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'EDITOR'S NOTE

With the axception of certain trigonomatric and hyperbolic
functions, Soviet mathematical symbols ave the 82510 as those en~
countered in the Americaa litersture. ~For tha readar’s oonveni~
ence s lat of such excepticns and their American equiviients is

given bedow, i
Soviet Usage ' American Equivalent

Arch cosh™~!
Arcth coth™!{otnh~1)
Arsh ainh-t
Arth tanh=t
arceos cos~! (arc cos)
arcotg oot™! (are cot)
arcsin shf‘awcan»
arotg tan*! (aro tan)
ch cosh
cosec ose
otg oot (otn)
oth ooth (ot n})
Ig . log
rot ourl
toh sech
sh sinh
tg tan
th tanh
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ANNOTATION

This book is devoted to magnetohydrodynamics, a new, rapidly developing branch
of scierce, and to its applications in marine engineering.

The book describes the state of the art in magnetohvdrodynamics and the devices
operating on this principle. Magnetohvdrodymamic effects. produced by interaction be-
tween incompressible conducting liquid and a transverse magnetic field qre.oxamined,
Elements of theory, design and operating characteristics of magnetic flonmeters.
electromagnetic pumps, MHD gencrators, shipboard MHD engines and MHD power
units for the transportation industry are presented.

Much attention is devoted to original experimental studies, The book is based on
published data of Soviet and foreign scientists, as well as on studies by its authors,

The book is intended for scientific workers and engineers of the shipbuilding in-

dustry and related areas, It can also be useful to graduate and undergraduate ‘students
of the applicablo specialties.

FTD=-HT=23-237-69 iv



FOREWORD

\While magnetohydrodynamics is still a very new science, it has become extremely
popular because of the wide pessibilities for its prospective engineering applications.

Among such applications are controlled thermonuclear reactions, plasma engines
for space ships, direct conversion of thermal into electric energy, transportation, and
measurement of flow of conducting liquids. These applications constitute a very incom-
plete list of problems whose solution is related to development of magnetohydrodynamics.

The magnetohydrodynamics of incompressible fluids, as mag‘hetoplasma dynamics
or plasma physics, has by now become a separate branch of science and many of its
engineering applications are already used in various branches of industry.

Extensive studies have been conducted during the past several years of the feasi-
bility of using MHD devices and units in the transportation industry, in particular, for
seagoing vessels. The results obtained thus far are promising,

Practical solution of this problem requires that the relationships governing mag-
netohydrodynamics and its possible engineering application in ship propulsion be well
understood by a wide range of scientific workers, engineers and designers. So far,
these problems have not been generalized in a monograph. '

The book by L.G. Vasil'yev and A,1. Khozhainov, which is hereby offered to the
reader, is the first of such monographs. Its distinguishing feature is the fact that it
examines simultaneously the theoretical and experimental magnetohydrodynamics of
viscous incompressible fluids and its engineering applications. The book presents MHD
equations and examines MHD phenomena occurring in a flow of conducting fluid, phe-
nomena which follow from the solution of several well known problems of classical
hydrodynamics.

The present authors describe elements of theory, design and operating character-
istics of MHD measuring devices, electromagnetic pumps, MHD engines and power units
employing MHD generators. Because of the relative complexity of the theory of MHD
phenomena and devices, which are based on a simultaneous employment of a system of
hydrodynamic and electrodynamic equations, and striving to produce a monograph access-
ible to a wide range of specialists, the present authors have paid particular attention to
the physics of the phofiomena and to the operating principles of MHD devices.

FTD-HT-23-237-09 v



The extensive list of references appended to the book will enable a more estensive
familiarization with individual aspeets of the MHD problem,

The book will be uscefal to a wide range of specialists who are interested in the
use of MHD relationships in shipbuilding and marine enginecring. [t can also be rec-
ommended as a textbook for students of the applicable specialties.

Professor A. N, Patrashev
Honored Scientist of the RSFSR
Doctor of Technical Sciences




/’ AUTHOR'S FOREWORD

This beook attempts to present the main achievements of theoretical and experi-
mental magnetohydrodynamics of incompressible conductive fluids as applied to flow
in channels and past bodies, as well as to familiarize the reader with the theory and
design of MHD devices pertaining to futurc marine power nlants, The wide range of
the topic and the space limitations inherent in a book resulted in certain difficulties
in writing it. The authors will be grateful to the readers for all the critical remarks
and requests.

The authors wish to express their profound appreciation to Professor R.S.
Petukhov and Candidate of Technical Sciences G. V. Genin for their comments on the
book's general outline, as well as to Candidate of Technical Sciences L, M. Korsunskiy,
Doctor of Technical Sciences N, M. Okhremenko and Candidate of Physical-Mathemat-
ical Sciences A. G. Ryabinin, who have critically reviewed individual chapters.

Particular thanks are due to the overall reviewer of this book, the Correspond-
ing Member of the Ukrainian Academy of Sciences Professor 1. L. Povkh, for his
recommendations and for supplying data which aided in improving the hook.

L.G. Vasil'vev and A, I, Khozhainov



INTRODUCTION

Magnctohydrodynamics is a new scientific discipline which has been rapidly de-
veloping during the past 10-15 vears, It deals with the motion of conducting liquids and
gases in the presence of clectromagnetic ficlds. This motion is accompanied by the
so-called magnetohydrodynamic effects, which in turn can be used for acting upon the
conducting media,

Initially, the primary concern of magnetohydrodvnamics was the study of cosmic
phenomena, Because of its high temperature, stellar matter and the interstellar gas
constitute a highly ionized plasma, i.e.. a good conductor of clectricity, The presence
of large magnetic fields in the outer space does under these conditions produce strong
magnetohydrodynamic effects. ‘ ' :

Recently, the high interest in MHD {(magnctohydrodynamics) has become due to
the newly-apparent possibilitics of MHD under conditions prevailing on earth,  ‘Thus.
MHD phenomena are involved in the control of thermonuclear reactions, where a high-
temperature plasma interacts with a magnetic field. In this case the mametic field is
used for heating the plasma to the temperature of the onset of the reaction (several tens
of millions of degrees), and for maintaining it in a stable state. Solution of this prob-
lem will provide mankind with a * irtually inexhaustible energy source.

7/

Of tremendous interest is also the problem of direct conversion of heat to elec-
tricity. the solution of which is expected to corme about from the application of magneto- -
gasdynamic phenomena. MHD generators, just as ordinary electrical machines, em-
body the principle of clectromagnetic induction during motion of low-temperature clec-
trically conducting plasma (T°C ~ 2000-3000) through a transverse magnetic field, but
have appreciable advantages over the common electrical machines, in that they can de-
liver high power at higher efficiencies. In the future they could be used as the primary
power sources for interplanetary, air, overwater and underwater propulsion systems.

There also are many other interesting applications of interaction of a plasma with
a magnetic field for purposes ol solving important engineering problems. These include
atmospheric reentry of intercontinental ballistic missiles. development of plasma jet
engines, and so forth,

Recently, that area of MHD which s concerned with the interaction of plasma with
a magnetic ficld has acquired the frequently used name of magnetoplasmadynamics

FPDSHT = =2 37=100 vitt



Vainrious engineering applicitions of magnetoplasmadynamics have been widely dis~
cussed i Sovict and foreign publications. Many international symposia, conferences
and mectings of various socictics were devoted to these proktlems,

Along with the extremely important problems of magnetoplasmadynamics, the
rescarch and development of MHD devices employing conducting liquids (liquid metals,
electrolytes, sca water) has also become very important. Individual units employing
this phenomenon are already in practical use. These devices arc most advantageous
in nuclear power enginecring. :

Conversgion of nuclear into thermal energy in an atomic reactor, with removal of
the generated heat by a earvier fluid  {coolant] and its transfer in a heat exchanger to
a third fluid is now the basic mode of operation of nuclear power installations. Among
the most important coolants are liquid metals, which permit the use of efficient, low-
pressure circulation systems. Such circulation loops could also employ MHD devices
(electromagnetic pumps. low-power MHD generators, magnetic flowmeters, etce.).

The advantages of the various MHD devices over their corresponding mechanical
and electromechanical cquivalents are the absence of rotating parts, complete airtight-
ness, noiseless operation, compactness, as well as simplicity of design and of opera-
tion. These advantages become particularly valuable when MHD devices are contem-
platled for usge in future marine nuclear power plants in comunct(on with liquid mctal
coolants. ‘

Since sca water is-a conducting medium, 'ships could also use MHD propulsion

and many special measurmg devices (e]catmmag‘notxc logs. sca current veloeity meters.
etc.).

PO Tm 2 3= 2 37 =61 | ix
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Vivions engineering applications of magnetoplusmadynamics have been widely dis-
ugsed in Soviel and forcign publicalions. Many internationsl sympesia, conferences
and mectine s of various socictics were devoted Lo these problems,

Along with the extremely important probiems of magnetoplasmadynamics, the
research and development of MHD devices employir g conducting iiguids (liquid metsls,
electrolytes, sea water) has alco become very important. Individual units employing
this phenomenon are already in practicsl use. These devices are moat ad\'antagous
in nuclear power engineering.

Conversion of nuclear into thermal energy in an atomic reactor, with removal of
the generated heat by a earvier flaid  [coolant] and its transfer in a heat exchanger to
a third fluid is new the basic mode of operation of auclear power installations. Among
the most important coolants are liquid metals, which permit the use of effictent, low-
presgsure circulation svstems. Such circulation loops could also eriploy MHD devices
(electromagnetic pumps. low-pover MHD gencralors, mapnetic flowmeters, ste.).

The atvantages of the variomis aiiio devices over their corresponding mechanical
and electrome chanical equivalenis are the absence of retating parts, complete airtight-
ness, noiseless operation. compactness, as well as simplicity of design and of opera-
tion. These advantages become particularly valusble wher. MHD devices are contem-
plated for use in future marine nucicar power plants in cunjuncﬂon with Hguid metal
coolants.

Since sca water is a conducting medium, ships could also use MHD propulsion
and many special measuring devices {clectromagnetic logs. sea current velocity meters.
ete.).
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CHAPTER

THE DEVELOPMENT AND CURRENT STATE OF MAGNETOHYDRODYNAMICS

The creation of magnetohydrodynamics of conducting liquids as an independent
branch of science musg be related to the publicat.on. in 1937, of a theoretical paper
of J. Hartmann {1] and of experimentsl results of J. Hartmann and F. Lazarus, al-
though isolated empirical facts were known much carlier. It should be noted that the
first patents for MHD devices were issued cven before 1937,

In substance, during the iirst several ycars MHD as a scicnce developed inde-
pendently of the development and patemting of devices operating on the MHD principle.
The latter were developed in the context of existing electromagnetic devices. without
considering the MHD effects. Recently, however, these devices are being developed
and studied with utilization of achievements tn MHD.

Given this historical development, it is best to review the development and state
of MHD and of its engineering application separately.

1. Magnetohydrodynamics
Major Theoretical Results

In his theoretical study [1. J. Hartmann was the first to present the theory of
laminar flow of an incompressible conducting liquid in 2 long flat channel in the pres-
ence of a transverse magnetic ficld perpendicular to the larger side of the channel, ik
also deserves the credit of discovering a dimensionless ratio describing the effect of
the magnetic field on the flow of the conducting liquid. This ratio is now called the
Hartmann number.

Hartmann found that a transverse magnetic field has an apprecizble effect on the
laminar flow of the conducting fluid in a flat (i.e. rectangular) channel, flattening the
velocity distribution in the flow core and increasing fts gradient at the wall, This pro-
duced a higher friction factor in the flow. Hartmann's solution is presented in 2 number
of books [2-5]. Subsequentiy, all the possible versions of this problem were examined
(6-91.

The transverse dimensions of real MHD chamnels are limited. But the ratio of
dimensions of the sides in a rectangular channel can be arbitrary. This made it neces-
sary to analvze the problem of laminar flow of a conducting liquid in an MHD channel in
a broader context {10-12].

FTD-HT-23-237-69 1



Certain special problems involving laminar flows of conducting liquids in lune,
rectangular MHD channels with an arbitrary ratio of sides were studied by D. Sher-
chiff 113}, Ya.S. Uflyvand j14] and G. A. Grinberg |15, 16]. -

Shercliff and Uflyand analyzed the idealized problem, assuming taat all the walls
of the channel are ideal insulators and ideal conductors, respectively. These studies
determined the effect of the side walls on the local and overall flow variables. In addi-
tion, it was found that at large Hartmann numix'rs, the properties of boundary lavers
on channel walls perpendicular and parallel to the magruetic field are different. Simi-
lar problems were also examined in {17, 18]. Analysiz of these solutions at the limit
are presented in {19, 20].

The laminar flow of a conducting liquid in MHD channels containing electrodes
(a case approaching reality) was analyzed by G.A. Grinberg {15, 16]. However, it ic
quite difficult to usc the results obtained by him in engineering applications. The at-
tempts to improve Grinberg's solution so far did not succeed {21]. The approximate
solution for this problem should also be rechecked [22].

The effect of the side walls on the variables of laminar flow of a conducting liquid
in flat MHD channels of finite width was taken approximately. into account in [23]. A
method for calculating the friction factor in a flow of conducting fluid through a rectan-
gular MHD channel with an arbitrary ratio of sides and lateral ¢lectrodes is presented
in [24].
- The problem of laminar flow of'a conducting liquid in round MHD channels with
differing wall conductivities was gnalyzed in its exact and approximate statements in
[25-31]. It was found that at high Hartmann numbers the flow is not axisymmetric.
and that the friction factor always increases with the magnetic field. being higher than
in ordinary fluid flow.

Laminar MHD flow in more complex cixannels (elliptical cross section, diverging
duct, etc.) is analyzed in [32-34].

All the aforementioned theoretical studies pertain to infinitely long channels. The
length of real MHD channels is finite. so that it becomes important to study the simul-
tancous eil~ct of the channel walls and of the magnetic field on the reshaping of the in-
let velocity distribution. As in normal [luid flow. it is still impossible to solve such
problems exactly. '

Most of the studies of flow development published so far pertain to flow in flat
channels. For a flat (i.e., rectangular) channel with dielectric walls situated in a
transversce magnetic field, this problem was solved by four methods: the linearization
method [35], the method of overall relationships {36], Schlichting's method [37], and
numerical integration of the boundary layer equations over the entire flow {38]. The
results. which agree quantitatively fairly well. showed that the magnetic field decreasces
appreciably the length of the inlet-effect section (hy comparison with the equivalent
length in common fuid flow channels).,

Among other problems of laminar MHD flow, those concerning the flow of a con-

ducting liquid past solids in the presence of a transverse magnetic field are also of
interest, ' )

1 D=-117=-25-207-09
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One of the first such problems was that of flow over a plate [39]. After that,
solutions were found for the flow of conducting liquids around bodics of various shapes
(wedge. sphere, cyvlinder, cte.) [40-42]). These solutions showed that the transverse
magnetic field exerts an appreciable effect on the flow resistance of these bodies and
on the nature of the laminar flow around them, -

The magnetic field affects the flow stability by reshaping the veloeity distribution
in the liquid and suppressing turbulent pulsations. This was first noted by Hartmann
and Lazarus in experiments with mercury, and prompted subsequent theoretical anal-
vsis of the phenomenon,

Theoretical studies on the stability of MHD flow in flat channels at various ori-
entations of the magnetic field und at various vaiues of flow variables were done by
D. Stuart {43]. R. Lock [44] and Ye. P. Velikhov [45]. In [46]. Lock's results were
generalized to include moderate magnetic Reyvnolds numbers. The problem of stability
of flow of conducting liquid over a plate in the presence of a transverse magnetic field
was solved by V.N. Arkhipov {47].

The above studfés showed that the magnetic field stabilizes the laminar MHD
flow by increasin:y the critical value of the Reynolds number. The stabilizing effect
of the transverse magnetic field is much stronger than that of a longitudinal field.

Subscquently, the stabilizing effect of a transverse magnetic ficld on Coucette
flow was also investigated (45, 49]. In this case, there is a deformation of the veloc-
ity profile, accompanied by the formation of an inflection point, so that the stabilizing
effect of the magnetic field is much smaller.

One of the most complex applied MHD problems is the effect of the magetic
field on the turbulent flow of a conducting liquid. Attempts to elucidate the mechanism
of MHD turbulence were made by D. Batchelor {50] and S. Chandrasckhar [51] via ex-
tension of the statistical theory of turbulence to MHD flow. Unfortunately, at its pres-
ent level, this application of the theory is even less developed than its application to
common fluid flow, so that it cannot be used for solving engineering problems,

A semiempirical theory of turbulent flow of conducting liquid in a flat channel in
the presence of a transverse magnetic field was first developed by L. Harris {52] who.
using MHD equations, dimensional analysis and somc experimental data. showed that
in this case the velocity distribution over the channel cross section can be represented
by & known logarithmic relationship, supplemented by a function of the magncetic field,
Harris has also obtained an expression for the friction factor,

A general expression for the velocity distribution in turbulent flow of a conducting
liquid in a flat channel of finite width and in the presence of a transverse magnetic field
was obtained in {53]. This paper also gave a semiempirical relationship for the friction
factor. A simpler model of turbulent MHD channel flow v:as considered in [54].

A phenomenological attempt to analyze the transition zone between laminar and
turbulent liquid flow in MHD channels is given in {55]. However, the basic assumptions
of that study contradict physical concepts and run counter to experimental results,

References [H6=59] examine the effect of a longitudinal magmetic field on the tur-

hulent flow of conducting liquids in channels, They show that o magnetic field super-
posed on a turbulent flow decreases the pulsation energy. \When the magnetice field is

FTrD-HT-23-237-69 3



longitudinal, this decreases flow resistance. Unlike the Tongitudinal, the transverse
magnetic ficld flattens the velocity profile. increasing the velocity gradient at the walls.
which should increase the friction factor. The overall effect depends on the specific
flow variables,

A study of the effect of a transverse magnetic field on the turbulent flow of conduct-
ing liquid over a plate is considered in [60]. A similar problem for a longitudinal mag-
netic field was cxamined in [61]. The results are in agreement with data of similar
studics for channel flows,

In addition to the above major theoretical studies of flow of conducting liquid in
channels and about bodies in a constant magnetic field. many exact and approximate
solutions for various complex problems, such as those of flows of conducting liquids
in MHD channels with permeable boundaries [62]. of the effect of magnetic field on
heat transfer [63-65], unsteady flow in magnetic fields {66-67], etc., appeared in the
past few years. These studies are reviewed by S.A. Regirer [78].

Dimensional and stmilitude analyses of MHD flows of.conducting liquids were de-
veloped by 1. M. Kirko [{79] and 1. L. Povkh [80]. respectively.

A special class of problems of practical importance is related to flows of con-
ducting liquids in variable magnetic fields. Exact solutions for these prublems have
not yet been found even for the case of laminar flow: all the available approximate
solutions involve the use of linearized equations employing time-averaged flow vari-
ables. neglecting important nonlinear effects [78]. ‘

The major theoretical results examined above show that the effect uf a constant
magnetic field on the flow of viscous incompressible conducting fluids in channels and
past bodies is already falrly welf known. These results can be used in practical design
of varicous MHD devices. However, many of these results must be experimentally veri-
fled. Experimental studies at the present stage of development are of decisive impor-
tance.

Experimental Studics

The number of experimental studies devoted to the flow of viscous, incompres-
sible conducting fluid in a magnetic field is relatively small, It is usually assumed
that the first of these is that of Hartmann and Lazarus |81}. even though isolated ex-.
perimental results were published prior to theirs |82].

Hartmann and Lazarus [81] studied the flow of mercury in rectangular and round
channels of small diameter. with a constant transverse magnetic field applied to the
flow. They measured the pressure drop it .thc “active” part of the chamnel and the av-
erage mercury velocity. The results thus obtained supported Hartmann's theoretical
assumption {1} that the friction factor in a laminar channel flow increases upon applica-
tion of a transverse magnetic ficld, Thesc experiments also demonstrated the stabiliz-
ing effcct of the magnetic field, which has lead the authors to the conclusion that turbu-
lent pulsations arc damped by that field.

These experiments, done in channels of small cross section, involved primarily
low Hartmann and Reynolds numbers. ’



In 1953 W, Murgatroyd published results obtained in experimental studies of the
flow of mercury in a rectangular channel with a side ratio of 1:15 in the presence of a
transverse magnetic field [83], The transverse dimensions of this channel were much
greater than of those used by Hartmann and Lazarus, so that the range of Reynolds and
Hartmann numbers was also much greater.

Murgatroyd confirnied Hartmann's theory for laminar MHD flow in rectangular
channels at large Hartmann numbers, and suggested an empirical formula for the crit-
ical Reynolds number, characterizing the transition from laminar to turbulent flow.

In turbulent MHD mercury flow he observed. depending on the specific flow parameters,
either an increase or decrease of friction factor over its value in common fluid flow.

Effects which agreed qualitatively with those described above were observed by
B. Lehnert in 1952 in his study of flow of mercury between two coaxial cylinders under
a transverse magnetic field {84).

The Hartmann and Lazarus experiments in round channels were continued by D,
Shercliff (1956) at high Rartmann numbers [85]. Other qualitative studies on MHD flows
in round channels were performed by Grausse and Poirier {86].

In 1959 Globe reported on the effect of longitudinal magnetic flux on the mercury
flow in a round tube [87]. He found that at any given Reynolds number in turbulent flow
there is a monotonic decrease of friction facter with increasing magnetic field density.

This clearly illustrates the effect of damping of turbulent pulsations by a magnetic
field,

From 1960 on, the number of published experimental studies on the effect of mag-
netic field on the flow of conducting liquids started to increase.

Of considerable interest is a series of experiments performed in the Institute of
Physics of the Latvian SSR under the leadership of 1. M. Kirko. These experiments
solved some major problems of applied MHD, {.e., of flow of liquid metals in channels
and flow past bodiea in the presence of a transverse magnetic fleld [88-99). Many in-
teresting experiments were done with electrolytes [100]. The eflect of the transverse
magnetic field on the friction factor in the flow of liquid metal was studied primarily in
flat channels [95, 96, 98]. These studies supplemented previously availsble experimen-
tal data. In addition, O.A, Liyelausis and G, G. Branover used their own experimental

data to refine Murgatroyd's empiricsl formula for the critical Reynolds number at low
Hartmann numbers (80, 95)],

Murgatroyd's experimental data were sumewhat extended toward higher Reynolda
numbers by E, C. Bronillette and P.8. Lykoudic [101].

All the above studies dealt with an overall parameter (friction factor) of magneto-
hydrodynamic channel flows. However there is also undoubted interest in experimental
study of local flow variablcs, in order to observe directly the effect of electromagnetic
forces on the flow structure, ‘

The first velocity distributions in channe! flow of liquid metals were measured at
the Physics Institute of the Latvian Academy of Sciences [87, 98], The first experimonts
were done on an open ring channel (s circular trough) but centrifugal forces intorfered
wits clear determination of the effect of the transverse magnetic field on the deformation
of the velocity protile. A second seriea of experiments was performed with mercur,
flowing in a straight channel with a free surface (open channel).  The velacity profile
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flattening with increasing Hartmann number became clearly evident. but because the
experimental channels were small. the results of these studies are primarilv quadita -
tive.

Along with study of MHD channe! flows, experiments were performed on ow of
conducting liquids past solids in the presence of magnetic and external electric ficlds.
These problems are of great practical interest. because they afford an approach to
boundary-layer control, control of local resistances by magnretic fields. etc.

Among studies on these topics one must note the Grausse and Cachon {102] ex-
periments on the effect of magnetic and electric ficlds on the flow of an electrolyte
past a cylinder. These authors produced superb photographs which illustrate changes
in the boundary layer as a function of the electric current flowing through the electro-
lyte, Experimental results of similar nature were also published in [109].

These studies show that the field of electromagnetic ponderomotive forces pro-
duced by interaction between directly applied (by conduction) electric fields and super-
posed magnetic fields can be used for controlling the boundary laye < in the {low of a
weakly-conducting liquid past bodies. This is a relatively promising approach for re-
ducing drag of bodies in sea water. Some data on this reduction were obtained by
I. L. Kuznetsov [103]. " ' ‘ o

A series of experimental studies was devoted to the effect of a transverse mag-
netic field on the flow of liquid metal past bodies [93, 99, 104, 105]. In this case the
boundary layer is controlled by the field of ponderomotive eclectromagnetic forces pro-
duced by the interaction of currents induced in the fluid with an applied magnetic field.
Results with mercury flowing past a plate, a cyvlinder, or a sphere show that a trans-
verse magnetic field increases the drag of these bodles, and that the degree of this in-
crease depends appreciably on the conductivity of these bodies. In‘the case of blunt
bodies, the magnetic field shifts the point of boundary layer scparation downstream.

Experiments of the effect of surface i'oughness on the friction factor for mercury
flow in channels [96, 98] show that, as in common fluid flow. roughness has an appre-
ciable effect on the ﬂow

Recent studies show mofe careful preparation of experiments, encompass a
_greater range of flow variables, use other liquid metals, etc.

In 1963 N. M. Turchin published experimental data on the effect of a transverse
magnctic field on pressure drop in the fiow of a Na-K alloy in round steel and copper
pipes at high Hartmann numbers [106]. The conductivity of walls in this case produced
an clectromagnetic pressurc drop in addition to the fluid-flow drop. These two tvpeq
of drop were not separated. Similar studies with a Na-K alloy were peri'ormed in square
stainless steel channels in 1961 HO:]

In 1965 D.S. Kovner.and Ye. \u. Krasil'nikov studied the effect of a longitudinal
magnetic field on the flow of liquid gallium in a round pipe [108]. They have used larger
Reynolds and Hartmann numbers than Globe (see above). Similar studies for mercury
were performed by L. G. Genin and V. G, Zhilin [109]. '

A.T1. Khozhainov studied the cffect of a transverse magnetic field on the friction
factor for mercury flow in rectangular channels (side ratio of 1:2.5) and in round pipes
{110, 111]. These experiments were performed over a wide range of flow variables and
small Reynolds number increments.

6



c
T £ e R gAY G ot imree

In 1965 P, S. Lyvkoudis, in his report to the Moscow International Symposium on
the Properties and Utilization of Low-Temperature Plasma [112], presented data on
mercury flow in an MHD chamnel (side ratio of 1:5) at high Hartmann numbers. In addi-
tion to data on the overall flow Tariable. i.e., the friction factor. the report gave ex-
perimental velocity distributions in the piane parallel to the magnetic field,

Interesting studies of the effect of a transversc magnetic ficld on the turbulence
of electrolyte flow were performed by investigators at the Donetsk Research Institute
of Ferrous Metals under the leadership of 1. L. Povkh {113}, Using an induction
anemometer, they measured the intensity distribution of longitudinal and transverse
turbulence in 30% sulfuric acid flowingthrough a magnetic field: these measurements
directly verified the damping of turbulent velocity pulsations by the ficld.

In conclusion, we should note studies on the effect of the transverse magnetic
ficld on the unsteady flow of liquid metal in channels, which showed that, all other
conditions being equal, the magnetic ficld effect reduces to decrease the transition
flow mode,

The experimental studics mentioned have verificd many theoretical results, How-

ever, they do not suffice for constructing semiempirical theorics of turbulent MHD flows,
This is true most of sll,of measurcments of local flow variables.

2. Magnetohvdrodynamic Devices

The idea of measuring the velocity of a fluid flowing through a maguetic ficld by
means of the emf induced in it i3 due to M. Faraday {116]. Subscquently, this idea
was used in the design of various meters.

In 1917 a device based on the eicctromagnetic induction phenomenon, was patented
for measuring the specd of ships [117]. However, clectromagnetic logs have come into
use only during the past few vears. 4

After M. Dolivo-Dobrovol'skiy has invented the three-phase system and asynchro-
nous motors, L. Chubb in 1915 suggested the uze of traveling and rotating magmetic
ficlds for moving liquid mctal and. in his patent application [112] in particular, has
given a description of a volute-type induction pump.

The {irst real de clectromagnetic pump was designed by J. Hartmam in 1912, and
was used for pumping mercury in an experimental loop.

In 1927, P. Ve, Tryvapitsin patented an electromagnetic induction pump [119] in
which he utilized the interaction of currents induced in a liquid metal with the magnetic
field. A similar patent was issued in 1931 to A, Einstein and L., Szillard {120].

The first designs of magnetic flowmeters also started to appear at that time. In
1930 E.J. Williams described a constant magnetic ficld magnetic flowmeter for liquids
and demonstrated its operation on aqueous copper sulfate, as well as mercury [121),
In 1934 magnetic flowmeters came into use for measuring blood circulation rates; this
preceded by approximately 15 vears the industrial nse of such instruments,

During the next few years, there were many suggestions for the usc of clectro-
magnetic pumps and magnetic flowmeters in various industries (122, 123]. However,
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the greatest development of MHD devices was contemporanceis with the birth of the
nuclear power industry. During these years the technologs of clectromagnetice liquid
metal transport and the study of its Mow made great strides.

First reports on the use of electromagnetic pumps and 1aagnetic flowmeters in
experimental atomic power plants employing liquid metal coolants appeared in the be-
ginning of the fifties [124-128].

In the U.S., the design and development of electromagnetic pumps for liquid
metals was concentrated in three laboratories (Argonne National Laboratory. Quk
Ridge National Laboratory and the National Laboratory), which later cooperated with
raany privase firms, ™ England production of clediromagnetic pumps was started by
four companics (English Electric, British Themson-Houston, Palatine Tool and Engi-
neering Co., and Campbell and Isherwood). :

Experimental working characteristics of the first electromagnetic pumps for
liquid metals are presented in [127],

The following firms had under development magnetic flovmeters for media with
a variety of conductivitics: Alto {Holland). SNECMA (France). Eckart (West Germany),
Foxboro (USA). Foxboro-Wauxhall (England), etc.

In the USSR, much R & D work on electromagnetic pumps was done by the Insti-
tute of Physics of the Latvian Academy of Sciences, by the IPL of the Ukrainian SSR
Academy of Sciences, and by the Tallin, Leningrad and Donets Polytechmic Institutes.
The first Sovict-made flowmeters were developed by the Institute of Automation and
Remote Control of the Academy of Sciences of the USSR for experimentai purposes
[129, 130]. The first industrial models were produced by the Heat Instruments Re-
search Institute |131-133]: their large-scale production was subsequently undertaken
by the instrument-making industry.

The USSR experience of operating magnetic flowmeters in liquid metal loops was
reported to the 2nd International Conference on Peaceful Uses of Atomic Energy in
Geneva in 1958 [134, 135]. ‘

At the same time MHD meters for measuring ocean-current velocities were de-
veloped [136-138].

.The theory of magnetic flowmeters and of electromagnetic pumps has developed
rapidly during the fifties. While the first theoretical studies dealt only with electrical
engincering problems, subscquently the theorctical problems were solved with consid-
eration on the MHD cffects.

