONpOTHBISHWE KaHana Ry H Ro3IImimenTH Harpysk® ¥, =

K A 3TOro pexmma, a TaKxe [ApAMeTPH MATHATHOR cHCTEMH

. » R_ E compoTEBIEHEe OUMHOBKE Ry . [cJydeHHMe 3RaveHEA

R. [anee MOTYT OHTH HCINONE30B2EH L7 OLGHKE CPeNHRX 3HA-
JeHRf DPOBOXEMDCTH ILIASMH B KaHaje IR CPeNHHX NMPAIeKTpon-
HHX conpoTEBIeHE%. COOTBETCTByWIME SKEABANCHTHHE COCPeRoTO-
YeHHHE NAPAMeTPH LIS DA3AMIHHY BapEAHTOB SKCIEPHMEHTANBHHX
yonopEE Morssany p Tadmme I. i HeGOabWOTO yMeHbWERER ok
ECHONB30BAINCH OPOKNANKE B MATHETHOR CHCTeMe, YIBOEHEe
JOCTHT&NIOCH OYyTEM HepeRIMUeHRA OCUMOTOK.

2.3’7-*0.04]!33.4 36.0
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liTax, B3MEpEHHHe B DA3JMYHHX YCJOBHMAX BpeMeHa CaMOBO3CyXIe—
HaAd T, Q[ANT B CPeJHEM ONHO W TO Re 3HAUYEHWe COINPOTHRJIEHWA
MI'-raHana. [pr 5ToM HOXYYeEHOB SHauemme Ry coBmagaeT co 3Ha-
qeHMeM, ONpPeNENeHHEM HE3aBHCHMO N3 HANpAXEeHEd XOJOCTOTO XoXa,
TPeHepEPYEeMOTO NaNpAXeHRs E TORA B MATHATHON cHcTeMe M MPAKTH-
YeCKW COBIAJANT C CONPOTWBICHMAMA, M3IMEDeHHHMZA B DeXnMe BHEM-
Hero awiekTpudeckoro noud (Pmc.4). 970 moOmTBEpAIAET HPABMIBHOCTS
OprHATOR MOIEMM GACTEMH B UMPOKOM JMama3oHe M3MEHEHMA napa-
METPOE. ECJE y4ecTh eme B pa3dpoc NameHEE B reHepaTope ILras-
v (BJRADIME Ha BeEYwHY R« ), TO TOUHOCTh NPEGIMRCHEA yBe-
JRYMBAETCS X pasdpoc LAHEHX He MpeBHmaer £5%.

KoafivmzenTs HarpysRE 3aBECAT OT o (cXeMH BRIDYEHEA
OGMOTOK), HO B. BpefeNax MaiHX HameHeEmil d._ MeRANTCA ciaadc.
CpaBHMTENBERO HeGONbMAR DPASHOCTE K, -Kp B 9TO# ycTaHOBKe
OCYCHOBIEBAET OTHOCHTENBHO Mamu¥ safac cBOGOAHON (peakTHBHOM)
MODHOCTHE B CHCTEMe, YTO CRI33R0 C OTHOCHATENBHO GONSINMM [HO-
TepAME B MarmTHOR cucTeme ( Ag =59% mpr o =I.I+I.2 rc/c

B Ap = 55% mu d =2.4 rc/a) mpm 3amaHEOM YpOBHe reReDEDY-
emo# MONHOCTH.

Ss4. lonenenme cacTeMi BOIMIK UODOF3 BO3OYERNerwa R BAdaikb-
Hoit cTaimE.

B pexmax BOJHASE TOKOB HAYANBHOIO BO3OYEICHAA MMEeT Mec—
TO DA HeCTAUROHADHHX HPONECCOR, B WACTHOCTH, HepeXOjdHe Mpo-
UecCH B CHCTEMe HaYaIBHOTO BO3CYXGERLA X K3MEHSHNE CYyMMApDHOTO
conpoTEaieHEs MTI/RaHana mS-3a H3MCHEHEA MPHICKTDOIHRHX NafeH
EMR HaOpAXxeamd CO BpeMeHeM B 38BECHMOCTE OT TeMIepaTypH
AIEKTPOROB ¥ IVIOTHOCTHE TOKA Yepe3 HEX.

Ipe socnenoparTemsHoRt cXeme Boadyxmenma (Pmc.I, (6)) mepe-
XONHHE HpOLeCcCH GYAVT 3aTyXaTh B TeucHEE BpeMeH T~ L/(Rc+R 4R )~
= 0,140,3 cer, B nmapamrentHof - B Tevemme T~ 0,2¢0,4 cek.
Ilociie sToro GyneT OpOHCXOIETH JHUBL CTaCHE KBASECTAIAOHADHHH
3aPAN EMKOCTH PACTyIMM HanpAxeHWeM Ha MHAYRTEBHGCTE (B ma-
perzeabEOR cXeMe) M HpaKTHAYECKY BEM3MeHHHE JOJIOBEA B mOCiae-
JOBaTeNBHOR cXeMme.

My pumosHeRwR yoiaoBmi Rx » Re+R. cHeTema moaxma Bo3-
oyxnateca. [px HesasmemmocT® Re , R, 2z R, or rczma stor
[Iponece MOmeT HammaTheAd C JJcTo MRyOro YpOoBEA ToRa. OfHARL,
K3 pEc.3 BHEAHO, 4TO, HaNpmvep, B HNApaIIeNcHOR cXeme BORCYyRme-
maw ok =2,I8 rc/a OpE EavWBHHX TORaX I, < 4.545.0 mA
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caMOBO3GYRICHAR He TPONCXOIAT (RpumBaf 4), Torza Kak opm oy =
=2.37 rc/a cucTema BO3UYRIAETCH W ODM MEHBUMX TOKaX. OTOT 3K-
cllepUMEHTaJbHHE JAKT CEHIeTeNbCTBYEY O HAMMWE Ha 3To# cra~
IFE OPOIEccOB, 33BHCAIMX OT TOKA B CHCTeMe dYepe3 HavarbHOE Ha-
nmpAxerne Ha MUI-KaHase, NOCKONBKY yBesmiekne O, B 1Ba pasa
JKBHBAJEETHO YBEIMYEHM HAUYANBHOTO HANDRReHWA (OpH TOM %€
TOKEe) Tak®e B JBa pasa. Taxum npomeccoM MOXET GHTEH OPUOILKT-
POAHOE NaNeHMe HANDAREHMS, 3aBHCAmMee OT ToKa (yMeHbuawmeecH
C TOKOM). JleficTBUTENLHO, H3MepeHWA 2HPEeKTHBHOTO CONpPOTHERJICHNA
KaHata B DjSUIOKEHHOM VIEeKTPUYECKOM MOOJIe CBALETeNBCTBYRT O Ha--
JA9ME Takory mpomecca (Pmc.4). Ipm DOJHHX Tokax BAIEs3n 4#0KA
7 "XosomEHX" (METaLTAdecKNX) NIEKTPOXAX OPOMCXOIMT pe3Koe
M3MEHEHNe LOJHOTC COIPOTMRIEHNMA KaHana, 4TO, HOBHAMMOMY, CBI-
3aHO ¢ MepeXOlOoM DeXMMa NPAIEKTPONHOTO SJEKTPUUYEeCKOTO pas-
pAna u3 UGdYy3MOHHOTO B MHEDOLYTOBOM [4]. Tocremnee sarmoue-
Hue He OPOTHBODEWMT pe3yJihTaTaM ACCAeNOBaHuA OepeXosa DexrmMa
ropeHmA pa=pija B MAKDOIYIOBOR B 4HaJOTWYHHX YCJIOBMAX, rIe
OGHAapYXeHO, YTO [pH TeMmepatype NOBEPXHOCTH MIEKTPOmA g =%
200-I1000°K InGDYSHOHHH{T pexmM CMeHAeTCd MMXPOINYTOBHM Ipu Cpel-
HIEX [OTHOCTAX TORa ;| =~ I,543 a/cmz, 9TO B PACCMaTDABAEMOM
caydae COOTBeTCTByeT Toram 345 xA.

Taxum oGpazoM, OCHOBHWM 3PPeKTOM, CIperesADnUMN NOpOT
CamoBO3CYRIEHUA IO TOKY, ABJAETCA Hajuupe COJBUOTO MpASIASKT-
POIHOT'O COIPQTHBJEHWA Ha "XONONHHX" 3ANeKTI¢AaX, 3asucdmee oOT
TOKa ¥ TeMIepaTypH 3JIEKTpoma. BozgeilicTBHeN HA OOTPaHMUHH
CJIOIl ¥ MPGIPEBOM MOBEDPXHOCTH 2%EeKTPOJCB MOKHO 3HAYMTENBHO CHM-
3NTH BEVAHAE 3TOr0 ®aKTopa. IIpM XOJOMHHX AIEKTPCIaX CHUREHHE
9TOTO HOpOTa MOXET OHTH TAKKe LOCTHIHYTO MpUMeHeHEeM MATHNT-
HHX CHCTEeM c Goubimmm mapamverpamy ok = B./IL.

3.5, Femuvi cuibioro MLI-TODMOREHWA.

PaccmoTpEM Teliepp NOBENEHEE CUCTEMH B DexmMaX, OJIM3KUX
K TOKaM HacHLeHms 1 max (PAc.3). [IDE 5KCOOHEHIMATHHOM YBEm-
YEeHEHW TOKa B MATHMATHOH# cHcTeMe KB2IpaTHYHO ¢ TORKOM DacTeT
CPeIHMi mapameTp MATHHTOTHIPOIMHAMMIECKOTO B3AMMONEHCTBUA
(mapameTp TOPMOREHUH ) E§u=.f%%£%;}ﬂi- I JMHeiHO ¢ TOKOM cpel-
HEfi napaverp Xowra P = EBL= ¢pod I

PocT mapameTpa TopMOReHmA &, MHpPWBOSWT, C OXHOH CTOPOHH,
K POCTy cremHeil TemmepaTypd ¢ TOKOM W, ¢ JpYyroil CTODOHH, K
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CremyeT OTM2THTH, YTO DM MATHX HOKA3aTendX aiMadaTH = G/Cs
(® mamem caydac ¥ = I.I3+I.I4) n wmcaax Maxa Me>2 ¢ mocra-
TOYHO{i TOYHOCTHD MOFHO MOJNATaTH, UTO BO3AEHCTBUA TEOMETDH-
ueckoTo faxTopa m MLI-TODMOREHWA Ha IpOlECCH B KaHaje IpH-—
BOGAT K YCJOBRAM GAM3KAM caydap ()= Const [5], rorma azer-
KO ONEHNT: BEJMUMHY BXOLHOTO [ApaMeTpa TOPMORCHMA,IpH KOTO-~
poM Ha Buxone m3 M{-RaHana B yCIOBHAX HEMPEpHBHOTO TEUEHAA
ycTaHaBIMBaKTCA KpaTAdeckrme yeaoBma ¢ My =I. LA dape..2eB-
cKoro MI-xaHana cO CIVIONMHME DIeKTpORAMM, NDAGIAEEHHO mMe-

. (Buar = %2,

9TO 3aBEHNOMO BHUE IOJYUYSHHOTO BKCIEPUMEHTANBHO zHaveHwi (27).
CaemomaTenbHO, DPa3KOe m3MeHeHwe youiosuit B MIJl-Kanase OpH
0.I5 He cBA32HO ¢ KPA3WCOM TEYECHWI I BO3CYWICHMEM CIUIBHHX
CKAUKOB YIDIOTHEHMA MNpE IepeXofe CKOPOCTH NOTOK2 dUepes MecT-
HyD cKOPOCTH 3BYyKa. I'0pasfo paHble 3TOr'0 MOMEHTa MDOVMCXOINT
JIOBOJBEHO Pe3KOe H3MeHeHme [apamMeTpoB HOTOKa, NpHBOmsAmee X
CPHBY BO3OYXRIEHWA.

HeoGxomme 3apaEee OTCBODPHTRCA, UTO O HACTOAMETO Bpe-
MeEZ eme HeT IMOJHO SCHOCTH OTHOCHTA2 bHO IPHPOIH IPOLECCOB,
MPOMCXOJANEX IPY CDHBE BO3GCYRIEHWT, KAR BBALY CJOKHOCTH Ca~
MO#f KapTHHH TOPMOREHHMA BO3MYMEHHOI'G NOTOKa, TaK 7 GOJBEOTO
KOJMYecTBa DPASJHIHHX B32MMOCBAZ2HHHX MEXaHW3MOB, BCTYNAOIMX
B Hrpy npa cmubHOM MIJ-TODMOXEHEE CBEDX3BYKOBHX MOTOKOB. 00~
CYRHaeMHe BONDOCH TOJBKO HAYMHAKT DacCHMaTPHBATHCA B JATEpaTy-
pe {6, 7, 8], NOARAADTCA HEpBHE NOIHTKE DACUETHOTO HMCCIEH0-
BaHud IPOIECCOB OPH CHIIHHOM TOPMOREHAM [9, IO:]COOTBeTCTBy—
DIFe 3KCOEeDEMEHTANbHHE HaHHHE HEeMHOTOUMCJIeHHH [I, 7, 8].

Haydosee BepoATHHME MeXaHN3MaMZ, OTBETCTBEHEHME 3a
CPHB BO3CYRISHNA B DacCMATPERAEMHX YCJIOBEAX, HOBHIEMOMY MOX-
HO OpE3HaATH OOABJEHNe MONePEUHHX NOHEEePOMOTOPHHX CII, CBA3aH-
HYX ¢ TOKaM# MpomonpHO#N yTeurku ® adhdextom Xommra, OTPHB HOrpa-
HWYHOTO CJIOA HA aNEKTPOIHHX CTEeHKaX U BO3CYEIEeHWe CHaCHXCRAY-
KOB B NMOTOKe X, BO3MOXRHO, DA3BETEE MATHNTOAKYCTHIECKWX He-
ycToliamBocTe#f pPe30HAHCHOI'O THOA.

TponaubHEEe TOKM YT2URM BOSHUKADT K3-3a PASHOCTH JOTEHITH~
0B MEXIY KATONHHMM WWIEKTDOJZaMM HA KOHIAX KaKajga ¥ HOTeHI M-
ajioM yIasieEHOID KOHIla CTDyH, OPOSYKTOB Cropammi, KOHTAKTHDYD-
e ¢ "semieii". PasHOCTH TOKOB, BTEKAWIMX B AKOL ¥ BHTEHKANIHAX
N3 KaTona, XapaKTepH3yeT 5TH TOKW. BeJMuMHa TOKOB YTEURH JH-



247

UpAGIM3ATENHHO OTDONOPIMOHAJILHOMY DOCTY CPeIHETO NaBJCHMA B Ka-
Hane. OUeHKH OOKa3HBAmT, YTO B DPe3YyJbTaTe CPElHAA HPOBONEROCTE
B KaHaye yBeJUUMBaeTcAd, 49TO ODEEOIHT C HEROTOPOMY YMEHBHEHHD
cpemHerc compoTmeiaeRmA MII~RaEane, <TO JOJAXHO CHJIO OH cHocoO-
cTBOBaTh eme dojsee GHCTDOMY POCTY TOKa CO BpemeHeM (NpE Ipo-
YAX PaBHHX YCJIOBMAX). ODHARO, B AefCTBUTENEHOCTH NpORCXOIAT
3aMeJIeHEe 3TOT0 pocTa, u4TO MOEET OHTE CBA3aHO, IVIABHHM OUpa-
30M, C yMeH:NEHNeM HalpAXeHmA XOJOCTOT'0 X0Xa, OGYCHOBJIEHHHM
JafeHreM CHKOPOCTH NOTORA, B KOP EBHX 30HAX KaKana, CHUXEHAEM
JOKaJILHOR 2.7.C. E POCTOM JIOKANRHOTO KosdmnmeHTa BATDys3KH.