Ve
The theory of magnetic flowmeters was developed by A, Kolin, D. Shercliff, L. M,
Korsunskiv. and others [139-154], '

The theory of electromagnetic pumps was developed abroad by A.H. Barnes,
L.R. Blake, D. A, Watt and others [155-161], and in the USSR by A, 1. Vol'dek [162-
167}, .M. Kirko [168, 169], I.A, Tyutin [{170-172], N, M., Ohremenko [173~177], Yu. A,
Birzvalk [17R=181], Ya, Ya. Uivelpeter [182-184], Kh.1, Yanes [185-187] and others
[188-156].

Many studies un experimentul electromagnetic pumps appeared at that time 1197-
20%],

x
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Development of the theory of MHD devices. together with the accumulated experi-
ence in running them in experimental setups produced better design techniques, as well
as improvements in engineering and operating characteristics. This in turn promoted
the use of MHD devices by various industrics, and in particular. in marine engincering.

In 1958 the American nuclear submarine Nautilus, on the first passage over the
North Pole during the voyage from the Pacific to the Atlantic Oceans, successfully
measured the vessel's speed by means of an electromagnetic log {147]. The sec.d
American nuclear submarine Seawolf used a powerful electromagnetic pump for pump-
ing the liquid metal coolant (147],

There arc many suggestions for meters for incompressible conducting fluids
[147] and for composite devices which employ electromagnetic pumps and magnetic
flowmeters. In particular, a magnetic flowmeter is used for measuring the density
and temperature of liquids {147]. Miniature electromagnetic pumps are used in pres-
sure measuring devices [87] and in new types of relays {209, 210].

There is great promise for MHD bearings of high load-bearing capacity [211, 212],

The operating principles and designs of various MHD devices, as well as their ex-
perimental characteristics are described in [213-217].

In the beginning of the sixties, consideration was given to the use of liquid metals
in MHD conversion of therma! into electric energy. The use of liquid metal as the work-
ing fluid in MHD generators (instead of plasma) makes it possible to reduce the upper
temperatures of the cycle and to develop a more compact power plant, which is particu-
larly important for tr{nsport units employing nuclear reactors.

The basic part of such a unit employing an MHD generator is the converter which
transforms the heat from the reactor into the kinetic energy of the liquid metal. This
car be done, in theory, by using a two-phase nozzle with the flow of two different met-
als. one which is in the liquid and the other in the vapor phase. This scheme was de-
scribed hy D, Elliot in 1961 [218]. ,

The above work by Elliot provided the impetus in developing liquid metal units
for transport power plants. This is shown by a large number of publications dealing
with studies of liquid metal MHD generators proper [219-223], as well as with possible
schemes of tiquid metal power units [224-240].

Lately, special attention is devoted to the design of marine MHD engines, since
they have & number of advantages over the presently used marine screws: these include
direct use of the ship's electrical power for propulsion, reducing the vibrations level
and the hydrodynamic noise, using the energyv of extremely high-power MHD generators
for obtaining high propulsion vclocities, ete.

The first engines, using ordinary magnetic systems, were found to be inefficient
for high-speed submarine propulsion [241]. Later other suggestions appearcd on the
design of MHD marine engines [242-244], of which the version of a marine MiHD power
plant emnloying superconducting magnets was found to be most interesting [244]. The
high efficiency of this device at high submarine speeds makes it possible to regard this
engine as promising, although its practical realization requires the solution of many
complex scientific and engineering problems.



CHAPTER 2

MAGNETOHYDRODYNAMIC EFFECTS :

When a conducting fluid flows through a transverse magnetic field, the electro-
magnetic induction prociuces clectromotive forces and currerts in this fluid: the dens-
ity vector of these currents / ind’ is perpendicular to the velocity v and the magnetic

flux density vector 7 (Fig. 1).

The interaction between the currents in the fluid and the applied magnetir: fieid

results in appearance in the flow of clectromagnetic ponderomotive forces -find which

affect the flow structurc. This effect is in general characterized by changes in the
local and overall laminar and turbulent flow variables, as well as in the flow stability.

When a potential differenee is externally applied to a conducting fluid at rest, and
. a transverse magnetic ficld is imposed on it, the liquid is set into motion by the conduc-
tive electromagnetic ponderomotive forces j'c. In addition, a field of elcctromagnetic

forces ind is induced in the flow, and these forces, as in the first case, affect the flow

structure,

By varying the clectromagmetic ficld distribution, one can affect the entire liquid
or its individual layers.

We shall say that the effect of the clectromagnetic field on the Now of a conducting
fluid is an MHD effect of the first kind.

Under certain conditions, a conducting fluid can affect the externally applied clec-
tric and magnetic ficlds. This phenomenon characterizes the fluid's reaction, which is
similar to the reaction of the armature in clectric machines.

If weal:ly conducting Muids flow through a transverse magnetic field, the induced
ponderomotive forces may be so low as to leave the flow structure virtually ncnaffected:
however, the nonuniform distribution of local flow variables will result in a nonuniform
distribution ef the induced emf and currents in the flow. We shall say that this is an MIID
cffcct of the sccond kind.
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Obviously, MHD effects of the first kind are always
eccompanied by effects of the second kind, The extent to
~which these effocts manifest themselves depends on the
charactoristic criteria, which can be found from the equa-
rions of magnetohydrodynamics,

1. Characteristic Criteria of Magt_\etohﬁdrodxn_amic Flows
and Physical Properties of Conducting Fluids

Mugnetohvdrodynamic processes are described by a
eystem of simultzneous equations ef hydro- and electro-
dynamics, Here the hydrodynamic (fluid flow} equations
take into account the force of interaction between the elec-
tric current and the magnetic field (/) while the equations

of electrodynamics make use of the local veloeity of the
conducting fluid,

The Navier-Stokes and csontinuity equations for vis~
cous, incompressit:le conducting fluid are respectively
written as

9{?2: F V] - Tp LyAv 4 1] X B

dive -0,

where p is the preassure in the fluid.

z“:il | ‘

Fig. 1. An element of
a conducting fluid mov-
ing through a magnetic
field,

KEY: 1) c. 2) ind,

2.1

(2.2)

The interaction of electric charges with the electric and magnetic field is usually
neglected as are the magnetostatic forces, since these are small as compared with the

force f = [4 x it

The basic equations of electrodynamica for slow moving (as compared with the

speed of light) isotropic media are Vd
Jool ot

. 1)”.

curl rot ly . .- e
divid - 0;

]osis s,

where E is the vactor of the electric field strength,

(2.3)
(2.4)

(2.5)
{2.6)

Since the fluids which one encounters in magnetohydrodynamics have relatively
high electrical conductivities, displacement and convection currenis can be neglected.

n
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Equation (2. 1) is regarded as the first basic equation of magnectohydrodynamics.
From Eqs. (2.3). (2.4) and (2. 6) we get a sccond basic equation, which is frequently
called the induction cquation:

1 | )
M eurl (o) n-loan, (2.7)
vl O

The physical variables of the fluids, i.c., p (density), nfviscosity) and o (elec-
trical conductivity) are treated as independent of the electric and magnetic field
strengths. The fluid is regarded as nonmagnetic and the magnetic permcability ¢ is
assumed equal to the permeability of vacuum (u = 1,257- 107" henry/m).

The effect of an electromagnetic field on the hydrodynamic system is also mani-
fested by dissipation of Joule heat. In this case the energy equation, which is a part
of the system of hydrodynamic equations, is supplemented by a term for the heat re-
lcased per unit time,

For incompressible conducting fluids operating over a relatively moderate tem-
perature range, over which the temperature-dependent variations in the physical vari-
ables of the fluid can be neglected, the energy equation is written as

'“v(‘:’: -+ ':;\"‘1‘) div (=8 T1) - f LW, (2.8)
2
where -3('; is the power used up as Joule heat; cp and % are the specific heat and thormal
conductivity of the fluid, and ¥/, -- zl /' (c“ a .,) is a term expressing the work done
4 .

by frictional forces.

- In solving problems of flow of incompressible fluids in electromagnetic fields we
employ the equation system (2. 1)-(2, 7) withou” the energy equation.

The assumption about incompressibility of liquids is valid provided that they move
at velocities much below the speed of sound.

Table 1 presents data un the propagation of sound in liquid metals, electrolytes
and sea water [245. 248), Tt should be noted that the speed of sound in sea water in-
itially drops off slightly with depth and in particular, is 1460 m/sec at a depth of
1200 m [246], wherefrom it starts/increasing.

The speed of sound in a conducting fluid flowing through a strong magnetic field
which is perpendicular to the direction of sound waves increases somewhat and is a
function of the conductivity of the fluid {247].

No cffect of the electric ficld on the speed of sound in various fluids was discov-
cred {248], The effect discovered by Nolle [249] was found to be due to Joule heating
[245].

The data of Table 1 show that in all practical cases liquids can be treated as in-
compressible,



Table 1. Speed of Sound in Conducting Fluids

B

Fluid T.*C m/Aec
Bismuth 271 1 1635
Gallium 29,5 2740
Potassium 64 1820
Sodium 98 . 2395
Tin 232 2270
Mercury S0 1440
Rubidium 39 1260
Lead 327 1635
Cesium 28.5 967
Hydrochloric acid 15.5 1520
Sodium chloride 15 1650

(c = 20%)

Sea water 15 1520

To analyze the MHD equations and to find the features accompanying the mani-
festation of MHD effects, these equations must be reduced to dimensionless form.

We Introduce the following dimensionlzss quantities

e =2 - fu e, 5 2.

v ) £ s k.v b .’o .
BB 7oL
B=R. E...E.

’::z _;i«—: 1-:;1 01‘{;-; —\'. L vR.o

where Vor Ro, B0 and 'l‘o are the characteristic velocity, linear dimensfon, magnetic

flux density, and temperature,

When these quantities are substituted into Eqs. (2.1)-(2.8), we obtain the dimen-
sionless magnetohydrodynamic equations

2o, e - LI CITIE. 4 T T . e
!)‘:l : ('K'V){' nz -—-\p -L Re Av -l e hv < By I‘] < Re 1F ”l: (2. 9)
/

9B _ 1 \B i eurl (2 x Bi (2. 10)

9i  Ra® WA ’
FE Rl curl /7. (2.11)
curl i . 98 (2.12)

a *

J=E-[ox Bl (2.13)
divo = 0; (2. 14)
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Here ¢ c“:“f‘ is the fluid-flow Reynolds number: ¥, puR,, - is the magnetic

Reynolds number; .\ .’.‘ol-',l/ ; - i8 the Hartmann number; r 'z" -~ {s the Prandtl

e T
number:9 .- .-“";f ¥ ...is a dimensionless tempersature term.
Analysis of dimensionless MHD equations shows that MHD flows are described by

three dimensionless ratios: Re, Rcm and M,

As {8 known, the hydrodynamic {fluid flow) Reynolds number is the railo of the
convective inertia forces to the viscosity forces. The magnetic Reynolds number de-
scribes the drag of magnetic lines of force on the conducting flui¢ moving in the mag-
netic ficld. If, by analogy with kinematic viscosity v, we introduce the so-called mag-
netic viscosity v = 140 . then the magnetic Reynolds number takes on the form sim-

ilar to that of hydrodynamic Reynolds number.

On the cosmic scale, the magnetic Reynolds number may reach very high values
and the drag effect of magnetic lines of forces on the moving medium shows up quite
strongly. For MHD flows of weakly conducting fluids (electrolytes, sea water) Rm is

always much less than unity, i.e¢., there is no coupling between the magnetic ficld and
the conducting fluid. In high velocity liquid metal flows, the magnetic Reynolds number

can be greater than 1,

The force produced by interaction between induced currents and the applicd mag-
netic field and acting on a unit volume of the conducting fluid {s of the order of cvol%.

-o’.

while the force due to ordinary viscosity i{s of the order of n s The ratio of these
forces is expressed by the Hartmann number.. ¢

When M < 1, the magnetic field has virtually no effect on the motion of the con-
ducting fluid, which will be approximately the same as in common fluid flow, with the
exception that em{'s will be induced in the fluid and currents will flow through it. This
pkenomenon is used for measuring the velocity of fluids with low conductivity, in par-
ticular, of sea water,

For liquid metals, we always have M > 1. Here, the magnetic field exerts an
appreciable effect on the flow. However, the extent of this effect is also governed by
the Reynolds number, and hence the flow of liquid metals in a magnetic field is analyzed
in terms of dimensionless groups.

As follows from Eq. (2. 9), the measure of effect of the magnetic field on the flow
of a conducting fluid (s the ratio MZ/Re, which is the ratio of ponderomotive forces to
quantity B'(")/ Ro. Sometimes the ratio M?/Re is called the Stuart number.
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Vaea M » 1, but M?/Re « 1, the electromagnetic forces are small as compared
to inertia forces and the fluid behaves as in the absence of a magnetic field. The mag-
netic field has a partisularly strong effect on the flow when 1 » 1 and M¥/Re =1,

1. M. Kirko [168-169], using the quantity E = E:/I-:0 as the dimeusionless electric
field strength, obtained as the last term of Eq. (2.9) the dimensionless group MN/Re?,

3 BN F4 4 .
where ¥ - "‘%‘:”;’——- is a dimensionless ratio, characterizing the electric fieid strength.
This ratio {8 convenient in analyzing the flow of conducting fluids in ducts of electro-

magnetic pumps and in certain other cases, when the electric field is externally applied.

By comparison with liquid metais, eiectrolytes exhibit lower (4-5 orders of magnitude)
conductivity.

Due to smallvess of M and of MZ/Re, the effect of electromagnetic ponderomotive
forces, produced by interaction of the induced currents with the applied magnetic field,
can usually be neglected in electrolytes. However, the term reflecting the force pro-
duced by externally supplied currents may be sppreciable. Hence at small linear di-
mensions, MHD effects of the first kind are observed in electrolytes only in the case
of externally supplied currents.

1f, upon substitution of nmumber N into the system »f equations for Prandtl's
boundary layer, we rewrite the dimensionless equation (2, 9) we obtain for the axial
velocity component [169]

Booyo By g Fo B U T0 W o N
’3-"‘*'90 % o, K .d - oz T Ke o we ‘vl",) v Ret (:5). (2.17)

>
Term ‘,g: is of the order of 1/82, where 8 is the boundary layer thickness., When
M=0and N=0,

A e VL
T Re d?

‘. T. ¢ 8~ .-

VRe

The value and sign of the third term in the rignt-hand side of Eq.(2.17) depends
on the directions of the ‘electrlc and magnetic fields in the boundary layer.

In flow of liquid metal in a transverse magnetic field and in the absence of an
external electric field, M2/Re can be greater than unity. This means that the boundary
layer forms primarily due to the effect of electromagnetic ponderomotive forces in-
duced in the fluid. In our case the current density in the boundary layer will be of the

order of o'BoU. since it is produced by a potential difference ~ BOU. Hence the electro-

magnetic force acting in the boundary Jayer (per uni? area of the wall surface) is of the
order of o'B")UcS . while the viscous frictior: force is of the order of nU/5. These forces

should be of the same order, i.e.,

s ~ WY
abBUS ~ 3
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whence
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Tiie ratio M2/Re is negligibly small in electrolytes. However, the ratio NM/Re?
may be appreciable, and hence the effect of conductive electromagnetic forces on the
boundary layer will be evident. 7

When the direction of the vector product [/ x .} coincides with that of axis Oz,
the fourth term in the right-hand side of Eq. (2.17) will describe the formation of the
boundary layer, and its thickness will be defined by the ratio

L N s VRS

e Tone R N

The variation in the temperature of a volumetric fluid element is governed by
existing convection, thermal conductivity, as well as the Joule heat and dissipation of
energy of viscous friction, i.e., by the corresponding terms of Eq. (2.16). It follows
from this equation that when M > 1 one can neglect the temperature variations pro-
duced by viscous dissipation because it is much smaller than the Joule heat. In the
case of liquid metals, the effect of Joule heat can be controlling if the condition

‘".! Rt‘\ .. .'.,._
e T et

is satisfied,

Thus, the dimensionless ratios Re, Rm' M, N, Pr and8 and some of their com-

binations allow one to estimate the influence of MHD effects of the first kind, as well
as of the Joule heat, on heat transfer.

Obviously, in order to calculate the dimensionless ratios and groups it is neces-
sary to know the physical characteristics of the conducting fluids, the parameters of
the applicd magnetic and electric fields, as well as the flow conditions.

Data characterizing physical properties of certain liquid metals and alloys are
given in Appendix 1 [170]. Figures 2 and 3 show the conductivities of liquid metals as
a function of temperature. Changes in physical properties of electrolytes as a function
of concentration and temperature are shown in Figs. 4-8 and in Appendices 2 and 3 [250].

Sea water which has properties close to those of electrolytes, is an aquecus solu-
ion of various salts whose concentration fluctuates over a certain range depending on
the given sea or on the ocean region, Studies show that even if the total amount of salts

changes within wide limits, the relative quantity of ions remains the same in all the seas
and in all the ocean regions [246].

Figure 9 shows the conductivity of sea water as a function of the salt concentration
at different temperatures {246]. The salt composition in sea water and its viscosity are
tabulated in Appendices 4 and 5,

/
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Analysis of the salt composition shows that the physical properties of sea water
are determined primarily by its sodium chloride content. It i{s usually assumed that a
3-3. 5 percent aqueous NaCl solution has properties corresponding to those of sea water.
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of electrolytes as a function dMR@uﬂldw-
of conoentration, rated agueous NtCldIolu-
tions aa 2 function
For NH(C! ct 30°C; for HySO,
at 25°C; for other electro- ¢ temparature. i
n'm-ou/- ’ . )
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: S Fig. 8. Dynamic viscosities B
b of & 20% electrolyte sclution g »
D as a fmotion of temperature. : ! !
i. 1

18




Figure 10 shows changes in the sea water characteristics as a function of tem-

perature (¢ ~ 3.5%).

The temperature of sea water depends on a number of factors (region, time of
year, depth). Figure 1¥ shows the seasonal variation of tempersture with depth in the
Atlantic Ocean. The measurements were made in a reglon to the northeast of the

Bahama Islands [251],

Fig. 9. Conduc-
tivity of sea water
as a function of salt
concentration at dif-
ferent temperatures,

N n 5T ny
H

R I W 2 N T
Months i

Fig. 11, Annual isotherms of
water in the Atlantic Ocean.
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Fig. 10. The physical vari-
ables of sea water as a func-
tion of temperature.

Fig. 12, Annual change in
the temperature of surface
waters in the Black Sea.
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Figure 12 shows the annual change in the temperature of surface waters in the
Black Sea.

The above data suffice, when flow variables and electromagnetic field charac-
teristics are known, to determine the dimensionless MHD ratios and to estimate the
extent of influence of MHD effects.

Table 2 presents numerical values of dimensionless ratios and groups for vari-
ous conducting fluids. The calculations were made for the following values of char-
acteristic quantities:

7/
."\‘, : 0,‘.“' -, 8@ "2 | testa (IO‘ -‘C); Uy - 1 m/eec
Ty == 10°C,

2. Laminar MagnetohydroZ v amic Channel Flow

For steady flow of conducting fluids in straight cylindrical channels, the mag-’
netohydrodynamic equations become appreciably simplified.

|

I/:-J o M

IHIHIHHHIIH

— o — o . --—l F-..o.-.....—-

Fig. 13. Schematic of a magnetohydro-
dynamic chanmnel.

Let us examine steady-state flow of a conducting fluid in a rectangular channel,
two walls of which, x = + b/2, are norconducting magnet poles, while.the two others,
y =+8/2, are well conductinb electrodes, closed through an external circuit containing
an emf source and a load resistance R (Fig. 13).

Using Eqs. (2.2) and (2.5), the {irst term in the right-hand side of Eq. (2.7) can
be represented in the form

curl [0 X B} = (BV)o --(o\) B, (2,18)
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We shall regard the channel as sufficiently long. In this case we may set 91./8z =0,
whence

(Y3 -0, | (2.19)
which reduces Eq. (2.7 to the form
Ny o (2.20}
The last term in Eq. (2.1) can be transformed to
% al-e ) ocurl sy ,'t [evya ) viage]. (2.21)

7/
Using Eq. (2.21), the momentum equation is reduced to the form

A RE ;I"{‘;‘.’) 3-.Vp. (2.22)
]

Projections of £qs. (2. 20) and (2. 22) onto the channel axis are written as

A 2 1 en 1 op
R A P A PO LR A )
Gl gyt | ) By x n Jr n (2.23)
R A N A R L) (2.24)
oxt Uyt . * dx :

For nonconducting and ideally conducting channel walls, the boundary conditions
for the magnctic field have, correspondingly, the forms

_'J_L_g:_ , e 0; (2. 25)
an,
“on L T (2.25)

where s and n are the channel's contour and the normal to this contour. These conditions
are supplemented by the obvious condition for velocity

oI, +: 0, (2.27)

We note that the boundary conditions for the magnetic field follow directly from
equations of electrodynamics.

For laminar flow of a conducting fluid, the system of equations (2. 23) and (2. 24)
with boundary conditions (2. 25)~(2, 27) makes it possible to solve a wide range of prob-
lems pertaining to the velocity distribution and to the distribution of electric current
density in long MHD channels when the electric field in the flow is nonuniform. When
this is done, it becomes possible to separate losses due to viscous friction, inciuding
the effect of the magnetic field on such losses.

The simplest problem is that of flow of conducting fluid in flat channels (a> b),
It gives a quantitative estimate of the MHD cffects on the local and overall flow variables,
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In accordance with the assumption of a *» b, the partial derivatives in Eqa.(2, 28)-
(2. 24) can be replaced by totul differentials

dee ( BedBy 1 . (2.28
dxt I g I Ty o2 = 0 ( )
&*n di
':lx'{' ! I(Un. "’? =: 0, ‘2' 29)

As a rule, when solving this system of equsationa one limits itself to the condition [1 -£)

ol B s 0.

s
kg 1

We shall solve this problem in ite most g eral form, In particulir, we sssume
that the conductivity of channel walls x = + b/2 is abritrary, andthat 5,] _» -0

is generally not satisfied,
Integrating Eq. (2, 29), we get

2Be - peB,o, +C -0, ' {2. 30)

By substituting the sbove expression, Eqs. {2, 28)-(2,29) are reduced to a single equation
for velocity

3
S- w0 ~A .50

in Eq. (2.31), the boundary conditions for the magnetic field determine only the
constant Q; from this follows the interesting conclusion that the n.anrer in which the

velocity of a conducting fluid in llat channels changes does not depend on the conduc-
tivity of the walls,

The solution of Eq, (2.31) is given by the function
v, =: C,ch %!-r!- C,sh ’:'-.c i Q f; (2,37,

The integration constants are detsrmined from tl.e condition of zero velocity at the chan-
nel walls

2 O Qv
Cors 0 i pieiiomine (2.33)

Using Eq. (2.33), the solution takes the form

Mz
NS P (2,34
L “Tehnsat)
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The above expression is convenicently represented in the dimensionless form

X
I EVAEY BESH IR
g 1

O IR |

(2.35)

]

(\':l (LAY h A : )ﬂ.:i."
A [

ey T vhasargey thnsan 7

(2.36)
where Vin and v, are, respectively, the maximum and average flow velocities,

Figure 14 shows velocity distributions constructed from Eqs. (2.35) and (2, 36},
respectively. The same figures show (by dashed lines) the velocity distribution cor-
responding to the case when there is no magnetic field. It follows from these graphs
that at a constant average velocity, the contribution of the transverse magmetic field
reduces to flattening the distribution and increasing the velocity gradient at the channel
walls. This last fact increases the viscous friction losses, which is one of the demon-
strations of MHD effects.

A more complete examinatign of these effects requires returning to Eq. (2. 34)
and clarifying the effect of the magnetic field boundary conditions on the value of Q.
For simplicity of analysis, we shall consider flow in the electric-power generation
mode (E, = 0),

Condition ',“,’! » - 0 points to the fact that along the nonconducting channel
EIL I SUR T

>

wall Bz = const, The selection of sz!s = 0 reduces to the requi'tement that the total
current through the channel cross section be zero. This last condition follows directly
from integrating Eqs. (2.3) and (2. 6) within the 1limits +0.5b., This condition corre-

sponds to the limiting case of operation of an MHD generator, when its electrodes are
connected via an infinite load resistance (R ¢ = @, no-load mode). Here

TR T B L A |
R I TR (2.37)

where .£ is the channel length.

Substituting Eqs. (2.37) into Eq. (2.34), we get
B f\ [N S ,'.!-l" } (2.38)

In this case the direct decelerating effect of the magnetic field is absent, i.e., the sum
of electromagnetic forces decelerating the fluid is zero.

Figure 15 shows dimensionless velocity distributions (vn/4b? constructed from
Eq. (2.38) for different values of M = const., showing the effect of viscous losses. It
is easy to see that in this case the magnetic field effect reduces to slowing down the

flow. We note that the veloclty gradient at the walls for different M = const. remains
unchanged cue to the assumed constant pressure.
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Fig. 14, Velooity distribution in a conducting
fiuid flowing in a flat MAD channel,

As follows from Eqs. (2.3) sud @.), condition #0+| .0, 1s equivalent to
the condition Ey = ¢; this corresponds to the flow of a conducting fluid in a flat channel

with iusulating walls perpendicular to the applied magnetic field, and short-cirocuited
lateral electrodes (Ey =Rz =0). This case also corresponds to the second limiting

mode of oparation of an MHD generstor (the short-circuit mods). Here

C=0
T -9
) 25
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Fig. 15. Velocity distribution in
a conducting liquid flowing ina
flat MHD chamel, assuming via-
cous losses,

Upon substitution of Eq. (2.39), the velocity equation becomea

034 - -ch 3
I D 5
e My [' oo T (2.40)

In this case, the value of p is composed of the pressure drop required for over- 1
coming electromagnetic forces acting in the conducting fluid, and the pressure drop due -,
to viscous friction, =

Figure 16 shows distributions of (vij/pb?) constructed from Eq. (2, 40) for differ-
ent values of M = const, ; they describe the effect of the total pressure drop.

Comparison of curves shown in Figs. 15 and 16 shows that for a given p, the ve-
locity in the second case drops more sharply with increasing magnetic field strength.
This i8 due to the effect of pressure drop caused by electromagnetic forces,

pr—

Flow in a flat channel with horizontal walls of arbitrary conductivity is equivalent =
to the flow in the duct of an MHD generator with electrodes closed via a finite load re- ;o “
sistance. Here the statement of the problem is not unique, since the condition B = const,
# 0 at the insulator walls becomes indeterminate.

1t follows from Eqs. (2.3), (2. 6) and (2.30) that

! ] n 0. M
C = i Lo — poti; QL.(_:T-_..EI.;)W. (2.41)

where I is the total current flowing through the conducting fluid in the channel and through
the Joad,
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Fig. 16, Velocity distribution in
a conducting fluid flowing in a flat
MHD channel, with congideration
of viscous and electromagnetic
preasure drops,

In accordance with Eq. (2.41), the general flow velocity is

vyl
v bi ( ) _!B,) \fh_(?:snt"‘ ‘ \\.}' 0_ (2 42)
LA SY] W) T wasy T T *

Integrating this over the channel cross section, we obtain the exprelalonn for the average
fluid velocity and for the pressure

‘
MRy p EURY
o = (i) (V- whsn): (2.49)
p e dlo . tHOSM %%,
e A1 OS2 2.44)
”'3( ‘ o.s.-u”) (

In Eq. (2. 44) the first term gives the drop for overcoming the electromagnetic
forces, while the second describes the drop due to viscous friction.

This problem becomes unique upon stipulation of an additional condition for I,
which is determined by the parameters of the external circuit,

With a conducting fluld in the duct of an electromagnetic pump (E, # 0), the pres-
sure gradicnt in the direction of motion is positive and the second term in Eq, (2, 44)
will be negative, Here, the first term will correspond to the electromagnetic pressure

head developed by the pump, while the overall expresaion will deacribe the pump opera-
ting head.,




It should also be noted that since the velocity distribution in a conducting fluid
flowing in un MHD channel is independent of the various pertinent boundary conditions
for magnetic flux density at the walls perpendicular to the magnetic [lux, the effect of
the magnetic ficld on the flow structure can be examined without considering the param-
eters of the external circuit,

In engineering hydrodynamics it is customary to relate the pressure drop to the
average flow velocity by means of a dimensionless friction factor A. In particular, the
pressure drop in a pipe of length I is determined from the well-known formula [252,
253])

2
) 0oy
t\p R l)‘ - p.- - Ro 2"{ (2. 45)

where R = 2S/7 is the hydraulic radius, S and ii are, respectively, the pipe cross sec-
tional area and wetted perimeter.

Equation (2.45) is also valid for the flow of conducting fluids in MKD channels.
However, in this case Ap includes only the friction head drop which, as was pointed
out above, is only a part of the total pressure drop.

In ordinary laminar fluid flgw at a }specified Re, the friction factor A.?: depends

only on the channel geometry; in magnetohydrodynamics, this factor also depends on the
Hartmann number under these conditions,

In laminar flow of a conducting fluid in an MHD channel it is convenient to repre-
sent the [magnetic| friction factor AL“ as [24, 53]

Ay SO0 o (2. 46)

The factor K(v, M), which is a function of the channel geometry and of the Hartmann
number, can in general be written as

O C L P SR (2.47
: STy ) e

where vy = wb/2a,

All the quantities arc dimensionless in Eq. (2. 47), with the velocity referred to
its average value.

In the special casec of a » b, thc expression for K(y, M) becomes

AT
TTEANT (2. 48)
For M D1
-’\’ (?' l'l{) x '11.\'. (2.49)
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For M »0
N ) ~ N @)y 2L . (2. 50)
Equation (2. 50) is the exact solution for normal fluid flow in a flat channel [252, 283].
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Fig. 17. Curve of X(v, M) as a \
funotion of the Hartmann number.

1) Hartman: and Lazarus; 2)
Murgairoyd.

re l 7M|aoumd K{y., M) as a function of the Hartmam number, ocon-
mmn (3. 48). aholhowcmmmnwdnholmlmdbymrtmnmmd
Lazarus [8 ndbyunrﬁroyﬂ 3] for tits flow of mercury in MHD channels with side
ratios of 1:17 and 1:15, The experimontal and theoretical data are in good agreement,
dsh

that for a given Reynolds number, the friction factur for flow of

conducting flul fl a channel always increases with the Hartmann number M, and can
xosed the fricti wor measured without a magnetic fiald by several tens of t#imes.

3. Maguetohydrodymamic Couetts Flow

Let ue constder the flow of conducting fluid between two paraliel flat walls one of
which, x =0, is conducting and {s at res:, while the other, x = b, is an insulstor and
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moves in its planc with constant velocity U (Fig. 18). A uniform magnetic field is per-
pendicular to both walls, This problem corresponds to flow of conducting fluid in an
annulus between two coaxial infinite cylinders, the distance between which is appreciably 3
smaller than their radn. Here a radial magnetic field is superposed on the motion of the 3
fluid,

AN R R AN AT e e

T

Fig. 18, Magnetohydrodynamic Couette flow.

The Couette flow problem may be treated as an approximation of the boundary
layer problem, whereby the stationary wall is treated as a body past which flow takes
place and the moving wall as an external flow. Unlike boundary layer problems, the
solution to the Couette flow probl#m may be obtained in finite form and can be used for
clarifying various relationships governing the behavior of boundary layers.