Bo BCeX MccaenOBaHHHX CaydadX Opu CONBIMY. TOPMOXEHEAX Hadmona-

JOCh TAjeHue M3MEepAEMOTO B(HJEKTMBHOTO CONDOTUBIEHWI Rape €O
BpeMeHeM, The

.
QB?‘F‘ = I;K = R**Pk,
AL
aro mpr ARk < 0 soavommo mmm mpm A R <0 m [aRy| slaRel
T.e. N3-32 60Nee CIWIHBHOTO OTHOCHUTENBHOT'O YMEHbUEHMd HalpAXCHAA
XOJIOCTOTO XOna.

To, aro 3ffexTH HacHmeHmA TOKa He CBA3ARH C DApaMeTDOM
Xowra, a ompenmeyADTCA IJIABHHM o0paszom [apamerpom MII-TopMoxe-
HUA, XOPOmO RJJIDCTDADYET .CPaBHEHWe puc. 5 m 6, rhe 1A On-
HAX ¥ TeX e ABYX SHCIEDUMEHTOB C DamMIHHME o\, OCTDOEHa 3a-
BACMMOCTE HOJNYYEHHO# ynensHOR cpemHepacXomHOR MommocTn G = "": or
MarHWTHOR mHmyripm B, , T.e. oT napameTpa Xoama (Pme.5)

7 OT BYOTHOIO IapameTpa MII-Topuomemms oo (Prc.8).

Kax BUmHO, cpemHeo(beMHHEe MOMHOCTZ B STEX FBYX CIydadX
COBIANEWT IipH B < 2.8 . [pn Gosemmx 3HageHmAX B nponcxo-
IAT HacHIeHWe napamewpoza ¢ NOoCHEeNyomEM BX [HafeHmeM IpH i =
= I.I8 r¢/a m pampHeilmmit 3aKOEOMEDHHI pocT mpE o) =2.37rc/a.
B mocaemnem cuyuze OFHMM ¥ TeM Xe 3HAUCHMAM B,_ COOTBETCTBY-
DT HOHAEPOMOTODHHE CHJIN B XBa pasa MeHbmme., (NpenencHHOe HACH-—
llefe yNesHLHO# MOMHOCTE M B 2TOM CJyuae HadamiuaeTcd, HaUAHaA
¢ IapameTpa TOPMOXEHHT Su~ 0.I75%0.005. Ilpm aTOM ®e 3Ha-
YeHuNM NlapameTpa TODMOXEHWA HAUMHAETCA ¥ HAaCHMERWe yheabHOM
vomgoeT# @, B cxydae ol =I.I8 rc/a. MakchMasbHNe 3HadeHWT
MOMHOCTH BO BCEX HCCJIENOBAHHHX CXyYaiX B IMPOKOM JIMana3oHe
N3MEHEHNA BCEBO3MOXHHX IapaMeTpOB JOCTUTamnTCA IpK BXONHOM IIa—
pamMeTpe TOPMORCHNA

o max= 0.22 £0.0I (27)
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HellHO CBA3aHA C TEHEPMPYEMHM HampAiReHHeM [Isr(KA) = 0.5+0-93'103Ux(g)]
1 He OpeBHmaeT IKA, cJjenoBaTeNbHO IONepevHad CIJIA M3-3a TOKOB
yTeuk® cocrasaaeT ~ 0,04-0,05 or Topmosamef#t cmid. BxomHo#
napametp Xoura (mp o =I.I8 rc/a) He NpEBHEAET BENHUMHH

)30 = 0,51-0,52. Us-3a pocTa naBieHWA IO I/ERe KaHATA Cpel-

HEe ero 3HaueHme C TOKOM yMeHbHAeTCHA Opm Su> 0.I, Tak uro
MaxKCEMaJNBbHHE XOJTOBCKM# TOR 3aBENOMO He NpeBHmAeT ToH Xe Beum—~
uiHH. Cpemlee NODEepSYHOE J2BJIeHMe B Openesne MOXET COCTABIATH
oo ~ (7+10).I07° or mpojoJBHOTO IaBIEHMA H3-3a DOHAEPO-
MOTODHO# cuiH, OnHAKO m3-32 OTCYTCTBEA RMHETHYECKOr0o Hamopa

B [OIepevyHOM HampaBJEeHME paxe NeficTBEe 5Tofl OTHOCHTENHHO Clia-
6off CHUH MOXET IDHBECTH K CYMEeCTBEHHOMY I'PalMeHTy IaBJICHHA IO~
Iepek KaHama ~ I atm/cM, ¥ K 3aMETHOMY pOCTY CTATHYECKOTO
IaBJeHUA BOJMM3X KaTona. Ha puc.7 MOKAa3aHO THIMYHOE pachopene-
JeHWe [NaBieHd# Ha KaToxHOR X aHONHON CTeHKaX B pexuMe yMme-
PEHHO CRJIBHOTO TOpMOXeHma ( Sa= 0,I34) Ha cTam® "HODMATLHO-
ro" pocTa HapaMeTPOB CHCTEMH.

B meHTpassHO# WACTH KaHaja INaBJeHEEe Ha KaTONe IPEBHEMRET
NaBJieHMe Ha aHoje Ha ~ I at™™, T.e. Ha 40%; aHaJOTHUHOEe ABJE-
HEe HalawpaeTcAd W B KOHIEBCH 30He KaHama. CaexyeT OTMETHTH,
YTO B 5TOM pPeXEMe cpenHee INapIeHHEe B KaHajie MeHAeTcd cnacdo
OC ero IjnHe, Tagk Wro mapaMeTp XoJuia OpakTAdecKH IOCTOSHeH
BOOMb Kavana { §, = 0,4). OCpamaeT Ha ceGf BEMMANWE BOJIHOOG-
PasHH# XapaKTep pacnpeneffeHEs NaBJEHEA [0 CTeHKaM KaHana,

YTO HaXONETCA B KaYeCTBEHHOM COTJIACHH C PEe3yIbTaTaMl WACIeH-
HHX pacyueToB, HOJYYEHHHME B padoTe [IO} » 32 RCHJNYEHHEM TOI'O
farkTa, 49T0 KadibnaeMad B OOHTE CHJBbHAA IonepewHas HEeONHOpPCH-
HOCTH DapameTOB B KoHajIe EMeeT MecTO IpH CYmEeCTBEHHO MeHb-—
wx sHevemmax B m SC , uem 570 Gwio mpmmaTo B padore (IO].
PaccmorpmM Tenepp HOBeJieHEe pacHpeneNeHRT TOKOR HO JI¥MHE Ra-
Hajla B PasjH9HHX DexmmMaX. Ha pEc.8 DOKa3aHO yYCpemHEHHOe IO
WIOHATYA ICKTPONHOR CeKIME pacOpefieseHNe cpelHero TORa Io
IymHEe KaHasua X B DPa3iMuAHe MOMEHTH BpeMeHE (WJE OpE pas-—
JraEHX mapametpaX Seo J. Ha pEc. 9 MORa3aHO I TeX Xe MOMEH-
TOB BPEMEHE NOBEeIeHHEe PA3HOCTH TOKOB, BTEHAKIEX B AHOIHYD
CEKIIND IMEKTPOXa X BHTEKakemX M3 KaTtomHo#. O4eBAAHO 3TOT pas—
HOCTHH# TOK YyXONET 32 MpefelH PAcCMATPHBaeMOR CeKuEM X B M3~
REeCTHO# Mepe XapaKTepm3yeT HOpOMOAbHHE TOKN B LOeRTpambHOf
30He KaHaja ¥ RoHIeBHe >ffeKTH Ha KpailHEX CEKUHAX KAHANA .
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[lo xapakTepy pacOpepeNeHMA CPeAHEX TOKOB MOXHO BHIEIHTH
no kpaifiielt Mepe TPE DA3MYHHX CTAIEM DASBATHA IIPOLIECCOB B
ML I-ragaje:

{a) crammi "cookoiHoro™ pocTa TOKA C COXpaHEHHeM MOJo-
OmA pachpefeleHUA TOKA MO JIMHE B ¢ NPONOTIMOHAJIHHHM DPOCTOM
aMILIATYIH ToKa BO BceX 10 cemmmAXx anekTporoB (Pwe.9, xpmpH2
2-3", S° & 0.I540.17). Iipz 5TOM PASHOCTHHA TOK Ha KOHIAX
IPONIOPIMOHANEHO PACTET, a B HEeHTpanrhHOX 30He COGCTaBIdeT Ma-
ayn pemeymay (~ 0.I EA), doses K MeHee DaBHOMEDHO pacHpe-
IeJAscs; OC pirHe KaHana (yreuxa @ Xosun-afdext)

(6) mawmas ¢ Su > 0.I7, npexpamaercd IanbHedmm# pocT
TOKA B BHXOJHHX CoROEAX RaHana (cexumm 8 ¥ 9) Npr yMeHbUEHNH
KOHIIEBOTO TOKA yTeurn (cemnma I0), ¥ ODOMCXONAT MpeEMymecTBeH-
HH} pPOCT TOXA B HEHTPATbHHX CEKUMAX C COXPaHeHMeM Homoous
OpefHIyumeMy DEXEMY DPOCT2 aMIUTMTYIH BO BXOIHHX CERIEAX.

PasHOCTHHE TOKM B 2TOM pexaMe BeNyT ceda COBCEM HHade,

B BHxommx cexmax (7,8,9) Bo3HMRaeT H3CHTOR KATOTHOTO TORA,
yBeqnuEBanmpicad BO Bpemém! (Prc.9, xpmBad 4) TOTI2 Kak BO
BXONHHX CEKIMAX TOK MEHAeTcA cnado, YTO MOXET CBHIETEJHCTBO-
BaYbh JMO0 0 3amerHoM Xosr-afferre, JmG0 O HOABICHER IPONOJL-—
HOT'O TOKa C KaTONHHX CeKumi M3-32 PEe3Koro yMeHbUeHEd CONpOTHB-
JICHEA BOJH3X KaTONHONA CTeRKA HOPH COXpaHEHMM cpezHelt 3.X.c.
WM DajleHP¥ OOJA D.K.C. ¥ aHONHO# cTeHR¥. /3-3a ManocTy H3-
MEHeHNA Da3HOCTHOI'0 TOkKa BXONHHX cemimli 3xech Gosee BePOATEH
BTOpO#t MeXawmam. B 3TO# cTamEm reHepmpyemMoe HampAxeHHe NpO-
XOOAT Uepe3 MaKCRAMyM H HauMHaeT yMeRbNaThcad, Hadamuaerad
TaKXe 3aMeTHOE YMeHbUeHMe CKOPOCTHA POCTa HOMHOrO TOKa.

(8) IpE ZOCTNREHEM HapMETDa TODMOXEHER O o= 0.20-0.21
TPONCXOIXT NatbHelilad mepecTpoiika XapakTepa pachpefmeleRns
cpemHero Toka (Pme.8, kpmBie 5 m 57) HawEHaeTeR pacimpeHme
o0nacTE MIHEMYMA CPEJHEeTO TOKA 10 BXOXY B IPONOJXAETCHA POCT
TORa BO BXOJHHX cekumAX., Kpome Toro, mnperpammercd H3MeHEHHe
TOKa B nocaerHef cexmmx., B pasnoctHoM Toke (Pmc. 9, KpuBue
51 57) OTpHHaTeNBHAd 4YacTh cMemgercd KO BXOXY M OOHApyXEBaeT-
cA HeBOCTATOK KaTONHOTO TOR2 B BHXOIHHX CERIMAX KaHANd, Te€.
PaA3HOCTHHY TOK TPMAIH OPOXOHET dUepes HyJ b IO IUMHe KaHana.
ViameHeHNEe 3HaKa DA3HOCHOTO TOKA B BHXONHHX 30HaX MOXET CBHIE-
TeJbCTBOBATE O BOSHMKHOBEHMM CHJBHOH IepeTedxky TOKA H3 BXOM—
HHX 30H B BHXONHHE [0 BHENHMM [elAM, COCHRMHANIEM NIEKTPOIHHE
Ceruny, T.e. O DB3KOM NANEHEM JIOKAIBHOH 2.M.C. B STHX 30HaX
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7 pOCTe JORAIBHOTO KOaffmmeHTa HarTpy3KH.

Ha pEc. I0 m II npmeenens dosee OOXPOCHHE ITAHHHE O NOBe-
IeHFA TOKa BO BTOPOit M3 paccMOTPEHHHX cTamuii. O6pamaeTr Ha
cedsl BHMMaHWE Pe3KO aHOMAILHOE NOBELCHNME CPefHEro M DPasHOCT-
HOTO TOKOB B BuIOINHOU POHE Ipn Se =0.17 (xpusue 4), aHanornu-
HOe [mOBeficHWe TOKOB B TpeThel cTamwi, T.8. BO3HUKHOBEHAN B
STOT MOMEHT DeSROji aHOMaqm OpomeccoB B KaHane (¢ mocienyn-
IZM BOCCTAHOBJEGHREM "HODMATHHOTO™ XapakTepa nponecca). Ana-
Jm3 pacOpeleseHud NaBNeHMA Ha KaTONHO# CTeHKe CBHRETENHCBYET
0 TOM, 49TO B 3TOT MOMEHT HpOHMCXOIWT pe3K0Oe yBeam4eHme CKOpoc—
TH POCTA KATOZHOTO HABEHMA HA 8 @ O CeKUmAX m yMeHBUNEHHE
Ba 10 cerxtuup. C pasbHeiumwv POCTOM TORA CEOPOCTEH N3MEHEHEA
J2RJICHRAR yBEJINUMBAETCHA NOCJENOBATENHHO Ha 7, 6 B T.T. CeK-
UARX, CCTaHABJIBAACH Ha 3 CEKUMM B MOMEHT BpeMeHNM, COOTBET-
CTBYRIE S =0.21, T.e. KOHI[y BTOporo pexuma (Pmc.IR).

[Ipn mansHeifineM pocTe " EHe NPORCXOIAT JaubHefimero nepememeHya
BOSMyWEHA Ha KaTole KO BXONY, a IpOZOIXaceTCA JIFE CpemHee
yBenwdeHNe NeRVICHHAA B CERUVMAX, CISNyDIMX 3a CexuuamMm I n 2.

Ha pmc. I3 nokazano pachpeXeicHMe. CDEJHETO NABJIEHAI N0 IHe
KaHana A7 pasjMuHHX MOMeHTOB Bpememm. Komeag I cooTBeTCYBY-
eT pexuMy Gea Toka B kamare ( SO =0), rpmeue 2 73 ( S;=0.07+
40.I3) xapakTepEH LA YHODMATHLHOTO™ CNOKONHOTO DeXMMa CAMOBO3-—
Sy=nmemma, kprbad 4 ( Su =0.I9) cooTBeTCTBYET 2 CTAHNE CEIBLHO-~
0 TOPMOXEHRA, TI'Ie NpeKpalaeTcAd pPOCT TEeHepAPyeMOTro HAMpAXeHRMA
H yMeHbmaeTcA POCT TORa, KpuBaf 5 ( Sa =0.237) COOTBETCTBYET
Te3RO QHOMAIBHOMY pexaMy. (3 cTazmm),rie NpagTWYeckZ OpeKpa-
maeTcA POCT TOK2 M YMEHbmaeTCA W3MEeHeEwe HaNpAXEHRd.

Kar pEzHo m3 pEc.I3, B ROHIE HOPMANTBHOTO DPEXEMA B BHXOI-
HHX cexmmaAxX 8, 9, IO BosHmMRaeT cialHft CRAQWOR fJaBieHEd, BC
BXOpZHO# CeKIME 2 mOABJFeTCA MEHEMYM LaBiIeHMA, B IarbHefimem
OOABJAETCA CKAYOK J2BJEHAd B BHXONHHX 30HAX YCWIMBAETCH N
MUHNMMYM BO BXOXNHHX 30HAaX,

Ha prmc.I4 npemcTaBjeRa HOMHTRA KAYeCTBEHHO BOCCTAHOBHTH
RapTRHY PachpejesieHnd RaBjeHRA B KadAaile N0 M3MEPEHHHM Japje-
HAAM H2 CTeHKa2X KaHajla. B cpepHeMm NMORasamHEHe #m300apH, NOBALH-.
MOMY, MOCTaTOUHO IPABRAJILHO XapaRTepE3ynT TOHNOJOTHD HOJI HaBie-
Hft B pas/muHMX pexmMax., OG6pamaeT BHEMAHRE De3Rad HeOZHEODOI—
ZOCTE HOJA JaBJeHAl Jaxe B CPABHATENBHO CIORORHHX DexmMax cTa-
INE "HOPMATHHEOTO" BOo3CyREeREA. Yme mpr S~ 0.I3-0.I5 Ha kaTo-
Jie TOSBAETCA 00J1aCTh W3GHTOYHOTO NSBJIEHAA KimHooGpasHOR dop-—
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MH, PasBETEEe ROTODPOf, HOBEIPMOMY, CIHOCOGHO OpPMBOIATL K I'€0-
MEeTPHYecKOMy BO3Ie#cTBED Ha OCTAILHYD 94CTHh HOTOKA C 3aMeT-
HHM €r0 TODMORCHMEM B OPHAHONHHX O0NacTAX B CPeNHMX 30HaX

M OTHOCHTENHHHM YCKODEHEeM B Hociaexyommx (cTamma 2). B mo-
MEeRT Sg =0.I7, noBEAEMOMY, OPOECXOIHT OTPHE HOFPAHAYHOTO
CJIOA Ha KOHIe KAaTOoJja ¢ BO3CyXIeHEeM CHCTEMH KOCHX CEAYKOB
JILIOTHEHuA, KOTOpHe B JabHe#meM NepecTparBanTed B Herui
ICEeBROCKAYOK, pacHpocTparApim#icd KO BXONy IO KaTonHO# cTeR-
Ke IyTeM manrbaelmero cpHBa KaTONEOTO OOTPAHCVOS B OPSIHIYIMX
CeKImiX yxe N3-3a BO3xeficTBMA BO3HAKADMETO CKauKa Ha HOIpaE-
CcJIOil B oTHX 30HaX. BO3HMKAeT KIEHOOODA3HAH OCGJacTk NOBHEEHHO-
TO JeBreHMi Ha KaToze ¢ yraom ~ I3%¥3°, PacmpocTpamemme wmmia
DO BXOJy OpeKpamaeTcAd B MOMEET, ROTJa 3TO 0GpasoBaHEe Kaca-
eTcA aHOmEO¥ cremkm He pHXome (Puc.I4 B), Ip® STOM, HOBAFHMO-
My, HauiHaeTCd YCHJIEHHME KOCHX CKAUKOB B cpenHell 30He ¢ HX
DanbHefmM"BHIpAMICHNEeM"” B POCTOM CPemHero JABMCHRNA 3a HMMHA.
Nanerwe cpepHed 3.X.c. OpeKpamaeT naapHefimm# poct Tora (mar-—
HWTHOTO NOJA) H CTalmImsmpyeT KapTHAY Ha YpPOBHe Sa max &
0.22-0.24. Ilpm m3ameHeHrm reoMeTpER KaHala WM Bo3meficTBEE Ha
norpascaoff Ha KaToxe, BO3MOXEHO yIanochk OH BO3neficTBOBATH M Ha
BeJIFYFHY OpenesbHOTO IOHNYCTEMOTO IapameTpa TopMOXeHMA. OLeHMM
3HaYeHne QopM-Iapamerpa :§~.q, OOTPaHCHOA, IPH KOTOPOM IIpPOZCX0~
IET ero OTpHB, MCIONH3yA SKCOEDPIMEHTAIbHOE NOJydeHHOe 3HAade-
EI¢ OTPHBHOTO HapameTpa TOPMOREHHI S:,,‘P =0.I7 » npréauxeHHOE
sHavenme du/dx, NOIyUeHHOE M3 OJZHOMEDPHHX yDABPHEHME BSHEDTHEN
¥ EMOyIRCA OPE %-414&1 B pemame P(X) =~ Const , Torma

¢ _ 5™ du 6" go( SF
':;1 o dw ¥ T RS

e F= 5 Mg ( =) U-k) + 1,

le- O TeHIAa nonnsanm,
. rTommEHA MOTEDA MMITYIBCE,
SL So = BHYOJHOE I BXOomHOe cedeHme MI'JI-kanaia,
¥ =1.I14 - sifexTUBHHZ noxazaTess armasaTH.
[lpramMas CTeNeHHYH 2ABHCAMOCTH NpofmiA CROPOCTE B NOTpaEe
cJI0€ BIanm OT TOWE OTpEBa flv =I1/7, a B orpupHo# 30He N,30.4

[II] HAXONMM CBA35 TOJIMEH UOTEpW AMIYJABCA C mamqecxoﬁ
rommmoli & B Bmme

¥ ~0.2 )
I TypSYAEHTHOTO MOTPAHCIOS OmCHMM G QHAJIOTAIHO CJy-
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ugn miockof mAAcTAHH 63 I'paiMeHTOB 4Yepe3 uHucao PelHoaprca H
RKoOpTHRATY X (& ~ ax Re*?), Torpma moayumM InA ycnoBad sKcHOepH—
MeHTA
$e= - 5,1.1072.
ABHaJoTHEYHHE ONESHKEA IAd MeHbmel ycraHoBk: "lammp~0" ¢ KaHa-
Jgom pimuolk 40 cm m pacmupermem I:1,3, I'ie HmOJAYYeHO 3HaAYEHME

o

wp =0.1I (mpm Kk =0), ZapT TO ®e SHAYEHME OTDHBHOTO HopmM-

mapaMeTpa.
&¢ = "5.3- IO-S.

YTO XOpOWO COIVIACYeTCA C SKCHGPUMEHTAJBHHMA IAHHEMA [0 OTpDHBY
norpasclos, HOJYYeHHEMA B OOHYHOX rasciuHaMuKe - 5—:9 ==(4-6).
JI078 , CAeNOBaTeJBHO B YCAOBAAX HAMMX KCHEpEMEBTOB ( Mo=
=2.4, ¥ =I1.I4), &9 MOIEJBHOTO OUMCAHHA Hayaja TPOLHECCOB
CWIBHOI'O BO3MymeHHfI TedeHnA B MIJl-KaHajax MOEHO ODAHMMATE B Ka-
4ecTBE KDHTHYECKOTO 3HaueHEA {opM-mapamerpa &, =-(5%0.5).107°,

4, SAKIOYEHNE,

Hrax,Ha sKCOepEMSHTEJABHOR camoBoasyamaxmefics MLI-ycraHop-
re "Hammp—-I" mceJeNOBaHH DPEEUMH CRABHOT'O TOPMOEEHHS, JCTAHOB-
JleHO HaJMYEe MAKCHMAALHO HOCTHEUMOTC TOKA ( luayx = 26%1 i),
BEAWYAHA HOTODOTO HOPONOpIMOHAJBHA IABJCHAKW TopMmoxeHEd. OO0Hapy-
KeHO TaKEe HaiWuMe NOpora Bo3CyxmeHma mo TOKy ( Lluw =~ 4.8%0.2
KA) mpE yCAOBEAX GHCTPOI'C BO3CYRIeHEA (mapameTpH MATHATHOR cmc-
TeMid . 2 | - MAJH); BeJWYEHA NMOPOTA YMEHBUAETCH C DOCTOM
napaverpa o-_ ; T.8. C POCTOM BEAMYUMHH HAYALBHOTO HAUDMEGHAA.
Tem caMuM Ha ycranoBke "llamup-I" noaydeHH KosdfummeHTH ycmie-
HUA 3HEPruE Y3, - 30 mpy mapameTpax OHCTpoAefcTBEA cEcTeMH T~
I-I1.5 cex. Hccnemopanme faxTopoB, BERAWIEX HA OHCTpomelicTBHE
(T.) 7 aBroHOMHOCTH ( W) , HORA3HBAET CHABHOe BIMFHES HpDH-
BJEKTPOJHHX IWCCHUNATHBHHX NpOLeCCOB B HadanbpHO! CTAIMK M IOAB-
JIGHEE PeSKOI'0 BO3MMEHUR IApAMETPOB X KBYMEDHHX HEOLHOPONHOC-
Tefl B MiJl-KaHase B cTaiw@ cmapHoro MIJl-ropmozemmd. OGHApy=w—~
BaeTcHl yHEBepcanbHaf 38BHCHEMOCTSG XapaKTepa IpOOecCOoB OT BeJudp-
HE mapaMeTpa MI'l-p3amMozeficTEmd S, = 3B Lk /902, 4YTC HO3BOJA~
©T IPOBECTH OJHOSHAYHYD xiaccHimxaimp pOXANOE N0 3TOMy HapaMsTpy.

Ipr S. £ 0,I640,I7 HadimmgeTos "CHOKORHOE" DA3BHTHE
IPONECCOB, XODOWO ONUCHBESMOE 9J1KTPOTEXHRNYECKAM NpEGANKSHESM
SKBUBaJGHTHHX COCPENIOTOYEHHEX mapaMeTpoB, mpE S.> 0.I7 mpomoxo-
IAT A3MEHEeHHWEe XapaKTepa IpomecCoB, CBA3ABHHOO,ROBEIEMOMY C OTpH-
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BOM IOTPAHAYHOTO CJIOA Ha KATONHOI CTEHKE M pPacIpOCTPaHEHMEM
BOZHMRIMETO BOSMYWEHMA KO BXOAY B KaHaX, OPOROAXSOMAMCH IO
Q2 ~ 0.20-0.21I. Npr jamHeiem pocte S mpomeXogmt mocae-
NOBATENLHHI POCT IpammeHTOB IaBaeHud H TOKa, cradmwimsumpyoumi
TeHeprmpyemoe HapAREHMe X TOK.

[Ipr HcooJb30BaENMY PPEeKTHBHOrO TBEPIOTOILIABHOIO I'eHepa-
TOpa IIA3MH [OJYYEHH yHelbHHE TeHeprpyeMHe MOWHOCTA COOTBETCT-
Bemno 1o 0.6 Muz/xr u 500 BT/cM°. JarbHeilmee yBelmdeHme STEX
napameTpoB (M COOTBETCTBEHHO KO>IfMmmeHTa NMpeofpa3cBAHEA 3H-
TaJbIMG) CONPAREHO C HEOGXOIMMOCTEHO MPEOFONEHVA OTrpaHAdMBanme—
TO BIAWAHWA OPOLIECCOB IPX CHIHHOM TODMOREHNE, NPEPONA KOTOPHX
eme He COBCEM ficHa, 4TO OOYyCJOBIIMBAET HEOCXOIEMOCTE IaibHeli-
mero AeTaJbHOTO HMCCIEINOBAFMA STUX ABIEHUi.

ABTOpH BHpaxamT IIPA3HATENHHOCTE IEJOMy DALY HCCIeZoBaTe-
Jeit ¥ WHEEHEPOB, IPHHIMABINX ydYacTHe B paspadoOTKe YCTaHOBKHA

"lavmp-I", HONydYeHVNW SKCIEPHAMEHTANBHHX Pa3YJIbTATOB ¢ HX OGCYE-
IeHmn.
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BIMAILE [TPMSJEKTPOLLX [POLUECCOB HA XAPAKTE-
HCTVIG VMIYIBCHEX ML I-TEHEPATOFOB.

0.M.Bosxor, P.B.Joranaes, [I.[.Manwra, B.ll.Posasora,
A. A fxyuer, B.A.THXOHOE.

HucTrryT ATommoit Smepruu mM. M.B.KypuaTora
Mockma, CCCP.

Abstract, ON THE INFLUENCE OF THE ELECTRODE PROCESSES ON
THE CHARACTERISTICS OF PULSE TYPE MHD GENERATOERS.
Blectrical and gasdynamical processes in the vicinity of
alectrode surfaces of MHD-channels influence substantially
cn integral electrical characteristics of any scale MID-ge-
nerator. Electrode voltage losses are detemined largely by
omic resistance of the cold boundary layers and fiims of
slag due to chemical fuel combustion, Boundary layer sepa-
ration leads to supersonic flow distortion, to non-coniroll-
able changing of the internasl resistence, generated eclectro-
mnotive force and load parameter. An invesiigation of above
mnentioned factors has been fulfilled with “Pamir-O" MHD
installation, The plasma source had a mass flow rate 1 kg/sec
of double-base fuel combustion products. A considerable
diminishing of electrode voltage losses was achieved by
boundary layer heating and suction. An approximate theory
of electrode voltage losses is presented,.Boundary layer
suction allowed in some extent to prevent the layer separa-
tion and to achieve =z supersonic flow MHD~decceleracion up
to M <=1, Pressure drop with and without suction have been
determined. Some physical models of the flows with bomundary
layer separation are presented, adeguatly explaining the
exparimatal date.
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AuHoraims, JNeKTpodsmuecKre M Tal0fUHAMIYECKne NpOIEeCCH B IpH—
oaekTponHuX 30HAX MII-kaHaNOB OKASKBANT CYNicCTBEHHOE BJIMAHHE
H3 HHTeTDATbHHE 3NEKTpHiecKue XapawriepHcTHrRM MIJl~-TeHepaTopos.
MPOM3BOJNBHOTO Macuwrada. [IpuajeRTponiNe MOTepH HANpPAXEHNA CBA-
3aHH, TVIALEEM 00pa30oM, ¢ OMUYECKMME HOTEepAMH B XOJONHHX HOTDaH-~
CNOAX M IUIEHKe IUIAKOB, OCPASYWUMXCHA NPH CTOPaHMA XUMUIIECHHX
TOILIKB., OTPHB NOTPAHAYHOTO CJIOA NPMBONHET K depecTpoiike cBepX~
3BYKOBHX HOTOKOB, HEKOHTDOJUADyEMOMy HM3MeHEeHMX BHyTLeHHeTro COl-
POTHRIEHAA, TeHepHpyeMo# 3.I.C. ¥ Koa(djmineHTa Harpyszu. Ha ML
ycrtanosre "Tlavup~0" ¢ ZCTOUYHMKOM ILIASMH C DPACXONOM IPOAYKTOB
CTOpaHMA NBYXOCHOBHOTO TBEPXOTO TOWMB2 10 I Kr/cM OpOBORWIOCEH
ACCHeNOBAHNE OTMEYEHHHX JaxkTOpOB HA XapaxTepuctuxn MIN-mxaHa—
JA0B. lipH OporpeBe X 0TCOCA MOTPAHCAOS FIANOCH 3HAYATENHHO CHE-
SHTH OpPHAJEKTPONHHE HOTEepH HANDAXCHUA; [peJioXeHa NpUOIMReHHAA
TeopHA HLIBMEKTPONHHX NageHuit HanpaweHud, YIORIETBOPUTENBHO
COIVIACYRIIasicd ¢ JKCIepUMeHTOM. lcmois3oBaHue OTCOCa IIOTpaH~
CJIOZ MOSBOJWIO B U3BECTHHX Mpefesax MpeROTBPATHTE €ro OTDHB

u goBecT:H MIJI-TOpDMOXEHIE& CBEpPX3BYKOBOTO HOTOKA no wuces Maxa,
OaM3krX K emuenmue., OupejeseHH mapaMeTpH CKAadYKa NABJISHMS IIpH OT-
DHBe NOTPAHCJIOA ¥ ero 0Tcoce, IpPelJIOXeHH MONeJA OTDHBHEX 76—
YeHiii, YROBJIEGTBODETENBHO OCBACHAXIME DJKCIepUMEHTAISHHS QaxTH.