In this case, we can set dp/dz = 0, E_ = 0 and solve the problem by using Eq. (2.31)
with the boundary conditions y

v, o= 0; (2.51) i
vl _, = U. (2.52) 3
The solution has the form
v, - Cpeh ;)’ XN u’ ) ", (2.53)

In accordance with the boundary conditions and the condition that - "' — = D)

Eq. (2.53) is transformed to the form

- -';- x

o (2. 54)

When M — 0, Eq. (2.54) becomes the solution for Couette flow in common fluid flow [252]

b, U (2. 55)
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Fig. 19, Velocity distribution in
two~-dimensional Couette flow in

the presence of transverse mag-
netic fleld,

Figure 19 shows velocity distributions constructed from Eq. (2, 54) for various
values of M = const, It can be seen from these curves that increasing M reduces the

frictional stress (t N -J;) at the lower wall, At the upper wall, conversely, the
frictional stress inoreases,

Using the solution obtained above, me can determine the tempersture distribution
in Coustte fiow [4). Neglecting the variations of dissipative factors, we can write the
energy squation (3. 8) as

o do,\b o |
,,.R.+_°.-g+,.(-;;-) = 0. (2,58

Sinoe acoording to Eqs. (2.3) and (2, 30)

b2t ':: _.’:;’ “eBe,
EqQ. (3.56) reduces to
' Mg (e
bt () -0 .57

8w &-_mtywwou i given by Bq. @.54), we find

- T Ayt M
.: .?‘.- L= I .“.!fl‘.‘jr(,h PR O ch’ ‘) ":’. ") 'y . (" w

3




The solution of Eq. (2. 58) has the form

- s, . .
! AEVIRSE ; v 0 (2.59

If the wall is thermally insulating, then dTAlx = 0 and C; = 0, The constant of integra-
tion C; can ba found by setting x = b:

~ ) UM A g
(.' : 4 ". ' 1oht a8 Qh-‘.‘-'.

where T o is the temperature of the moving wall. Consequently,

* ¥ ., " A g M
T o ey (e e P (2. 60)

The temperature of the lower wall st M > 1 i»

T), ., 7.1 (3.61)

Qu

It foliows from the above exprssion that, given our assumptions, the wall tem-
perature does not depend cn the appiled magnetic fleld,

If the temperatire of the stationary wall T Ix=o has been specified, then the hest
flux to the wall s

« T, -Ti,. 2
L R T (2. 62

and alsc does not depend on the applied magnetic fleld,

Studies of Coustte flow raake t poesitle to predict a mumber of effects pruduced
by a trensverse magnetic fleld, and inherent in a boundary layer, In particular, it
follows from these studies that the effect of a transverwe magnetic fleld dus to a bedy
past which flow takes place should result tn reduction of viscous friction loases and in
an {noresse in the thickness of the boundary layer, As seen from Bq, (2.62), the heat
transfor should deteriorate when the boundary layer thickness is increased,

Lot us consider the flow in e hmturbwuhryhyor. crested on the surface of s
plate fixsd in a flowing conducting fluid in the presence of a magmetic Neld which ts
stationary relative to the plate,

. w:nuumoth‘n(t:'ﬂ;ghgt. mn::unnmmmml and the x axis
s perpendicular to it . magaetic Reynolds aumber (s assumed to be small,
;ot::thM«dmmicﬁcwmurkmmdumndhmwumw




In this case one can assume that the velocity has two components, A and A

E . while ths electric current and the eiectric flux density have components only along the
j y axis. At low conductivity of the fluid and small magnetic Reynolds numbers lle.

the ponderomotive foroe component in the z direction can, in the first spproximation,
be represented in the form I5)

,' zz .- l}l"(ﬁ. v (zo '3)
The other components of the pondsromotive force can be neglected.

Vo : o
— b o - .
- .: T ; e — -g <ltl
- oy -7,
L,
B th:..k"‘ N

l ”(”@HT” H‘”

Fig. 20, Laminar magnetohyirodyssmic bomdary

layer omn 2 fiat plate,
Ui ¢ the above conditions, the momertum and corii;uatty equations can be
written a8
e O & JLAa YT IR .69
oy (2.08

The boundary couditions for Eqs. (2. 64) and (3.48) are
V=0, =0for x 0 v« U (s o2 x » co, (2.68

Kquations (2. 64 and (2. 88) differ from MMryh”rMmm [a82)
ouly by the presesce of an additiosal %rm iu Eq. (3. 04,

The potestial Slow Ufs, t) should be treated as & known fnction. In adiition, one
3 muut specify the flow tn the boimdary layer for the oconditions of the problem at t = 0
g for the eutire range of s and x under considoration, _

For stesdy flow, Bqs. (2. 64) and (2. 65) simpiity to

_ & &, 1 4 P wogr )

1 O e P a g a PYan g M (.67
2o o A

4 DRI (. 68)
e A3




To simplify analysis, we consider the flow over the plate in the absence of a pressure
gradient, The equation of motion (2. 67) is then rewritten as

A 3 .
JRR AN S vl R
._v’ u‘. - v‘ .{)‘ .. _{)“.2, ”,kvt' (2. 69)

The boundary conditions are written as

RO /MR for « 0
. 7 B
-'l;‘é- -0 ()z:r ety for xoceo, (2.70)

To integrate Eq. (2.69) with boundary conditions (2. 70} we can introduce the
stream function ¥ (z, x), which satisfies the continuity equation, i.e., as in fluid flow,
we can set

v, - «gf g e ‘j)f ' (2.71)

We first introduce the new variables suggested by Blasius

7,‘:"_7: Z]-t.\'i‘,-\(;:—. (2’72)
The stream function can be as
9o VINE Sy 3] e e e ) s Y L (2. 73)

where f,, f, and f, are functions only of # and m = m,/U.

The velocity components and their derivatives are determired from the expres-

sions
P G LR LY. ORI
|'.:» ‘!‘ il :i' ‘!‘L" . ’ \"0 .
cae e oap e ove
. llt; --.!-(‘ - :.{, . 1o b ﬁ_.{) N [N
whence

R AN Y P Y I ¢ l (2.74)
(2. 74
1

1 N tee . 3 e
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Substituting Eqs. (2,74) and (2, 75) into Eq. (2. 69) and equating the coefficionta of the
same powers of parameter mz, where

Al 1
e M
Cp
::\',

il Wl

we will get a system of ordirary differential equations determining function fn

/PR (2, 76)
ool LB h 2.7
b/ NENETA NENE N P N M TH SR N MR (2, 78)

ato.

The boundary conditions for Eqgs. (2. 78)-(2.78) are

bty byooees0 for 4 -0
| /SR T MY for y o,
fortifyoe ol 1L s vvr 20 for g - co

Equation (2, 76) is the Blasius equation, whose solution is known; functions {;, {}
and f}§ have been tabulated by L. Howard [252].

Equations (2. 77) and (2, 78} are ordinary linear differential equations for f,, f,,
etc., and oan be integrated numerically.

Figuve 21 shows the calculated velocity distributions for different values of mz,
The solid lines are for the casea in which the serles terma with mz to the second and

higher powers have been neglected, while the dashed lines were obtained with the squared
terms retained,

The above data show that the transverse magnetic fleld affocts the velocity distribu-
tion in the boundary layer when mz > 0, 1; a transverse magnotic field which {s atationary
relative to the plate reduces the velocity gradient at the wall,

For this case, we have the fellowing expresatons for the friction factor and the dia-
placement thickness

K14




B (2.79)

s . a3
T3 0tme Lt e (2. 80)

When m =0, then Eqs. (2,79) and (2. 80) become expressions for the ordinary boundary
layer [252].
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Fig. 21, Velocity distribution
in a laminar boundary layer in
the presence of a magnetic
field stationary relative to the
plate,

It follows frem the above expressions that in the presence of a transverse mag-
netic field which is stationary relative to the plate, the surface friction factor decreases
with increasing m, while the displacement thickness increases.

"The change in friction factor with increasing i = M/YRe is shown in Fig. 22,

If the magnetic field moves together with the potential flow relative to a stationary
plate, then by virtue of slip of the fluid in the boundary layer relative to the magnetic
field and because of changes in the direction of electromagnetic forces, the velocity
gradient at the wall will increase with increasing magnetic field intensity; this, in turn,
will increase the surface friction factor as compared with the absence of a magnetic
field [39]. This fact was confirmed experimentally [93],
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Fig. 22, Friotion fac- Fig. 23. Friction factor for 8
tor for a plate as a func- plate as & function of MARe in
tion of e in the the presence of a magnetic field
presence of a stationary moving with the condaoting fiuid.
magnetio fleld,

Figure 23 shows an exparimentally determined curve of t.x,/cf as a functfon of
0

MARe, obtained for 0,2-0.3 mm thick, 20 x 20 mm, 30 x 30 mm, or 40 x 40 mm
dielectric plates piaced in a mercury flow.

‘The above deta show that the surface {riction factor increases appreciab:; with
an {ncrease in MAVRe. In perticular, for M/YRe = 2 the fricticn factor increases by
an order of magnitude as compared with its value in the sbsenoe of a magnstic field.

5. Efiect of a Transverse Mﬁtlc Field on the Stability of Flow
of & ng ¥lu

Of primary conoern in the study of stability of MID flows, just as in ordinary
mics, {8 the determination of oriteria characterizing transition from laminar
to turbulent flow,

Theoretical studies of stability are usually based on the method of amall perturba-
tions. The basic assumptions underlying the use of this method in ths study of stability
of plane paralle! MHD flows are examined in the book by Pai-&hih-i [8].

Consider the plane parallel flow of & conducting fluid in the £ direction in a trans-
varase magnetic fleld (Fig. 24). In this case we may set

v, 008 vy 0, p Gz Gt N (o) }

B, N; B, B() 8, 0, (2,81)

where C;, Cy and B, are constants, while v;, By and N &re functions of x ounly.
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Let us assume the smell perturbations are applied to an initially steady flow of

the conducting fluid. The velocity. pressure and magnetic flux density components
for perturbed flow can be represented in the form

e, v {¥) - w4 Loy v, - u;;
PG G W,

(2.82)
Bo- 8.0 b B, By b B, b,

where o, v, v, p.b.. b.. b, are the magnitudes of the perturbations, It is assumed
that these quantities are very small as compared with the corresponding values charac~
terizing the main flow.

; S S
'900(’0,& ///” /
(<“ P e

Fig. 24, Schematic of the flow cf a conduct-
ing fluid between two parallel plates in a
transverse magnetic fleld,

Substituting Eq, (2,82) into Eqs. (2.1), (2.2), {2.5) and (2.7}, and inaking use of
Eq. (2.3), we get the following expressions for the perturbations:

« .‘. e ) o
-4 . : JRLEN [ N I .
. e 0 o

a ._.-1' .? 3, . a3 ) .

o Toae M oe
L (N YN (2.83) ‘
S |
I b )) S CEARRLENY |
(2.84)
‘:. - “jv R AARRACA \:I(IL ‘:"" ' ‘j,b""-) «Q:‘- & (1 B, 2. 88
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4 Ot e : o e b g
O’i‘ !. v .J ! y (’I *‘ o~ ’l’ -)( o \"C ) .-J L\b:. (2. 8&

9, o8, da, M e

ey By By s e (2. 87

a5, b, o, d o .

bt JOCR" St O, Tihs U Mt ZUL MR YOS

- F Ve Byl Moy Jio by (2,88)
0:1; 3::; 0:::. '
wty b o0 (2.89)
o, ok B
Ty o1 : (2. 90)

where

e, e R
B =gu t ot

Equations (2. 83)~(2, 86) do not include terms containing squares of perturbations,
since the se are second-order infinitesimals,
The perturbations are specified in the form

Vo g (x) expi(az-|- oy — 81);

b = (¥) exp i (wz 4 ey - Bi). (2.91)

In the above expressions @ and @, are positive real numbers, which are called the wave
numbers of the perturbations, while # i{s a complex eigenvalue

p = pr -+ ml'
where # . is the cyclic frequency of fluctuations, while ’l i8 &n increment factor whose

aign governs the behavior of the fluctuations. If p‘ < 0, then the fluctuations are damped

and the laminar flow is stable, If, however, pl > 0, then the fluctuations increase and
the lamiaar flow is unstable.

Frequontly use 18 also made of the parameter

LU e
(..“ €, 0 16,

where e, {s the rate of propagation of the waves, while ¢ {s, as before, an increment

factor, the sign of wrich detvrmines whether the preturbations are damped or increasing.

The amplitude ¢ cf the perturbing motion is assumed to be a function of x only, since
the main flow also depends on ¥,
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Upon substitution of Eqs. (2.91) into Eqs. (2.82)-(2.90) and appropriate trans-
formations, the latter are reduced to the form ([5]

AIDIY PR ) :: D t’; '\: 'i’-v-':': : ';‘ ﬂf.-‘/;: . .:le(:);!,'::.: : ;‘,;;-,_)!:,J); (2. 92)
Dy bguoes) e+ o (el - B, (2.93)
where
N, -: ;;J‘;s i3 .l n:f.

Equations (2. 92) and (2. 93) are the basic equations of the magnetohydrodynamic
stability theory for plane parallel flows.

If there is no magnetic ﬁeld,' then Eq. (2.93) becomes an identity, while Eq.
(2. 92) becomes the ordinary equation of stability of a laminar plane parallel flow with
three-dimensional perturbations.

Studies by G. B. Squire [252] showed that in order to determine the critical
Reynolds number, that is, the lower boundary of stability, it is sufficient to examine
two-dimensional perturbations,

When v, = b;, and o = 0, Egs. (2.92) and (2. 93) take the form
I3
I)D‘(p‘ i :. vDo, :.m :]: i‘: \E“B: .- é\|ll (R-)D"P'x :'H,!)'i',);

(2. 949
(D) o - et s, (2.95)

In the study of stability of MHD flows the eigenvalues of Eqs. (2.94) and (2. 95)
must be found at the appropriate boundary conditions.

Theorctical studies of the stability of flow of a corducting fluid in a flat channel
in the presence of a transverse magnetic field and Rm <« 1 were done by Lock [44].

In the case of Rm <« 1, the induced magnetic field Bz(x) can be neglected com-~
pared with the applied field B,. Then Eq. (2.95) reduces to the form
(pe— ) - — P (2. 96)

hw

. r'd
after which Eq. (2. 54) becomes

- ~ - R ('.:'f;: -
("-' ‘.) (‘?l ~ ‘;’l) - 'r\;': ¢ -0.! TR
I § ; (‘r:\' - '2’;:(:‘: e ‘.r.)_ ‘2. 97)
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Introducing dimens:onless variablas, we get

[0y = &) (gn — w'ga) — ¢1e &
LI L o S i -

+ == Qs ~ 2’px ! a(P‘_) im e

- e (2. 98)

‘The above expression differs from the Orr-Sommerfeid equation by the presance of the
vight-hand sice. The boundary conditions for it are

6‘ - (I\; -0 for X = . 0,5. (2.94)

A solution of Eq. (2.98) with the above boundary conditions was construsted by
Lock using Lin's n.ethod for the cases of low and high Hartmann numbers,

In order to specify the velocity distribution of unperturbed flow at low Hartmann
numbers, Lock used Hartmann's solution. At high Ha.-tmann numbers an exponential
velocity distribution was specified; this is justified by the presence, in this case, of a
flow cere, where the velocity is constant,

The neutral stability curves obtained by Lock for low M are shown in Fig. 25.
Examining them we see that the transverse magnetic field has a strong stabilizing
effect on the flow of conducting fluids. Physically this is attributed to changes in the
gug's velocity distribution and suppression of turbulent puleations by the magnetic

e .

The neutral stability curve shown by a dashed line was calculated by Lin and
corresponds to the case of fluid flow in the absence of & magnetic fleld,

Lock also established that the stabilizing effect of the magnetic fleld is, in this
case, due primarily to changes in the velocity distribution over the channel cross sec-
tion. For high M, he obtained the following expression for the critical Reynolds number

Rod = kM, (2. 100)
where k = §0, 000,

Theoretical studies on the atability of flow of a conducting fluid in the boundary
layer at a thin plate in the presenoce of a tranaverse magnetic field were done by V. N.
Arkhipov [47]. Neglecting all the velocity components of the boundary layer exocept the
longitudinal, he solved this problem by means of Eq. (2, (8) with the boundary conditions

b, %0 for x°0; }

0= fr:~‘=0 for x »o, (2.10))

Arkhipov specified the velocity distribution in the boundary layer by means of a
relationship obtained previously in [39],

The problem was solved by the Galerkin method, using a system of "approxima-
ting" functirne which setisfy boundary conditions,
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Taking as the characteristic dimension the thickness of the displacement layer

2 Arkhipov obtained neutral stability curves in the second approxima-
tion (Fig. 26). Examining these curves we see that in this cuse, as in channel flow of
a conducting fluid, the effect of a tranaverse magnetic field reduces to increasing the
flow stability.

&' 1,43 ’

Subsequent experimental studies by Murgetroyd [83] showad that, at M>» 1,
Eq. (2. 100) correctly expresses the qualitative relationship between Re and the

Hartmann number, but gives larger quantitative deviations, In particuhr, he has
obtained the expression

25 M, (2.192)

e ]

‘ I (1
o e l_,. a6
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1jfe

Fig. 25. Neutral stability curves for the Fig. 26. Neutral stability curves for lami-
flow of a conducting fluid in a flat channel nar flow of a conducting fluid over a plate
in the presence of a transverse magnetic in the presence of a transverse magnetic
field, field.

It follows from Lock's theoretical formula, as well as from Murgatroyd's experi-
mental relationship, that the friction factor corresponding to Re or i{s a conatant quantity.

It was established by analysis of » large volume of experiirental data {53] that the
magnituda of the {riction factor characterizing the onset of the first turbulence is inde-
pendent of th» shape of the channe! croas section and of the applied magnetic field, and
may be takan as

A . N Y7 SETARN B (2. 103)
The validity of Eq. (£,103) is confirmcd by available experimental data (Fig. 27,
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Fig. 27. Comparison of experimentally obtained friction
fastor in MHD channel flows with the exact solution,

1) Hartmann and Lasarus; &) Murgatroyd; 3) Physics Insti-
tute of the Latvian Academy of Scienves; 4) Ryabinin and
Khozhainov; §) Khoshainov,

In accordance with Eqa. (2. 46) and (2, 103) the atability criterion can be repre-
sented as

Ay, A
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In 2ccordance with Eq. (2.49), for flat channels with M » 1 Eq. (2. 104) becomes
{dentical with Murgatroyd's empirical formula.

6. Turbulent Magnetohydrodynamic Channel Flow

Ce of the most complex problems of applied magnetohydrodynamics s the study
of the effect of transverse magnetic fields on the turbulent channe! flow of eonducting
fluids.

The most extensively used methods in the study of turhulent channel flows in

engineering hydrodynamics are semicmpirical, based un experimental determination
of a number of characteristic perameters, These methods are aiso used in applied

magnetohydrodynamics,

”l & "‘ih P v

01

L PO, [

N '..'." - 1., e e em e

HHHIHHH‘

Fig. 28, Schematic of turbulent flow of a conducting
fluid in a flat MHD channel,

( u)s us now examine the turbulent flow of a conducting flnid in & fiat MHD chanmnel
Fig. 28

Studies of the structure of turbulent MHD flows in flat channels using the semi-~
empirical approach were performed by L. Harris [52]. However, before we examine

his results, it is proper to consider the overall flow parameter, t.e,, Gw friction
factor,

Aunalystis of squations of turbulent MHD channel flow [83] writiem in dimensionless
form shows that the friction factor, describing pressure drop tn a chamnel and produced
by viscour friction and turbulent mixing, can be represented as a sum of two components

AR 21 AT, (2.105)
where A\? is the friction factor of laminar MHD flow, A{ﬂp_ is a component produced

by magnetohydrodynamic pulsations. The expression for ATf was obtatned tn Sec. 2.
We shall now analyze the second component of the friction factor,
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It is expedient to 1epresent A/™®  in the furm (53]

t.p
U LY .\t'_
A Mt (Rey ) (3.108)
where Ag P is the friction factor component of ccmmon fluid flow due to pulsations.
It {s obvious thut whan M —- 0

) (Rt. —';'i';-) - 0,

The magnetic field exerts & stabilizing effect on the channe! flow of conducting
fluids, Hence, when Re = const., a riss in the Hartmann number should changs the

fiow mode from turbulent to iaminsr, (Consequent!y, when Re = const. and M ~

A = 2t e(Re, 30)] 0
o(Re. )= M (2.107

We reprasent ¢ as
v(Re. g ) = 20 ¥ (Re.0). -
Then for Re = const. and M — o we can write, in scoordance with Bq. (2.107), that

w(m-. ‘u-) .l 2. 108

To examine the structure of functiou ¢ for small M!/Re, we expand &t in & series
in terms of this parameter in the neighborhood of ME/Re = 0:

V(R!‘. i‘: ) ¥ (Re,0) ¢ ::: EURART o
after which Eq. (3.106) reduces to the form
- a VAR 20
LN P l'r(u.- W 5. R oS l

R s casy o show that ¢ (Re, 0} » 0. Consequently, when M!/Re—0, functios v

~ goss to zero a8 M'/Re.

In goueral, when M!/Ry goes from 0 to @, we can write

0<¥(Re, o )<L 2. to%
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The expression for A:“p has tie form

R L N O T (2.110)

Thus the expression for the {riction factor for turbulent MYD flow of ¢ conducting
fluid in a flat channei can be written as

am ‘7.\'(:\‘:.0."). L3S, [‘ .‘.’(?{c, h)] (€. 111

For flat channels, function A?

t.p. is given by

Mo - 2L (2.112)

Experimenta! studies show that in fully developed liquid pipe flow, J\: is virtually

independent of the pipe cross sectional shape snd is satisfactorily deacribed by the
Blasius law up to Re ~ 10° [254]

At 0.3 (2.119)

Re* W
When Re > 10%, A "t‘ can be determined from Prandtl's genersl lew (252, 253},

To construct {unction & it suffices o know experimental values of .\'{‘ at differont
Re and M. Then, according to Eq.(2.111), function¥ is given by

IS “:j (2,119

Figure 29 shown curves of ¥ (Re, MY/Re) constructed from expurimental dats of
{£31. A family of th-se curves is deocridbed by

ap
't'(i*‘ .u') At He'

w . T, FIIRCL -
LR e () (2.118

tin

which satisfies the limiting conditions (2, 109),

Factors o, 8, and 8,. which for & flat channel are functions of Re cnly, are de-
fined by the expressions

Tl

CRE™ I,

Vim, bk e
L e

I kil e
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Fig. 29. The normalized func-
tion ¥ vs. parameter M%/Re,

When M~ 1 and Re~ 10°, the expressions for the friction factor become more com-
plicated

Ky, 8 s &
ap e KO s Re t-?ao)[ o

Rc’);'.‘:)’
249-100 YT Ly A 2,116
TAT0012 107 (e -13‘65)] [l "(Re' Re)]’ ( )

where §(Re - 1355) is a unit function

() for Re-Z 1355
541 for pes s,

We note that Eq. (2. 116) is valid for turbulent and laminar flows cf conducting fluids
with and without 8 magnetic field.

Figure 30 shows the cuxve of A‘t“ = f (Re, M) constructed from Eq. {2.116) for dif-
ferent values of M = const. It also shows the values of A't“ obtained by analvsis of experi-
mental data of Harimann and Lazarus [81] and Murgatroyd [83]. They are in satisfactory
agreement with theoretical data,

Figure 31 shows curves of .’L‘:‘ = {(Re, M) obtained by A.l. Khozhainov in a rectangu-
Jer channel with ratio of sides 1:2.5, as well as data of L, Schiller {255} and J, Nikuradse
{256] for water flowing in a eimilar channel with M =0,

Note that to compare the experimental data of Fig, 31 with theoretical results, a

correction term must be introduced in Eq, (2.1186) to account for the effect of the side
walla [110],
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Fig. 30,
MHD channel.

Friction factor curves for the flow of a conducting fluid in a flat

KEY: 1) Hartmann and Lazarus; 2) Murgatroyd; 3) Blasius law,

1t is seen from Figs. 30 and 31 that some experimental data on Artn in turbulent

low of mercury at low M lic appreciably below the curve described by the Blasius law.
L onversely, for large M the experimental values of AT lie abeove this curve. This is

| regular phenomenon and is easily explained from the physical point of view.

Thus, the effect of ¢ transverse magnetic field on turbulent channel flow of a con-
ucting fluid involves changing the velocity distribution over the channel cross section
«nd suppression of turbulent pulsations. At low M, the shape of the velocity distribution
s close to that of ordinary hydrodynamics, i.e., the magnetic field does not appreciably
ncrease the velocity gradient at the walls, but suppresses turbulent pulsations. Hence

or a given Re cne observes a smaller friction factor than in equivalent common fluid
low,

At high M the effect involving the increase in the velocity gradient at the walls domi-
iatcs over th:: turbulent pulsation suppression. Hence in this case in a given range of Re

e friction factor is greater than Ag.
}' When M :=: const., all the A“t‘ = f(Re, M) curves tend asymptotically to the curve
prresponding to the Blasius (Prandtl) law of higher Re.

)
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It follows from the above analysis that it is not generally permissible to calculate

AT from ordinary hydrodynamic formulas,

L. Harris [52] has analyzed the turbulent flow of a conducting fluid in a flat chan -
nel, following the method developed by K. Millikan for turbulent flows without a mag-
netic field.

Using the 7 -theorem from the theory of similitude, Harris obtained the following
functional relationship for the velocity distribution in turbulent flow of conducting fluids
in flat channels:

:; i\::“ -’,M,x"). (2. 117)
where

0. A e P .""’Vl'.
Ra® 4 DX b b SRR

In Eq. {2.117)} the tilde denotes averaging with respect to time.

Assuming that the velocity distribution near the wall is independent of the channel
size, Eq. {2.117) can be reduced to the form

! et

o UC{Re?, X%, M), (2.118)

<

Considering the fact that the effect of a transverse magnetic field on velocity dis-
tribution reduces to flattening the distribution in the core flow, it can be assumed that
the local structure of the core will not depend on viscosity. Then the fellowing relation-
ship can be used as the MHD analogy of the velocity distortion:

7 ‘;‘Z' ”(:'L" ")' (2.119)

v
where U is the average velocity in the center of the channel,

From the condition that Egs. (2, 118) and (2, 119) must yield identical results in a
certain region of values of x* we get

Y, ) gt o ), (2.120)

U.

i

where t' {1, 1)
¢

Differentiating Eq. (2.120) with respect to x* Re*and M, we get

DY) TR ) SR X o
ey M JM) oo (2,12))
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e e Y g O s

D I S 2,122
IRe Y SNSS IR VENTY +(\ Re® g0 ) (2. )
I(E) _, oX e i Y
T T ey T 20 emnilyt (2.123)
whence
I _::\D aD e " ':"-'. oo 20 . (2.124
Re* ypes ! Mgy s %" a0 D o e )

Since the left-hand side of Eq. (2.124) depends only on Re*and M* while the right-hand
side depends only on x*and M?/Re* both these sides should be functions of M?2/Re*only.
This equation thus reduces to the two relationships

v g AD G M -
I\\' b'Rc’. .t .” _d."- soe -’-’l (-R\;i); (20 12\))
e O3 9 M
- x* -J;'“ '!' 'R'L:o' '0(".‘:‘5‘;-) o .’.I( e’ )c (20 126)
where g, is some arbitrary function,
Eliminating Q, ye find from Egs. (2.122)-(2,124)

R W O S, D &b

2R ey T Gy IR o 1 Mgy (2.127)

Since the left-hand side of the above expression depends only on Re™x*, while its right-
hand side is a function n{ only Re*and M, both these parts should be functions only of
M/Re* whence

) S . 7 ox M
2R Gy A iy e (v ) (2.128)
]
or.e 0D b
2Re* 5o M S () (2.129)

where g, is a second arbitrary function.
Equations (2.125) and (2.129) make it possible to express function ¢ in terms of g,

and g,. The solution for & has the form
]

DR, M) < G () + G 56) (2.130)

iKe® Re*

where

G, ~ [z G, = — [£L) . (2.131)
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The general solutions for Eqs, (2,126) ana (2, 128) are written as

R ( '\f! ’ ") G"( zi:;"..') e \ ') (2.132)

N

ey G0N re (). (2.133)

av

1t follows from the conditions

From Eq. (2.120) we get
G.{) G, ()

Congequently, functions &, ‘2 and X can all bs expressed in terms of G; and G,

ey 60 a0 (2. 134)
ofan ) A e (h): (2.135)
X (Re*a’, M) u‘,( ‘“) o ). (2. 136)

As in ordinary hydrodynamics, functione G; and G, can be represented as

G, (2) - Ak | Py
Gy(e) - 2 nz 2 FL()

Then Eqs. (2,134)-(2,136) can be represented in the form

-~

Joanee e () () (2.137
U;.; —Adlaxt- - F (:‘{': \0) ( ML ) . (2.138)
Eoangesy e L) re( ). (2.139

Constants A and C contained in Eqs. (2,137)-(2. 138) can be taken from experimental
data obtained without a magnetic field,
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Rt B

Since function F;(M/Re* is not contained in the velocity distortion equations and
vanishes when M = (, we may set

Fy (re) O

0 We find the following expression for the velocity distribution in a turbulent MHD
ow:

v

BTz eny) 18511 E (). (2.140)

v

When M — 0, Eq. (2, 140) becomes identical with the logarithmic velocity distribution of
common fluid flow,

Considering the fact that, accordiag to Eq. (2. 116), the friction factor is known
when M and Re are given, it 1s convenient to express Eq. (2. 140) in the form

- "t ) .

U__r‘:;- ¥ l ., o ¥ 4.8 NS ,“’

= -+ §,CH7 lh( 4 Rea* ) |-6.151 F‘(Re‘ x“). (2,141)
2

A graphical presentation of function Fl(%x *) 12 given In Fig. 32 (curve 1), Curve 2 of

this figure describes, on a magnified scale, the variation of this function for the argument
range of 0 to 0.05.
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Fig. 32. Curve of function F, vs, %x‘.

Figure 33 shows the velocity profiles in a turbulent MHD flow in & flat channel,
constructed from Eq. (2, 141) for different values of Re at M = 100, For clarity of pre-
sentation, the velocity is referred to its maximum value. The velocity distribution
shown in Fig, 33 by a dashed Jine is that of laminar flow,

Figure 34 shows the velocity distributiona in a turbulent MHD flow obtained by P. 8.

Lykoudis {112} for mercury flowing in a channel with a side ratio of 1:5, The measure~
ments were made in the plane perpendicular to Iarge side of the channe! and parallel to
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Fig. 33. Velocity distribution in a turbulent flow
of a conducting fluid in a flat MHD channel.
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Fig. 34. Experimental ve- v}
locity distributions in the flow '
of mercu~y in an MHD charnel, sl

(117} 2

ol

the applied magnetic field, with Re = 5,05.10%, The distanve from the channel wall, in
mm, {s laid off on the abacissa,

The above experimental veloci‘y distributions are in gualitative agreement with
the semiempirical theory developed by L. P. Harris for flow in flat MHD channels,

The distortion of the velocity distribution in turbulent MHD flow with change in the
Hartmann numbor s due to superposition on the flow of induced ponderomotive forces
and to damping of turbulent velocity pulsations.

The magnetic ficld intorferes with the development of velocity pulsations in planes
perpendicular to the field (Fig. 28). In the plane parallei to the magnetic field, the only
velocity pulsation reduction is that due to correlation phenomena.
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Figures 35 show measured distributions of root-mean-square pulsations of longitudi-
nal ¥ v': and iransverse fv"; flow velocities, referred to maximum velocity. These data

were obtained at the Donets Research Institute of Ferrous Metals under the leadership
of I. L. Povkh [113] for flow of 30% aqueous HySO, in an open trough placed iu the gap of
an electromagnet (Re = 50-10%), It is easy to see that the turbulent intensity of the flow
decreases with an increase in M,

Analysis of the above data shows that the magnetic field has an appreciable effect on
the flow structure of conducting tluids in channels.
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Fig. 35. The distribution of the longitudi-
nal (a) and transverse (b turbulent intensity
in the flow of an electroiyte as a function of
magnetic field strength,
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7. Effect of Transverse Magmetic Field on the
Turbulent Boundary Layer

We now consider the flow of conducting fluid past a flat diclectric plate in the
presence of a transverse magnetic fleld. We assume that the boundary layer on the
plate becomes turbulent starting from the leading edge of the plate (z = ¢).

As in common fluid flow, the turbulent boundary layer in this case can be com-
puted frem the momentum equation which 18 used to find the relationship between the
momentuin less thickness and tangential stresses at the wall, These studies were per-
formed racently by Kruger and Sonju [60].

Using the fact that fully developed MHD channel flows have developed flow cores,
Eq. (2.140) can be used for expressing the velocity distribution in the turbulent bound-
ary layer at the plate

;. 3&....'-,--""" AN ‘ , 2.14
o Hl”(v)“ll“(\'v:") ( 2)

where ' | ' ': (7, is the tangential stress at the wall) and v = n/u,

\J

At the edge of the turbulent boundary layer Eq. (2, 142) takes the form

U ey [ - R
“,- AT 1;1( \“) RN "‘l(““- ) (2.143)
- ¢ Q-‘

The above expression establishea the reiationship between the potential flow velocity U
and the boundary layer thickness &,
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Fig. 36, Turbulent MHD boundary iayer at
a flat plate,

The integral equation of momentum for the houndary layer can be written as

[ 3 [
g o7 d . 4 ¢
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In the case at hand we can set

B e futty e By, - URY, {2.145)

Using the above expression and substituting into it the momentum loss thickness 6
and the displacement thickness & *

8 - 3 -
()uf (l - 5)4.’.:; 9* - I(] - z-)d\'.
0 0

ST

we get the expresaion

U"jia . :;.l ) HI’o 5. (2.146)

In the absence of a magnetic field Eq. (2. 146) becomes identical with the momentum
equation for a two-dimensional incompresetble boumdary layer {252, 253].

The system of equations (2, 142), (2. 143) and (2, 146) can be solved numerically.
Having done this, Kruger and Sonju found that the transverse magnetic field may have
an appreciable effect on all the properties of tae turbulent boundary layer,

Figures 37 and 38 show curves of the relative boundary layer thickness & = § U/
and the tangential stress at the wall 7 = ¥*? as a function of the dimensionless longitudi-

v
)U;

nal coordinate Z = zU/ and of the magnetic fleld parameter 3 - u/3;
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" °Fig. 37. Thickness of Fig. 38. Tangentisi streas
turbulent boundary layer at the wall of a plate in
a8 a function of the longi- turbulent flow as a function
tudinal covrdinate for of the longitudinal coordinate
various transverse mag- and of the flux density of the
netic field flux densities. transverse magnetic field,
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Examining the curves we see that, at a given £, an increase in the field flux

density reduces the boundary layer thickness and increases the tangential stress at
the wall,

At a given value of B and increasing z, the boundary layer thickness ncreases to
its asymptotic value (in ordinary hydrodynamics the boundary layer thickneas increases

beyond bounds with increasing z), while the tangential stress at the wall drops off (but
also tends to its asymptotic value).

8. Effect of Transverse Magnetic Field on Unsteady Channel Flow
of Conducting Fluids

Let us consider unsteady laminar flow of a conducting fluid in a jong rectangular
channel in the presence of a uniform magnetic field B, perpendicular to the dielectric
walls, The chammel's lateral walla will be regarded as conducting electrodes closed
via load resistance Ry (Fig. 39). It is alao assumed that a > b, so that the variation

of fiow variables along the y axis can be neglected by comparison with their changes
aslong the x axis, Under these conditions, Egs, (2.1)-(2,6} reduce to

R R TR (2.147
Oy o S, (2.148)

[ : e (2.149)

|, -s(E, | ef) (2.150)
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Fig. 39. Schematic diagram of
an MHD generator duct.

The genaral solution of the above equations at arbitrary magnetic Reynolds numbers
is, normally, obtained in the form of integrais in the complex plane; it is difficult to eval-
uate for cases of practical interest |66-72, 74]. However, when Rm « 1, one can state

this problem as an approximation and thus obtain a solution in its final and relatively
simple form, We shal! row consider the problem for Rm <« 1 and a constant pressure
gradient,
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{76]:

, WhﬂeR;.’-'-—’;'i
| of length £.

The boundary conditions for Eq. (2.151) are:

where

Integrating Eq. (2, 148) and then dividing through by UB, we get

1~ ln ‘””*R-Lr'

where U and T are the characteristic veloctty of the conducting fluid and the character-
istic time.
WhenR « 1and b/UT < 1, it canbeassumedthatE does not depend on x and

is a2 function ol time only, Then Eq. (2. 147), upon substitution of Eq. (2.150) and use of
Ohm's law in the external circuit, reduces to the following integrodifferuntial equation

-q!-v- . -“ . i‘ j iy ...‘?]Qv' o (2. 151’
af Ry ) AT
-
do . e
: 4 U)ll\', J bl ‘-': (.l’, I)' k a RC i Rl;n.,

o 18 the internal elegtric resistance of the conducting fluid in a channel

vl = 0
$ 25 3

wle

(2.152)

The initial conditions shall be specified in the following form: whent =0

where

, h Mox
v (v, 0) == 19 () = Cych - "‘(c T i) ' (2.153)
2
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Let the magnetic field, the load and preasure gradient change instantaneously at
the initial time (t = 6); this is physically justified by the short duration of electromag-
netic transient processes ag compared with the MHD transient proocesses.

59




To solve this problem, we represent the flow velocity in the form [76]

! . .
TN R N OR (2.154)
J

where f(t) is an arbitrary time function.

Upon substitution of Eq. (2.154), Eq. (2.151) breaks down into two equations

N AL | (2.155)
—)-
2 []
Juy=-2 705k ; | v ~‘{‘)="‘J';(r).ll. (2. 156)
] ]
L

The boundary and initial conditions for Eq. (2.155) are

[}
R VO (2.157)
e 3 |

aly oY) (2.158)
We shall seek the solution of Eq. (2.155) in the form

UYL )L, (2.159)

n 1
where F(x) corresponds to the asymptotic value of u.

Substituting Eq. (2,159) into Eq. (2. 155), we gnt three ordinary diffcrential equa-~
tions, the solutions of which arp known [257]:

,,..,(‘) ) -gic. ".,’(.‘_) L. 0; (2. 160)
D () -G, ) = 0; (2.161)
'1':. (\) . ﬂ"\lrl (‘) : 0. v (2.162)

The solution for u can be written in the form

o
\

n - Cieh ';’-.\' - Cysh ';'\. 1 >: A ! Uiyeny ';‘i,,'.\: 2D sh i}:\'). (2.163)
n i

In the above expression, @ and ﬁn are related by the equation

2 ‘..‘uv

SRR (2.164
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Y From boundary conditions u and from the faot that the initial velocity distribution
i is even, we get
Cy=- D = 0.
r i Upon substitution of Eqe. (2.154) and (2, 157), the solution for v takes the form
3
4
; . 1, o 2,16
: v = (ch Vo ch g!) -+ >4 Ce ™' (cll Ve -ch) Pa %). ( 5
f‘ Using Eq. (2.165) we can find the foilowing transcendental equation for the eigen-
H values
f §
: g it
5 3 o AR (, - f‘f‘.f’”ﬁ 2) (2.166)
] b} 61 ) s V-ﬂ; .
§ Examination of Eq. (2.166) showe that a unique positive real value of 8 n exists
? when Mk > 12; when M% < 12, Eq. (2.166) has an infinite ©umber of negative real roots.
k : From Eq., (2.1865) we also get the integration constant C;:
;
i S .
; ! Ci= e T law MY (2.167)
) .V J“ V ¢h- !‘M {' + k( Aiz‘ . l)}

The series coefficients Cn are determined from the initial conditdons. Here it is suffi-
cient to use the property of orthogonality of the system of functions . =-

:.-.(cll V Pax —ch ) Ba J;-)ln the range + b/2. In fact, using Eq. (2,161) andn# m

s
[ (01T VB ) (e Bar— ¥ B Jar o
-7

Multtplying Eq. (2,153) by @ n and integrating in the range £ b/2, we get

C, =< t.'l:;.Qs!s, (2.168) 1
where {
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Let us consider certain special cases of this solution. Let v=0att =0, In this
case, C, in Eq. (2.168), and the solution denotes acceleration of the fluid from rest to

the steady-state value. Here, if k =0, then ﬂn< 0, and Eq,. (2. 165) reduces to the form

. 1 ~ ).2\'1
2 oho CMhe “\" p t - 8 .
O [ ! > T T L N (2.169)
Ay i AN KTEEY, v’
ch 9 B . I‘ t ( i fn
n

where An = 7{2n - 1), We note that Eq. (2, 169) is identical with the solution obtained
in [67] for this particular case.

When t -, Eq. (2.169) becomes Eq. (2.40) for steady flow. When M -0, it
reduces to the form which holds in ordinary hydrodynamics [258]

BN Al
P 2v \? JURNE FOVRNTVES . ‘
O a [['(;) 32 .,/,( v) e ¥ cos), ;} (2.170)
A

For zero initial conditions and k = 1, Eq. (2. 165) coincides with the solution pre-
sented in [73], For zero initial conditions and an arbitrary k, we can integrate Eq.
(2. 165) over the channel cross section and refer the result thus obtained to the asymp-
totic value of the average velocity; we then get

A el b
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(2.171)

This expression can be used for calculating the acoeleration times of a conducting
fluid in an MHD channel under specified conditions. Similar expressions are obtained
for deceleration modes and for transitions from one flow mode to another,

For this case, the visccus friction losses in the channel can be represented as

w (2.172)
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Wkent - o, Eq. (2.173) becomes identical to the previously cited Eq. (2.48).
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Fig. 40. The relative velocity o/ a con-

ducting fluid in a flat channel as a function
of t/0,

Figure 40 shows curves of U = T(t/8) constructed from Eq. (2,171). Curve i cor-
responds {o the ctse M = 0. Curve 2 is constructed for case M 1, Changes in the load
ratio are virtually without effect on the curve shape,

The same figure also shows data obtained by analysis of experimental csoillograms

presented in [108] and referring to the acceleration of mercury in an MHD channel with
a side ratio of 1:10 atk = 1.

Here 8§ is expressed by
. .
§ - !"o""t\"(-""m ' L.
v A \’.ﬂ ,‘..“lu,.. k)

It follows from the above data that theoretical calculations are in satisfactory
agreement with the experimental results,
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The curve for acceleration of the conducting fluid in a flat MHD channel in the
coordinate plane (U, t/8) holds virtually for all such channels. The acceleration time
is approximately 50, This shows that, at a constant pressure gradient, the transverse
magnetic field reduces the duration of transient processes.

* * *

In this chapter we have analyzed relatively simple magnetohydrodynamic problems
as applied to channel flow of conducting fluids and flow past bodies.

The condition Z > a » b, assumed in examining MHD channel flow, is not always
satisfied under real conditions. At a finite ratio of channel walls, the side walls 2ffect
the structure and the overall flow variables. In the case a ~ b, the flow variables are
affected by the conducting electrodes. In addition, ir real MHD channels, as a result of
finite length of the poles of the magnet, the magnetic field in the edge regions is not
uniform in the longitudinal direction.

Solution of the above problems with consideration of finite channel size and of the
presence of conducting electrodes is extremely difficult even in the case of laminar flow.
Some solutions for conditions close to those encountered in practice are presented in the
references. '

However, the problems considered by us qualitatively and quantitatively clarify the
MHD effects of direct applied interest.

The electromagnetic induction phenomenon in conducting liquids is used in various
MHD measuring instruments and devices., Due to the quite high conductivity of these
fluids such instruments and devices are relatively simple.

The field of conductive ponderomotive electromagnetic forces conducting liquids is
used in electromagnetic pumps and MHD engines. ‘Tine ability to control boundary lzyers
by means of electric and magnetic fields can be used for reducing vessel drag in sea
water,
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CHAPTER 3

MAGNETOHYDRODYNAMIC METERS

Magnetohydrodynamic [MHD) meters in use or of prospective use in marine engi-
neering comprise a broad range of instruments. The principal instruments of this clan
are magnetic flowmeters and sea-current velocity metera. A special group comprises
instruments used for measuring density, temperature {heat], chemical resgents, etc.

A separate group is made up of devices for studying the structure of flows of conducting
fluids. Each of these groupe includes a large number of {nsiruments, which differ from
one another by the kind of power used, design execution and measuring principles, fre-
quently determined by the physical properties of the conducting fluids.

Due te the limited scope of this book, we cannot consider all MHD instruments.
Henoe we shall consider only those which are of greatest practical interest,

1, Operation and General Description of Magnetic Flowmeters

The MHD method of measuring flow velocity is based on the electromagretic tnduc-
tion phenomenon, As specified by the law of electromagnetic induction, whenever any
medium moves relative to a magnetic field, an emf proportional to the flow velocity and
independent of the physical properties of the medium ts induced in the latter,

When a fluid moves {n an MHD charnel oqnippod with eloctrodes, the emf induced
in the flow results in the appsarance on electrodes of s potential difference the magnitude
of which {s indioative of the flow velocity, The oumhotlvtty of the fluid governs ssveral
effects which determine whether this method is of practicai use,

Because of the finite length of the longitudinal magnetic fleld, the eluctric currents
circulating in the conducting fluid form closed loops at the end xones, and the fluid thus
exerts a ponderomotive foroe on the axternal magnetic aystem; the magnitude of this force
oan also be used for indicating the flow velocity.

A third effact which can be used for designinr, magnetic flowmeters is the fact that a
magnetic fleld in which a conducting fiutd moves ie attenuated by the fleld of the induced
currents. The magnitude of this attenustion of the external magnetic field can be used to
characterise the flow velocity of the conducting fluid,
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Corresponding to the above effects, one distinguishes the following types of mag-
.netic flowmeters:

1) conduction type, which measure the potential difference on electrodes, pro-
duced by the emf induced in the flow;

2) ponderomotive {force] type, based or. the direct measurement of the force of
interaction between the currents induced in the fluid and the applied magnetic field;

3) induction type, based on measuring the magnetic field of induced currents.

The schematics of these flowmeters are shown in Figs. 41, 42 and 43.
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Fig. 41, Conduction-type magnetic flowmeters:

a) With a rectangular duct and point electrodes; b)
with a rectangular duct and continuous electrodes; c)
with a circular duct and point electrodes.

The conduction~type magnetic flowmeter, shown in Fig. 41, consists of rectangu-
- lar or circular duct 1 made from nonmagnetic material, with conducting electrodes 2
installed in i{t, The flowmeter duct is placed in the gap of a permanent magnet 3 or a
DC or AC electromagnet. An instrument measuring the potential difference produced
by the flow of the conducting fluid in the duct is connected across the electrodes.

A rotary force flowmeter is shown in Fig. 42. The instrument uses a magnet
assembly which moves at the same speed as the fluid.

Fig, 42. Schematic of a rotary force [pon-
deromotive] magnetic flowmeter,

The fluid flows through pipe 1 placed between two disks 2 fastened on a common
shaft. Four pairs of permanent magnets 3 arc fastened on the disks at points equidistant

-
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from the shaft, The electromagnetic forces applied tc ..agnets by the fluid passing through
the pipe force the disks to rotate, The velccity or mass flow rate of the fluid is measured
on the basis of the angular velocity of this rotation,

The force with which the flow acts on the magnets depends on the conductivity of the
fluid, which should be suffictent in order to overcome the friction in the shafis of the in-
strument. Siace the rotational inertia of the instrument is relatively high, it is insensi-
tive to rapid velocity changes, i.e., its dynamic response is quite low,
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Fig, 43, Schematic of an induction-type
magnetic flowmeter.

An induction-type magnetic flowmeter is shown in Fig. 43. In the gap of en AC
electromagmet 1, near the pipe, are placed two idegtical measuring coils 2, connected
to & voltmeter. The coils are cuonnected in opposition so that the emis induced in them
by the magnetic field of the main electromagnet cancel each cther. The magnetic fields
of the currents induced in the conducting fluld have different directions at the inatrument's
inlet and outlet, so that the emis produced in the mensuring colls by these flelds add up,

The most axtenatvely used magnetic flowmeter is the conduction type, although in
oertain special cases prefervnoe is given to induction or force flowmeters,

Magnetic flowmeters have a number of subatantial advuntages over other flow-
meters.

The magnstic flowmeters now produced serislly for industrial use are of the 0, 5-1
socurscy classes. Magnetic flowmaters of the G, 25 socuracy class are under develop-

men {147, 183],

Due to linsarity of thelr characteristics and the use of multi-range meters, mag-

netic flowmeters have s wide operations range, appreciably exceeding that of oum- tvpes
of flowmwsters,




Conduction and induction-type magnetic flowmeters have no rotating parts, pack-
ing glands, seals, etc., i.e., they are fully sealed. These flowmeters exhibit good
dynamic response which makes them ugeful for measuring unsteady flows,

A R -

-~ .

N

e
.

1

Fig. 44. Response-time curves of various types
of flowmeters.

1) Vane; 2) ionization; 3) gyroscopic; 4) flowmeters
with Coriolis acceleration; 5) external-flow flow-
meters; 6) thermoanemometric: 7) ultrasonic; 8)
magnetic Clowmeters with AC magnets; 9) magnetic
flowmeters witih DC or permanent magnets,

Figuie 44 shows curves of G - f(tiQ. which characterize the response time of
flowmeters or sudden change in flowrate from G, to Q.: these curves show that magmetic
flowmeters exhibit high dynamic response.

Becsuse MHD effects in a certain range of M and Re reduce the flow friction fac-
tor. magnetic fiowmetere for liquid metals can be o designed that they will not intro-
duce additionfT™flcw resistance in the circulation loop,

A particularly valusble aspect of magnetic flowmeters is the fat that they can be
used with corrosive media and radicactive liquid metals.

Among sbortcomings of flowmetors used with liquids with ionic conductivities are
their dupendence on 8 number of factors produced by electrochemical processes (in &
constant magnetic field) and various hulerferences (in an alterrating magnetic fiaid),
However, means are available for combeting these interforences,

We shall limit ourselves to discussion of conduction-type flowmeters, which are
simple and the most widely used in various branches of technology.

2. Theory of DC Conduction-Type Magmtic Flowmelers
Magnetic Flowmeters with Rectangular Duct and Poiat Electrodes

Constder the fluw of a conducting fluid ‘n the rectangular duct of a conduction-type
flowmeter with point electrodes depicted in ‘Fig. 41a. We shall assume that the duct is

lufﬂd:ntly long so that we can neglect edge effects and regard the applied magnetic fleld
as uniform.
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Stnoe div / =0, which follows  'm Eq. {2.3), using Ohm‘s law in its differential
form (2. 6) we get the following equation relating the electric potential, flow velocity and
epplied magnetic field

L < div lvx B). 8.1}
Equation (3. 1) {s the basic equation for magnetic fiowmeters and allows, givena
velocitr distribution end the magnetic flux density, to find the distribution of the electric
potentirl ¢.
Expanding div {0 x B}, Eq. (5.1) can be rewritten in the form
Ap  JBeurl v -— v eurl 8. (3.2)

Since it is assumed that the magnetic field is uniform, we can sssune In Eq, {3.2)
o curl B =0, whereupun it reduces to

I 4 I g M H) 3.3)
'a‘z" oyt Bo sy (~30

It is assumed that the walls are insulators. Then the boundary conditions for the
electric potential are

.dft e u-‘?w- beyrd
2 BT S R (3.49)

vt -
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Equation (3. 3) is the Poisson equation, while the problem itself corresponds to
Neumann's second boundary-value problem [259].

The solution of Eq. (3.3} with boundary conditions (3. 4) can be sought in the form
[111)

““
Q== -52‘ -I- 2‘3‘ o, () sin Ay, .5)
222 -y nd
where A .- 2" 5 .).L; and - %&_.

Substituting Eq, (3.5) into Eq. (3.3), we get

-

SR N Lt DRIV RN (3. 6)
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The flow of the conducting fluid in the duct may be either laminar or turbulent.
Since no relationship for the velocity distribution of turbulent flow in rectangular channels
with arbiirary ratio of sides is available, we can, following S, A. Regirer [154], specify
the velocity diatribution 28

chN‘-"ChNg %‘ chy ch Ny %!' (3(«7)

ox, 4) = el Ny Noch W, Toshwy N eh g g
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where v, is the meui fiow velocty, Ny and N, are dimensionless parameters, which
.characterlze the degree of filling of the velocity distribution, When Ny — 0 and Ny — 0,
a parabolic distribution is obtained from Eq. {3.7), while when Ny = Ny — o, a uniform
(flat) velocity distribution (plug flow) is obtained.

Expanding function (3.7) into a Fourier series with consideration of Eq. (3.86),

we get
Oy B s Ve W N 2L, (3.8)
where
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The general solution of Eq. (3.8) can be written in the form
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Here the constants of integration are determined from the condition o, | =0

x.0
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after which Eq. (3.5) can be represented in the .form
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The potential difference at two point electrodes (x =0, y = +a/2) is determined by the
expression

T e Ay, ANy ) (3.11)
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In Eq. 3.11), functionw ( v, Ny, N;) characterizes the effect of the velocity field
in the plane of the point electrodes on their potential difference.

Examination of Eq. (3.12) shows that for given values of N; and N, and for a vari-
ation in geometric parameter from 0 (flat channel) to 1,57 (square cross section), the
effect of the velocity field on the potential difference between point electrodes is particu-
larly strongly manifested in square channels. Here, for v = 0, ¥ = 1, which shows that
the readings of magnetic flowmeters with flat ducts and point electrodes do not depend on
the velocity distribution in the conducting fluid,

In the case of M< 1, the magnetic field does not appreciably affect the velocity
distribution in the iluid, i.e., MHD cffects of the first kind may be neglected. Ir this
case, the parameter N will characterize tae effect of the Reynolds number on the mag-
netic flowmeter readings in turbulent flow of the conducting fluid. Here, MHD effects
of the second kind take place.

Let us examine these effects in 2 magnetic flowmeter with a square duct, The
velocity distribution in this case can ke assumed symmetrical relative to the two coordi-
nate axes, i.e,, we can set N; = N, = N. Analysis of Eq, (3.12) shows that for a square
duct in which N varies from zero (laminar flow) to infinity, function¥,; varies from 1,12
to 1, The resuits of calculations for this case are presented in Fig, 45,
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Fig. 45, Curves of ¥y and¥; as a
function of parameter N and Hartmann
number for a square duct with point
electrodes.
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It is interesting that when the Boussinesq solution [260] is used for v(x, y), func-
tion ¥, is equal to 1, 105, which shows that Eq. (3.7} satisfactorily descr:bes the sym-
metric velocity distribution in a square duct,

When M > 1, the velocity distribution becomes unsymmetrical relative to the two
coordinate axes due to the appesrance of MHD effects of the firat kind. In thia case in
Eq. (3.12) for a aquare duct N; # N;. Specifying different values of N; and N,, we can
ciavify the effect of an asymmetric velouvity distribution on the potential difference be-
tween point electrodes. However, it is better to use for this purpose the exact solution
of D.A. Shercliff [13]. Here *ve get the following expression for the potential difference
at point electrodes {111]

AR NI &) 5 (3.13)
KN 07) BT
2 e e 4 .
1 ) oy ﬁ ‘ o hu,—2
ot i Py b
y I( U (, ‘) b hA-
a -1 L t 2k 2 .
S NEV L
{)l I [""'-x.:::r\c.z 1 WK
o
- : b, -
\“ ‘ _l, . -sh N . | L V!,“"!_.?',
ety w?) , 5 RPN
. _ AL )y 2
)1 Uy L RENE ) J
L1 (a -y [ L (2s 1)K
vt (3.19)
where
PG TLIN I ISR R IR ) R B,g,:- l ",i‘:
IR C G 1| AT T E QT )¥

The results obtained using Eq. (3. 14) are shown in Fig, 45, which also shows
data obtained with laminer mercury flow in a square duct of a magnetic flowmeter with
point electrodes. The two sets of data are in satisfactory agreement,

Examining Eq. (3, 14), we see that when M goes from zero to infinity, the function
¥, changes from 1,105 to 1, and this is what describes the effect of the magnetic field on
the potential difference between point electrades in laminar flow,

In turbulent flow, the velocity distribution as a function of M?/Re will be inter-
mediate between the velocity distribution for laminar MHD flow and the velocity distri-
bution for ordinary turbulent flow with a given Re, In any case, it can be stated that
the value of function ¥ will here lie within the above established limits,
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The dependence of the potential difference at electrodes on a magnetic flowmeter
on the velocity distribution can be eliminated by repiacing the point electrodes by con-
tinuous latersl electrodes, which average the eloctric fleld.

Magnetic Flowmeters with Rectangular Ducts and Continuous Electrodes
We shall now consider the problem of flow of a conducting fluid in a rectangular
channel, two sides of which, x = £b/2, have an arbitrary conductivity, while two others,
y = £8/2, are ideally conducting electrodes (Fig. 41b). The magnetic field will, as be~
fore, be treated as uniform.

In this case, the system of initial equatfons is

Ap - B, _qg_(g;_'y.)_; A, =2 0;

Yo ks P kO Qo= kg

X == 0; -gz;:.—. H (30 15)
b dp O, 9 Cal
R B By Ml N P
o e O __
=g o =0
9
by o (= 35 b uBe)s e 0o (3.16)

where the subscript *w" applies to horizontal walls, each of which is (bw - b)/2 thick.
The velocity distribution in the duct can be assumed that given by Eq. (3.7).

Integrating the yth component of the current density over the entire duct cross sec-
tion (including the walls), and using the boundary conditions, we can obtain the following
expression for the potential difference at the electrodes of the magnetic flowmeter [154]:

..‘)| —ae q\‘ Vi le’ba L 1 -. vCB““kl' (a. ln

o33

It follows from Eq. (3.17) that in this case the potential difference at the side walls
does not depend on the velocity distribution, but that the flowmeter geunsitivity decreases
due to conduction of the horizontal walls, When L and with appreciably thick hori-

gontal walls, the flowmeter sensitivity will be very low,

If the top and bottom walls of the flowmeter are thin, so that we may assume

b'-b-v 0, or if they are made from a dielectric matertial (c'-onbon

@ — Py - 0B (3.18)
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Fig. 46. Experimental characteristics of a
conduction-type DC magnetic flowmeter with a
rectangular duct and continuous lateral (side)
electrodes.

1) Laminar flow, 2) Turbulent flow.

Figure 46 shows experimental data ,, ;. - f(».) for a magnetic flowmeter with
a square duct, whose walls x = + b/2 are isolating, while the two othors y = + a/2 are
metal electrodes. The data werc obtained for mercury and various By = const, The
dashed line on the figure separates data for laminar and turbulent flow. It is easy to
see that the relationships .« . [(.) for By = const, are linear, which shows
that the readings of this magnetic flowmeter are independent of the velocity distribution,

Magnetic Flowmeters with Circular Ducts and Point Eiectrodes
Consider the flow of a conducting fluid in a circular duct of &8 magnetic flowmeter
(Fig. 41c). Assume that the walls are made from insulating material, and that the mag-
netic field {s uniform.

The electric potential equation to be solved is, as before,

Ay - (3.19)

The boundary conditions for the electric potential are
sl o, . (3. 20)
ot s

where n is the normal to contour 8,
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For an arbitrary velocity distribution and boundary conditions (3. 20}, the solution
of Eq. {3.19) is [146]

N S 1) v ' ut Iy,
o { m)( 1)[" (‘ "--u/.]l i @.21

wbere Im danotes the imaginary part, while ¢ and 7 are Cartesian coordinates referred
the (x, y) plane:

gevlig g -8y x=te-in,
Setting z = 21z in Eq. (3.21), we get the following expression for the sensitivity
of the meter:

t\ e )Ll B)dvty
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The function W{x, y) reflects the weighted contribution of flow in various points of
the cross section to the potential difference at the point electrodes, and has the form

7 PR S R LY . 923
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Figure 47 shows the contours of W = const. The smallest value of W in the duct is
0.5. Near electrodes + ¢ the value of W increases without bounds.

Fig. 47. Isolines of weighted
function w.

Previous studies of Kolin {140] showed that for an axisymmetrical velocity distribu-

tion in the duct of this {lowmeter, the pmmth! difference st the point electrodes does not
depend on the flow conditions,




P. Gold, considering this problem for laminar flow of the conducting fluid and
arbitrary M, estsblished [150) that when M > 1, a velocity distribution asymmetrical
relative to the axis has an appreciable effect on the readings of the magnetic flowmeter,
In particular, when the Hartmam number increases from very low values, when the

flow may be regarded as axisymmetrical, to infinity, the sensitivity of this flowmeter
drops from 1 to 0. 325 (Fig. 48).
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Fig. 48, Factor ¥ as a function of the Hartmann
number for a circular duct with point electrodes.

Figure 49 shows experimental data for a magnetic flowmeter with a circular chan-
nel 12,7 mm in diameter, isolating walls and side-mounted point electrodes. The data

were obtained by Shercliff for mercury [30]. The dashed lines in the figure are for the
case of ¥ = 1 (axisymmetric flow),
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Fig. 49, Experimental characteristics of a con-
duction-type DC magmstic flowmeter with a circu-
lar chamnel and point electrodes,

Curves | and 2 are for inside scales: curves 3
and 4 are for outside scales; here curves 1 and 3
correspond to the left scales, while curves 2 and
4 are for the right scales,
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It follows from these data that the characteristics of this type of flowmeter depend
on the fiow conditions in the liquid metal and are nonlinear.