Beezenne.

Pfannwue MeTOZOB AHXEHEPHOTO pacyeTa OpoleccoB B MI-ka-
Hanax L2] ¥ CpaBHEHHE COOTBETCTBYyHIMX pe3yJLTaTOB € 9KCHEe~
DPYMeHT2IbHHMY OTaHHHMP, ITOJyYeHHHMN B DeRAMAX C yMEpeHHHMM CTe-
nenmn MCI~TopMOReHTS B JmHeitmn xanarax CL»904 B IP-) nowas
BapT BO3BMOXHOCTDH YIOBJIETBODATENLHOTO OHNCAHMA NPOLIECCOB B Kpyl-
HomacuTalHex MITl-xaHanaX B pameax MomeJiefi OMHOMEDHOTO TeYeHud.
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ClegoBaTeNIbHO, OCHOBHHe S(X)eHTH, CBA3aHHHe ¢ Ipolieccamm B
"gape" IIOTOKA, ONPEeReANTCA IVIABRM o0pasoM ycpemHeHHEM ( IO
IoMepevHOMy CEeUeHFW KaHala) O0heMHEM BOSie#lCTBHEeM MPOZOJBHHX
IOHIEePOMOTODHHX CHJI ¥ OOHYHHX rasofMHaMHYecKEX Bo3xelicTauit.
OmHaxo, PesyAbTATH SKCIEPEMEHTOB Ha MaOMACHTAOHHX YCTaHOB-
Kax oCHapy=XMBalT cymecTBenmoe ( mHorma B 2~3 pasa) OTJUIEE OT
NpeACKA3AHANA MONEJM ONHOMEDHOTO TeYeHHA B JIpe MOTOKA Naxe
npH MainHX cTeneHsx MIJl-TopMoxeHus. STO DAacXCEEeHHe CBA3AHO

C OTHOCHTENBHO GOJHIMM RIMAHAEM HOBEPXHOCTHHX 3fPeKTOB B Ma-
JIOMACHITAOKHX yCTaHOBRAaX, leTalbpHoe HCCJAENOBaHHE XAPaKTePHCTHK
TAKIX YCT2HOBOK OO3BOJAET, BHISHMTH 30feKTH, cBA3AHMHHE ¢ HO—
BepxHoCTAMN MIJ-KaHanoB M IPOTHO3KWDOBATH KX BJMAHAE HA yCTa-
HOBKE IDOM3BOJBHOTO MacmTada, I'ie B OINpEHeJeHHHX YCJOBHAX
OHE MOI'YyT OKA3aThCHA CYMeEeCTBEHHHMH.

YonopHO moBepXHOCTHHe afferTH B MIJl-KaHajzaX MOXHO Dpas-
IeJATh Ha HECKONBKC KaTeToprt. Bo~IepBHX 5T0 JJeKTpHYECKHe
fiAJIeHN IPE UPOTeKAHMH TeHePEPYyEeMOTO TOKA depe3 3JIeKTPOol-
HH# OPOMEXYyTOK C COOTBETCTBYDIMME NDUIJCKTPONHHME NIpOLecca—
MH ¥ TOTeDAMM HanpIXeHNs HA TpaHmie "niasua-sieKTpop™ X B XO—
JOTHHX HOTDAHMYUHNX CJOAX, a Tak&e YTEUKH TORA Uepe3 H30Jd-
IXOHHHE CTEHKH B INOTPDAHAYHHX CJOAX BOJASH HUX M CBASAHHHE ¢
9TEM [IOTepH I'eHepHpyeMoR asjeKTponsuxyme# cmmH. Bo-BTODHX,
3T0 TO30MUHAMAYECKHe SAsjeHAA HA MoBepxHocTAX MIIl-KaHAla, CBAg
3aHHHE C JAHAMAKOR DA3BHTHA R HOBLICHMS OOIDAHMYHOIG CJOA B
YCJIOBHAX CHABHOTO NOUGJIHWTENBHO MPONOJABHOIO TpamdeHTa Narie—
HEA #3-38 BO3NefCTBHA NMOHASPOMOTODHHX CHWI, 4YTO B OIpejejcE~
HHX YCJIOBHEAX MOXET IDUBOXFTH K OTPHBY HOTDAHAYHOTO CJIOS HA
ICKTPONAX , HEKOHTPOJIHPYEMOMY . BOSMYNCHEY TeYeHWSI B SApe HO-
TOKa. K 3Toft x%e rpyune ABsernlt MOXHO OTHECTH JONOJHHTEJLHOE
TeoMeTpr4eckoe Bo3neH#CTBEe HA TedeHAe B Anpe HOTOKA H3-33
3arpOMOXIeHAA KaHAJA DPASBHTHME ‘IOTDANCJIOAMA, KOTOpDHE B Ma-
JIOMACUTAOHHX JJIMHHAX KaHajaX MOTYT Naxe CMHKATHCH, BosjeficT=
BHe OPOROJBHHX TOKOB ( XOJ/UIOBCKHe TOKH M IPOROJBHWE TORH
yTeuKn) MOXeT ODHBOIATH K HADYUEHHD JORANBHOR oceBoff C-
MeTpHM B DOTpPAEAYHEX CJIOAX, CTpeCaHdi CA0A HA H3OJIAIMOH-
HO#t CcTeHRe. K RaTOXY, HEPABHOMEDHOCTH pachpefeJieHHA CJI0eB
B yIViaX KaHaiIR 4 B pezyibrTare K olierdeHmy ycnoBmi oTpHBa
noTrpaKHcaoeB U mepecTpofike TeYeHHA B ANpe HOTORA.
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B-TpeThHX, OpH HCOOJH30BAHAM XAMHYECKAX MCTOYHUKOB (re-
HEpaTOpOB) IJIA3MH C IBYX(PaSHHMA NDOLYKTeMH CTOpDAHMA, The 3Ha-
YATEABHYD UACTH MACCH IOTOKA MOIYT COCTABIATL KOHIEHCHDPOBAHHHE
YACTHIH OKWCJOB, IPOSBIANTCA NONOJHATEJNbHHE BffexTH, CBA3AH-
HHE ¢ TepMOREHAMIeCKO¥ U XmMEIecKOR HepaBHOBECIlOCTED,celnepa—
Hueit MTOTOKA NDOLYKTOB CTOPAHAA, HEOZHOPOZHOCTER 3IPOBHOHHOTO
BO3XeRCTBAA HA CTEHKH KsHAIA, A TaKEe LAAHAEM IUICHKA IWIHROB,
pHCemawmeX HA CTEHKAX W BHTeRawmeX #3 KaMepH CrOpaHMd M BO3-
neifcTBymieit Kak Ha aeKTpofMsMIeCKEe, TaK ¥ HA Ta3ojuHAMIIeC—
K#e TpONmecCH Ha menepxHocTaX MIJl-karaina.

COBOKYTHOCTh YKA3aHHH3 ABICHAR 3aMeTHHM o0pasoM BIHAeT
Ha WHTeTpaibHHe 3JeKTpHYeCKde XapakTepHCcTHRE MIMl-~rerepaTopos,
B TOM YHCJA¢ B ONpEHeJeHHHX YCJOBHAX X B KPYTHOMACHTAGHHX MAlm-—
Hax, Taw, Hampumep, OpH yBeJMUeHWu MacmTada ycTanobil.( Lk -
LMEHA BJEKTPOLHOR 30HH KAHANA) C COXDAHEHMEM THIPARINIECKOTO
kamopa ( ¥ [HpOYMX DABHHX YGAOBMAX) M3-3a COOTRETCTEYRIIETO
pocTa cpemHelt TOMIMHH IOTPAHMYHOTO ciof S~Llk  (m=0,8) ormo-
meHwe TOf 9YACTH NPHAJIEKTPONHOTO IANCHNA HANPAREHWS, KOTOpadA
CBA32HA C NAICHUEM B uorpanmmom cJioe, K PeHEPHPYeMO# 3.H.C.,
OymeT MeHaTECA chaado ( kakr L" *2) . 7.e. OTHOCATENBHHE BJEK-
TpAYECKAE [IOTepH B MOTPAHCJIOAX OpPH BTOM CYLYT H3MEHATHCA MAJO
A MOTYT 3aMETHO YXyMUATH XapaKTEpHCTMKHM Takoro MIJl-reneparopa.

B Hacrosamei#t padoTe Ha ManoMacmTalHHX MIJl ycTasoBkax "lla-
map =0" ( XapakTepHult pPacxon NPOLyKTOB cropaHms I rr/cex)
IPOBONAIACEH HKCIEePEMEHTIBHRE MCCJASROBAHAA DPAVIMYHKX HOBEDX-
HooTHHX gBneHmit B MIJl-xanasax, padoranmuX Ha ABYX@asHHX Opo-
IYKTaX CTOpaHMs TBepHHX TOIUINB,C IeJbN BHACHEeHAA AX YNEJBHOTO
RIUSHAS HA XapaKTepncTHRM Takax MIN-resepatopoB. OCHOBHOE BHM—
MaHUe YReJSUIOCH ECCJSROBAHMD IDPWIJEKTPOLHHX TameHut HampameHusd,
MOCJIEACTBU OTpHBA IOTPAHMYHOTO CJIOA M BO3AEHACTBUA DPAIMIHHX
faxTOpOB HA NapaMeTpH MOTPAHAYHOTO ¢JosA (TeMinepaTypa 3JCKTDO—
OB, OTCOC IOT'DAHAYHOTO CJOA M IVAKOB ¥ T.O.).

2. OxcuepuvmenTaibEaIMIE yeramopra "Mamup-0"

JxcnepmieHTanbHagd MIl-ycTamoBka "llammp-O" B U3BeCTHO# Mepe
momesupoBana ycaosna B MIll-rkanane reofmsumueckoit MIT[-ycTaHOBKH
"llamup~I", B cBA2A ¢ 4eM ycJoBUA Ha Exome B MITl-KaHaJH 2THX
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JCTAHOBOK BHOMpAIMCH GANSKUMH, HCCJIENOBAIUCE IVIGBHHM 00pasoM
pex¥MH TeueHAll B CBEDXIRYKOBHX JAHEHHHX KaHaNaX CO CIUIOMHHEMM
3JIEKTpOJIaMit, XOTA BO3MORHH OHJM ¥ XpyrAe BApPHAHTH CXeM BHINYe-—
HEA HATPY3KHA. MacmTad yCTaHOBKM ONpeneliUICA YCJIOBHEM OTHOCH=-
TeJIbHO CWIBHOTO BIMAHAA NOBePXHOCTHHX offlexToB IO CpaBHeHMH
¢ OGHEMHHME, YTO ONpeNeuno BHOOP XAPAKTEDHOI'O MACCOBOTO pac-—
X0Xa NPONYKTOB cTopanua penmumuavu~ 0.5+1.0 ur/cer mpu fas~
JIeHMAX B TeHepaTope mhasMu ~ 30450 xr/cm? . OTcona NMpH BXOI-
HoM ducae Maxa Mo~ 2,4 n xpuTudeckoM ceuctmu 3,0 oM® mony-
YyaeM ILIomANs BxoxHoro cedermda MIL-kaHaia S,=T0cm®. JmHa Ka-
Hana (L.=40cM) ompemesanack B OCHOBHOM 3Hepruei OaTapey KOH-
IeHCATODPOB , NMUTAWIHEe OCMOTKY MMIYJBCHOI'C 2JIEKTPOMATHMTA,HpH
LOOQJHUTEJNIBHOM YCJIOBMH, YTOCH cpenHuii napameTp Xosuia ORI JO-
cratouno mMamM (P><I). Mcnoaszosangch daTaped KOHIEHCATODOB
¢ sHeprueit~0,5 MoR, 4TC HpM MAKCIMATBHOE MATHATHON HHIYHIMKE
B=40Krc orpaHMI#BAI0 LAMHY OOMOTEY BeymuMHaMu~ SUcM.

HeonenoBauiiCh pazvimuibe BapHaHTH M- KaHaIoOB, OTAMYAl~
miecs KOHCTpyKuye# SJeRTpONHHX M M3OJAIMOHHHX CTeHOK, I'eo-
MeTpzeit mporoumoff 94acTH, MATEeDHAIAME BJEKTPOLOB X T..X.

Inf uccrenoBaHWA BINAHKUA TEMIEPATYPH SJEKTDPOJOB HA Xapaw-
TeDHCTUKA KaHANa HCIOJBI0BAMMCEH DARIMYHHE NMPASMH, B TOM UMC—
Jie MCIOJb30BaHue MeTALIWIeCKMX (OJBI pasiMYHO# TO/MUMHH H3 Ma-
TePAAJIOB C Pa3JEYHOR TelompOBOTHOCTED U HCIOJE30BaHME MAac~
CHBHHX 3J€KTDOIOB M3 MeTawnoB ( Menn, Boisdpan, HepxaBenmad
cTanms) A "XOJOMHRX" aleKTpogoB Wi rpafuroR ( B TOM uHcie
AHAB0TPOIHOTO HMPOJHTHIECKOTO )~ LA "ropaymux”.

I mceiaenopaHrd sApneHud, CBA3AHHHX C OTPHBOM IOTPAHAY-—
HOTO CJIOA, HCHOJEH3OBANMCH PAVIMYHHE MeTONH BO3HeflcTBHA HA
NOTPaHNYHHE CJIOM, B TOM WHCJEe M3MeHeHMe yIiia pacKpurua MIJl-
KaHata (Bo3neficTBAE Yepe3 TpamMeHT NABIEHUA), OTCOC IOTPAH-
CJIOA HA YACTH 3JJIEKTPOXNOB HA oxHO# mum ofeux cTeHKaX MIM-kaHA-
Jia, BB2[eHNEe MCKyCCTBeHHOR mMepoXoBaTOCTH myyeM nepjopupoBa—
HEA 9DJIEKTPONOB, BBeleHAe B NOTPAHCJIOR JONOJRHTEJBHHX MOHN3H-—~
PYOIRXCA OPACANOK,IPOrDeB IHOIPaHC/OA OpE M3MEHeHM: Marephaia
DJIEKTPOJIOB U T.IH.

VzosaioHHHE CTEeHKH M3TOTARIMBAIACH K3 DA3MIHHX Kepa—
MUIECKMX MATEDHANIOB WM M3 MEeINHHX MOnyJjel, pashejieHHHX Kepa-—
MAYEeCKAME BCTABKAMH.

[lapaMeTpH HEKOTODHX M3 HCCHeROBAHHHX MIJl-KaHalO0B CepHH
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"Mamap-0" npuseneHd B Tadmmme I.

Tacmeua I. HapameTpH HekoTopux MIJI-kaHAIOB
ceprm "Tlamup=-0"

| .=40c, S,=5,8522c°, S;y=9cn

3anaua 8./ S, !Marepran! Crenens ! MaTepran
y; ! ssexTpo-!nepdio~ !u30xaATODA

ma  lmr !
JJIeRTpIYeCKIe 2:1 [I,2x2.0 |~bousrm: CcTerJoILIacT,
ToTepH Ha Fe,Ta,Mo 0% Irepavmra
9JIEKTPOLAX | muporpa- hem(mo,ny—

T, m )

W, G, Fe
OTpus 1,3:I [7.6x2.0 |-mumporpajup I2%| xepavmxa
OTPaHCCA ]

— BOJIB{pam 50%

3mecy S, B S_ - MiIOmATS BXONHOTO W BHXOZHOTO Cedenmit MIT-
KaHaa. Sy = WIONAKb OXHOR BJIEKTPORHOE CEXIMH.

B ravecTBe I'eHepaTopa ILIA3MH WCIOJAL30BANACH LIUMHIPAICCKHE
KaMepH CTODaHuA C 3apAniMy IBYXOCHOBHOTO TBERIOTO TOILIMBA
pasvmgHoO# GopvH ¢ HOOABKAMM ECIGIOMHEX METAIOB. B 3aBHCUMOCTH
OT YPOBHA TEIIONOTEPE B KaMepe CI'ODAHWS BJIEKTPOIIPOBO.HOCTH
MeHAJach B IMPORMX Ipenesiax. OCHOBHHE DKCHeDUMEHTANBHHE Iay—
HHEe NOJy9eHH IDH XBYX BXOIHHX YPOBHAX 5JieKTDPOIPOBOTHOCTH
= Rzl %Q (rewioBne merepn 9,0%) u §,=52+2 = ( morepm I,5%).

llpn MapsmTHOR WRmyrimu B=36,5 ®re HalpAReHNEe XOJOCTOI'O Xona
COCTaBIACT Ha NepBoil mape aieKTpomoB U,,=390% IOB, 9TO HaeT
3HAYeHNe BXOXHO# cropocTH U, =I,95+0.05 xm/cek. Liepenan Ianie-
HIA To= B‘/Ra( Pe - ImaBneHWe B KaMepe CropaHus, F, - IaBiIeHHe
Ha Bxome B MIJl-xaHasl) COOTBETCTBYyeT BXOLHOMy uwMCAy Maxa
Mo=2,4040.05. CnexTpaibiue M3MeDeHEA TEMIIEDATYPH 2JEKTPOHOB
A IBETOBOH TeMOepATypPH ROHILEHCUPOBAHHHX YacTHIl HA BXome B

SJICKTPOIHYD 30HYy IamT [IPAMEDHO OINWMHAKOBOE 3HAYEHHEe TQO = Tﬁ::=
2680 + 25°K.
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llaBnenve B IreHepaTope ILIA3MH MOEET MEHATHCA B MYPOHUX
nperenax ¥ , KaK [IpaBulo, COCTABIAET P* =40+I0 aT™M, ILINTEb—
HOCTH IUMIyJBCa N@BIEHUA MeHAeTCA B mpexenax T, =0,5-I,2cek.

MarunTHOoe moJie C MaKCEMAaUbHONK aMmumTyxnoit mo 37 Rre cos-
IaBAIOCh IpK paspame OaTaped KOHLEHCATOPOB HA OCMOTKY MM—
TYJBGHOTO 3JJIEKTPOMATrHHMTa, MATHNTHAA MHIYKIMS MeHAIach BO Bpe—
MeHI IIo saryxapmeit cuHycoume ¢ dacroroil I8 1.

OTcoc TMOT'PAHCJNOA OCYUECTRAAICA depe3 HepfopdApoBaHHHE BJER-
TPONH C OTBEPCTHAMEA IHaMeTpoM~ 2,0 MM, paBHOMepDHO pachpemeJide—
MHMIZ IO TOBEDXHOCTH BJEKTpoIa. PacXon OTCACHBAEMOIC Iasa Me-
ESICA OyTeM YCTQHOBKH KpOCCENEDYyONEX mail. OTHOCHTEJHLHHE pac—
XOJ OTCOC™™."  ™a  OOpemesiancd MO BATeKAHED B IpeIBApATE b~
HO OTHKAYEh. . Se  AD W IO TeMilepatype H JABJISHAD OTCacHBae~
MOTO T'asa Iepe. JPOoCCeJupyRIMZ makbaMz.

Henmosp30B2MCEh PA3HOOCPA3HHE CPeICTBA NMUATHOCTHEE ILIa3~
MeHHHX ¢ Ta30/HHAMUIECKMX TapameTpoB. UsMepanoch pacuopene—
JICHIe CTATHYECKOTO JARJIEHAA 10 OCH H30JSIMOHHOA CTEHKH B O
TOUKAX, MSMEDAJNCH TOKK HUepe3 BCE SHONHHE M KATONHHE CEeHIM
SJIEKTPONOB X [OJHHE TOK M HANpAREHME HA Harpyzxe, a Tarxe
pacopeneseHue NoTeHIana ( SOHIAMM HA M3OJSIIMOHHOZ cTeHKe).
KpoMe TOT0, HCHOJB30BANAMCEH BHCOKOYACTOTHHE METONH HA3MEPEHHA
5JeKTPOIPOBONHOCTE ILIA3MH IO H3MEHEeHHD KCSDPOTHOCTH KoJeda-
TEJIFHOT'O KOHTYpa M DAL CHSKTPOCKONNYECKEX H OLTHYECHHMX MeTo-
IWK ONpejeJieHAs TeMIepaTypH 2JeKTpoHEoB ( mo oTHocHTEJABHOR MH-
TEHCUBHOCTH IBYX JMHAZ C MAsiHM IDOTVIONEHWEM), I[BETOBOR TeMIe—
PaTypH EOHNEHCEPOBAHHHX YaCTHI, KOHNERTDAOMHE EeRTpoHCB ( mo
IIOJIHCH IMpWHE JIMHAE C MAJIHM HOTVIONEHMEeM), HOHIEHTDAIHH ATOo-
oy mpucagru(no JopMe KOHTYD2 JIMHWE C GOJIBIMM IIOTJIOMSHHEM),

CTeNeHN celepamyd JacTml ( CKOpOCTHAs KAROCHEMKR) X T.H..

COBOKYTHOCTE HCHOJH30BAHHHMX IMATHOCTHYECHHX CpPEICTB M03-
BOJILIA ONpeREJIATE ycloBud Ha BXogZe B MIll-RaHan, & Taxxe pac-
operneJerne pAfa napaMeTpoB NO IAEHEe KaHANa B mpomecce MITl-sxc-
nepmvieHta. CpaBHSHHE TOJyYEHHHX IEKTDOIPNAMIYIECKMX X TaSO-
TUHaMIYeCKNX OapaMeTpoB Ha BXOXEe B KAHAI C CGOTBETCTRYOUEMA
PAcUeTHHMA NAHHHEME MOKAZHBAET YHOBISTBODETEJBHOE COIVIACHE B
IIPOKOM [IUanazoHe WM3MEHEHAS ONpefe/ANIMX JapaMeTpOB.
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3. OCmme sxcOepMMeHTAIbHHE pe3yJbTaTH.

[lporpavMa HCcJefoBaHuit BRIDYana B ceCd IIOCJAeNOBaTEJbHOCTD
DKCISCPAMEHTOB, HaNpaBIieHHHX HA BHACHeHMe Bo3neftcTsna Ha oonwe
xapakTepucTaxka MITl ycTAHOBOK OTHSJBHHX 30deKTOB, YUOMAHYTHX
BHIIE, & AMSHHO HDHUIJICKTPONHHX SJACKTPHUECHUX NOTeDPh, I'as3oiiHa-~
MUYEeCKMX BO3MyumeHE#, CBA3AHHHMX C OTDHBOM NOTDAHUYHOTO CJOA
npm cwibHoM MITi~ TODMOREHWM,H BJZSHMEM IBYX{Q3HOCTHE IOTOKA
IPOIYKTOB CTODRHAA HA O0BEMHHE F NOBSDXHOCTHHE LPOIECCH.

lic Mepe HakoluleHUs MEQOPMAIMK Q XapakTepe OlIpelesimouiX
$axTopoB X cooTBeTCTEYmileHd MOmEPMKAIMN SKCIEPEMEHTOB yBeJH—
UNBaNachk 7 yAeJAbHAA MONHOCTE, CHEMAeMasd ¢ eNUHMUIH pacxona
NPONYLRTOB CTOpaHWA. Tak HAIpUMep, NMepBHe SKCIeDIMEHTH IIpo-
BOQWIVCH C MATHATHON uHrykmuel B=7SKr¢ ¥ BXOmHHM urciC Ma-—
xa Mo=I.5 nmpn "xosomrMx" ZJeKTpoiaX. CwibHoe ML - TopMOme—
HHAe IIPE BTOM HepeBOWIO TeYeHHe B JO3BYKOBO# DexuM U yueb-
Had MONHOCTH BOCTABWIA BEJMUMHY~ 5°01/(xr/cer). lepexox Ha
pexmm ¢ My=2.4 m B=40rrc mo3BOMI NONHATE 9Ty BEJIMUEHY IO
50%BT/(rr/cer) ( mpu pacmMpenEM kaHaTa B OTHomeHME 1:2 m “Xo-
JONHHX" BJIeKTpomax). lcrnosn3oBanne "TOpAIMX " 2JEKTDPOLOB yBe—
JUYAAO ITOT Oapamerp eme B 1,5 pasa, a BBeIeHUHE oTcoca moIpa—
HUYHOTO CJOA W yBeJWIeHUEe BXOMHOHE 3JAeXTPONPOBONHOCTH [O3BOJH~
JIO NOBECTH yIesbHK{ sHeprocheM o IS0-I80 ¥PT/(kr/cex). Ha.
puc. I B xadecTBe IpEMEpa I[pMBENEHH BOJLT/aMIepHHE U HATPY-
304HHe xapakTepucTury MI-raHamos "llamup~0" ¢ pacmmpesmeMm I:I13
IIPX DA3/MYHHX YPOBHAX BXOIHO# SJEKTPONPOBOMHOCTH. BUIHO, 4TO
HaNpAEeHMEe XOJOCTOI0 XOFaA OpU 3TOM He U3MEHWIOCH, 4 TOK KO-
POTKOTO 3aMHKAHUA CYMECTBEHHO BO3DOC.

Ha pmc.2 moxasaHO pacupejeJsieHre cpenHei ILIOTHOCTH TOKA 33

W IJIOTHOGTH XOJIOBCKEX TOKOB Jy N OTHOCHTEJBHOTO IABIEHWA
( mpu BHRIMYEHHOM MATHATHOM IoJe) mo IiuHe MITl-xasana,

Ha pme.3. morasaHO ompemesieHHOe IO 2TMM NAHHHM paclpene-—
JicHHEe cpenHeil 3JEKTPONPOBOEHOCTH U >IHeKTMBHOTO HapaMeTpa XoJ-
Ja M0 JIMHe KaHaia. BATHO ONpelefeHHOE BAYAHWE KOHIEBHX %110~
nepeumix) adderToB ( Jy ), CPEAHAT WIOTHOCTE TOKA H HPOEOLH~
MOCTb pacTyT mo mmHe kaHasa ( B= 3 4 ®re), a mapaverp Xoswra
nanaeT, 4YTO CBUIOETENLCTBYET OO OIpEIeJeHHOM POCTE IJOTHOCTH M
TEMIePaATyPH IO KAHALY B 9TOM pexRmME.
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Hume MH mompolHee paccMoTpmd DAL sdfexToB, CYmMECTBEHHO
BUINSIOUNMX HA HHTETpAIbHHE XaparTepucTHrH MLJl~KaHaioB, IVIABFHM
06pa3oM IDUNIEKTPOLHHE [OTEepPH HAUDARCHUA U SBICHNA,CBA3AHHEE
C OTDHEOM HOI'paHcJodA. B Janxoit padoTe Takze NOXPOCHO ACCIE~
IOBAlioCh BVEATHNE IBYXPABHOCTX HOTOKA Ha 3JeKTpUYecKHe X ra-
30QMHAMIYECKUE XapaKTepucTuky MiT-kaHana. llosydeHHHE Dpe3yib=
TaTH He MPOTUBOpEYAT NAHHHM, UIMPOKO OGCYANABIMMHUCA B JUTEpa-
rype ( oM,HaupmMep [12] ) ¥ B BAILYy 9TOTC 37eCh HE OGCYEIaeT-
cA, OGpareM Jmb BHMMAaHWe H2 TOT (AKT, YTO B YCJCBUAX ABYX -
da3HEX CBEPX3BYKOBHX OOTOKOB OPIaHM3alMa MOpOLECCOB HCTEeYeHHAA
B IO3BYKOBO# 9aCTH ra30BOTO TPAKTa MORET CYUeCTBEHHO BJAMATH
HA TapaMeTpH CBeDX3ByROBOLO TeUeHWs, OCOOCEHHO HpHM CWIBHOH CcTe-
[IeHW cenapamyn HOTOKA, Takr 4TO 1A 3PHeKTHBHOIO UCIOJH3OBAHHA
SHTQIBINE TAKMX TOIUMB HEOOXOmMMO 0GeCHeYdT: JOCTATOYHO paBHO—
MepHOe pacHpelesieHAe KOHISHCHPOBAHHHX 9aCTHIl OO HOTOKY.

4, [IpEsjaexT e NOTepH I'eHe eMoTo eHHAA.

Hasmrume XOJONHHX TOTDAHNMYHHX CJOEB OKASHBAaeT BO3LeicT-
Blie IpPeRNe BCEIC HA CyMMApHOE CONpOTHRJICHHE TOKY, OOYGIOBII-
Bas NOSWIEHME NOHOJHATEJBHOTO £ II0 CpaBHeHM® C HOJEM B O0he-
Me E =J/€ ) 3ieKTpWYECKOTO MOAI BOIMBH BASKTDONHHX CTe-
HOK. B paBHOBecHOoil I1a3Me NMPOAYKTOB CIOPAHMA IPOBOIIMOCTE B
[OTpaHC/oe HOJIXHA ORNa OH De3KO yMEHBNATHCHA B 30HAX BOJHU3H
SJISKTPONA, YTO SKBHBAJNCHTHO HOABJICHMM NONOJHATSJBHOTO HNDHSICK-
TpOIHOTO compomprieruas$, = alUs/§ . B yeuoBEAX "XOJOZHHX"
anekTpor~3 ( THe Beamka. DA3NMIA TeMIepaTypH B o0neme Vv .
TEMIEPATyDH Ha cTeHke T, )2TO CONDOTHRISHUE MOEET OHTE GOJbe
I¥M, OCOCEHHO B YSKMX IJMHHHX KaHANAX C DPA3BHTHEME NOIpAH-
ciaosmu “vJ OpHaro, Mp¥ CHAIBHHX TI'DANEEHTAX IPOBONMMOCTH BOIASH
CTEHOK CYmMeCTBEHHYN DOJIb HAYMHANT ATpaTh IBA HOBHX Ipomecca,
a UMeHHO, HUPPysHA SIeRTDOHOB M3 OCLEMEB K CTEHRKE W IeperpeB
BJIEKTPOHHOTO Tasa H3-3& IONOJHUTEJHHOT'O IXOYyJIeBa Tella B
IPU3JIEKTPOMFHX 30HAX, BHDABHWBARUME KOHIEGHTDAIME JJEeKTpO—
HOB B 3T0¥ 30He. OueBHIHO, 3TO HEepBHE MEXaHU3M CYMECTBEHEH
B pexuMe MUHX IJIOTHOCTeR} TOKOB, TIe MONOJHHATEALHEE HAOYJIEB
HarpeB HEeBEJMK, & BTOpoR MexaHW3M — B pexuMe OOJBIMX TOKOB.
CiemyeT OTMETHETH, YTO NepPeIpeB 3AEKTDOHOB, MOXET CONpPOBOX-
TaTECA KOHTPAKIMEX TORA B SOHAX C XOJONHHM T'A30M H IOSBJIC-
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HEEeM MEKPONYT Ha 3JeKTpome; Tarcol pexmM B panbHeluem MoxeT
nHepepacTa B pasBUTHE XyroBof pexmM.

Ha prc.4 UOKASAHH OPHSJEKTPORHHe NANSHAA HANPAXSHWA
( na raTozme m aunorme) ( xpwBwe 1) B 3aBHECUMOCTM OT IJIOTHOCTH
TOKAa depe3 " XOJONHMA" QJJIERTPOX, HOJYYSHHHE C IIOMONBD 3KCTpa=—
NOJZAIMY NOKA3aHMH MOTEeHIMANEHHX SOHNOB, PACHOOJIOXSHHHX [IOme-
PER KaHaJa HA W30JAOUOHHHX CTEeHKAX, ¢ y4ueToM KoafduipieHTa
KOPpeJIAiftE, XapakTepusynlero OTKIOHEHWe paclpelesyeHAd lo-
TeHimasa oT JuHeiiHoro. HoadfmimeHT xoppesAmyy B COJBIUHCTBE
caydaee cocramnan 0,97-0,98.