Shercliff, in analyzing Eq. (3.22), showed [146] that under certain conditions the
sensitivity of a magnetic flowmeter with & circular duct and point electrodes may be
appreciably below 0.925. He bas slso established the effect of conducting channel walls,

Because of the shunting effect of the conducting duct walls, the flowmeter sensitiv-
ity drops. The correction factor for the shunting effect in axisymmetrical flow is [147]

. 24
By —

v 8 :’:(. ey )"" .29

where 4 and D are the inside and outside diametars of the flowmeter duct.

Influence of Longitudinal Edge Effects on the
Sensitivity of Magnetic Flowmeters

Readings of magnetic flowmeters can be appreciably affected by end effects due to
the {inite length of the meter. Theoretically, these effects can be astablished only upon
assuming inviscid flow of conducting fluid in the flowmeter duct.

Let us examine the inviscid flow of & conducting fiuid in a flat vertical channel
( —~ o) with electrodes of length Z connected via the load resistanos R,. Let the duct
walls (up~ sud downatream of the electrodes) be isclating, and let the vector of the ex-
ternal magnetic fleid depend only on the s coordinate.

When R <1 the induced maguetic field cua be neglected. and the induced current
density distribution and the electric poientia! ’Istribution can be found yn the equations
divj = 0, (3.25)

J=e|—-Vo+ loxBl). (3,36
Here, vector B is assumed given,
From Eqs, (3.35) and (3.26) we get

b= /a2 f-of- 30180 (.29
Since Bis) -0 when z — @
fl oo, 9)::0; J(too, p) .0 (3. 28)
The boundary oonditions oan be writtss as follows:
at the electrodes
1(n £-F)e Lotor - <2< (3.29
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at the insulators
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The electrode potential is obtained from Ohm's law for the external circuit

.‘.
) e f,!(,' 3)‘,,_ (3,31

Since function ¢(z, y) satisfies the Laplace equation, we can introduce the ana-
lytic function

. .‘u‘ . ".“
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Here, we have the following boundary conditions for £(x):
ua 0 at the electrodes; w = -vB(z) at the insulators;
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Function B{z) is even; hence, because of the symmetry of conditions, we need only con-
sider the right-hand half of the channel, ’

This boundary-value problem was solved by A, B, Vatazhin [145] by conformal
mapping of the half-band

L] [ ]
‘:\"o ’<’<g

onto the upper balf plane, vaing the Kaldysh-Sedov furmula, Here the following expres-
sion was obtained lor the e¢lectric potential
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where

K(k) is a total elliptical integral of the first kind; and ii (#/2, h, k) is a total elliptical
integral of the third kind.

Examining the above expressions, we sce that when 0.5 < 1A, @* can be expressed
as

w04ty L (3. 35)

When the electrode length exceeds that of the duct, function S can be approximuted by

| S(Z)and (5= (3.36
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Analysis of experimental data shows that the magnetic field distribution beyond the
electrode edge oan, in general, be expressed au

2o N () L) @37

where B, is the uniform magnetic flux density in the electrode zone: 4 is the gap between
nnr( poles; Ay, Ay, o, and o are coefficients which depead on the design pirameters
of the magnet.

Upon substitution of EqQe. (3.36) and (3. 37), the integral in Eq, (3. 34) c2n be re-
duoed to the form
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In turn, the integral <ontained in Eq. (3.38) can Ik expressed by a B -function

for Ml (G 013 0.59

where
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When the characteristic parameter lies within the limits

The above series is approximated, with high accuracy, by the formula
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and the expression for the electric potential assuming finite dimension of b is reduced
to the form

(?l - [;\. -_ [ ,:_'\‘: e ——— (3. 43)



where
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When Ry -, Eq. {3.43) tckes the form
‘rl = 'r‘ =4 03"'?!‘(:‘ ‘3. 45)
while when a/é -0, it becomes the previously derived Eq. (3. 18).
Examining Eq, (3.44) we see that when the magnetic field beyond the olevirade
edges drops off slowly, the edge effects on the magnetic flowmeter readings can te
neglected if £/ = 5.

Figurc 50 shows crzves ¢ ky = f; ({/a) for a slowly atteruated maguetic field beyond
the electrode edge {curve 1j a.d for an abruptly changing field {carve 2),

Fig. 50, Curves of kyas s -
function of LA,

¥+fect of Temperature on the Sensitivity of Magnetic Flowmeters

Readings of magnetic flowmeters can be affected by changes in tho temperature of
the conducting fluid. This portains particularly to mngnetlc flowmeters for liquid metals,
whose temperatures can be quite high,

As follows from Eqs. (3.17) and (3,24), the temperature variations will affect the
ratio o"/b; henoe the conductivity of the wall material should be matched to the coaduc-

tivity of the fluid,

Temperature variations may vary somewhat the air gap of the electromagnet and
the magnetic flux density.
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. Fig. 51. c-zhaped magnez
- assembly.

The maghetﬁ’c’ f161d in Rould metal dowmeters is fx;equeifly"induﬁzéd by permaneut
magrets made fron Alnico, Magnico and other aﬁoyn. In this case the correction fac-
tor, taking imio accours the tempsamtuw affect on the 'ead.‘ngea, can be written as [148]

7 | ” ‘7',‘ 'w“d)
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where 4 ic the sir gap of the ! -shapzd megnet {Fig. 51), & v 18 the temperature ex-
pansion coeificient of the yoke Ty 18 thaaveraga temperabuw of the yaka T is the
) avarage temperature of ¢ne magnet leg, and ’1‘" s the awemge tempemwre of one pole..

If the magnets are nect thcrmaﬁ.y stabilized by belng subjected to aeveral heating~
cooling cycles, then for the Magrica alloy at temperetures below 'rm = 500 °C,

= » - =4 ovei
8, = (2.6-2.8)- 104 ocL,

In practice, when the plpe teraperature ia balow 400'C the magnst is not apprsci-
' ahly haated and kg= 1, ;
Ger‘eralized Description of M&g'netic Flowmeter Readings

In accordance with the above, the potential difference at electrodes of magnstic
flowmeters can, in the general case, be represented by

IRPIEERNMERIRNG IS i I % (3.47)
In expressions for the potential difference, which are given in handbocks and in
some other references [148, 153,-261], factor ¥ is taken ag unity, However, our pre-
vious analysis shows that this is not always the case.

Our previous discussion alzo makes it possible to present recommendations on the
application of various conduction-type flowmoters.
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For fluids with lonic conductivity {electrol tes, sea water), one should use mag-
netic flowmeters with circular ducts and side slectrodes. For precise flew measure-
raent of liquid metals, one should use magnetic flowmeters with rectangular ducts and
continuous side electrodas, When the magnetic field is produced by air-gap magnets,
flowmeters with flat ducts and point electrodes ara used to reduce gap resistance,

If the flow of liquid metal 18 to be measured with an zccurncy of severa! percents,
then flowmeters with circular ducts and point electrodes can be used,

In selecting magnetic flowmeters, cousideration must also be given to several
additional factors due to near-electrode processes,

3. Effect of Near-Electrode Processes on the
Remg&g of Magnetic Flowmeters

Complex electrochemicsal processes take place at the electrode-fiuid interface of
conductiou-type magnetic flowmeters in flow of liquids with ionic conductivities. The
electrostatic forces produce electric charges in the thin liquid layers adjscent to the
electrodes; these, together with the electrode surface, form a double electric layer.
Ths electrode surface in this case acts similarly to a charged capacitor.

The appearance of this double layer produces a potential diffrrence between the
electrode ard the liguid; its magnitude depends on the electrode material, chemical com-
position of the liquid and other factors, and amounts to 0,5-0.7 V. Usually the electrodes
are mads from the same material, hence the potential drop between them and the liquid
should be ¢pposite in 2ign and should cancel out. However, due to a certain chemical
inhemogeneity of the electrodes, deformation of their suriace, as well as oxide films,
the potential Ciffezence between the electrodes may be as high as a fow tens of millivolts
and exceed the magritude of the measured signal. ‘The magnetic flowmeter is thus a kind
of galvenic cell, the amf of which depends on the fluid concentration, tempurature and
pressure, and varies with time,

When the licuid flows past the electrode, this double electric layer is partially de-

_tached by the flow, whick results in voltage fluctuation in the measuring circuit, As a

result of electrolysis, gus is liberated at the electrodes, which also increases the in-
stability of electrode potentials,

The rate of ion neutralization at the electrodes is limited, so that when a current
flows, the concentration of ions of opposite signs increases at the electrodes, The latter
are polarized, which produces an additional emf between them, weakening the measured
signal. «

The above processes impose difficulties in the use of the constant magnetic field
for measuring the flow of liquids with ionic conductivities,

There are special electrode designs which appreciably reduce the interference of

" near-electrode electrochemical processes. However, these designs are complex and

pot too suitable for industrizl flowmeters,

In actual practice, one uses flowmeters with an AC magnet for measurements of
lquids with ionic conductivities. In ti.eeoc instruments, the instability due to the intrin-~
sic galvanic emf is easily eliminated by high-pass filters [147], The effect of electrode
polarization on flowmeter roadings is also reduced.
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Induction noise, which arises in the instrument circuit when uaing an AC magnet,
cau be reduced by special compensating methods [147],

The DC magnetic field is successfully used in conduction flowmeters for liquid
metals, These metals exhibit electronic conductivities, so that no difficulties due to
near-electrode electrochemical processes are encountered. Alternating magnetic fields
can, because of the high conductivities of liquid metals, result in appreciable losses due
to eddy currents in the flow,

Flowmeters with a constant magnetic field have the advantage of design simplicity
and moderate cost. They do not require an electromagnet with a core made of electric-
grade sheet steel or a regulated power supply. At the same time, the so-called contact
resistance, which reduces the instrument sensitivity, may arise in DC liquid metal
flowmeters under certain conditions, Ms effect is particularly felt at low liquid metal
temperatures {213]. The contact resistance effect cannot be calculated analytically,
This resistance changes with time and depends on the state of the electrode surfaces.
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Fig. 52, The contact re- Fig. 53. Time variations
asistance R, as a function in magnetic flowineter

’ reading upon increase in

of temperature. the liquid metal tempera-
KEY: A) 1IKh18N9T-PbBi; ture.

B) 1Kh18NT-Na,

Interesting studies on contact resistance at the electrode-liquid metal interface
were done at the Institute of Physics of the Latvian Academy of Sciencee [262]. They
show that the contact resistance is due to many causes, in particular, the resistance
of various oxides and physical adsorption films, which are almost always present.

The physical adsorption films in most cases are dielectrics, and may produce an appre-
ciable resistance at ambient temperatures.

The magnitude of contact resistance is also governed by the absence of true contact
over the entire electrode surface. It is zero when the surface is wetted, and ranges over
very wide limits when it is not. It was alsc found that contact resistance drops with in-
crease in temperature and in niost cases disappears at approximately 400°C,
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Figure 52 shows contact resistance at interfaces between stainless steel - liquid
sodium, and stainless steel - lead bismuth eutectic mixture. The stainless steels used
in these experiments were 1Kh18NT and 1Kh18N9T, respectively, Curves 1 are for
clean electrodes, while curves 2 are for oxide-coated electrodes.

Figure 53 shows data on the effect of contact resistance on readings of magnetic

flowmeters [134]. It is easy to see that with increasing temperature the sensitivity of
magnetic flowmeters (which depends on the contact resistance) increases.

4, Operating Features of AC Flowmeters

As was noted above, conduction-type flowmeters with alternating magnetic field
are used with liquids exhibiting fonic conductivities. The AC flold produces various
kinds of noise. However, the means for combating it are more effective than those used
for reducing the deirimental effect of electrochemical processes occurring with a con-
stant magnetic ﬁel/d.

The detrimental effect of near-electrode processes can be eliminated by special
filters. The electrode polarization effect is reduced with increasing the field frequency
w, but is still perceptible at 50 cps.

Figure 54 shows the equivalent circuit of a conduction-type flowmeter with an al-
ternating field [153]. In this circuit, the electrode polarization effect is represented by
capacitor C;, (several microfarad) in series with the converter. The phase shift pro~

duced by electrode polarization can be compensated by a circuit consisting of an inter-
mediate capacitor C and resistance R. The relationship between the potential difference
at the electrodes and tte emf &.developed in the flow has the form

R (3.48)
14 -f«
£
where 7- Ao 7.»"’“}- is the internal resistance of the meter, while Z, is the load
DR o [ M
R
resistance.
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Fig. 54. Equivalent circuit of the
AC magnetic flowmeter.
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It follows from Eq. (3.48) that in order to obtain high flowmeter sensitivity it is

necessary to satisfy the condition

¥ 2z ) is small, then variations of R, C P’ C and w will affect the readings. In this

2> 7.

case and with liquids of relatively high conductivity, the principal effect on flowmeter
readings is that of electrode polarization,

These results were verified experimentally using a flowmeter withw = 60 cps

and Zy = 0,47 Megohm in experiments with fibe aqueous solutions (KCL, NaCL, NaOH,

HNO, and Hy80y of various concentrations, The flowrate and magnetic flux density

were held constant throughout the experiments (Q = 0.3 liters/sec, B, = 3. 96° 10~%tesla)

[153).

RN

R N R AR T IR

oY
.o | - ' “‘ ' o]
0 “_'\‘l\’"’”_ .
AN
ey /' i SN Lo
a5 '/ i
";/ s 5 v !

Fig. 55. The measured signal as
u function of the internzl resistance
of the HBOy solution,

1) Experimental curve:; 2) theoreti-
cal curve for Z¢ = o and in the
presence of polarization; 3) theo-
retical curve for Z; = 0,47 Megohm

and absence of polarization; 4) theo-
retical curve for Z¢ = o and absence

of polarization,
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Figure 56 shows the experimental results with a HNOy solution (curve 1), R is
seen that at high concentrations, when Rin' the flowmeters internal resistance, was

lesr than 104 ohms, the electrode polerization was at maximum. Hence, a further
increase in the concentration of the solution and consequently, in its conductivity, was
not reflected in the lnstrument reading, When the concentration was reduced and the
{nternal resistance was raised from 104 to 10% ohms, an increase in the flowmeter sen-
sitivity was noted, which is attributable to the reduced affect of electrode polarization.
Upon

further increase in resistance to 10° ochms, the instrument readings again dropped
off, which is due to the increasing effact of resistance R.

Consequently, changes {n concentration and conductivity of electrolyte solutions
affect the differcnt components of Z differently.

The capacity C of the converter proper i{s under ordinary conditions sppreciably
smaller than Cp. and is important only when the conductivity is very low.

The alternating magnetic fields inducer a parasitic emf in the measuring circutt;
it is 80° out of phase relative to the meusured signal. The magnitude of this emf is
determined by the area of the measuring circuit and its alignment relative to the mag-
netic flux vector. Hence the plane of the measuring circuit, formed by conductors
leading from the electrodes, should be parallel to the magnetic force lines. Another

method of combating the effect of parasitic emf employs a special winding, comnected
to the electrode, over the magnetic circuit,

In flowmeters designed by NII Teplopribor [Research Institute for Heat and Power
Engineering Measuring 'nstruments] this method is used in small detectors for duct
diameters d = 10, 20 aad 25 mm, while the first mcthod {8 used for ducts withd > 50 mm.

Special compensating systems are used for complete elimination of the effect of
parasuic emf,

When the steel of the magnet core approaches (mntlon. odd harmonica and noise
sharply increase [263]. Hence the flux in the magnet core should not exceed a certain
limit. According to data of NII Teplopribor {153}, this limit is 0.25-0.3 tesla.

It should also be remembered that any change in the power supply of the magnet,
when operating over the saturation part of the magnetizing curve, changes the magnetic
flux density. Hence a voltage regulator must be placed at the electromagnet input,

5. Design of Magnetic Flowmeters

Proper operation of conduction-type magnetic flowmeters requires that the field in
the electromagnet gap be uniform.

Magnet assembliea with flat poles over rectangular or circular flowmeter ducts
{see Fig. 41) provide satisfactory field uniformity {a the active duct, However, they
cannot be used for large ciroulsr ducts due to their large size and the appreciable power

needed for obtaining the desired flux densities in the gap. In these cases magnet assem-
blies of special design ere used {147, 1531,
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Fig. 56. Magnet assemblies of
flowmeters with distributed wind-

ingn.

1) Duct; 2) electromagnet winding;
3) magnetic return circuit, :

The magnet assemblies in flowmeters vith ducts larger than 25 mm have distrib-
uted windings, similar to the deflpcting systems of televion tubes. A magnet assembly
with distributed windings is 8 in Fig. 56, In this cane the magnetic fleld ia pro-
duced by two aaddle-shaped windings. The magnetic return circuit shape approaches
the elliptical (Fig. 58a). To provide a uniform magnetic fleld, its cross sectional shape
is so designed that the magnetomotive force varies along the axis connecting the elec-
trodes in the same manner as the gap. The winding density is maximum at the edges
and decreases toward the middle of the magnet. In magnet assemblies with distributed
windings virtually the entire air gap is utiliged,

Design of magnet assemblies with continuous distributed windiags for large-sise
flowmeter ducts is quite difficult, In this case, the windings are partitioned into several
sections (Fig, 56b).

Magnet assemblies with distributed windings are used in type 3-R! flowmeters
produced in the Soviet Union and in maguetic flowmeters produced by the foreign firms
Alto, Semac, Xent and Eckart.

The magnetic flowmeters produced by Foxboro, Fisher-Porter and Taylor use

magnet assemblies shown schematically in Fig, 57. Inthese systoms the magnetic
fleld s excited by two lumped saddle-shapad windings and is formed by a magnetic
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L % return circuit embracing the windings, without explicit poles. The design of this
1 assembly is simple, but high power i{s needed for exciting the required magnetic field
° strength.
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Fig. 57. Magnet assembly of a
flowmeter with lumped windings.

1) Duct; 3) magnetic return circuit;
3) electromagnetic winding.

|
! g Foxboro flowmetsrs for 50 mm & ducts require 200 W for excitation, with 700 W
roQuired for 450 mm ducts.

The excitation power for the NII Teplopribor meters {s shown in Table 3.

Table 3, Characteristios of Magnet Assemblies of NII Teplo-

pribor.
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assembly type; 8) DRI; 9) E-shaped magnetic return circuit:
10) ribhon-type veturn circuit with die’ ibuted windings,
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In flowmeters produced by the KIP [Control and Messuring Instruments = CMI}
plant, also with circular ducts, the excitation power increases from 200 VA for
d = 25 mm to 400 VA for d = 150 mm and 620 VA for d = 250 mm, The flux density
drops then from 0.05 to 0. 004 tesla,

An important component of magnetic flowmeters are the electrodes. In circular
ducts the electrodes are placed at the ends of the diameter, in the horizontal plane.
They are made from stainless steel, platinum and special alloys resistant to corrosive
media. The electrodes are inserted through special openings in the duct walls, and
airtightness and the required electrical isolstion from the duct walls are obtained by
means of packing,

Figure 58 shows the construction and mode of attachment of electrodes of Foxboro
and NTI Teplopribor flowmeters.
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Fig. 58. Electrode construction of magnotic flowmeters.
a) Foxboro; b) N1I Teplopribor.

1) Elsctrode; 3) insulating Iayer; 3) metal duct wall;
4) force spring: 5) washer; 6} clamp; 7) insalating rings;
8) insulation; 9) spring wasber; 10) cup (1Kh18NST steel).

The signal deteciors developed by NII Teplopribor are designed for presmures of
2.38- 10* Newton/m? (24 kilogauss/m?) and temperatures of 3-50°C. When hest resis-
tant materials are used for insulating the tnner duct surfaces and the electrodes, the
tsmperature can be seversl hundred degroes. The diameter of the {lowmeter (s iden-
tical to the diametar of the pipe in which the meter (5 installed,

Tables ¢ and § present technicel data oo Akoflux sad Fisher-Portur fiowmeters
mm:: 59 and Table Gmmhnunm”nnm«ho Soviet-made
8.

Magnotic flowmeters with rectangular ducts must be provided by an tntricately
shaped expanding (or converging) connecting adnpter (converting & rectangular to a
circular cross section or vice versa) for connection to pipslines.

Magnetic flowmeters with rectangular ducts and continuous side electrodes are
thnlond I;,y the KMGIMIP [Khar'kov State Ina%tute of Measures and Measuring Instru-
ments] {14
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Table 4. Technical data on Altoflux magnetic flowmeters
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KEY: A) Duct diameter, mm; B} maximum flow measured Q,
m¥h; C) power used, W; D) weight, kg; E) length, namn.
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Fig. 59. Overall dimensions of flowmeter.

Table 5. Technical data on Fisher-Porter electromagnetic
flowmeters.

) - C) D) E)
Jlnanerp Nipeseas naucpenns l]otpc(v:nc- Bes, Mauns,
anaaa, ACXO; . ad moug- 3
m;x'la 91610,;: Q “uocu.‘:l xe aN
.
25 0.005~0,18 10 16 260
50 0,072-0,7 35 16 260
12,5 0,13—.4 30 16 250
25,0 0,5{~—18 50 30 S
37,5 1,2—40 50 30 500
50 2,070 D0 40 70}
80 5.4—180 50 $ o
100 8,5—280 50 80 50
150 19613 100 140 100
200 341100 100 <0 1030
250 531800 150 320 1500
300 76--2 500 200 300 1300
350 1003 500 150 410 18U)
400 140—4 500 150 480 1SV0
450 170—5 700 2% 630 2100
500 2107 000 200 8§00 2100
600 300—10 000 200 1080 285
750 41£0-~16 000 200 1600 2%
00 650—23 000 200 2400 —
1030 Cr S30 200 3200 —_—
1200 » 1300 200 4000 —_
1350 » 1500 200 4000 -
1500 » 1900 2c0 6000 -
1650 » 2300 200 7200 -
1800 » 2800 200 8800 —

K& Y: A) Duct diameter, mm; B) maximum flow measured Q,

m3/h; C) power used, W; D) weight, kg; E) length, mm.
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Table §, Overall dimensions of lownierars, mm
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Table 7. Electromagunatic flow-
metere for liquid metals

| Sy

The NII Teplopribor organization is developing 8 serias of flowmeters for liquid
metals, for operation at 800-600°C, Some data on thewe are given in Table 7 [133],
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KEY: 1) Duct diameter, mm;
2) range of flowrates Q, m¥h,

v

XEY: 1) Flowmmeter typs; 2) number of flange holus, 3) KIL

Fig. 60, Photographs of
Soviet DRI electromag-

netic flowmetars,

Figure 80 showe son.e Soviet-produced magnetic flowmeters,
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6. Measuring Circuits of Electromagnetic Flowmeters

When usiag magnetic flowmeters with a constant magnetic field for measuring
liguid metai flow, the output signal is recorded quite simply. In this case the meters
¢lextrodes can be connected d.rectly to a millivoitmeter with a high internal resistance.

When very high reading accuracy is needed, as well as when measuring very low
itquid metal flowrates, the flowmeter signal can be displayed by a precision potentiom-
eter, for example, the PPTN-~1 .aboratory potentiometer.

Sigral detection is much more complicated when an AC flowmeter is used for mea-
suring the flows of a iiguid with an lonic conductivity, We noted above, that in this case
noise due to near-electrode electrorhemical proceases must be eliminated by filtering

the output signal. In addition, special measures must be taken to eliminate noise arising
in the measuring circuit.

Thus it became necessary to develop special measuring circuits which provide
proper detaction of the signal generated at the flowmeter eiectrodes [147, 153].

Figure 6. shuws the measuring circuit of type 3-RI-M magnetic flowmeters, de-
veloped by NII Teplopribor., Here the signal from the flowmeter electrodes is fed to a
symmetric cathoda follow2r, which kas an asymmetric transformer input, The trans-
former preamplifies the signal.

The cathode follower achieves additional suppression of noise; this is done by feed-
ing a compensating voltage to one of its arms. The compensating voltage is taken from
the filament voltage of the vower supply unit of the measuring and amplificatior. aystem;
it is adjusted by means of a circult consisting of potentiometer Ry; and capacitors Cy and
Cq. The input resistance of each arm of the cathode follower is 107 ohms.

The signal flows through a coaxial cebie and switch S; to the grid of the ieft triode
of tube L, which, by means of var.able resistor Ry, varies the phase of the signal fed to
the grid of the right triode of tube L;. The output voltage of the amplifier must be shifted
by 180° relative to the compensating voltage supplied from the flowmeter,

The right triode of tube L, and the two triodes of tube Ly form sn R-C coupled
three-steze voltage amplifier. The amplifie. output feer s transformer Tr,; the signal
flows irom the secondary winding of this transformer to a null halance measu ing in~

strument (EIV, EPID or DSR) with a differential transformer. A1l the amplifier tubes
are 6N2P,

A special feedback scheme is used in the amplifier. The feedback circuit incor-
porates a saturated-core choke Ch, the conirol winding of which is fed with DC current
pro ided by transformer Try via rectifiers Dy and D;. TI 2 current in the cortrol coil of
the choke  and conseqnuently also its inductive reactance, change when the suppl. current

changes, This changes the current in the choke's primary winding, so that the guin re-
mains constant,

The advantage of this arrangement is the ability to use a standard measuring in-
atrument, but it is quite complex, In addition, signal compeneation in this arrengement
takes _lace after amplification, so that the accuracy of the instrument is not to nigh,
Flowmeters with this measuring circuit have a class 2,5 precision,
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Fig. 6I. 8 “ematic diagram of measuring circuit of type
'3~RI-M magmetic flowmetore developed by the NII Teplo-
pribor.

KEY: A) Cathode foilower; B) measuring amplifier; C)
measuring ingtrument; D) RI-25; E) RI~50¢ and RI-80; F)
tapped power traasformer.

Figure 62 shows a circuit for measuring magnetic flowmeter signals developed at
the Institute of Automatics and Telemechanics of the USSR Academy of Sciences. This
arrangement uses a type EMD-236 electronic bridge as the measuring instrument, The
potential difforence from the flowmeter electrodes is fed to servomotor 3, where it is
compared with the compensating voltage taken from rhecstat 6. The measured and the
ocompensa ..g voltages are supplied to the amplifier input 180° out of phase, The rheostat
slide is moved by twy~phase motor 4, which is connected at the amplifier output. To
eliminate the effect of supply-voltage fluctuations, resistor 2 is connected into the elec~
> ~magnet winding circuit. A phase-shifting circuit 7, for compensating for the phase
. . % between the current in the windings and the magnetic flux, is also placed in the
o. ctromagnet supply.

The effect of the transformer parasitic emf is eliminated by appropriate position-
ing of resistor 2 and by selectivity of the two-phase motor with respect to the phase of
the measured signal, The motor controls the motion of the pointer of measuring instru-
ment 5, The basic error of this measuring system is 2 1%.

The measuring arrangement developed at the KhGIMIP is shown in Fig, 63. In
this arrangement, the potential difference from the electrodes of the magnetic flowmeter
1 is compensated before the input to amplifier 5 by the voltage taken off the slide rheo~
stat 3. To provide phase coincidence between the compared voltages, the slide rheostat
is supplied from a section of eloctromagnet winding through a phase-shifting network 2,
This also ensures isolation of the instrument from supply veltage fluctuations,
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Fig. 62. The measuring circuit for magnetic flowmeters
Jdaveloped at the Automatics and Telemechanics Institute
of the USSR Academy of Sclences,
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Fig. 63, The maghetic flowmeters
measuring unit developed at the
KhGIMIP,

For coarse compensation of the transformer emf, the output of one of the electrodes
carries a coil 7, which can be rotated about its axis, thus changing the amplitude and polar-
ity of the emf mduced in it. In addition, the instrument is provided with a phase selection
element, i.e,, two phase capacitor motor 6, whose exciting winding is fed from the second
section of electromagnet winding., The second exciting winding of the motor is connected
to the output of amplifier 5. The motor controis the motion of the rueostat slide and of the
pointer of instrument {. The measuring error is i 5% of the full scale reading.

Starting with 1960, the CMI Plant started production of magnetic flowmetsrs with a

measuring circuit shown in Fig, 64, In thia circuit the signal, as well as the transformer
emf, are compensated by ferrodynamic converters 7 and 8,
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Fig. 64. Measuring system of magnetic flowmeters devel-
oped at the CM1 Plant.

The exciting winding w, of converter 8 i{s connected in sertes with the supply of the
electromagnet winding 1. Since the power to the winding is much greater than that to the
converter, the compensating voltage at the frame of 8 is in phase with the transformer
emf. The frame of 8 is rotated by reversible motor 2 until the transformer emf is com-
pletely compensated,

The winding w; of converter 7 is supplied through amplifier 9 which is fed with the
potential difference between resistor 10 and winding wy,. The potential from the frame
of converter 7 is in phase with the measured signal and is connected in oppesition to it,

The reversible motor 6, which responds to the potential difference at the input of
amplifier 3, rotates the frame of converter 7 until the measured emf {s completely com-
pensated,

Motor 6 also rotates the pointer of indicator 5 and the frame of converter 4 connec-
ted to the measuring instrument. The basic measuring error in this case is +(1,5-2, 5)%.

Figure 65 shows the flowmeter measuring circuit developed by Foxboro-Ioxal!,
There the potential difference of flowmeter electrodes 1 and the voltage compensating it
are fed to difference amplifier 4, A three-winding transformer 3 is connected to the am-
plifier input. Two of the transformer's windings are connected in series with the flow-
meter electrodes, The compensating voltage from the differential transformer 2 is fed
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to the third winding. Upon amplification, the difference (imbalance) signal is detected
by phase-sensitive detector 5, and it then is fed to power amplifier 6, which supplies
the windings of two solenoids 7; the cores of these solenoids move the ring of the dif-
ferential transformer and balance the circuit. A counting device 8 is connected me-
chanically to the differential transformer ring.

|
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Fig. 65. Schematic diagram of the measuring system of mag-
netic flowmeters made by the Foxboro-loxal Company.

7. The Electromagnetic [Ship's] Log

Higher ship speeds and higher range require improving the accuracy of naval
navigation instruments.

Impeller-~type and hydraulic logs, which are extensively used by shipa for deter-
mining their speed and the distance traveled [264] are not sufficiently accurate. Their

error is not uniform over the entire range of ship speeds and is difficult to take into
account, Their accuracy i8 + 0,5 knots,

Magnetohydrodynamic methods make it possible to design a new type of log which
is better and gives higher accuracy, A high-accuracy electromagnetic log with a linear
characteristic over a wide range of ship speeds {8 describcd in[147], Its velocity trans-
ducer is depicted in Fig. 66a.

The transducer consists of electromagnet 2, built into plastic housing 4 protruding
from the ship's bottom, and of two electrodes, installed at the surface of this housing,
The electromagnet winding is supplied with AC through cable 1,

When the ship is in motion, a directional electric field is created around the log,
with the potential difference at the electrodes proportional to the ship's speed. The sig-
nal from the electrodes is fed via cable 5 to the measuring systems (Fig. 66b). The log
is designed so as to provide isolation of the electromagnet and cables from sea water,
The log uses a 60 cps power supply.

The measuring system consists of: signal amplifier 6, velocity indicator 7, veloc-
ity transmitter 8, cumulative distance integrator 9, traveled distance transmitter 10,
distance servo 1i, and counter 12,
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Fig. 66, Scjematic diagram of an electromagnetic
log. \

The design of this log is simple and the device may be usced as part of an automatic
control system, with the feedback based on the ship's speed, Its accuracy, over a wide
range, is + 0,05 knots,

The electromagnetic log is calibrated over a measured course for each scale
range. Here, unlike impeller and hydraulic logs, corrections of its readings are con-
| stant and do not depend on the velocity,

Because of the high senasitivity of this log, it responds to the additional mctioa of

the ship due to rolling in swelling seas, This input is eliminated by using a device which
changes the instrument's magnetic field synchronously with the ship’s roll, 1
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8. Electromagnetic Sea Current Mcasuring Devices
[The Geomagnetic Electrokinetograph] EGEE
Electromagnetic methods can be used for designing instruments for direct mea-
surement of the flow of sea currents relative to the earth and to measure these from a
moving ship, a devolopment which holds great promise in oceanography. These instru-
ments are based on measurement of the potential difference arising at electrodes when
sea water moves relative to the vertical component B, of the earth's magnetic field,

whose magnitude at any points can be ascertained from magnetic charts such as the
isodynam chart shown in Fig. 67 [246],
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Fig. 67. Chart of isodynams of vertical components
of the earth's magnetic fleld.

Since the vertical component of the earth's magnetic field is of the order of
0.5 10"4 tesla, the distance L between electrodes E, and E, of the instrument (Fig. 68)
must be fairly large to yield a useful signal, With the electrodes 100 m apart, the po-
tential difference between them is of the order of 2, 5 millivolts/knot,

With horizontal motion of sea water, as In the case of channel flow of conducting
liquids, the sea bottom exerts its offect, which results in a nonuniform distribution of
veloeity with the depth, This produces a nonuniform distribution of emf in the flow and
results in circulstion currents; when the bottom is a good conductor, these currents flow
in closed paths through the ground's resistance Ry and through the resistance of the sta-
tionary water Ry, which is analogous to the external load of MHD gunerstors. The ro-

sistance Ry ., of moving water can be identified with the internal resistance of such »
gruerator.

The potential difference at GEK clectrodes {s determined from a formula similar
to (3. 43):
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Fig. 68. Schematic of GEK,

where Req {s the equivalent resistance of the ground and of the stationary water. When

qu-m

“w

vy el (3. 50)
Usuallv the sea current velocities are measured using ship-towed electrodes. The
sea current cau..es the ship to dri® from course and it, together with the elsctrodus, is

displaced in a direction perpendicular to the course with velocity N Due to the dis-

placement of the measuring circuit relative to the earth's magnetic field, an emf is in-
duced in it; this emf can be represented in the form

ENER H UMD B

‘The potential difference at the measuring instrument's {aput {s equal to the alge-
braic sum of all the components acting ‘2 the circuit:

TR 1Y et L.

¥

e Ta . '7‘L ;‘?....??YR.. (3. 5”
it follows from EQq, (3. 51) that the em{ induced brtwe 2n the slectruden is
& we (v Gn) o (3. 52

A quantity which is the reciprocal of factor k is the analcg of the loading factor in
MHD generators, Here, factor k depends on the flow conditions, conductivity of the sea
bottom, of the bottom-adjoining water layers, and of the moving water.
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Values of k for any sea region are determined by statistical processing of a large
number of measurements by a GEK and cther instruments, Values of k for several sea
regions are given in Table 8 {147},
current velocities in decp waters, the potential velocity at the instrument electrodes
differs little from the induced emf.
ceed several percents.

Table 8,
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KEY: 1) Water depth, m; 2)
description of sailing region:

3) continental shelves; 4) same
as above: 5) open seas: 6) Ral-

tic Sea.

Fig. 69.
sign of & non-
rolarizing
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Values of factor k
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It follows from the table that when measuring sea

The correction which must be made does not ex-

g
:
1

The GEK records only one component of the
current at any given time. To measure the cur-
rent's vector, the measurements must be made on
two orthogonai courses.

Reliable results using GEK were obtained
* on the Gulfstream [246].

From the point of view of design, the GEK
? consists of two nonpolartizing clectrodes, connect-
cd by cables to 8 measuring instrument located
aboardships. The GEK also includes filters for
suppression of wave interferences and a winch for
fee 0. oot 2au laking up the cables with the elec-
l trodes. As a rule, the EPP-09 automatic record-
J ing potentiometer is used as the regulating instru-
ment,

The most important element of a GEK is
the nonpolarizing electrode, (Fig. 69) (265}, A
corrugated silver plate 3 is located in the neck of
glass bottle 2. A silver wire is soldered to the
plate, connecting the latter to bottom 4 of ground-
glass stopper 5. Since silver solders poorly to glass, cracks are
possible at the solder joint, with consequent leak-in of the sea
water. To eliminate this, platinum wire 8, which is soldered
into the glass piug at point 7, is welded to the silver wire.

The air cushion in space 6 prevents the sca water seeping
in through the solder from reaching the function of the silver and
platinum wires. A copper conductor 9, leading te the external
measuring circuit, is connected to the platinum wire.

The plug {s tightly scaled into the mouth of bottle 2. To
provide for electrical contact with the sea water, a dense,
sintered-glass filter 1 {s sealed into the bottom of the bottle.
The bottle is filled with a chemically-pure 3% NaCl solution
(which is identical to the NaCl content of sea water),

The cable is connected to the electrodes by means of a
water-tight plug conncction. The electrodes are placed in a
special drogue. The intrinsic potential difference of such elec-
trodes when operating at sea amounts to (0, 3-0.5) + 0,05 milli-
volts, :

The Sovict industry is commercially producing the GM-15
sca current measuring device [136], This instrument includes
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cables, nonpolarixing silver-chlorids electrodes, the PS-01 automatic electronic po-
tentiometer, control and monitoring panel, two hand winches with current pickupe and
pulleys for paying out and taking in the cables with the electrodes.

% The GM-~15 is supplied from the 187-520 VAC ship's supply. If the ship'z supply
is 110-2320 VDC, the PO-120-FS oconverter is 1sed.

The overall dimensions of the main units are (in mm):

Wmmr L ] L * - L] L] L) - L] L] - * . - mxmxm
Control and monitoringpanel , . . . . . . . 480 x310 x 150
wln&“thc‘bb L] * L[] L . * . L ] * L ] L] L] » mxmxm

mck“ - . - . - . . - L] 1 ] * [ ] L] . L] - * Moxssoxm
. Casewithelectrodes . . . ... ... .. 250 x150 x 310

The total weight does not exceed 150 kg,
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CHAPTER «
ELECTROMAGNETIC PUMPS

Electromagnstic pumps are a new and rapidly developing type of magnetohydro-
dynamic devices, used Tor transporting conducting liquids, primarily liquid metals,
Their main advantages are complete sealing, convenient installation, abil..y of adjust-

ing the flowrate and developod pressure by changing the parameters of the electromag-
netic field, st plicity of design and operation,

In terms of thoiv operation, these “umps are similar to electrical machines, bux

differ from them by the!r destgn and utilization of MHD effects. Just as vlectric motors,

electromagnetic pumps are reversible, i.e., under proper condi‘tonsa they can oparate
as generators, supplyiry power. Hence many problems examined below {n connrection
with clectromagnetic ramps also pertain to liquid-metal MRD generators. A great deal
of attention is paid to the latter, {n conjunction with the promise they hoki for use in
power generation in vohioles,

1. Classification and Princ!pnl tesigns
H’E"Y_ctmmapwne Pumnps

In termsa of thelr operating principles, clectromagnetic pumps are subdivided into
those of conduction and induction type.

Conrduction pumps utilize the fleld of eleciromagnetic ponderomotive forves, pro-
duced by Interaction betwoon oxternally supplicd currents in the liquid and the applied

_magnetic ﬂ@!d to move a conducting licuid,

Motion of a mudwuag Hquid by a field of slectromagnetic ponderamotive forces,
produced by Interaction between currente inticed in the fiuld and the applied magnetic
ficld, taderiles e xwmﬂm of pumpe of the recond type,

Conduction pumps are of DC and AC ypesa,

Induction pumpa may be fint {incar, annular licear and helical.  Fach type has

certain tohe ront elm*tmmmuc and magpetohydrodynamic propertics, governed pri-
marily b} varioun vdge effecte.
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A DC electromagnetic conduction pump operaias similarly to a DC motor. Such
a pumyp {3 shown in Fig. 70. The basic element of thie pump is & thin-walled rectangu-
lar duct 1, made from low-conductivity, nonmagnetic material. Electrodes 2, to which
a potential difference from a DC aource is cupplied, are built into the duct. The mag-

ag
netic field {s produced by electromagnet 3 with an air gap la the magnetic circuit {the
corej.

Fig. 70. Diagram of a DC induc-
tion-type electromagnetic pump.

The externally supplied potential difference causes current I to flow through the
lHquid metal, and the interaction between this current and the appiied magnetic field

prodices a pressure difference at the pump inlet and outl.t, which sets the fluid into
motion.

The magnetic field of the current flowing through the liquid metal may distort the
external magnetic fleld, increasing it at the inlet and decreasing at the outlet, This
phenomenon, which ig similar to the armature reaction in electric machines, may be
called the liquid-metal reaction, It has a negative effect, reducing the pump's efficiency.

The foliowing methods are used for reducing the liquid-metal reaction: 1) a com-
pensating return circuit, situated in the magnet gap and creating a magnetic field equal '
in magnitude and opposite in direction to the magnetic field induced by currents in the
liquid metal; 2) making the duct in the shape of a loop; here, the magnetic field produced
by current in one side of the loop i8 compensated by thut produced by the current in the ‘4
other side of the loop; 3) modifying the magnet pole shape so that the gap between the poles
would {ncrease {n the direction of motion with simultaneous change in the duct cross sec-
tion; here, the flow veleoity should increase in the direction of motion in a manner pro- ¢
viding for constancy of the emf induced in the fluid over the entire active zone,

Becsuse {t is difficult to design in practice, the third method is nf little use. How-
ever, one can use 2 technique combining the first and the second methods (Fig. 71).
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Fig. 71. Compensation of the liquid-metal ro-~
action,

The exciting winding of the electromagnetic pump may be in series with the elec-
tredes {series connection}, or it may be fed independently, Usually itquid-metni pumps
use series-c(nnected windings, since this makes it possible to better utilize the supply
source power, Independent excitation is used in pumps for weakly conducting liquids.

To limit current ieakage beyond the region with strong magnetic field, baffles are
sorretimes installad in the edge zones of the duct.

An AC conduction-type clectromagnetic pump is similar to the DC pump, but its
megnet core is made from elecirical-grade sheet steel to reduce eddy current losses,
and the exciting winding is supplied from a single-phase source.

One advantage of an AC conduction pump is the ability to use line current via step-
down transformer, which can utilize as itr core the pump's core. Among the disadvan-
tages are the uncvoidable vibrations of the thin-walled duct, produced by the pulsations
of the magnetic field in the gap, and appreciable losses to eddy currents in the conduct-
ing fluid (the latter can be reduced by reducing the supply current frequency). A conduc-
tion-type AC electromagnetic pump is shown in Fig, 72,

Fig. 72, Diagram of a conduction-type AC
electromagnetic pump,
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Pump duct 1 is placed In gap 2 of the magnet core, on which are wound the pri-
mary (3) and secondary (4) iransformer windings, The secondary winding is closed
through pump electrodes 5. The series connection of the secondary winding of the
transformer with the pump's electrodes allows, under certain conditions, to obtain
phase coincidence of the current and the magoetic flux in the liguid metal {170].

The operating principle of induction pumps 18 similar to that of asynchronous mo-
tors. The helical pump, shown in Fig. 73, ia most similar to an asynchronous motor,

The pump consists of magnetic field inductor 1, which 18 made (just as 2 stator of
an asynchroncus motor) from transformer sheet steel, & magnet core 2, also made
{rom sheet steel, two thin-walled cylinders 3, made from nonmagnetic stainless steel
and placed between inductor 1 and magnet core 2. The metal ribbon 4, forming a
single~ or multi-spiral helical channel in which the liquid metal is contained, is wound
between the cylinders. The rotating magnetic fleld produced by the stator interacts with
the currents induced in the liquid metal and sets the latter into motion along the helical
duct,

Fig, 73. Schematic diagram
of an AC helical induction pump,

The flat linear induction pump is shown in Fig, 74. Its main elements are mag-
netic field inductors 1, whose slots contain a three-phase sxcitation winding 2 which
produces a traveling inagnetic field, Between the inductors (which form the magnetic
system of the pump) is a8 rectangular duct 4, made from thin-walled, low-conductivity

metal, 'The pump {8 connected to the piping by means of converging section 3 and di-
verging section 5,

Flat UHnear {nduction pumps with branching ducts have also been designed [170].

e ——T
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Fig. 74. Schematic of a flat linear induction pump.

Figure 75 shows a schematic of an annular linear induction pump. The pump con-
sists of magnetic field inductor 1, a liquid metal duct formed by two coaxial cylinders 3
and 4, converging piping 6, diverging piping 2 and inner radially-laminated core 5 (the
laminae extend along the cylinder's axis). The three-phase winding 7, placed in annular
slots of the inductor, produces in the gap an alternating magnetic field traveling along
the cylinder axis and setting the liquid metal into motion.

[T it

Lo

Z 3 ! };’3
f AT of 2 ;7!/5’
e .l‘s\ / ;.\‘;\‘._
L ) I § 3T 1o
1,-,< |/ ">y "‘;f{)'
NG : I Y
'~ S f - /)
LIVAN L, Lfv.\"
L] ¢

Fig. 75. Schematic diagram of an
annular linear induction pump.

Among the disadvantages of annular induction pumps are poorer cooling thanin flat
pump and low orerating efficiency except at high output. Absence of front parts of in-
ductor windings and of transverse edge effects are among its advantages.

Annular induction pumps for liquid metals without ferromagnetic cores have also
been designed [216].

Of all the above pumps, the flat linear (FLIP) and annular linear (ALIP) induction
pumps are the most extensively used,

2. Theory of DC Conduction-Type Electromagnetic Pumps

The main operating characteristics of electromagnetic pumps are their delivery
Q (m3/hout) and output pressure ; (Newtons/m?). 7The value of p is smaller than the
pressure p, developed by the pump by the amount of pressure drop in the duct Ap

P Pe-- t\p. (4- 1)
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For & given liquid metal fiow and magnetic field parameters, the Ap should be
determined asauming MHD effects of the first kind (see Chap, 2). In particular, for a
flai duct (&8 » b) these drops cau be deterrained from Eqs. (2.46) and (2. 116).

The main concern of the theory of electromagnetic pumps iz determination of the
pressure p, developed by the pump.

As follows from Eq. (2.1), electromagnetic forces acting in & volume of conducting
fluid are given by the vector product of the magnotic flux density and the electric curremt
density

Qs 1N BY AV, 4.2)

To determine p_, Eq. (4.2) should be integrated over the entire liquid volume V
in which the eleetromigx:sﬂc.forees act, and the result thus chtained should be divided
by the duct's cross sectional area

Py ) fJis o, {4.8)

The pump will be most efficient when the magnetic flux density and electric cur-
rent are uniform. In real pump designs, this condition is not entirely satisfied due to
the liquid reaction and edge sffects. While the liguid-metal reaction can be compensa-
ted, the edge effects always remain. Here the edge effects are due to leakage of the
current fed and to nonuniform distribution of magnetic flux in the edge zones.

The electromagnetic pump duct is divided into an active zone, where the current
ard magnetic flux density can be assumed a8 uniform, and an edge zone, wheve the dis-
tribution of these quantities is not uniform. The electromagnetic pressure of an effici-
ently designed pump is devaloped by the active as well ar the edge zonee. Determination
of the two components of the total pressure ia the principal task of the theory.

|

U,

Fig. 76. Equivalent circuit
of a DC electromagnotic in-
duction pump.

109




The theory and methods of design of these pumps have been most completely de-
veloped by Yu. A. Birzvalk [178-181].

The distributior of electric quantities in an electromagnetic pump duct is usually
described in terms of an equivalent circuif, which allows one to divide the electric cur-
rent in the duct into its components.

Figure 76 shows the equivalent circuit of a DC pump, suggested by Birzvalk,
Here, the total current [ flowing through the pump duct is a sum of components Id, Ib
and It' corresponding to the active zone, bypass zone and the conducting wall of the
duct.

The electromotive force € induced in the conducting liquid moving in & magnetic
field is also represented in the form of cowiponents kdc';‘ and kb .

The resistance of :he liqu’< and of the duct wall are denoted by R, Rb and Rt'

It is seen from this equivaient circuit that the electric current components may be
represented as

fe o s (4.4)
oY Riu"‘.; (4.5)
l - x‘ (4. 6)
Using Kirchhoff law for the electric circuit, the operating current becomes
cfka ky | Ry
A S )
477 - Ru I Ry * 4.
Ry ' Ry

The resistances R d and R‘b of the liquid and Rt of the duct walls, as well as factor
k g are expressed in terms of coefficients which depend on the pump design

1
2y

Tl g (4,8)

Ry 4.9)

Re ot tos 1) (4.10)
vty

"“:l' i "-‘l;: (40 11)




where a, b and £ are, respectively, the duct width and height, and the length of the elec~

trodes; oy and bt are the duct wall conductivity and thickness.

The values »of auq, @ b aq and kb [181], which can be used for calculating the

parameters of the equivaleat circuit and for determining the operating current of the
pump, developing the electromagnetic pressure, are presented in Tables 9-12, Coor-
dinate z,, given in the tables, is the amount by which the pole shoe length ,t; exceeds

the electrode length .£

Table 9. Values of coefficients @, q
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In accordance with the equivalent circuit, the hydraulic power of the pump is
e Q i '-":‘- (40 12)

To determine pa(Q), it is convenient to represent the operating current as

(4.13)
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where

Ro - r(t R)--1:

- 1.9
2 Bl AU
NS & -

From an equivalent circuit to which the exciting winding resistance has been
added, we have

. : e, Ry, %L
Uy IR 3 LR 5% IR 7 g") o (4.14)

where Rc is the resistance of the exciting winding.

To take Rc {nto consideration, we can use the dimensionless ratio

R. - ‘;‘ | (4.15)
where
!
Ru:= T T
e s 2y
Then the relationship for U becomes
L,l E3s ) .[‘.;:.“—i;_; [IRJ(l '.:“ l-?.) "E’ 6]- (4' 15) .

The core of 2 conduction-type electromagnetic pump usually operates at below
saturation flux densities. Hence, we can assume that the relationship between the cur-
rent and the magnetic flux density Is linear

B :-al, (4.17)

where

w is the number of turns of the exciting winding; g, = 1.257-10~¢ henry/m is the mag-
netic permeability of vacuum; k 5 is the air gap coefficient; k’l is the saturation factor.

Using Eq. (4.17) and expressing the emf in erms of the magnetic flux density and
flowrate (é‘ —= 9;—1). we obtdin for P,

P2z —=p o o (4.18)
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It is also possible to represent pa(Q) in relative units

5 Yeom)' 1 Q| )
po v )(H %), (4.19)

where Qnom is the nominsl flowrate;

po 0 g s R Ro(11 R

The total efficiency of an electromagnetic pump is expressed as a product of the
electromagnetic ( "a) and hydraulic (nh) efficiencies

| ‘,'-,!h (4. 20)
where
A »0 . rQ .
0y A i l'l,' » (4' 21)
. A ’a Al
'!h : rQ = ) l p . (40 22)

Substituting U; from Eq. (4.16), the power used by the pump is given by
Pl o2 o) e (4.23)
1B

Substituting Eqs. (4, 18) and (4. 23) into Eq. (4. 21), we get an expression for the
pump's electromagnetic efficiencv

. 1 Q

" ke .24
When -".‘(’; 0 , the efficiency {8 maximum. Here
A A (4.25)
Figure 77 gives computed curves of S‘(ﬁ) for differont R = const, 6 Q - Q.

Assuming the preasure losses in the duct to be proportional to the square of the
mean velocity, we get an expression for the pump's overall efficiency

n e KA (4.26)
.‘((I ‘ """")' :\"(a : ""')
X R

Q
R
1y
i‘)
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Figure 78 shows curves of n = f(Q) computed from Eq. (4.26) at U, = const. and

different values of R and the friction factor. We see that the pressure drop in the
duct must be taken into account.

7 e et

i Fig. 78. Computed curves
of n = 1Q).
Fig. 77. Computed curves
R Y 3, . . D‘_ R N
; of P‘(Q)o L Y 1y ”~

The given dats for design of electromagnetic punips are usually the working pres-
sure, output and physics! propertios of the oonducting liquid (temperature, conductivity,
viscosity and density). The engineering assignment may also list the maximum current,

which is governed by the capacity of the supply source, and alan other apecial require- b
ments,

The main design task is to find the duct dimensions (&, b, {) and the optimum ratic 1
between the clectromagnetic loads, This is done in a manner similar to electrical machine

design, that is, by examining &8 number of versionn using one of the gensrslly-accepied
methods [170, 180},

Direct current slectromagnetic pumps are supplied from low-voltage souroces
which must sstisly 8 sumber of specific requirements. R should be able to supply cur-
rents of the order of 10%-10'A at 0.5-3 V. To reduce losses in the buses, the source

must be near ths pump and be able to operate at high ambient temperature &' * (posaibly)
in the presence of redioactivity.
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Fig. 79. The underlying principle of homopolar
generators,

8} Annular generator: b) disk-type generator,

In theory, electromagnetic pumps may be supplied from rectifiers and {(chemical)
batteries, However, homopolar generators satiafy the above requirements much better,

According to published data, homopolar generators ave 25T cheaper than roctl
fving devices, have a higher overload capacity awd higher effictonclos (268]. They are
cheaper and have a better weight ®Rize ratio than batte vies,

Homupolar DC generators include brushless clectrical machines, (n which the
direction of the induced emf remains constant.  Thexe generstors were known for a long

time: however, they have come under thorough experimental and theoretical seruting
enly recently (268, 267)

A homopolar generatur operaies ar follows.,  The active generator element {cvl-

tnder or disk) rotates in a constant-polarity magmetic field (g, 79 ; the omi induced (n
thix element, in accondance with the electromagnetic induction law, is

.,
A
-

whore
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Within the limits of the magnet-assembly pole B = const. Here the following
relationships [266] apply for annular and disk generators

2%

: D " o b} RE e
S - } 9 L & -y B B (4.27)
."1[ I3 !3 2 3 : 12 .
LR R T AL ST 1 N
i ]

The current of a homopolar generator feeding power to a circuit is determined
from the knowm expression

s U
o s Wy (4.29)

The direction of current is the same as that of the emf and does not change with rotation
of the active element (armature).

The ferromagnetic armature of homopolar annular generators may be smocth or
massive and expanded. Sometimes the armature {8 made in the form of a hollow non-
magnetic cylinder. Disk-type homopolar generators have conically shaped nonmagnetic
disks,

Annular homopolar generators with ferromagnetic armatures are preferred for
supplying electromagnetic pumps, since their weight and power characteristics are
better than those of disk-type generators. Design schematics of annular homopolar
generators are shown in Fig. 80,

Fig. 80. Design schematics of annular homopolar generators,

a) Two-pole; b) multipole with expanded rotor; ¢) multipole with hollow rotor.
1) Armature; 2) stator; 3) excitation winding; 4) current contacts,
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The overating current from homopolar generators is taken off by means of liquid-
metal or ordinary brush-t contacts. Metal-graphite brushes can be used for current
densities of up to 30 A/cm?, and at currents of 103-10% A their size must be appreciable.
This naturally also increases the friction losses. Hence high-current homopolar gen-
erators usually use liquid-metal contacts which can be used with current densities of
103A/cm?,

Modern homopolar generators with ring contact from an Na-K alioy have an
cﬁslclc?cy of about 98% and 2 weight to power ratio about 2, 5 kg/&W for powers of
10°-10% kW,

Figure 81 shows curves of & = fy(n) and I = f,(n) for annular homopolar generators
derived at different linear velocities. These characteristics may be varied within wide
limits by changing the armature diameter D.

(RS

13

" .J"rvm

Fig. 81. Theoretical curves of & = fj(n) and I = f,(n) for
homopolar generators,

As a rule, homopolar generators are separately excited, which makes it possible
to use permanent magnets. Fg .

Table 13 presents the specifications of an annular homopolar generator with liquid-
metal current contacts [267]. The weight of this experimental generator is 107 kg and
the overall dimensions are 355 x 320 x 385 mm. The experimental output curves of this
generator are presented in Fig, 82,

4, Theory of Flat Linear Induction Pumps

The main task of the theory of flat linear induction pumps [FLIP] is the study of
the spatial distribution of the electric field intensity E = fi(x, y, z, t) and of the magnetic
flux density B =, (x, y, z, t); these factors must be known for determining currents
and electromagnetic forces acting in the liquid metal.
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Table 13. Specifications of
Homopolar Generator
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Fig. 83. Schematic of a flat linear induction pump.

The processes taking place in the ducts of flat electromagnetic pumps are much
more complex than those in ducts of conduction-type pumps, due to the eddy behavior
of electromagnetic forces, demagnetizing effect of currents in the liquid metal, edge
effects (transverse and longitudinal), etc. Hence the modern theory of induction pumps
is built on an idealization of the flow in the channel and on an idealized design. The
basic work in the theory of induction pumps was done by A.1. Vol'dek [163, 165-167].

Figure 83 shows a schematic of a flat linear induction pump. The finite width a
of the pump duct produces current density components j7 in the liquid metal. These

components do not participate in production of the useful pump head, but reduce the
magnitude of the useful component jv by increasing the total length of the current lines.

The distribution of the current lines is shown in Fig. 84.

SlESIIE
JJI —;J—J

Fig. 84. Distribution of currents induced in
the liquid metal flowing through an induction
pump. P

The problem of current and electromagnetic-force distributions tn liquid metal
flowing through a flat linear inducfion pump was solved by Vol'dek under the following
assumptions [163]: the pump is infinitely long, the magnetic-field inductors have no gap

and have an infinite magnetic permeability, the duct walls are isolators, and the mag-
netic ficld in the liquid metal {s plane-parallel,
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For the case of a plane-parallel magnetic fleld, one cah write Eqsa. (2.3) and (2. 4),
after substitution of Eq. (2.6)

1ol .. )
|| l’!lr ‘l‘l,‘,
t an, e ey
MRS ofr, " EN {4.30)
E, W, o,
& T T A

where E A is tho atrength of the electric field induced in the liquid metal by the {nductor,

The electric fisld and magnetic flux density are most convenicntly represented in
the complex form

s Ll tetar), i ot -a
E . e P B s e,

where a = x/7; 7T {s the pole pitch (see Fig. 84) and w is the angular velocity of the
metai moving relative to the induced fleld. Here the complex amplitudes B and £ are
not function. of coordinate z, while E,is not a function of y.

Equations (4,30) {n complex form wiil now be written in the form

LN dl.f.‘ . nI:’ .
: e

.Pu ‘.ly . . (4'31)
- j. B, v (ry 8] ’Ea);

a."..', .? .:':,‘,

&y iy, ‘i'm’i,.

Eliminating from the above expresaion i:l and Ey, we get the following second-order
ordinary differential equation for ﬁx

':n,'.r MR iaoplfy 0, (¢.52)
where
MUt i) e ;l,"':“"“‘_.
The boundary conditions for Eq. (4.32) are
4, 0 for gy o ‘; (4.33)
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The solution of Eq. (4.32) is

A I S P E A (4,34)
From the boundary conditions we get
2 " (4.35)

and the solution takes the form

1 ;‘”"‘"I‘f\ l «"I;’I
! . ( Y ')’) {4.36)

In accordance with Eq. (2.3), we get the following expreesions for the complex
amplitudes of current densities

At by

S o »; (4.37)
. t:'dl..'_\ b
PR (‘ - ;i)- (4.38)
ik
2
When a — oo, there is no transverse edge effect. Here
T (4.39)
In the above relationships
: i ! "‘. .I‘,’“\t (4!40)

whera f {8 the current frequency in the liquid metal and B A is the amplitude of the mag-
netic flux density of the traveling field of the Inductor in the liquid metal,

In calculating the pressure developed by the pump, one need no integrate along
the z axis. Here it suffices to take (in a manner similar to calculating the average
effective power of sinusoidal alternating currents) the real part of the product of the
effective complex of current density and the conjugate effective value of the magnetic
flux density comples and multiply it by the inductor length £

K] -
Pl
po ] Ry, (4.41)
o b
2 2




Upon substitution of Eqs. (4.38) and (4. 40), we get

P g OBk uUfoBkm, (4.42)

where k ot is the pressure attenuation factor due to the transverse edge effect

: g
k, - Re [;‘3(| o J_)]. (4.49)
. A % 1

A general expression for kat was obtained by Vol'dek in the form

[ PR R R S CAR S TS (4.44)
R NS Pan el !
where
. sh 2mg ) $in 2n3
K- Ch2d b can2nl® L= iy os .‘ng'
1 4o LR
m i/’] Pl ety mee b

For low-conductivity liquid and small angular frequency w, we have & ~ 0; then

s
2
- ~ .
RT3

2 7z

th

(4.45)

Figure 85 shows curves k_, vs. a/27 at different € = consy,

The average power generated in a unit volume of liquid metal per unit time is

S AP SIS JtL M
PRe M\l“(' ﬂn."')l‘ 449

The power released in the entire volume of liquid metal is

" L
i
Pl j jl".h-.:y P, (4.47
where
Py 2fisialb. (4.48)
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‘Tho power P, I8 released when there is no transverse edge effect, while factor k at
describes the decrease in the losses in the liquid metal when this effact is present.
Equations (4, 42) and (4. 47) were obtained for the case of stationary liquid metal,

which corresponds to the case when the induction pump does not deliver any flow but is
connected to the power supply.

As in asynchronous motors, the controlling

3
.:»3' : v ',v-/:/ operating parameter of induction pumps is the
LY quantity s, which churacterizes the slip of the
5 : N liquid metal flow moving with average velocity
v /: rd v, relative to the traveling magnetic field
Ly ' .," 7 : |
' ! ‘;'/ ) s : s | _'.":I. (4.49)
@l o . - !
Lo i W When the slip differs from 1, the formula
. by for electromagnetic pressure developed by the
“ .'/ l\ ! 1 | pump must contain the factor s;
A ; : !
Wi et T L I I (4,50)
l,-K ' : J i . nt
. o ..
,»/ l i D where S

1 .y ) s

Fig. 85. Curves of knt :
0(2/27) at different £ const,

The 8lip i8 also included into the o xpreasion for &

o (4.51)

AY

where

,
daoon

Corroection b/8k 3 in Eq. (4. 51) takes into rocount the fact that b < & and that the induc-
tor s not smooth,

The use of high-conduction lateral channel walls is an effective means for reduc-
ing the trunsverse edge effect. Special short-circuiting bus bars are used for thia
purpose,

In sur case (it is asaumed that the busbars are tdeal conductors)

1
A (4.53)
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The expresaion for the electromagnetic pressure takes the form ([187)

L LY

YRIET I (4.53)

where

[ ]
N=ypas

n is the number of pole winding pairs and kw {s the winding factor.