BrmHo, 9TO C POCTOM ILIOTHOCTHE TOKA HPHIJEKTPORHHE HAIpA-
XeHUd DacTyT, IIpAYEeX CKOPOCTH HX POCTA YMEHEBmAeICs ¢ TOKOM,
a HAa KaTome nmaxe OCHAPYXUBAeTCA MAKCHMyM IOpH IUIOTHOCTSIX TOKA
i~ 648 a/cM® IR XONONHHX siekTpoxaxX. Ha pHC.7 NORASAHH COOT-
BETCTByNUde yHeJbHHEe CONPOTHBICHHA §, . = aVae /5y , XapaKTe-
pHESyRIEe SARHCYMOCTH IPMAJEKTPORHHX COOPOTHBICHEA OT TOXKA.
BumHo , 49TO 3T CONpOTHRISHHA YyMEHBEANTCHA C TOKOM, OCOGEHHO
CIUIBHO HAa KaToxe.

Ha puc.6 HOKA3AHA 3aBHUCYMOCTH QHANIOTWYHHX COODOTHBIE~
HE# OT TEeMIEPATyPH 3JAEKTPONA 0e3 MArHUTHOIO HoJf. C DOCTOM
TeMIepaTypH DJEKTpOoXa BeNMUMHH ¢, u §. ,» JMEHBEASCH , COMA~
EAOTCHA, COCTABJAL IDH TEMIEPATypsXx ~ 2000°K Maiyn Besmdau-
Hy = 243 oM. ou®. llpu EmskEx Temmeparypax ( T < I000PK)
9Ta BeJUWYMHA BO3pacTaeT (GoJee, YeM HA OOPANOK, OCOGEHHO HA
KaToxe.

VccrienoBanme CBe4YESHHA HA [MOBEPXHOCTH SJIeKTpOJIa[ 61 HOKa~
3HBaeT, YTO peXmMaM C MaKCHMyMOM AV COOTBETCTBYyEeT MO~
MEHT BOSHEKHOBGHMS MARDONYT HA KaToXe U aHoXe, IpHdYeM Ha
atome B Mempme#t cremeHu. CooTBeTCTBynIHME KpuTiieckul To
nepexona oT mafdysHOTO K MHKDOLYTOBOMYy DEEMMAM IDOTESKAHAA
TOKA 3aMEeTHO 33BUCHT OT TeMIepaTypH JJAeKTDONOB, YCJIOBEZ HA
[MOBEPXHOCTH R2JEKTPOZAa ¥ MaTHUTHOR MIyHIMH. Tar HA XOJOMHHX
anexrpomax ( Ty <I000CK) Besrumma KpATAYECKOTO TOKAa COCTAB~
2T Jep =~ I+2 a/oM?; a mpa 2000°K 3., > I0+I5 a/cm®.

Ha pmc. 7 mokasaH2a 3aBHCEMOCTE AV (§) IJIA TOpHA~
X OUPOTPEPMTOBHX 3JNEKTPOLOB IIPM DA3MWYHHX YPOBHAX MArHAT-
HO WMHiyKIME. Kax BHAHO, B 9TOM CAydYae UMeeTcH MakcuMyMm AVa
X Ha aHONe, IpHYEM 5TO MAKCUMAIBHOE 3HaueHme 4&Vi pacrer
¢ MaruuTHOH mHmyrmueil qmmeimo ( Puc.8 §). Ha ratome %e Mak~
CUMANEHOE 3HAYeHEE AM.*  mpu mMammx B pacreT JmmeiiHo,
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a 3aTeM HaCHNaeTCsA ¢ TeHmeHIMe#l K yOHBaHUD.

HHTepecHO OTMETHATH, YTO ILIOTHOCTE ‘OKa, HOpDHE KOTOPO# mMe—
eT MeCTO MAKCHMyM IDABNEKTPONHHX mageHwt |, , PacTeT TaKxe
JguHeliHo ¢ maruuTHo# mmywimedt, ( Puc.8 a, xpusuwe I u 2 ). Tak-
Ee BegeT celfi ® TOK, COOTBETCTBYWIHE TOUXKe Iepcruda B 3aBHCH-
MocTH o Vee C3)  { xpushe I' u 2' ). DffexTuBHOE COOPOTHR~
JeHne @, = aVela/$w CIAG0 3ABECHT OT MATHATHOTO NOJI N Ma-
Jo pasyudaeTcs Ha kartome u aHone { Pmc.86, xpmeee 3 m 4).

Orcoc IOTpaHMYHOTO CJOA B CpenHe# 4YacTH KaHaAa CYmecT-
BEHHO BA¥AET HA BeJUUMAY IPHAJICKTPORHOIrO HANeHHA HAOpAXeHNns
B 3THX 30HAX YX8 IOPA MAJHX OTHOCHTEJBHHX CTEHeHAX OTCOCAa.

Tax uanpmiep, NIpE oTcoce ( IO PACXONOHAINDAEEHHOCTH OTCacHBae-
MOTO MOTOKA II0 OTHOMEHMD K OCHOBHOMY) Ha XOJOJHHX 3JI€KTpOXax
= 0,27% ( Puc.6, KpuBHE 2) HDPHINEKTPONHNE HANDAXCHHA YMeHBIA~
pTcA Ha 25%, a npu orcoce B 0,67% ( xpuBHe 3) B 2 pasa, COOT=
BETCTEEHHO CHMXAWTCH yIeNLHHE NPARJICKTDONEHE CONPOTHBIEHUT

( Puc.5).

3aBACEMOCTS [IPEBJICKTPONHHX HaNeHWid Ha XOJOMHHX DJAEKTpO-~
ZaX OT HHTEHCHBHOCTH OTCOC2 HOKa3aHa Ha puc.9(a). B mumdiysm-
oxHoM pexmMe ( KpmeHe I ) 0TcCOC RMAET NPUGIMIATENHHO ONHA~
KOBO KAK HA OpPHAHONHOE, TAK M Ha OPAKATONHOE HOANEeHAA Hampd-
EeHUs, yMEHBmNAA WX OpUMEepHO B 2 pasa IpH WHTEHCHBHOCTA B
0,6%, B permvMax, CJMBKMX R TOKaM mepexoma ( § = dwp ). C
yBeJITIeHNeM CTelleHu 0TCOCa KATONHOe NaNeHme ele CTPEMATCH
X QHONHOMY, & Ipi GONBIMX TOKAX § > rep OTCOC B3EMETHO CHIE-
Hee BoszeilcTByeT Ha NPHKATONHOe HaieHAe, KOTOpOe Temeph CTa-
HOBATCH jJame MeHpme apoxHoro ( Prc.9 xprBme 3). BaxHo oT-
MeTUTB, UTO B DezyMax ¢ GonpummE Toxamm ( § > Sxp ) yHeaBHOE
conporzaierne ( Puc.9 (6)) mememe, uem B muiifiysHoM poxmMe
1 UMeeT TSHESHIMD CTPEMATECS K HEKOTODOMy OpeleibHOMy 3HAYe—
H Qup=<~I - 1.5 oM +cM® ¢ manbHeimm yReswdeHEeM HHTEHCHE~
HOCTH OoTcoca. ONHAKO, KAK BHIHO H3 pHC. 4,5 X 9 maxe HHTEN-
cuBHocTs B8 0,7%,I0~BAOAMOMY, yXe OiM3Ka K Opefe’bHOHN, Txme
IanbHefimee e€ ypesmdeHHe yXe cjJado CKasHBaeTCA HA XapakTre—

Pe OpE3NEeXTPOTHHX IPOLECCOB.

COBOKYTIHOCTE JTHX 2KCIEDPIMEHTAJBHHX IAHHHX CBHLCTEJHCT—
ByeT O HoJMYMA NBYX PASJMYHHX DEeLAMOB NMPOTEKAHHMA TOK& B Mex-
3JIEKTPONHOM NIPOMEXYTKE, I'DAHMIA MeXIy KOTODHME SaBECHT, IO
Kpafiuet Mepe, OT TeMmepaTypH 3JEKTDPONOB, MATHATHOIO HOAS M
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HHTCHCABHOCTH OTCOCA HOT'DAHNMHOIC CJOA. JTO DEXEMH JapJy3HO-
0 { ONHOPOZHOTO) pacHpemeNeH:d [LIOTHOCTHE TOHA IO ILIOMANE
SJEKTPORa W MUKDOINYT'OBOT'O Pa3BHTOIO HEOXHORONHOTO pachnpexne-
JeHns. B auTeparype UMERNTCH MHOTOWICJESHHHE HONHTKY KOJuiecT—
BEHHOTO OIMCAHMA ABNEHWH B NPUDJEKTPONHHX 30HAX, ONHAKO B
CBASK CC CJOXHOCTLD CaMEX [IPOUEeCCOB E DA3HOOOpasmeM IpaHud-
HHX YCJOBHE ¥ ompermeaaAniix @axTopoB JO CUX OOP OTCYTCTBYWLT
YIOBIETBODATENbHNE MONEJ MpPOLSCCOB, B YACTHOCTHA YYNTHBADIME
neﬁéTBne MaTHATHOTO MOJA ¥ OTcoca MorpaHchaos. B padore (6]
Ha Ham B3TJAT YICBISTBOPUTENHLHO PACCMOTPEHH NpoleccH B nufifys—
HOM pexyMe Oe3 y4yeTa BJIMAHUA MATHATHOTO IIOJA, XCCTATOYHO MO-
CJIeOBATeJBHO yuTeHo piudHuve s@fexrtoB mu@bysum ¥ meperpesa
9JIeKTPOHOB HA NIPURJIEKTPORHHE NaNeHUT HanpaseHnd., OcHOBHOE BH-
BOI CBOOMTCA K TOMY, 9TO RAA TYPOYJIEHTHHX TIOTDAHMYHHX CJOEB

C XOpOmO 3aoJHeHHHM npofuieM TeMuepaTypH Nake NMDE HABKUX
TeMuepaTypax aaexTpomos ( T5<I000°K) B mudifysHom pexeme Briam
o6nacTH, TOe cymecTBeHHa IHPHy3us, B IOJHOE NPHAJEKTDPORHOE
CONpOTURICHUE caM D0 cele Mal, a pasMepH 2Toif oGracT: B ycio-
BAAX HAllXX HKCIOEePUMEHTOB HEe CWIBHO OTAMYARNTCA OT pPAsMepoB He—
JaeBCKOIO CJOf, TaAK YTO JOCTATOYHO KOPDEKTHHM ARJIASTCA pac—
yeT CONDOTUBJIEHNA MOTPAHC]OA 10 PABHOBECHOMY paclpeRelieHNwn
KOHIIGHTpAIME B IOTPAHCJOe C HEXHAM OpeNeJoM HRHTeIDUpOBaHuA
nopsnxa HeCaeBCKOT'O PANUyca, KAk 3TO OHJIO NPUHATO B pAme pa-
goT [5,7] « B oGiacTu CONBHEX TOKOB, Tfe CYWECTBEHHHM CTa~-
HOBUTCSA NeperpeB 5JeKTPOHOB ( Make B YCJOBHAX MOJCKYJIIDHHX
cMecell ¢ mapaMeTpOM HEYIpPYTHUX HOTeDh ~ 18450) mame npm He-
GoJIBIMX CTEeNeHAX HeperpeBa A pacdeTa KOHIEHTDAUMU DJIEKTpPO-
HOB MOXHO B IIpeme.aX BCETO CJIOA [0JL30BATHCA MOTUDUMIIADOBAH-
HOK dopmysioft Caxe ¢ TeMilepaTypoil 2JIEKTPOHOB B BHIE

a I.e n:-
Neg = — —_

% exp Tene + i2Ma /3*& )’ (0
rme 0,8 - KODDIVIMEHTH MOHWBALNM ¥ DEKOMOWHALMU, le = HOTEH-
e nonmsamm, Ma - sdfexrTupsan (cpenHsd) Macca MoJe-
Kym, § = Kos(iulmeHT EEYIPYTHUX IOTEDPD.

OumeHounu#t pacueT 1o @-se (I) IIA OpPHAHOZHOTO TARCHUS
HAIPAEeHMA [OKA3SHBAeT YIOSJETBODATENLHOE COTJAcHe C IKCIeph-—
MEHTOM N[O MJOTHOCTe# TOKOB, HE CWIHGHO IDEBHIANIMX KPUTHYEC—
Kne 3HaveHud Ha xarone. (Pmc.46, Kpueasd 4), B 0COGEHHOCTH,
yUuTHBAA HEOMpENeJeHHOCTE OPHHATHX B pacdeTe 3HaUeHut O
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Mes @ M @ ( 3aBucMMOCTH NOCHENHMX OT TeMIEpaTypH He
VURTHBAAACh) . COOTBOTCTBYWWME HAHHHE IJIA KATONHOTO NaNeHnd
IOJIy9amnTCcA 3aMeTHO OoJblleé DacyeTHHX M OCHADYEMBANT CHATALIYD
B2TBhH, YTO, MO~BUIAMOMY CBASSHO C TeM, 4TO IIPE HE3KHX TeiIe—~
paTypax JIEKTPONOB OTOMpAeMHEl TOK NDEBHNAST XaoTHUECKAH HOH-
HHIT W SJEKTDOHHHE TOX TepMosMiccHM, JMEHBIeHWE IDUKATOILHOTO
IaneHNd HA XOJOIOHHX 3JSKTpPONaX, a TaKKe W aHOFHOTO IpH ro-
PIIMX BO3SMOXHO CBASAH ¢ BO3HUKHOBE&HIIEM DA3BHTOTO KOHTDPAIZpO-
BAHHOT GYTOBOT'O pa3pAna IpH 3TUX YCIOBHAX,

OTcoc HOIPARHMYHOI'0 CJIOS [DMBOLUT OIHOBpPEMEHHO K W3BMEeHe—
HMO CPa3y HECKOJLKAX YCAQBHA HA SJEKTDOLE, BO~NEDBHX, K yMe-
HLICHAW TOJMIMHH NOTPAHCIOA U er'0 CpexHeMy IJOUOJIHMTSIBLHOMY
pas’orpeBy H3-~3(. H3MEHeHWs HpODAIA CXCPOCTH, BO-BTODHX K
YMEHBMeHUD TOJNIMHH U YBeJMUeHWA TeMIepaTYPhE TFEeHKU WWIAX0B
Ha [MOBEDXHOCTU SJEKTPOZA M , B~TPETEMX, K 3aMeTHOMYy DOCTY ca-
Mo¥ TeMmepaTypH aJexTpola ( B HameM caydae ¢ 720°K mo 950°K
mpu oTcoce B 0.7%) Bce 5TH (axTopH CIOCOSCTBYWT YMEHBIEHUD
CONPOTHARICHNA NOTPAHCJOA U COOTBETCTBEHHO YMEHBLEHWH [PAIIEK~
TPOLHOTO Iafmems HAUpAKEeHUA. ToT ParRT, 9TO HpemebHHE COIIpo~
TURJIEHU NpA OOJBUMX CTEeNeHAX OTCOC2 Ha XOJOMEHX 3JieKTponax
1 B cJy9ae OTCYTCTBHA OTCOCA Ha IOpAYMX OJHU3KHE IpyI' APYTY,
CBAZETEeJbCTR2YET B MOJB3Y YIOMAHYTOTO BHIlE BHBOIA O OpemMyme-
CTBEHHOM RJMMAHMM HA UPHSEEKTPOLHOE HALeHWe HAUDAXEHHA CONpo-
TRRICHAA XOJIOLHOTO HOTPAHEYHOTO CJOA B OTHOCHTENBHO MANO# po-
JI 3MHCCHCHHHX [PONECCOB HA CaMMX LMOBEDPXHOCOTHAY SJEKTPONOB B
IOCTETOYHO MHMPOKOM IHANS30HE TeMIepaTyp HOESPXHOCTH. YIATH-
Bas, YUTO TeMRepaTypa IHporparTOBOIO 2JCKTPOFA HE CHWIBHO OTJR-
YaeTcA OT TeMISePATypH IJIARJIEHWS BemecTBa IUIAKOB, MOEHO O0BAC~
HATH ¥ STOT (ParT, IPeNNOJORAB, YTC IpPW HIpPOBEIEHHM OTCOCa IIeH-
Ka IJIaKa He KcyYe32eT HOJHOCTED. OFHARO IIPA 3TOM OCTaeTCHA TRy~
HOCTD OCBACHEHES 3aBHCHMOCTH KDATHYECKOT'C TOK& [epexona OT
TeMIIepaTypH MaTeprasia 2JEeKTpola. BO3MOEHO, 4TO & IOHEECeHHEM
5TOi TeMIepaTypH YBeJUYHBASTCA TOMNWHA W GOIDOTHABJICHAE ILICH-
KA ¥ yXe MOPI MAIHX TOKAX B Hell BOSHMKADMT 3JEKTDHYESCKNE HOJIH,
JOCTATOYHHe IJIA IpoCOA LNEHKM ¥ HADYMEeHUA €€ OXHOPOLHOCTH;
MecTa HpoCos MOTYT CAYEATH 3aPOIHNIAMM MHKDOLYT, C DPOCTOM TO=—
K4 YHCJIO TAKWX MIKDOLYT IOJEHO BO3PACTATH NDAKTHYCCKHA JHHEH-
HO C TOKOM - A0 TeX IOp, NMOKA HX ILIOTHOCTH HE CTAHET HACTONE~
KO OOJBmOji, 9TO B OTHEJHHNX MecTax HAYHETCA KpyIHOMACHTAGHAA
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KOHTDAKIMA TOKA C DE3R! HADYNEHMEM CTPYKTYPH HOBEDXHOCTH
IISHRA.