The expression for B A used in deriving Eq. (4. 53), was

L pe3V kg
By B YL (4.54)

It follows from Eq. (4.53) that an induction pump with perfectly conducting side
busbars and constant current supply to the inductor develops a maximum pressure when
N is at maximum. Differentiating Eq. (4.53), we obtain that Nm =1,

Similarly, we get an expression for the mechanical power

P 3PN (1 5), (4.55)
where x A is the inductive reactance of the liquid metal. This reactance s ~xpressed in
terms of the parameters of the inductor

2poraf (g
Xy == = hha T (¢.56)

The efficlency of a flat linear {nduction pump is written in the form [185)

1--3
R L “.5m
|‘ . ...ﬂ.

where r is the active resistance of ons phase of the Inductor,
The efficlency is at maximum when the slip is

;. N ATy
' il b HOWEY A (R Y
where 8, is the value of ¢ at s = 1,
Figure 86 shows theoretical curves of the elsctromagnetic pressure and efficlency

for a flat linear pump with ideally ~onducting side busbars as a function of the average
volocity of the liquid metal,
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Since p describes the elcctromagnetic pressure developed by the pump, the op-
erating pressure is determined by subtracting from the electromagnetic pressure the
pressure drop in the pump duct due to viscous friction and turbulent mixing

P Ap.

While determination of Ap for DC electromagnetic pumps {8 quite easy and, in the
case of flat channe!, can bo done Ly meaus of formulae of Chapter 2, in our case the
problem is much more difficult,

" The MHD effects present in induction
pumps may result n mixing of the liquid metal
due to vortex-type eleciromagnetic forces {175},

—»
S
-

R

From the eguation of momentum (2. 1),
we find the condition for hydrostatic equilibrium
of a lionid subjected to electromagnetic forces

F-] 7] .’. Newton/m?
~

Ve X D). (4. 58)

-

If the above equality is not satisfied, thenv > 8,
and there is no hydrcatuiic equilibrium. The
condition for disturbsnoc of !;ydroshtlc equili~
Fig. 86. Theorotical elec- brium is satisfaction of the lnequnkty »

tromagnetic pressure and ’ e vy .
efficiency of a flat linear in- : curl {eurl] ¥ 3 . 0. .59
duction pump.

Consequently, if the electromagnetic
forces determined unser condition v = 0 satisfy
inequality (4. 59), i.e., they are not potential but vortex forces, then hydrostatic equi-
librium i3 imposaible.

In a flat induction pump with a two-sided (nductor and kighly conducting lateral
busbars we find that in the general cast at v = 0 the magnotic flux density vector has
two components in tha liquid metal Bz(z. x, t} and -L\x(x. x, t). In this cane

curl fourll t( % Y i (ot ) oo (4.60)

Sl

In liquid metsl there exists not only the useful force fa = 1yB‘, but also the foreo
‘x jynl‘ Since these forces are periodic, nonasynchronous and out of phase, conditions
are created for mixing of the metal, This is a demonstiration of the peculiarity of MHD
effects apnearing in liquid metals flowing in traveling magnetic flelds,

Paper {175] presents # discussion poi'ulnlu to approximatc computation of {riction
losees In ducts of induction pumps. However, there is now rigorous cxperiments! con-
firmation of thoee conclusions,

i
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- 5, _Applicatioﬁ and Characteristics of Experimental Electromagnetic Pumps

Direct-current conduction-type electroniagnetic pumps are preferable for pump-
ing low-conductivity liquid metals. In this case these pumgs have an efficiency higher
than induction pumps and have better weight to dimensions ratios.

In a number of cases such advantages of conduction pumps as design simplicity,
moderate requirements as to electrical insulation (due to the low supply voltage and
small number of windings on the excitation coils) make DC conduction pumps prefer-
able even for pumping high-conductivity liquid metals at high temperatures, Pumping
of low-conductivity liquids (electrolytes) is done only with conduction pumps.

There are many examples of successful operation of DC conduction-type electro-
magnetic pumps in pilot and regular production plants.

We now present the basic specifications of a pump developed by the Argonne
National Laboratory (USA) for the ©¥.R-I experimental breeding reactor [156]:

Working pressure p, Newtons/m? . . . . ... . .. . .(1.5~23)"10°
Oumut O mam - L2 . L] L] L) L2 * L ] L e L] . L] L] L ] L] L] L] 110
Efficiency (at p = 2.8+ 10° Newtons/m? and Q = 68 m’/hour) o ., 43

The pump duct is made from Ni80Cr20 nichrome with wall thickness of about 0. 6
mm. The duct cross section in the active zone is variable: duct height b varies from
46 to 36 mm, width a ranges from 74 to 86 mm. The pole shoe area is 100 x 380 mm,
The exczitation coil consists of two copper windings 150 x 150 mm in cross section and

is comected in series with the electrodes. The power supply is a solid-state rectifier
with U =1V and I = 20,000 A,

Figures 87 and 88 show experimental curves of p = f(Q) and 7 =, (Q) for this pump

when pumping Na-K at T = 250°C. Each pressure curvg in Fig. 87 was obtained at some
constant supply power.

X —
- -X\ B S
bl LN
JI/ - - -“-.A-x. . .
\
ot L ploo b Ao b1
T I TP R ':‘)J.,ﬁ /!;J 0 s TR s X ...'3'/’,‘
Fig. 87. Experimental curves Fig. 88. Experimental
of p = {(Q) for a DC conduction- curve of n=¢(Q) of a DC
type electromagnetic pump pump- conduction-type electro-
ing Na-K alloy at T = 250°C, magnetic pump pumping

Na-K allny at T = 250°C,
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Figurc 89 shows a large DC conduction-type pump with a homopolar generator,
used for the EBR-II breeder reactor [156]. The basic specifications of this pump
are:

Working pressure p, Newtons/m3 . . . . . . . . .. 5.3+10°
Throughput Q, m¥/hour . % . . . . ¢ . v v v o v 4 2250
Duct dimensionsaxbxf, mm . . ... ... ... 450X 150 x1070
Duct-wall thickness, mm. . . . . . . . . . . ... 1.6

The pump has a novel current-supply arrangement consisting of steel shells

welded to the side walls of the duct and of copper bars, which are inserted into taese
shells. Electrical contact is obtained by means of a thin layer of liquid Na. The
liquid-metal reaction is compensated by a return current conductor arrangement.
The power source ir a homopolar generator (Iy =2.5° 105A, Ug=2,5W,

Direct current conduction electromagnetic pumps are successfully used outcide

of the USSR for pumping liquid metals at temperatures of ~800°C. They are cooled
solely by natural convection of the surrounding air and by radiation.

Table 14. Specifications of DC Conduction-Type Electromag-
netic Pumps

v, .

L

- RS » ®
iy 3 N P =
1 ;' N RN R H “ 3 7
- S R R I A S B e
2 g A O R R 1
RN | R B [ )} ~ A . . T
IR . P 8 LIREE S |
e = Y P A
5 £ I s T, B
’ D S A
~ £ jb- . - P
sy A 11 Na (AN ] 3 ! 3 B b o Clpsin et L e
(5112 Ns oy 1o 0.3 ’ >
L3 Mg [TV 05 15 1000 ity e
DX B Na X O B PR3 ' R R 0 BINCy - L e s aa
NS In Ga a) 1 OO0 52 TNy avutrese e
BRI In Ca ol !l - ] oam » s
®KL7 In-Ga ‘ g | 1.5 | ong - * »

KEY: 1) Pump type; 2) liquid metal pumped; 3) liquid-metal
temperature, °C; 4) pressure developed pgy°10~5, Newtons/m?;

5) output Q, m3/hour; 6) pump aupply contact voltage, V; 7)
method of metal-reaction compensation; 8) KN: 9) return current
conductors; 10) Carnallite; 11) uncompensated; 12) tapering duct,

Tables 14 and 15 present the basic specifications for similar pumps developed at

the Physics Institute of the Latvian SSR Academy of Sciences [181]. Numerous cases
of successful use of these pumps for pumping high-temperature liquid metals are
known {170, 197, 201, 202, 205].
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Fig. 89, Large DC conduction pump with homo-
polar generator,

1) Liquid metal level; 2} copper bars; 3) lquid
metal filled cavity; 4) driving motor; 5) magnetic
core; 8} pump duct,
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Table 15. Overall Dimensions of Type KN Conduciion Elec-
tromagnetic Pumpa.

e T WSS e e wdees

e e,

FRR FIRNS AP S e “-"‘1

Tt 1 FYRE .vamm.; p.u\:cpa M Opscitripo-
Hacowd B L
@ auna a Ulupusa ' &) Bucora TN, A
7 KH-{ 330 Ho {10 130
n K2 &0 300 ) 130
n KHI 1600 700 an 1803
* NH-4 150 v} 25 5§
n Xil-§ 378 212 208 3
» Kil§ k> 24 23 47
n XH7 1 520 25 252 7
L Allhm LTaTTV L eE e Mt L s e AL AT RN e Bt W AW AN NS W

KEY: 1) Pump tyoe 2) overall dimenaione, am; 3) approxi-
mate weight, kg; 4) length; 5) width; 6) height; 7) KN,

As an {llustration we present test data for one of DC conduction-type electromag-
netic pump [205), designed for pumping Na and Na-K alloy at T = 700°C:

Developed pressure (for I = 10,000 amps) p, Newtons/m?

Outpth.m’/hour......‘....

Supply voltage, U, V. . . .

Duct dimensions a xb xZ, mm
Duct-wall thickness, mm . . .
Duct-wall material. . . . . .

. o @

.

»

» e & o

Number of turns on the excitation winding, w

e o . 3108
e e s s e v s . 252
e o e s e e s 0,6
e » s o s+ B82x168x360
e s e v e e e DT
KhlSNQTsteel

The power for this pump is supplied by a homopolar generator. The test charac-
teristics of this pump are presented in Figs. 90 and 91,

- !
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Fig. 90. Test p = {(Q) curvee
for a DC conduction-type elec-
tromagnetic pump for pumping
N“K-

1 '-‘,. -“’ue

Fig. 91. Test n = #(Q) curves
for a DC conduction-type elec-
tromagnetic pump for pumping
Na-K.
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Experience with conduction-type slectromagnetic pumps in the USSR shows them
still functioning satisfactorily sfter more than 1000 hours of operation [205),

Due to their low efficfency, AC conduction-type electromagnetic pumps opersating
at 50 cps are used primarily in laboratory work. However, studies show [157] that in
large pumps the efficiency can be brought close to that of DC pumps by reducing the
supply-current frequency to 5-10 cps.

Following are the techmical specifications for an AC conduction-type electromag-

netic pump combined with a transformer and used for pumping mercury at T = 100°C
[127]:

Developed pressure, p, Newtons/m? . . . . . . « « + 1,2 108
Output Q, M¥MOUP . « . ¢ ¢ & v o ¢ o o o o o o s o & 3.2
Efficiency, 7,% ¢ ¢ o ¢ ¢ o o ¢ o « ¢ o o s 0 0 0 4 s 6.5
Ductcrosga sectiona Xb, mm . . ¢ ¢« & « ¢ ¢ ¢ o ¢ ¢ 24x8,.6
Duct-wallthickness, mm . .« « « ¢« &« + ¢ ¢ ¢ o« « o ¢ » 0.5
Input power P, kW . . ¢« ¢ ¢ o ¢ v ¢ o 4 v s 0 0 4 1.65
Power factor, COB@ .+ « « 2 « o « ¢ s 2 s s o o & o« » 0.32
Overzll dimensions of pump, mm . . ¢ « « « « « » « « 220%x229x178
Pumpwelght, KE . « « +» ¢ v ¢« ¢ ¢+ o ¢ o o v o o o » 39.5

The test characteristics of this pump are given in Fig., 92.

Alternating-current conduction-type electromagnetic pumps combined with a trans-
former are used in the Soviet Union for pumping the Jiquid Na at T = 300°C [208]. The
basic data for these pumps are

Developed pressure p, N/m? 2,5. 108
Output Q, liter/sec 0.4
Efficlency n, % 7.7
Supply voltage U, V 150200
Duct cross section 2 xb, mm 30 x3.5
Duct-wall thickness, mm 0.5
Number of tarns on primary transformer winding w, 178
Number of turns on secondary transformer winding w, 2

The test characteristics of this electromagnetic pump at different supply voltages

sve presented in Figs. 93 and 94, The pump was operated under test conditions for
over 700 hours.

If a given liquid metal reucts strongly with all the electrically-conducting mater-
ials, then one uses an induction pump. Such pumps are also used when the DC supply
source needed for a oonduction pump is not available.

The most extensively used induction pumps are the flat and the annular linear in-
duction pumps (FLIP and ALIP). A diagram of the efficient range of utilizatlon of
electromagnetic induction pumps is presented in Fig. 95 [196].
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Fig. 92. Testp = f(Q)
curves for an AC con-
duction~type electromag-
netic pump for pumping
mercury at different
numbers of ampere turns,

N

1 Utern/wee . titera/nec

Fig. 93, Testp = fQ) curves
for an AC conduction-type
electromagnetic pump for
pumping Na,

Fig. 94, Testn= »(Q)
curves for an AC con-
duction-type electro-
magnetic pump for pump-
ing Na,

- .
w 0!
ta/eee

Fig, 95. Diagram of fields of efficient utilization
of AC electromagnetic pumps,

KEY: 1) Conventional lim

it of utilization of linear

pumps; 2) helical pumps; J) flat pumps; 4) annular
pumpes; 5) AC conduction pumps,
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Figure 96 shows schematically the flat linesr induction pump for pumping Na
uged on the United States Navy submarine Seawoll [127]. The output of this pump

is 115 m¥/hour. The test characteristice of one of tie FLIP of this series are shown
in Figs. 97 and 98,

Fig. 96. Design of the flat linear induction pump for pumping Na used on the nuclear
submarine Seawolf,

1) Expansion joint; 2) outlet coolant connection; 3) calrod heater element; 4) duct; 5)

duct thermal insulation (outer strips turned up); 6) magnetic-field inductor winding;
7) inductor frame [core].

Flat linear induction pumps were developed in tha USSR and other countries in
several standard sizes, some of which have been in service for a long tima, Table 16

preseats aome specifications of a FLIP developed by English Electric for pumping
Na and Na-K alloys [370].

Table 17 presents the basic characteristics of FLIP and ALIP developed at the
Physics Institute of the Latvian Academy of Sciences [196]. I is seen from the table

that the efficiency of induction pumps depends on the conductivity of the pumped flull,

Figure 99 shows the results of testing the IN-10 pump [200]. The duct of this
pump is made from Kh13N10T steel, and {# a flat slot 150 % 30 mm in cross section,
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Fig. 97. Testp = {(Q)
cvrves for a flat linear
induction pump for pump-

ing Na.
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Fig. 9. Tesi 1= Q)
curve for a flat linear
induction pump for pump-

<1 Newtona/m?

Table 16. Specifications on the British Electric FLIP

Cuorasion
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KEY: 1) Basic characteristics; 2) pump type; 3) ou
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m3/hour; 4) developed pressure p-
overall dimensions, mm; 6) total length, including diverging
duct; 7) height; 8) width; 9) diverging duct outiet diameter,

mm; 10) weight, kg.
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Fig. 99. Test p = f(Q) curves
for the IN-10 flat linear induc-
tion pump.
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Table 17. Specifications of FLIP and ALIP Developed by the
Physics Institute of the Latvian Academy of Sciences
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KEY: 1) Basic characteristics; 2) FLIP; 3) ALIP; 4) IN; 5)
SNI; 6) liquid metal pumped; 7) temperature, °C; 8) output Q,
m3/hour; 9) pressure developed p- 10~% Newtons/m?; 10) effi-
clency 5, %; 11) line voltage, V; 12) line current, A; 13)
frequency, cps; 14) cos ©; 15) weight, kg; 16) net ut
power, kW; 17) overall dimensions, mm; 18) lengfth; 19) width;

20) height,

Further R x D work on electromagnetic induction pumps [177] has as a goal the in-
crease of their output to 2000 m3/hour, increasing the temperature of the pumped metals
in ammular pumps to 600°C and in flat pumps to 1100-1500°C, increasing the average flow
velocity of light metals (for short~duration work) to 25-30 m/sec. Some requirements
call for operation with power supply frequency of 400-500 cps.
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CHAPTER 5
MAGNETOHYDRODYNAMIC SHIP PROPULSION

The increase in sailing range and speeds of seagoing vessels which occurred
during the past few years has necessitated the development of new propulsion systems
primarily because of the reduction in the efficiency and poorer weight/power and
size/power ratios of ship screw systems for higher speeds. Development of new
types of engines is also made necessary by need for higher power.

One of the approaches to new-type propulsion system design is the use of magneto-
hydrodynamic methods, based on the iateraction of externally supplied currents or ot
currents induced in sea water with an applied magnetic field.

MHD propulsion syatema usually empioy the same principles as those governing
the operation of conduction and induction pumps. MHD engines not directly analogous
to electremagnetic pumps have also been designed.

The main advantages of MHD propulsion systems nver ship's screws are; direct
utilization of the ship's electric power for producing thrust, as well as reduced vibra-
tion and hydrodynmnic notse levels. When using high-power nuclear generators and
with MHD generators utilized for converting the reactor's thermal energy into electric
power, {n many casec one can also use MHD engines which exhibft much better weight
and size ratios than bladed electric propulsion motors,

1. Induction“Type MHD Propulsion Systems

One of the first induction-type MHD propuision systems suggested was designed for
a submarine {241] and it is shown schematically in Fig. 100, In this arrangement fleld
windings 3, placed between outer hull 1 and inner shell 2 of the submarine produce a
magretic fleld which travels from the bow to the stern of the ship.

According to Eq. (2, 4) an em! wil! be induced in the sea watsr and currents will be
gonerated, these directed along circles forming lobos parcilel to the submarine's hull.
The interaction of these currents with the traveling magnetic field results in induction
of electromagnetic foroes in sea water, the direction of these forces being the scme as
that of the magnetic field, with the result that the submarine is s2¢ into motion.
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Since the submarine's length exceeds appreciably its width, in the mathematical
statement the problem reduces to an infinite cylinder of radius a with a magnetic
field traveling along its surface, with the normal component of this field on the cyl-
inder's surface specified in the form

R S I A (5.1)

d R

where Bm is the maximum magnetic induction, w, = 2o7{, is the angular frequency

/

T is the pole pitch and f; is the frequency of the supply current, Here 27f; = Ve

where \ is the linear velocity of the field.

Taking the curl of Eq. (2.3), and substitu-
ting Eqs. (2.4) and (2. 6), we get

. e n 23
o eurleurl 8- curl o 2) -~ O .(5.2)

Neglecting all the components of the fluid
flow velocity and magnetic induction, with the
exception of axial component v, and radial

component Br’ as well as assuming the flow
to be inviscid, we get, using Eq. (2. 5)

curl [v X 7] = 0,

Fig. 100. Schematic dia-
o gram of a free-fiz2ld induc-
| a; 5.3) tion-type MHD propulsion
‘,'—w' curl curl 2 :: — --')le- . * system,

after which Eq, (5.2) takes the form

An examination shows that the ratio of the left-hand to the right-hand side of
Eq. (5.3) is of the order of magnitude of 4 0 wL?, where L is the submarine's length.
For a submarine with L «100 m, with 0 ~1 (ochm-m)~!, w ~ 10~1 sec™ and u~ 107¢
henry/m, uewL? is of the order of 1073, This being so we¢ may set

l e
- curl curl i3 0. (5.4)
Using the assumptions made Eq. (5.4) reduces to the fo-m [241]

o', 1 an, o', 3

Nt O - B TS R (5.5)

We may set

It -ne
By s Fi)et b,
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Here function F(r) should satisfy the expression

A R V) (5.6)
whose boundary conditions are
N TS AN (5.7
S S N (5.8)
Solving Eq, (5, 6) with boundz:'ry conditions (5.7) and (5.8) we get [268]
ORI s (5.9)

where H ) are Hankel functions of the imaginary argument.

The real part of the radial component of itk magnetic field in this case can be
calculated from the expression

N " .I”) (,) ,
ey ' ,'l.) & !')‘ RAE S M‘l)' (5- 10)
Using Eq. (5. 10) the electric field is given by
iy 00 . .
tig T ';‘{I’ " , ,,f )’ S NL ""l’)' (5. 11)
Here according to Ohm's law the longitudinal electromagnetic force is
. v e . )
fo o j B, -oal B0 5 ?a't,".' lir ). (5. 12)
Oy ) i
The mean force exerted per unit submarine length is
e \(”)”m\! ey (o). (5.13)

¢ ’
' 'm“ ")....

If 2a/L = 1/20, then aa =2a/L ~0.15. Under these conditions the i integral in
Eq. (5. 13) hac the value 0.58, whence

o o2

o L . 3 [

<[> , SR B TN S (5.14)
o '( y L) ' .

For a submarine of length L the thrust is

. o 2 st
:'"‘ .“,! ) L-.'['ja‘-" "' ‘,5. 15)
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and the drag {s

ea‘

Fy=e, 50 . LT (5 lﬁi

~,

where ey = 0,05 is the drag coefficient, v nblsthe subwearine apeedndA lsi:he
msuumum croas sectional area.

ForL=200m, a=5m, A =5 m?, 0 =4 ohm-'m™ apd p = 1o*hg-m-8 mw-
ing Eqs. {5.15) and (5.16) we gvet
n!

oo 9.1.10
o‘:ub

3

Since the power disaipated per unit volume dus to Joule losses PJ iz of the dﬁhr

2 ~ 2
of G‘Bmv}, while the useful power is Py= < f >v_, ~ Fvw,_ 8 , the sfficleccy
of this engine 18 approximately

“ :: no P’ ) o
Pi I PJ Yoo (5, 17)

Figure 101 shows the caloulated n of this engine vs the magretic induction, construc-

ted for ditferent Voub = const,

n'/-

e
$ronla

Fig. 101, Free-field nropul-
sion efficiency as a function of
magne.lc induction,

It 18 seen from these curves that efficient use of this propulsion system with prac-
tinally feasible magnetic fields is lim ‘ted by wery low submarine speeds, In addition,

approximate calculations show that with the present state of art the coil dimensiors
will be exceasively largu.,




; Figure 102a shows a schematic of a duct-type induction engine, whose design is
f‘llar to that of an annular linear induction iype.

» -:,\“

‘\.‘

[ PR o DAy

Fig. 102, Schematic diagram (a) and idealized schem
(b) of a duct-prorulsion system. :

. In the case at hand thc outer hull and inner shell 2 of the submarine serve as the
tem's magnetic circuits, with annular duct 1 situated between them. Winding 3,
ducing a magnetic field traveling from the bow to the stern is placed in slots of

.hull and shell, Living quarters 4 are situated in the inner shell, The duct system's
hntage over the free field system is the possibility of obtaining higher magnetic in-
ition and efficiency in the former.

Due to the fact that this kind of propulsion system has a design identical to that of
ilar electromagnetic pumps, we can use the theory for ALIP [167]. In particular,
magnetic field of currents in an inviscid conducting fluid should be described by a

lar magnetic potential @, satisfying the Laplace equation

1 Q7 .:: RN o
; «er\r'.}r‘) Vo 0. . (5.18)

te © should be expressed by

I "I {. t--a2)
LA *

' M c (5.19)
, Function Fm must satisfy the ordinary differential equation
’ IR (5.20)
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The solution of this equation for regious I and IT (Fig. 102b) is written as

Fog Adofer) 1 B K, br)s

Fug A, ) 1 G o) (5.21)

where I, and K, are modified zero~order Bessel functions of the first and second kind,
respectively.

The boundary conditions may be written as

e‘-’,_-.", _— 0; l",‘;,:!’ " 0

(5.22)

dr AR . dr

M
v (5.23)
Setting

} . J‘“'l (('\t-—(!t).

where J m 18 the complex amplitude of the surface current density per unit length, we
can write still another condition:

j”“ - it [F,,,:i, ey - i IF,,HI"_‘,‘. (5.24)
Conditions (5. 22)-(5, 24) yield the constants of integration

A irgl : Kolwr), Ay irgd,, ‘; Kolrers) N

) (6,28)
By = irgd - lylar), B, == irgd., ~: 1y (),

where
a =Ly () Xy (ury) b Ky (nr) 1 (e,
b - Llar) Ky (rgd + Ky lord 1y (o),
¢ o lur)) Ko lury) — Ko (7r4) 1y {ur ).
Here I; and K; are modified first-order Besse! functions of the first and second kind,
Ths alactric fleld strength can be obtatned from Eq. (3.4). Assuming

['... £ I'.",,“‘ bt .‘"),

and substituting Eq. (5.24), we find for r = r; that

I':".. Caen ey "o“jn' (6.26)
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E Am is the amplitude of the electric field strength, induced in the fluid by the coil's
field.

The final expression for J'm has the form

b, M

o (5.27)

‘ iif)'lf"l\’;,;

The useful engine force is produced by interaction between the coil's magnetic
field and the active component Jma of current Jm:

T el ent, (5.28)

where

t

cos iy - - RER
JU L (peavdndn)?

Since 4 «ry, r,, then we may consider the equations of a flat channel instead of
an annular one, which appreciably simplifies the relationships. In this case for a
submarine with diameter 2a and length L the thrust is

£y s toefasl, (5.29)

Substituting L =100 m, a=5m, 6 =0,5m, ¢ =4 ohm~!m, p =103 kg/m3, Ay =5 m?
and Cy inte Eqs. (5.29) and (5. 16), we get
;t‘lk'j"

u,, <ot r),fi. (5.30)

aub

The efficiency of this kind of propulsion system may, as before, he expressed approxi-
mately as

Cales | (5.31)

Figure 103 shows curves of efficiency vs, magnettc induction for different

Vsub = const.

With acceptable dimensions of the magnetic circuit, the efficiency of this syatem
at speeds of approximately 10 knota does not exceed 8%. In conjunction with this sug-
gestions have been made abhroad to combins the above system with a propeller,
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Fig. 103. Duct propulsion
efficiency.

2, Conduction-Type MHD Propulsion Systems

Free-field and duct propulsion system may also be designed for a constant mag-
netic field [242], A schematic of such a free-field system is shown in Fig, 104, In
this case the surface of outer shell 1 is covered by lammellar magnet poles 2 and
electrodes 3 of alternating polarity, The sequence in which these are alternated in a
given direction determines the exponential decay of electromagnetic forces in the direc-
tion perpendicular to the shell of the propulsion system, with a characteristic decay
length, equal in order of magnitude to the pole alternation pitch [269]. When the force

is sufficiently strong, the longitudinal electromaguetic forces wiil determine the system's
thrust,

Fig. 104, Schematic dia- Fig. 105, SBchematic dia-
gram of a free-fleld coun- gram of a duct conduction-
duction-type MHD propul- type MHD propulsion system,
sion system,

A conduction-type duct propulsion aystem is shown schematically in Fig. 105, In
thia case between outer hull 1 and inner shell 3 of the submarine are placed bar-shaped
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permanent magnets 3 or electromagnets, which produce an azimuthal magnetic field in
the annuli. The hull and sheli, isolated by means of special liners 4, serve as elec-
trodes to which is supplied a potential difference produced by passing current through
sea weter in the annuli, The interaction of externally supplied current and the applied
magnetic field produces an electromagnetic force fleld which determines the system's
thrust.,

Due to low conductivity of sea water and to low magnetic induction which is pro-
duoed by ordinary magnet systems, the efficiencies of these systems are iow. How-
ever, it may be improved appreciably by using superconducting magnets which yieMd
inductions of approximately 10 tesla,

Fig. 106, Schematic view of an
MHD duct propulsion system with
superconducting magnets,

.

An MHD propulsion system with supcrconducting magnets was recently analyzed by

R. A. Doragh [244] [the version considered being called MHD pump-jat]. R is depicted

schematically in Fig. 106, Its principal elements are: 1 pump-jet channel 1 with elec-
trodes to which a potential difference is supplied from a dc source contained in the sub-

marine, superconducting field coils 2 held in inner Dewar 4 and producing magnetic
induction of the order of 10 tesla in the channel; magnetic shield 4 for protecting the
living quarters from magnetic field and for preventing the submarine's detection by
the magnetic leakage flux, A diffuser section is provided at the inlet and & nozzle sec-
tion at the outlet to provide for the neceseary differcnces in crocs section,

The system's operating principle is as follows: sea water at ambient pressure and

at a velocity head is imparted a hydrostatic heed hy electromagnetic forces: this head
is converted to an additional velocity head in the nozzle section. Thrust is provided by
change in the momentum from inlet to outlet of the chanmel,
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Table 18, MHD Submarine Propul-

sive Power
d .
Cropocts fppextnsuan Ynop.

Noga, yaau | MOUMOCTE H

1) 2) 3)
] 63,8 1,36 108
20 3500 i,82-100
k1] 3 800 4,25 100
50 50 600 1,08 100
100 374 0G0 3.97-100

KEY: 1) Speed, knots; 2) effective
power, kW; 3) thrust, H (in Newtons)

R.A. Doragh made calculations for a submarine with 2000 ton displacement and a
length of 64.2 m. The length to diameter ratio was L/D = 7 and the prismatic coeffi-
cient was 0.6. His results are tabulated in Table 18, The calculations were made on
the assumption that the systom's thrust is equal to the submarine'a drag.

The thrust was calculated from

T-: ¢Q\o, (5.32)
where Av is the velocity change in jet.

The hydraulic efficiency was calculated from this thrust

Tesn

™ = Yoty * (5.33)

where v is the fluid's density and ﬂp is the thrust developed in the channel [pumping
head of pump section].

The electrical sfficiency was caiculated from this pumping bead

Qll,
m L 17 ') (s‘s‘)

where U Is the potential difference across the electrodes, while I is the current moving
through them,

The overall efficiency was obtained by multiplying Eqs. (5. 33) and (5. 34)

T s (5. 38)
The thrust of the pump-jet was approximatsly determined from Bernoulli's
equation
R
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where Vout and v, are the outlet and inlet sea water velocities, Pout and p, are the
corresponding pressures; 20t and z, are the corresponding hydrostatic heads above
datum, and HL represents MHD losses in the channel and inlet and outlet losses.

All the terms of Eq. (5.36) were determined from a complete system of MHD
equations, using an electronic computer. Values of electrode voltage, current den-
sity, hydraulic, slectrical and overall efficiencies were obtained as a result,

Figure 107 gives the total efficiency of the MHD pump-jet as a function of sub-
marine speed for various B, = const, The dashed lines in the figure are for Mg The

graphs were constructed from the following starting data: channel length 15.3 m,
channel area 6,98 m?, diffuser ratio 1,05, jet [nozzle] ratio 1,49,

It follows from the above data that the overall efficiency of an MHD pump-jet with
superconducting magnets can be quite high.