TarmM o6pas3oM, ecJM OPENIOJORMTE, YTO ODPOCHEEH? ¢RO#ACT=-
B8 ILVeHKHA UJIAKOB 3aBHCAT OT €e TeMIepaTypd X arperaTHOro Co—
CTOMHMT, TO MOJyYaeTCA HENPOTHROPEeUMBAA KAPTUHA, O0BAcHADmAs
XapaRTeD CBA3E KpUTWYIECKOTO TORKA ¢ TemuepaTypoll MaTepr.uia
JIEKTPOL2. OJHaxo, B pasr¥aX 5To¥ KApTEEH TPYLHO OOBACHATH
HAGMOHAaeHyD 3aBACAMOCTD TOKOB, ORE RKOTODHX LOCTHUTAETCA MAK-
CHMANBHO¢ SHAYeHme 4Vac , CBABHBE! WX C KDATUYECKUME TOKo-
MHA [Oepexcia B MAKDOLYTOBO# pexmM, OT MarvuTHOR MHOyRIWMX. Jna
3TOT0 HEOUXONEMO NpPEenuoJOXATH, HAOpWMEep, 9iu B pesynbTare
MIIl - ToploxeHHs pacTeT TOJIMHA [OTPAHCJOA, YBE.INIMBAETCA €Ie
compoTmeiiesne ( UTO MOTVIO OH OGBACHUTE HAGIMIAEMHE DOCT
¢ MaCHUTHOR MHEyRUMel) Hajee ¥s-3a ASMCHEHHA NpOPMWIN CKODOCTH
n TemiacpaTypH op# MII[ - TODMOESHWM ONHOBPEMEHHO YBEJMWiRAeTCH
TemwioBo# NOTOK B LJISHKY, YTO OPUBONAT K €€ NONOJHHATEJILHOMY pa-
30TpPEBY W YBEJITICHMO KPATUMSCROTO TOKA nepexoma a\e,q  Ye-
pe3 MmaxciMyM. K coxaneHMn, pacueTHads OPOBEDKA STO# THIOTE3H
BECEMa 3aTpyuiMTeJbHA B CRA3YM CO CJOXRHOCTEE [IDOIIECCOB B MOT~
paHcJIoe Jame (&3 MArHUTHOTO nojid. [IpexcramisfeTcd 3aTpyIHA-
TEJIbHEM TaKEe HENOCPEICTBeHHadA e€ oKCIepIMeHTaJbHas NpoBepKA.
B cBA3K B 3TEME OCCTOATEALCTBAMH CIELyeT KOHCTATHPOBATE, UTC
SIBIEHNsI, CBABAHHHE C BO3LeiCTREeM MATHUTHOT'O NOJIA HA IDPHJIEK~
TPOJOEHE IIpPOLIECCH B HACTOAmMEee BpeMdA ¢le HeLOCTaTOYHO LOHATH H
HYRIAOTCA B JasbHefmeMm HcciemoBaHun. ltak, »KCHepMMEHTANBHHEE
IaHHHE H COOTBETCTBYDIME OLCHKH CBHUNETENLCTBYOT O TOM, YTO
10 Kpajineit Mepe B YCJOBUAX HAUMX DKCIEPHMEHTOR OCHOBHASA COC—
TaBJTONAA IPYSJAeKTPORHEX NoTeph HanpazeHusa ( 0COGeHHO HE XO-
JONHHX 3JEKTPONaXx) CBA3aHA C OMUYECKMMM MOTEPAME B HOTPAHNI-~
HHX CQJICAX @ B ILJIeHKe IUIAKOB, IMEWIUXCH Ha CTeHKAX. BRIAN B
3TH HOTepY SMHCCROHHHX X IUOJy3MOHHHX NDOLIECCOB Naxe HA OTHO~
CHTEJIBHO XOJIOGHHX DJIeKTpojax (T§<:IOGO°K) HeBeJHK. XapakTep
pexvMa OpoTexamua ToxoB ( madiiyzusit mrm MuMKnOmyIroBoit) B 3HA-
YATEJLHOL CTelleHN ONpeNesAeTCH COCTOMHUEM IueHKYU IUISKOB,
CWIBHO 3aBACAIIZM OT TEMIepaTypH MATeDHaa JJASKTpona. Hanuume
TaKOW [JEHKY [[.KTUIECEM HUCHINYAET BANUAHME SMUCCHOHHHX CBOf-
CTB MaTe¢phala JIEKTDOIOB Ha XADAKTEPHUTUKM  IIPUDJICKTDPOIHEX
npomeccoB. CienyeT OTMETHTE TAKKe, UTC IVIEHKA MVIAKA UTDRET
I ONpeNesieHHyn 3alMTHYD DOJb, IpPeNOTBpamad paspyulleHne HOH~
CTPYHUAR SJAEKTPONOB BHCOROTEMIEPATYPHHM: IDONYyKTAMH CIropa-

TN
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mA. 01coC OPHRACKTPONHOIO CJIOA NO3SBOJAST 3aMETHO YMENBLMTH
NpURJIEKTPONHHEe HAXeHAS HaupAReHHdA. MarHuTHoe Noje yBeJndn~
paeT NPHBJEKTPORHOE [ameHHAA fage Ha "ropaurx" 2JeKTponax.

5. Biangaue 0Tcoca MOIPAHMYHOTO CJIOA HA ero ORpPHB
nps _caapHoM Mijl-TopMomeHVH.

Bume Mz paccMOTpeJH BO3meACTBHES 0TCOCS HOTMAHWYHOTO CJIOL
Ha OPESJEKTPONHHE SJEeKTpHUecKHe NoTepH. lMeeTca m Epyrof acmexT
BIASIHEA O'TCOCa HA dJEeKTpaueckue xaparTepacTurE MII-resepaTo--
pa, a MMeHHO IpeqoTBPaleHNe B K3BECTHHX OpenejaX OTpHBA MOI-
PEHNIHOTO CJIOA da 2JIEKTPONAX, BO3HEKAWWErc OpH cumibHoM MIT-
TOPMOREHUE MOTOKA. OTDHB MOTPSHNYHCOTO CJCA MOREeT CHABLHO OIpa--
HrmMBaTh >PHeKTUBHOCTE CpPadaTHBAHUA CKOPOCTE B CBEPX3BYKOBHI
MIT-kananrax S3u Ten camum orpannuymBarh HIE Tawnx IeHEDPRTOPOB.

[Ipexmire veM NMepeNTH X OOCYRIEHMK BOIDOG2 O BJAUWAHUHA OTCOCA
HA OTPHB IIOTDAHNYHOTO CJIOA OTMETHMM, 4TO fABJAEHUE OTpPMBA [OTD&Ei=—
chosi B Mlll~xaHanaX HeOHOKPATHO HAGOIANOCE DKCHIEPEMEHTANBHO
[1,3,8,9 1 , HO 5o cuMx mop , PERTUYECKN , He HAIJIO NOIXHOTO
TEQPETHIECKOTO ONUCARUA; LO CHX NOP elle HeT ACHOCTH jg2Ee B
BOOpOCAX O BHOOPE KDHUTSpHEB OTDHBa, XOTH PMENTCA MHOTOWIHCICH=
HEe HOHH“RH HOCT eHng OIeHOYANX CXeM IpF "HO3SKPOBRHHS OTDHB-
HHX ycnonuﬂ w.IpJ YacTAYHO 3Ta CHTyalliA CRA3aHA CO CJIOE-
HOCTHY OOKC8HWA CAMMX OpONEecCoB B MOTDAHCJIOAX, YaCcTHIHO ~ ¢
BO3MOXHHM pasHoolpasmeM Mcmesell HpollecCcOB IPE OTPHBE LHOTDAHE-
CJOA ¥ DAYBRTHA TeYSHEA ¢ BO3MOEHHM pasHOOGDazUeM MOLejieH
OpPOLECCCR NPA OTPHBE MOTPAHCHOS M DA3BHTHA TeYeHWA C BOSMy-
meudeM. Boupocn cBepx3eyKOBHX MIll-Te9eHm# GO CRAYKOM JI&BJE-
HYA TAvEe el NPAKTAISCRA He pazpaCoTaHH, XOTH HMe TGH o~
NHTKE TOCTPOEEHR COOTBeTCTEYMIMX DAcHYeTHHX Momenefll
Tark 4TO BKCHFDEMEHTAIBHHE INAHHHE, IOJYYEHHHE B KOHKDETHHA
YCAOBEAY., ABIANTCA B HACTOAMEe BpeMd HO CYMECTBY eXUHCTBEH=
HEM HaeXHHM HCTOYHMXOM HHpopMalm® 00 YCJOBHSIX OTPHBA H €I0
BRZAHME HA XapakTep TedeHuA @ napaMeTps MIll=reHepaTopa.

flpnenme OTpHBAa MOTPAHAYEODO CJOA HiIydaisoch HA MIJ-
ycraroBke "lavmp-0" B pexmMax ¢ cHAbHEM MIT-TopMozeHmeM.llpn
MAJIHX BXONHHX OPOBONUMOCTAX JIJIA BO3CYEACHMA OTDHRa HCIOIHL30=
BaJCA PEXAM KODOTROTO B3aMHKSHES WM OPOOYCKAHEE NONOABHATENE -~
HOT'C TOK& OT BHRMHETO KCTOUYHMKSR; NDH OCOJBIMX BXONHEX IIPOBOLE-~
MOCTSX YIAB&JIOCH MOJNYIHTH OTPHRHHE YCJOBAA X IPA CPEBHETENBEO
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GOMBIX BXONHHX Kos(himmenrex mHarpysr® (mo 0,5). locTmmetme
OTPHBHHX YCJOBHA BEERTAMIMIMPOBASLOCE N0 HOMABJESHMI H3JIOMA B
pacnpenesesHyu {apameeBCKOTO TOKA B KOHIEBHX 30HAX KaHana u
CKAUKy mamieHmd B 57ux 30Hax ( Pac.I2, xpmeme I m2).

PaccMOTpIM KODOTKC OCHOBHHE SKCHEPEMEHTANbHHE LKAHHHE, Xa-
paKTepusyRIiIe MUHAMEKY IpPOIEeCCOB IPM OTpHBe MOIPAHCNOA. Bmeps
BHe OTDHB E BO30yXIeHme CKaukoB nanneinsa B MIl-kanasie "la-
mup ~ 0" HaGmUaNnch B PeXHMe C CEKLMGHUPOBaHHON HAIpysKoil B
HOHTEBHY 30Hax, pr sToM moaHui Tor cocTamual I1000a. B xanae
CO CILIONHHME BJIEKTPONaME IpH HOJHOM Toke B 950a OTpHB eme He
HadmuaicA. [JiA yBeJMUCHHS TOKA B HTOM KaHaje ACHOJNb30BaIOCH
LOLOJHUTEJLHOS HANDAREeHWe, CHEMaeMOe C peocTara, BHANYEHHOTO
B Oelb MAarKUTHOR CUCTEMH, STO IIO3BOJAJIC B JOCTATOYHG WMPOKEX
npemeniaX MeHATHh TOK B KaHaUe DM OTHOM U TOM Xe YPOBHE MaI=
HUTHO! LUHIYKIWME, T.€. MEHSTH napaveTp MLI-TopMogeHEA Su=
= iBle/o0? mon ommom 7 Tom ®e napamerpe Xoara ( Puc.IO).

Ha puc. II(a) morasaHo MoBeneEme CTATAYSCKOTO NABIEHUT
B KaHaTe B pasHHe MOMEHTH Bpewed: ( mwim , 4Te TO Xe caMmoe,
PN DAsEYHHX MATHATHHX MHAYKIWAX) IpU HANDAREHME Ma peocTa—
¢ 5IB,4TO IO3BOJUIO NOJAYYATH HOJHEE Toxk mo 1350a., Cmjommane
KpuBHe Ha puc. I0a cooTBeTCTBYOT CTAXUMA DOCTA MATHATHOTO IOJA
7 n3MepeHH Yepez 4 MCEK IOOCJEeNOBATEJBbHO OT Hayaja Ipoliecca
(8 =0). NynxTUpHHe KpUBHE COOTBETCTBYRNT CTAUUl COANA B NepBoit
IQJYBOJHE MATHATHOTO HOJsT, Toukavm ( XpmBasg 7) MOKA3aHG pac-
IpeneseHde NABIeHUA, COOTBETCTBYWIES MAKCAMYMY HOJA B OTpHLa-
TeJDHOM [OXYyBOJIHe. Ha DTOM DUCYHKE NARIEHHUA TPUBENEHH K Ha-
YaIBHOMY, COOTBETGTBYMmEMy ciaydan B=0, Tak 9T¢ JMOHEe OTKIOHE-
HuA oT JmHuK P, =L cBazamu ¢ WMIT-sderTamu.

Kax Bummno 73 pme.lO, OprE yBedudeHVN MAT'HUTHOTO [IOJS 3&HO-
HOMEPHO pacTeT IaBJeHWe B KOHUEBHX 30HaX KaHajkia, B TOM 4UCHE
71 3a 3JIeKTPpomHoit 3oroif B coOjyactr cliiala MarHUTHOIO pojyg ( KoH-
neBoli s@perT). Takoli MOFOTOHHHY DOCT HABJEHUA XODOWO OMUCH-
BaeTCA ONHOMEepHHM OpUOJMESHVEM, B OCOGEHHOTTH, €CJHA Y4YeCTh
s0feKTHBHYH IMEPOXOBATOCTH B KAaHAIE IO WU3MEPEHHOMY paclipeielie—
HUi NaBJieHm} B peximmve B=0 7 BHUMCJIATH TABJNCHW II0 M3MepPEHHHM
paclpenesieHKss: TOKA. Takad KADTVHA HAGIDAACTCH N0 MHIYKUMi
B~ 32+IKrc, Upu majbHelmeM POCTE ASIYKIMY IPOUCKOLAT pPes-
knii ckavYer HaBneHKA B Buxoxecfi some (Puc.II(a),xpupas 3),
pi TOM HNaBJIEHNE YBeJUGMBAETCH [0 CPABHEHED C IDEeIHIYMIM
crydaeMm na Kpaire# mepe B I,7 pasa npu yBeaNUESHAM MATHAT-
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HOfi MEIYKIMM BCero JMmb OoT 32 N0 34 Krc, YTO ABHO CBUNETENb~
CTBYeT O DA3BUTMM B T0T ( WM GIU3KME Dpenuuyumit) MOMEHT
CIWIBHOTO BO3MYUEHUA B KaHaje, NPABONMAIEro K MepecTpoilxe Te~
YeHUs ¢ BO3CYRIEHWEM CKaYka TARICHUA.

Kpuruueckuit napamerp MII-TODMOREHMS, ONpEIeASHHHH 10
axomuum mapaverpas ( e ), OpM 3TOM coCTaBAAeT

( 85).,=0.1440.1,
a MAKCHMANBEHOE YMEeHBNIEHMe CKOPOCTHM npit GezorpHBHOM MIT~TOp-
MOXEHMH B KaHajle cOoCTaBJAeT
W= 1-(&Y =0.50+0.0I,

rme Uo, U, —CHOPOCT® H7. BXone I Buxome u3 MIJl-kaxaia.
ilpn nanphefmeM cOoame MATHITHOTO IIOJA CKavdek JaBJeHMS pacca-
cuBaeTca MemneHro ( xpusHe 4 m 5, Puc.II(a) ) u nage mpu B=0
nocJjie BOZHUKHOBEHWA CRAYXA paclipelejieHNe IABICHAS BCE 2mE oT-
IM4aeTcA OT chydasd TeuveHms Ges MII-Topmomenusa ( KpuBasg 6).
[IpocaexrvBaeTca olpenefieHHad TEHOSOHIMA K BO3HUKHOBEHMR KOJe-
GaTeJLHHX OPOUEeCCOB B o0neMe KaHaia [Opd CHame MATHHTHOTO OO~
a1 ( xpuBne 5 u6). [Ilpun M3MEHEHAW 3EAKS MATHUTHOTO [OJA M3-3a
3QTyXaHuA MO CO BpeMeHeM He NOCTUIaeTCA KpATHYeckue 3HAYe—
mmA napaverpa TopMozemHa ( 3meck Bwmax =2IKrc), omHaxo pac-
npefgeyierke HAsIEHWE OCTAeTCH HeoMHOpoXHHM, (KpuBad 7) MakcH—
MyM JaBjeHNd cMemaeTcHs BBEDX ¢ MOTOKY, pacopeledieHHe IaBje—
HHES CTAHOBHUTCA BOJHOOODA3HHM. ITH XAHHHE CBUIETENBCTBYRT O
TOM, 9YTO MpPOLECCH, CBA3QHHHE C BO3MYMEHUEM U3—~32 CLJIBLHOTO
MIJl~TOopMOREHN NOBOJBHO HMHEpPIWOHHH, XApaKTepHOe BDEMA DpeJiaK—
callmyl COCTaRjsfeT BEeJMIMHH TODANKA i-3 MceK ( BpeMma IpoJeTa
rasa 4epe3 KaHal cocramifgeT 0,2 Mcer).

[losnarad, 4YTO BOSHUFHOBEHNWE CwWAYKA YIUIOTHEHHMS GOyCJOBIE—
HO OTPHBUM MOTPAHNIHOTO CJIOA, ONEHM ero WHTEHCHUBHOCTE. By-
IeM, Kax 3TO UPAHATO B rasonmuamuxet*I, paccMaTpaBaTE 00JaCTh
OTpHBA OOTPAHCJOS KAK HEOIPOHUI'AGMHA KIMH, C YIVIOM, DABHHM
yIUy UPH BepmmHe TYpPOYJeHTHO# 30HH, B KOTOPYN PA3MHBaeTCA
TAHTCHIMANBHNA DPa3pHB, TOTMA C Yy4ETOM CRUMAEMOCTH IJA Ha-
mx yorosmit (M= 2.082.I, ¥ =I.I4) nosydmm .14 TOTO yIia
SHaUEHHE

=(134+2)°
1Y
Hpn OTHJIOHeBHNH IICTOKA TAaKNMM KIAHOM JOJIECH BOBHKKH}’TB KO~

coft CKaueK YINOTHEHWS ¢ yIvoM Hawiona =(40 +2)°, xoTopomy
COOTBETCTByeT lepeilan LapieHUl 3a CKAYKOM Bip, = I,7'+ Q0.I,4T0
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XOpollo COTVIacyeTcA ¢ HalippaeMum 3HadeHmeM Fy/p = I1.70+ 0.05
JTHM Xe JCHOBUAM COOTBETCTBYeT mepenany wices Maxa Ma/M4 =
0,78, TaK 4TO NOTO4 38 CHAYKOM NPOIOJEAET OCTABATHCH CymWeCT-
BeHHO cBepx3BykroBEM (M=1.6).

[IpnBeneHHNEe OMEHKHW CBEOETESJNBCTEYHT B NOJH3Y I'EHOTE3H 00
OTpHBE HOOTPAKCJOS @ BOSCOYRICHHH KOLHX CKAUKOB YIIOTHCHNA B
KaKane,

OTcacHBasA MOIpaHC/c#, DO~-BARUMOMY MOXHO 3aTHHYyTL HacTyn-
JEHNEe OTDHBHHX YCJOBHHA ¥ TeM caMiM YEeJMUYNTH Ge30TpHBHHE Mak-
CEMANBHHE DAPaMETPH TOPMOXZHMA H cpadaTHBaHEe CKODOCTH HOTO-
xa. Ha puc.II(G) mDpunemeHR peSYJSBTATH U3MEDEHUA NABNEHWA B
KaHake IIpH 0TCOCe HOrpaHchod Ha 4 m 5 mape zyexrpoxos (od-
JacTh [OKA33HA HA PUCYHKe CTPENROfl) Mpu TeX Xe YCJOBMAX, KO~
TOpHe pacCMATpHBAICH BHme. Kak BEmHo, mpm orcoce B I,8%( mo
PACXOAGHANDDECHHOCTH QU ) NpU YBEJMYCHHE MOTHUTHOR MHAYKIMA
no 34 xrc ( ®puBasg 3) HE NPOMCXOIWMT CKAUKA JRBJIEHNS, a HAOMD~
IaeTcA jame cJaalHil cnan JaBiIeHMH B 30He oTcoca. OmHaxro, opn
VMEHBICHAR MATHUTHOTO KOS C HexoTOpo#l 3amepxroit Mo BpeMeHH
(~ 3-4 MceK) BCce Xe BO3GYRNAeTCA CJACHE CKRaYeK NABNEHNA C HH-—
TEHCHBHOCTER f/f =~ I,241,3, KOTODHIt yMeHBIAGTCA C MArHATHOMH
VHIYKOMe#, COXpaHsd OpE aTOM HeKoTopoe moxolme ( RpumbBHe 4-6).
ClrenoBaTeqBHO, OTHOCHTENBHO H2GONBEOK OTCOC Hame B y3KO# 30~
He Kapaja yEe B COCTOMHMM 2aMeTHO CHU3NATS> NHTSHCHBHOCTE CKadI-

B3, T.e. B N3BECTHIM CMHCJE 3ATAHYTH OTHB TOTPAHWIHOTO CJIOH,.
YMeHnmeHse WRTSACHBHOOTH CK2YHKA HDH OTCOCE JKBHBAICHTHO yMeHB—
WEeHM0 JTVia OpHM OCHGBAHME OOTEKAeMOTo KikHa (B paccMaTpMBaeMOM
crydae 7o 6°) , T.e. cpemHeMy yMeHBISHWD TOJNMHH 30HH BO3My-—
meAusa Opl OTpube. llomgupas KOHQUIYpaw oOJaCTH 0TCOCa M HMH-
TeHCUBHOCTE OTCOCa MOEHC SHAYATENBHHO YBEJWIUTH CTlNeHb cpada—
THBaHUA CKOPOCTH B MiJl=xanaje, T.€. YBMWINTH ero »ifeRTHE~
HOCTB.

Ha prc.I2 moxazaHH peayJbTATH BoanelicTBMA 0TCOCA C OTHO—
CHTEJBHOR DPACXOMOHANPAREHHOCTED B 8% g mapaverp MITli-ranara
C BXOIHON MDOBOAMMOCTEND IIA3MH S.~ 50 /M ¥ BXomHEM Kos(ibmm—
eHToM Harpysk:m HKo=0,27. Orcoc mpomspomwica ¢ 5,6 m 7 napu
anekTporoB ( Bcero 8 map). Kak BHmHO, B pemwme Ge3 oTcoca B
paccMaTpUBAEMHX YCJOBEAX HAGMONAeTCA XapaKTEDHHE CKAYKU naBje-
s ( xpupas I) ¥ OTpMUATeTBHHII CKAUeK cpemHero Toka ( kpuBasl).




271

C BBeHEHMEM 0TcOca, IPOUCXOTUT JOCTATOYHO MOHOTOHHOE MN3MEeHe—
nne paBneHns ( xpwBad I) 1 TOK B KOHLEBHX 30HAX YBEJNYEBAETCA
(kpuBast 2). ITOMy peRMMY COOTBETCTBYET IapamMeTp Ge30TDHBHOTO
tropmomenna S& =0.21 1 cpadaTHBaHHWE CHOPOCTH W, = 0.65. Ipu
9TOM MOTOK TOPMOBATCA YEe XO TPAHC3BYKOBHX 4zces Maxa M=
=1.2 +0.I ( wpupaa 4). TaxuM oOpaz3oM, OTCOC HOrPAHCJOR ABIAET~
cA NoBOJbHO 30HSKTHBHEM CPEZCTBOM NMpPeXOTEpalleHuda ero OTpPHBa

1 TeM caMuM mOoBHmeHWA 3QDEKTUBHOCTH NpeoO0pasoBaHMA TeILIOBOHR
9Heprum B aJeKTphdecKynm B MIll-xaHanax, EcTecTBeHHO, YTO 3TOT
cnoco6 HamSoJiee 3@PSKTHBHO MOXET OHTEL UCHOJL30B2H B MMIYJIBC—
HHX YCTaHOBKAX, I'le yBe/MUeHNMEe MOTOKA TelJla Ha CTeHKY U3=32
0TCOCA NOTPaHCJOA HE HNPUBOTAT X 3HAYUTENRHOMY YCJOXHEHHMD KOH-
CTPYKUMA KAHA2 U CHCTeM OXNAKNEHUSs, HeOOXOZVMHX B CTaIMOHAD-
HHX YCTpO#CTBaX.

Halsmnaenue 3HAYNTEJBHHE pa3MepH B0HH CK24YKA, er0 Cpap-
HETeJIBHO HeGOJbIASR HHTEHCHBHOCTSL HDH CHIBHHY TODMOXSHHAX IO
yncesl Maxa, O/HM3KNX K eNUHNOE, & TaKEe eT'0 HepeMeleHue BBEpX
0 HOTOKYy IpA pOCTe HOPOTUBOUABICHUA CBATCTEJILCTBYNT B n?nbsy
TWIOTEe3N O PA3BUIAM B HTOM DeXyMe TedeHMHd C nceBnocnaqKom
B KOTOPOM NUCCHENalLHA PHEPTHM OPOUCXONUT IVIABHHM OJpasoM B od=
JacTAX ¢ CWIbHOHE TypOysm3almell, ODPIMHEADIMX K CTeHRaM HKaHana,
[Ipn nmanrHeiimem yBesmdeHny HapaMeTpa MIJ-TOpMOXSHMSI TAKUM Iy—
TeM, I0~BUEIMOMY , MORHO NepeBEeCTH TeYeHUe B HOJHOCTEN RO3BYKO-

BGH pexMM HDH CPABHMTENBHO MAIHX NACCHIATHBHHX MOTepAX IOJHO=
TO JaRjIcHEd,

6. BHBOXH .

floepxHocTHHe nponeccH B MIJl-RaHanaX OHA3SHBAKT CyNECTBEH~
HOe RUIAsIHIE HA MHTeTpaIhbHHe XaparRTeDHCTHERE MIJI-reRepaTopom.
9TO BIEAHVE NPOARIAETCA IVIABHHM O0pasoM depes DapaMeTpH HOTpas
HYHOTO CJIOfS W IUIeHKN IWIAKOB HA DJEKTPORAX K BHPARACTCA B IO~
SBJICHVN TONONHUTEJBHHX 3JJIEKTDPHYSCKMX HOTEpPh B IPHAJJICKTPONHHEEL
30HaX W B BO3nNeficTBMM Ha DeXmM TedeHNd 3a OpenesiaM¥ NOIpAHUG-
HOT'0 CJIOA Ta30oquHaMA9eCKNX OpPOLEeCCOB B HOTPAHCJOE IIDH €T0 OT—
pHBe, BO3HMKAKEEM H3-~3a NONOJHUTEJBHOTO Bo3me#icTBHA HOHEEepo—
MOTODHMX cl Opa MIIl-TopMOXeHMHM. BCJeICTBEE OPAKTHIECKM JNHEH-
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HO#t 3aBMCEMOCTH pPa3MepoB TYPCOYJIEHTHOTO [IOIPAHMYHOTO CJOA OF
IVIAHE passaTad, B MIJ-KaHanaX pasjmaHOro Macmrada ( opm coxpa—
HEeHMM THIEPABIMYECKOTO Kamlépa) OTHOCHTEILHHE pasMepH Iorpa-
HUYHHX CJOEB OYIXYT MEHATBECA Maj0 M UX Bo3fedlcTBMe HA Xapak—
TepreTHKY Taxux MITl-KaHalToB MO®ET OCTaBaThcA COJEBINM,

YveHplieHUS NPUANEKTPOMHHX HOTEPh HANPAKSHNA MOXHO JOOHTH=
¢ IMyTeM OUpeNeJIeHHHX BosneficTBmii Ha mOTpaHCAO#E, B TOM UHUCJHE
MOBHIICHAeM TEMISDATYDH MATepHANa JJICKTpona B oTcocoM ( yToHB~
HeHMeM) OOTPAHCAOS U IUICHKM IMIAKA, IpPUYEM YXEe OpY CPARBHATE/E~
HO ManHX cTemeHax orcoca ( I% o OTHOCHTENBHOH pacXomoHANpA-
HEHHOCTH) YOAeTCHA MONY4YATh CYHMECTBEHHOE yMEHBUICHME [PHBJICKT—
POINHEX COTXPOTHBSISHMUA,

OTpHB DOTPRHUTHOTO CJOS OpY CIIBHHX MLI~TODMORSHWAX IPABO--
IUT K BO3CYRICHID CHCTEMH KOCHY CHAYROD JABJICHHUA, MepeXOmmmux
B IICEBIOCKadYeK NOpM JaJbHeimeM pocTe mapamerpa MIf-TopMORe—~
Hua. OTCOC IOTPAHCIOA B 30HE OTPHBA yMeHbIAeT HHTEHCIHBHOCTD
CKAYKOB U HO3BOJAET 3aMeTHO yBeJUYATH CpadaTHBAaHHE CKODOCTH
B cBepx3ByroBoM MITl-KaHane Ge30TPHBHO  3aTOPMO3UTEH CBEPX3BY-
KOBOft morox mo umces Maxa, Ommsxix K M=I. DBo3MORHO X IJaum~—
HEfmee TODMOEEHME NOTOKA C HEPEXOmOM Uepe3 CHKOPOCTH 3BYyKa
B CHCTeMe CJalHX CKAYKOB C OTHOCHTEJBHO MANOH muccHnamueit
TOJIHOTO IABJIeHMA.
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