Fig. 107, Efficiency of MHD
pump-~jet with superconducting
magnetic cirouit,

A study was also made of the nofse level of the MED propulsion system, which
shownd that its nolse level {8 20 6B lower than thet of a propeller,

At the same time it should be noted that realization of this system involves solving
a number of scientific and technical problems, the major ones heing

8) design of superconducting magnets capable of producing strong magnetic fields
in largs volumes;

b) developlng a control system providing for affective pmalm of windings snd
for reliable control;

c) developing an effective system for mmoving gases produeod at eloctrodes by
slectrolysis;

d) producing an optimal Dewar and cryopntc system for munwm the mmry
temperstures,
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3. Peristaltic MHD Propulsion Systems

All the MHD propulsion systems examined above involve direct interaction of
externally supplied currents or of currents induced in the sea water with an applied
magnetic fleld. Efficient operation of these systems in the relatively low-conductivity
sea water requires very large magnetic fields.

R is possible, in principle, to design an efficient propulsion system with ordinary
magnets, using a special compressor which would act on sea water by means of an
intermediste high-conductivity fluid [243]. The advantage of this system is the inde-
pendence of its operation on the sea water conductivity.

A peristaltic MHD propulsion system is depicted schematically in Fig. 108, It
oonsists of annulus 1 with 2 multiphase winding placed in its slots; annular sump 2
filled with high-conductivity fluid (liquid metal), and duct 3 filled with low-conductivity
fluid (sea water). The high-and low-conductivity fluids are separated by an impermeable
flexible membrane.

The field winding produces a magnetic field mcving along the duct axis, and closed
azimuthal currents are induced in the high-conductivity fluid, these interact with the
traveling field thus generating axial and radial electromagnetic force components,

The axial velocity of the conducting fluid averaged acroes its annulus (per cyclel,
is zero, since it is constrained by end partitions. An axial pressure gradient is thus
produced in the conducting fluid and it balances the axial force component, which is
oxpressed by

9
df - uull:.

This pressure gradient is transmitted to the pumpsll fluid via the mechanical coupling
between the fluids. I *he radial forces in the conducting fluid are sufficient to pinch
and trap the pumped flutd, the ensuing motion of the latter will conaist of trapped pack-
ets of fluid traveling at the speed of the flexible membrane against the pressure gradient
induced {n it by axial body foroes induoed in the conducting fluid, whence the name peri-
staltic is derived,

-

v e o ac m s e e Mmeh
r\.tﬂwsnn_.-unu;.mw ARSI ~-n.-\nl

Fig. 108, Schematic diagram of a
peristaltic KND propulsivn system.,
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The theoretical analysis of the operatinn of this type of propulsion system is quite
- complex [243], Hence we restrict ourselves to consideration of only approximate re-
lationships which describe its operation,

For a propulsion-system leng™ £, cross sectional area of water annulus A and
conducting-fluid annulus thickness h, the tota! axial force produced by the system can
be written as

P CEE (. ay o0

fe

(5.37)

where « is the wave number; ah is a dimensionless parameter; f = Rm N is the prod-
act of magnetic Reynolds number and the slip: s = (vf = v)ﬁ/f: Ve is the traveling-wave
veloceity: v is the maximum velocity of the conducting fluid, and Rm).: p O w/a? is the
fluid magnetic Reynolds number, based on wave speed and wavelength.

g

NN
';.1 \\\ ,

-~

L M [ L TS

ot 2! R p

Fig. 103. Dimensionless function [axinl body
force] Gy vs. B.

A plot of dimensionless function G, as a function of 8 for certain values of dimen-
sionless parameter ah is given in Fig, 109. The dashed line gives the envelope of the
given family of curves. Function G; has a maximum (¢.0553) for B opt = 4.12 and

(ah)opt = 0,309,

The total power supplied to the conducting fluid is equal to the pumping power and
the Joule heat losses.

Efficiency Ne of an electromechanical converter, which is the ratic of the pumping |
power to the total power, is approximately expressed in the form

!
3 sz - .o )
o ! (5.38)

Y
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v 220t 0 an
If we denote the mass rate of flow through the system by m, the exit velocity by

vy, and assume the exit pressure equal to the free-stream static pressure Py’ then
the propulsive force will be determined by the change in momentum

T  m(oge0 ) (5.39)

where v_ . is the submarine speed,

sub

Examining the ratio of the work performed during unit time v sub to the sum of
the performed work and the kinetic energy {n cocurrent flow, {.e., “sub +12m
(vy ~ v.“b). and using Eq. (5.39) we get that the overall efticiency is

L B

S (5.40)

sud

G9!

In order to impart constant translational velocity to the submarine, the propulsive
thrust should be equal to the vessel's drag

Fo et (5.41)

I py is the minimum permissible pump-~inlet pressure, then the maximum per-
misasible fluid velocity may be obtained from Bernouilli's equation, written for flow
at infinity and in the pump

Pl .;el;'_, p ; oo’ (5.42)

The free-stroam static pressure may be written as
Pe e (1Y), (5.43)

where d is the water depth, while 4, is the depth of equivalent water corresponding to
atmospharic pressure,

We have from Eqs. {8.42) and (5. 43) thet

1 . + e -y '
'Y ‘4l : ("_’- ‘\0’ . : ]3. (5.“)
Caut Sives

Equations (3.37), (5.39), (5.41) and (5, 44) can be used for obtaining a number of
approximate relationships describing the opsration of a peristaltic propulsion system,
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In particular, if p, Veub' 7 cSAS, rnm £ , Py d and h are specificd, we may obtain
the following expressions: '

a) fur the traveling-wave frequency

A N N 2 .t
) Vsely Py et U.ub Ty

A, [ Y . ) Ty, 5.45
oo i [ .._}(,‘ (i ) (5.45)

b) for the magnetic-induction amplitude at the coil surface

EAVES N R (5.46)
( { )( .'!r:'; ) ',(I RERS RS I '.‘:‘)"-"‘, e l ’
¢) for the liquid-metal conductivity

‘'su ""‘, e

;. .N, b( ey ) (l .. z}vf}{', (oh); (5.47)
d) for the water annulus }hickness

»

, o oL\ w3V L Sy o 5.48
Ay U -3«( ."Ié )(l :,.!.;)I:I D Bt R ( . )

) Ysub Qsun

Reference [243] presents results for a submarine and torpedo. It is assumed that
the submarine length is L = 114,6 m, L/D =10 and v = 30 knots. Here the length of
the propulsion system was taken as 0.5L; the torpedo length was 5.33 m. In both
cases the minimum inlet pressure p was taken as zero and it was assumed that the
thickness of liquid-metal and sea water layers is the same.

The field's linear velocity as a function of submarine or torpedo speed are given
for three submergence depths in Fig. 110. It i8 scen from these data that the maxi-
mum permissible wave velocity in the system (from the point of view of cavitation
prevention) somewhat exceeds the free-stream pressure, but is of the same order of
magnitude, As the submergence depth is decreased, the wave velocity approaches
the vessel speed.

Figure 111 shows the required liquid-metal conductivity for B as a function

omin
of B. A curve of UPREER function of dimensionless parameter y [complex separa-
tion constant] is shown in Fig. 112,

It has been determined that the optimum value of v is approximately 1. Then
Ne = 0.368. It is possible to increase Ne foro< y< 1,
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Fig. 111, The required liguid-metsl conduc -
tivity as n function of 8,

The optimum freguency of altemat&ng magnetir fieid for the torpedo is 50 cps.
while for submarines it ahould be lower. Hers the magnetic induction needed for pro-

pelling & submerged body at 30 knnts should be approximately 0. 1-1 tesla, irrespective
of the body's dimensions,

The above-described propulsion systems an.! their baslc e!mriﬂeriatica describe

primarily the theoretical possibilities uf using MHD effects for propulsion of ses-going
vesscis,
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The need to scive many scientific and engineering problems for practical realiza-
tion of these systems makes their development problematic, At the same time the in-
formation presented shows that extensive research is done in many countries in this
cirection. From thig point of view the dat- presented here should be of some scientific

~ 2n¢ engineering interess,
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CHAPTER 6

MAGNETOHYDRODYMAMIC POWER UNITS
FOR MCVING CRAFT USE

For several years now, development wcrk has been done in the USSR and abroad
not only on improvement of the already-develos«d MHD generators, but also on designs
for tiie immaediate future, among which we car cite water-moderated, water-cooled or
gas-cooled nuclear propulsion systems for freight and passenger ships, as well as the
use of direct conversion of energy of various fuels into electrical power for use on
moving craft, primarily space craft and deep submersibles.

A large amount of complex scientific research and pilot-design work is done in
these directions to solve the principal engineering and physical problems which would
provide for effiviernt utilization of the 2have power converters, as well as for determin-
ing potentialities of improving the effictencies and increasing the capacities of these new
units,

7/

Reliable and efficient operation ¢f MHD facilities using an electrically conducting
gas is possible only at high gas temperatures, which is limited by the available heat
resistant materials. In plasma MHD generators, two kinds of energy conversions {con-
version of thermal into kinetic energy and then of kinetic into electric power) are ob-
tained using a single working fluid. However, each of these conversions may be attained
by using a separate working fluid or by utilizing different aggregate states of the same
fluid: gas (vapor) for converting the thermal into kinetic energy, and an electrically con-
ducting liquid for converting the kinetic (or pressure) into electrical energy.

Liquid metals as working fluids are promising because their electrical conductivity
is at least four orders of magnitude nigher than that of ion!zed gas. However, the veloc-
ity of the working fluid in such an MHD generator can be by cne-two orders of magnitude
lower than when plasma is used. Since the energy density of an MHD generator is pro-
portional to the product O’Ug (o is the electrical conductivity and U, is the fluid velocity),
then a liquid metal generator can provide the same power density as a plasma generator,
or even a much higher one. This also solves the problem of materials.

To realize a power-generating MHD unit employing a liquid metal, one must impart
to the metal a given kinetic energy during momentum transfer from the expanding vapor
of this or some other metal; then one must remove, either completely or partially, the
vapor from the mixture thus formed before the entry of this mixture into the MHD gen-
erator.
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The vapor may be separaied from the liquid by condensing it during transfer of
heat to supercocled fluid injected into the chamber, or by mechanical separation. De-
pending on thc method used, the MID generator may operate on two principles: with
condensation (Fig. 113) and with separation (Fig. 114). The working fluid in the first
arrangement may be a gingle fluid which exists in different states ut different points of
the lonp, In the second arrangement the working fluid may be either a single liquid, or
two immisecible liquids,

: e In these arrangements the MHD gener-
‘ b / : ator may be placed in any point of the liquid
] / loop and operate with a vapor fraction or
/’ without it, using the pressure of the working
_ Lo fluid in the form of a velocity head or in the
e R P form of an ordinsry pressure drop. As can
DTN L /«\,hi] 1 7 be seen from Figs. 113 and 114, in both ar-
iy ' [ I rangements the metal flows continuously in a
i } closed two-loop system.
' J In the condensing arrangement the heat
- ) source, i.e,, the (nuclear) reactor, is placed
in the vapor loop., The liquid metal is heated
g)ﬁdetxﬁng Iﬁg\gdc-mf:al and partially vaporized in the reactor and then
yele. supplied to a two-phase nozzle, where it is
1) Heat source; 2) nozzle; expanded with attendant conversion of a part
3) liquid injection; 4) accel- of the thermal into kinetic energy. Liquid
erating-condensing device metal, precooled in a radiator, is injected
(drift tube]; 5) MHD gener- from the liquid loop into the expanding vapor,
ator; 6) diffuser; 7) heat The injected metal is accelerated in the pro-
removal (radiator). cess of momentum transier and the heat trans-

fer attendant to mixing simultaneously condenses

the vapor phase of the working fluid. As a result, the stream entering the MHD gener-

ator is predominantly in the liquid phase and has sufficient velocity and electrical conduc-

tivity, The liquid then decelerates through the production of electric power in the MHD
generator and is fed to a diffuser where it is further decelerated and its pressure recon-
stituted. Part of the liquid is then vaporized in the heat resource and returned to the
two-phase nozzle, while the other part is cooled in the radiator and returned to the in-
jecting condenser. The loop may include & regenerator for preheating that part of the
liquid which goes to the heat source.

In the separator cycle the heat source, i.e., the reactor, is placed in the liquid
loop, The liquid is heated in the reactor and supplied to 2 mixer where the recycled
condensate evaporates with attendant cooling, Then the liquid s accelerated in a two-
phase nozzle while exchanging momentum with the expanding vapor, i8 separated from
it in the separator, is decelerated in the MHD while performing useful work, and is then
returned to the reactor through a diffuser,

The liquid circulating in the vapor loop flows from the separator into a cooler.
From there it is recycled as a condensate (by an electromagnetic pump) to the mixer,
where it 18 vaporized by heat supplied from the reactor. The vapor, together with the
liquid, is expanded in thc two-phase nozzle, and is then separated from the liquid phase
in the separator,
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Fig. 114, Schematic diagram of a liquid-metal
MHD generator with separation.

1) Heat source; 2) mixer; 3) nozzle; 4) separator;
5) MHD generator; 6) diffuser: 7) radiato>; 8)
pump,

KEY: a) Vapor loop; b) heat exchanger; c) liquid
loop.

To improve the cycle efficiency, the vapor leaving the separator may be passed
through a regenerator, where it cools by preheating the condensate leaving the radiator,

Below we consider problems of thermodynamic efficiency of an MHD generator
using the above cycles, the parts of the system as well as resl‘ta of experimental and
design studies. Y

1. Liquid-Metal MHD Generators

It was noted previously that electromagnetic pumps for liquid metals are revers-
ible devices, i.e,, they can operate in the generator mode. For this it suffices to set
the liquid metal in 2 magnetohydrodynamic channel into motion by means of an external
preasure drop and to short the electrodes (in the conduction type) through a load.

At present, development work is done on conduction as well as induction-type
liquid-metal MHD generators. The theory of DC conduction type generators is the most
developed at this time. These generators do not differ in design from DC conduction-
type electromagnetic pumps,

Conduction-type liquid-metal MHD generators, just as homopolar generators, are
high~current, low-voltage devices. When using ordinary magnet systems, efficient duct
design and liquid-metal velocities of several meters per second, the output voltage of
such gensrators does not exceed 10 V. Obtaining a higher cutput voltage requires in-
oreasing appreciably the liquid metal velocity in the duct or using superconductive mag-
netic systems which yield high magnetic flux densities.
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3 Extensive theoretical and experimental studies of conduction-type liquid-metal {
MHD generator with a divergent nozzle duct were performed recertly by D. Elliot N
[222]. |

Theoretically a generator with a constant-cross section duct is a special case of
an MHD generator with a diffuser. The theory of such an MHD generator is derived
by Elliot on the assumpiion that the divergence angle of a constant-heighc diffuser 1s
small, which makes it possible to neglect all the velocity components of the liquid
metal, with the exception of the axial component, A schematic of the diffuser of such )
an MHD generator is shown in Fig. 115,
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Fig. 115, Schematic of diffuser of a
liquid-metal MHD generator,

To obtain the principal electrical relationships of such an MHD generator, we
isolate in the moving liquid metsl a fluid element with width a and cross section dxdx,

The resistance of this volume element and the emf induced at ite ends are

] a1
fe  nd

(6.1) i

)
i ?"g ”:",'l' (6. 2)

We shall assume that the diffuser is flat (a>> b). In this case the electric flelds
} strength in the liquid metal may be taken as constant (curl E = 0). Then, in accordance
with Ohm's law (2. 6) and Eqse, (6.1) and (6.2), the current passing through our fluid
eloament is given by

g ~:- (e, S )dvde, ‘ (6.3) , )
mm !.I‘ X .l\‘ . |‘\:. 1
Joule losses in our fluid element are

[:

2y S “ (- N)dede. (6. 4)

The current and the Joule losses §n a liquid element with dimensions b xa x dz are
given by
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Sinoe the liquid is incompreasible (div v = 0), then its flow rate in each of the
diffuser's crces sections will be constant

sy o

Q-ri b w0y

L
! 5\ wovdy ceent, (6.7

-

where v, is the average meial velocity, while subscripts 1 and 2 refer to the inlet and
outlet diffuser croes ssctions.

Upon substitution of Eq. {6.7), the expression for the current per unit length of
the generator can be written as

J(;) sa \!R‘{'“ﬂ‘b(l - k) i:'“‘u (" a)
where & = L= 15 tag load factor.

When using ordinary magnat systems and high liquid metal velocities, parameter
M?¥/R is small, In this case we can neglect MHD effects of the first kind and specify
the liquid mets! velocity distribution in the form {358, 383)

1
2 \T
) €9
Since the diffuser s flat, neanntju.lynu. Making use of this, and also

of the symmetry of the velocity distribution, we get the following as an estimate of the
first term in the right-hand sids of Eq. (6.6)

»
e ] T s t
J(} t’,dy) x v ﬂ) 0 v, rly) e ; ol b, (8.10)

Similarly, it follows from Eq. (6.7) that

tort g Vi _ ©.11)
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i Substituting Eqs. (6.7), (6.10) and (6. 11) into Eq, (6.6), we find

| O N A X LT I (6.12)

When using superconducting magnet systems and moderate liquid metal velocities,
it may be assumed that the flow is laminar, R is easy to show that in this case, at i
large Hartmann numbers, the velocity distribution can be specified in the form 3 )

e
MO A (6. 13)
Since in this case the boundary-layer thickness is of the order of b/M, its thick-
ness may be neglected as compared with the duct's height. Then, upon substitution of
Eq. (6.13) we get

(6.14)

4
2| (‘) .-,JJ).M ni."u.':.[ z - .,‘: (I e oy _2;.“ Q ___,_.-.u)].
d

Wuen using superconducting magnets the Hartmann numbers are of the order of
10%-10¢, by virtue of which Eq, (6.14) takes the form

} ? ’ 3

And, similarly, we get from Eq. (6.7

Ya Nt Up (6.186) “
In thia case tha Joule losses per unit generator length are given by
’ PG eildaib@ kY ‘:“ . (6.17 ;
i

Rt is easily seen by comparing Eqa. (6.13) and (6, 17) that the flattening of the

;mlocity distribution brought about by the MHD effect of the first kind reduces the Joule
otses,
Energy loases in the liquid metal element due to viscous dissipation can be rep- - 4
resented as ;
LG N R} !l ) E 3
P ‘3" R T ( ' )r’c. {6.18) 1
4
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The surface friction factor A at high liquid metal velocities and when using ordi-
nary magnets can be obtained from Prandtl's universal friction law [252]. When using
superconducting magnets and moderate liquid metal velocitics, this factor should be
derived from magnetohydrodynamic formulas,

Moplﬂugkqa. (6.8), (6.13), (6.17) and (6.18) from 5 =0 to £ = £, we get the
following relationships for the total current and total power losses in the generator duct:

PRI

PERLH (6.19)
l)(Jl\ .. :{?_3"_‘,‘!‘,'5‘;"."(' - k)' [l I .(;3,(."_ :',‘,).']: (6. 20)
P ."“3'."-"5_?: UL (6.21)

P, “’:i:':‘ v, (6.29)

where

(:%)' Nepr 2 (! 1
oy~ Q- —e— N -
l‘"(_::.) 2(0. g3
The output power of the generator {s calculated from

.
%2 aToik (1 - - &)
P.. L 2] Av' - ?.-l—"i‘.u‘.“ ‘ ey ‘e‘ ’m

The total losses of liquid metal energy ‘n an MHD generator duct are given by
P|."P“"'P, }‘Pl'
Here, for the two oases being discussed, power P,, can be expressed in the form

T 0!'1"&77“(!&4" IYRRLE I BTy .g’b""" 1.
P“ 4 e -... A k ! ‘ . ..‘ “ . (I e o’i) ! 1"”;“‘. 6\) * “0 2“
» lnf‘ ‘: ."‘"(’ - .’, 1 l}"{.!- -
i L LI ) N LI L - 1 o . (‘Cm
o o [k SR (R )] |

The total losses are dus to changes in the kinetic energy of the liquid (due to reduc-
tion of its velocity in the diffuser) and of the potential ensrgy (due to the pressure reduc-
tion 4p =p; - py).
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The kinetic energy in any duct cross section is

940

Equation (6, 26) for velocity distributions (6. 9) and (6. 13) becomes, respectively

el
A TR (6.2
L) ] (6. 28)
d - 2 "

where m = v,p ab is the mass rate of the liquid.

Using Eqs. (€.27) and (6, 28), the power of the liquid entering the diffuser is given
by

- 0,5 Zn.\,,u.ll[l (d' ?] AT (6. 29

ry O,ng-ﬂln,b[l. (::).] ', mb . (6. 30)

From Eqgs. (8,24), (6,25) and (6.29), (6.30) we get expressions for the required
magnetic field flux density

" ( ity s ® (| ,) > “ (8.31)
agans 8 [ a U ey 2
o l P41 e 0.5 b_(‘_ .":) . b\p N “
v lu.‘d(l }) ' 4' dj A ‘ ..‘l (8— a’)

Due to the fact that the electrodes and magnet poles are of finite length, as is e
case in electromagnetic pumps, edge effects exist in MHD generatora. Depending on
the magnetic fleld distribution in the edge zones, these effects may increase or reduce
the output power of the generstor by the amount

...’ - . “':T;? {..':,,__n (‘._sa

Here the required {nput power changes by the amount

qxf?." ..-E §
A, ST e ea). (6.39
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Factors a, and a, are given by a gamma function and depend on the extension
of magnetic field z, and z, past the electrode edges:

~ -4

bor(r )]
a, .: ;._.',..(1_..{?-'-. . (6.35)
ol ()

L 1. :i"’ )
a,-':-::' [:l "‘r‘((‘: 5 "’)) . (8.36)

Factors 8, and 8, are functions of the attenuation factor v of the magnetic field,
which is defined as

LT

hes et (6,37
X

RS (6. 38)

For ¥ ranging from 0 < ¥ < 8, 2 can be approximately expressed as a function of ¥
3 = 0,35 th (0,28y). (6, 39)
Using Eq. (6.33), ths output power of a generator will be given by

PO ey .
P‘ ‘a2 P:.-—I\P' 2 ‘,B"" ‘, " - k.). ®

0“
Mo, In2 Cqu ('t = %))
X [' “aig oyt ROTIT B (6. 40)

The tatal input power, acoording to Eqs. (6.34), (6.31) and (6. ) {s given by

Py Pyt APy
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The generator efficiency may be expressed as

‘).

\] : “"'
which, for the two cases at hand, ylelds
' r ,-,.'\‘I'“ ) NERHE S
)l() & . \ i L . l»;',. 4 :‘x npee
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“Tav -
- : . ‘. ln TR
A b ! Aigh ) 12 el
‘ T TRt
L T L 2 it :
S IS ) LIV AR . nary (6. 44)
) > 1y ey N AN
0s . v .\t Lo .
ot ( M om ) b ) ooty 2

U the channel walls, which are perpendiculalr to the magnetic field, are conducting,
then additional power losses must be taken into account, In the first approximatior, this
can be done by making an appropriate correction in the load factor:

R T T S S, (8. 45) 4 .
k \'.:-:‘ﬁ‘:\ 1 '?‘. . "'_(_0' 4 ) —l s :
B PR ] ) |

where Rln and Rl. are the internal resistance of the generator and the load resistance; - 4 ;
o, and o are the wail and the liquid metal conductivities, and '—)!L—;E- is the thickness ‘7' -

of the wall perpendicular to the magnetic fleld.

All the sbove relationships are valid for liguid metal MHD generators vih a con- 1 )
stant cross section duct when

Ny 0, y, - a

The vaines of n{) were calculated by D, Elltot {3i2] with the following initial data:

Vey *91.8 m/sec, &, - 14.5 mm, & =24.2mm, b = 6,06 mm, £~ 148 mm, 1, ~ z; - 22,5
mm,

A curve of n (!} as a function of the losd factor is shown fv Fig. 116, Curve 2 is 32 |
for inviscid Nlow without Rold extension, while curve 1 corresponds to deis caloulated ; zi
from Eq. (3.43). Point A was obtained experimentally using a modei of an MHD gen- ‘ '

erstor using a NaK alloy with parameters close to those used in calculations (3, - 14,7
mm, b:6,3mm, &, - 24.3mm, £= 148 mm).
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7ig. 116, Theoretical efficiency,
with and without a boundary layer
and field extension, of exparimental
MH. generator with diverging duct,
as a function of load factor,

™gure 11 shws a theoretical cusve of the ovtput power of an MHD generator vs,
the average flow velocity of liquid metal at thy diffuser inlet. The same figures shows
experiment=] data, which are found fo be in good agreement with the theory.

Figure 118 depicts a theoretical curve of the presaure drop in an MHD generator
diffuser as s function of length. It also shows experimnental data obtained for a given
magnetic induction (B, = 0. 6 tesla). It is easy to see that in the range of z/£ ~ 0,4-C.8,

the dffer~nce beiween theory and experiment {s approximately 30%, which is attribu-
table to incomplets compensation of the g2 meial reaction,

P uw
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| - e = b
¢ vl & 3

031,/ sec

Fig. 117. Comparison of
experimental and theoreti-
oal output powars of ar MHD
generstor with diffuser vs.
uquid metal velocity at dif-
fuser inlet.

*

Ve
o Sy
g
§o: S .
E [
‘.‘; by —7;‘2'/‘1«»\ ——
R“ R 3 ’_ \

Fig. 118, Pressure distri-
bution in the diffuser of an
MHD generator,




Particular attention must be paid to compensation of liquid metal reaction in MHD
generators. The detrimental effect of this reaction increases with increasing power of
the MHD generator. Tables 19 and 20.present results of calculations for two MHD gen-
erators with constant-cross section ducts in the absence and presence of liquid metal
reaction eompensation [{219]. It follows from these data that, all other conditions being
equal, compensated MHD generators can be made smaller and are capable of handling
higher pressure drops.

The liquid metal reaction in MHD generators is compensated in the same manner
as is done with the corresponding electromagnetic pumps.

It should be noted, in conclusion, that a gas or a vapor-liquid mixture may be
used in MHD generators as a working fluid instead of the liquid metal.

Paper [223] presents results of experimental studies of an MHD generator with
a two-phase working medium (liquid metal and nitrogen). These studies show thar the
conductivity of this two-phase medium can be quite high and, depending on the gas phase
fraction «, is defined empirically as

Yo av it ait ' (6.46)

Table 19, Characteristics of MHD Generators Without Com-~
pensation of the Liquid Metal Reaction

L B A B2 SRR AR 123
AT CIOPOPY ¢ 0 e pan
a) Napr<ieprcritka R
HEwE BN | Py i) kw )
AIEER I A; =0v
B S L SO AU
n % | €0 23
1ol I 6 l 3
Ap-10°3, Newtons/m? ‘ 2,26 | 4,125
vet, m2/sec I 0,73 | 1.3
b, mm | 1.7 | 5,1 ]
Q, Utern/sec i 3,52 I 26,2
i 1 ' i 4 l N3

KEY: a) Quantity; b) for generator with parameters,

Under certain conditions, the presence of the gas phase in the liquid metal makes
it possible to increase the generator efficiency.

It is obvious that, due to specifics of their operation, MHD generators for ship-
board use should have a number of features distinguishing them from stationary MHD
generators. In conjunction with this, studies of stationary MHD facilities cannot be
extended without qualification to generators for vehicular use.

-
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Tabls 20, Characteristico of MKD
Generators with Compansation of
the Liquid Metal Reaction
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KEY: a) Quantity; b) for generstor
withk parametsrs,

An MHD genarator for use as & marine power souroce should have & number of
specifio features which are determined besicslly by the conditions urder which such
power souross operate. Analysis of these oonditions makas it possible to formulate,
in the first approximation, ths prinoipal requirements on marine MED generators.

An MHD genersator which is the principal marine powsr source must supply elec-_
tric powsar to the main prime movsr {or propulsion electric motor), the electrically-
oporated auxiliary mechanisme and devices wiich are a part of the main power unit,
and to various independent g: oups of shipboard devices or users,

Here, deponding on the particular MRD schome used, in addition to the MED
generator proper, the MHD unit may contain also other (auxiliary) electric power
sources (for example, a conventionally-driven generator, a storage battery). The out-
put of such an MHED generstor is determined as the total power nssded for providing the

ship's propulsion and for supplying all the eleotric power needs, with oonsidsration of
their losd balance and simultaneity of operation.

The power actually delivered by 2 marine MHD generator must vary depending
on the vessel speed, on the conditions under which mechanisms and devioes servicing
the main power unit opsrate, as well ag on the mode of sporation of the ship's glea-
trically powered devices, For different modes of ship opersiion (sailing, loading, un-
Joading, eto,) the relationships between *he power used by its different subunits change,
with the power used by ons kind of unit changing independently of the powor requirements

of others and of the power used by the main propulsion aystem (or main propuision eleo-
tric motor). '

Individual power-using units (or their olusters) use eleotric power with diffevent
parametars with permissible deviations fully defined for each unit {(with respect to
voltage and frequency). R is most desirable that the MHD generator supply each fade~
pendent cluster of electric-power users independently,

168

. - " ; AT
RSO L. B PARRY -5 NV b A Tt e D Ll

R e




The marine MHD generator should have a given margin of life operability.
Methods for achieving this have evolved from practice, The main method 18 provision
for redundancy of ail kinde: duplication of power equipment of the same type, sc that
when & givern mechanism breaks down it is replaced by its back up unit; dividing the
total onpacity of & given power-unit sloment between several [smaller] elements of the
same type; upon breakdown of one such element, the others supply sufficient power for
below-capacity operation; snd division of the total capacity into small units, simultan-
eously with replication of equipment, when one elsment of such a unit, supplying only
a part of the total power, goes out of servioe, one can restore total power by actuating
a backup mechanism (element).

Due to weight and space limitations it is impossible to ingtall aboard a ship two
independent MHD generators, each capable of supplying the total power and each equipped
with its auxiliaries and associated systems. This is also useless since different major
parts of MHD generators operate at far different conditions. The most drastic operating
conditions are those prevailing in the MHD generator duct, in which flows a high-tem-
persture, high-velocity working medium,

The requirement of flexible operation and adjustability of an MHD marine facility
make it necessary to combine hydrodynamic and electromagnetic principles in varying
the power of the MHD generator in response to power changes in the load circuit,

In developing layouts and deaigns of marine MHD generators consideration must
also bo given to obtaining the highest possible efficiencies at different operating modes.

The structural integrity and design of a marine MHD generator should make pos-

sible its operation with the ship rolling, and at different values of heeling and {rim
difference.

2, Liquid Metal Condensing MHD Generator {Condensing Ejector])

Thermal Efficiency of the MRD Unit

The MHD scheme with condensation depicted in Fig. 113 was suggested by Jackson
and Brown [231]. A magnetchydrodynamic cycle using a two-phase nozzle and condensing
acceleration chamber [henceforth called condensing ejector] was described in [227], [230]

and [282), Figure 119 depicts the enthaipy-entropy diagram for such a unit under steady-
state conditions.

The stagnation state and the static state of the vapor are shown on this diagram by
points 17 and 2', respectively. Analogous states of the fluid being accelerated are shown
by points 1" and 2", Segments 1'-2' and 1"-2" describe the kinetic energies of the
vapor and liquid streams, The static pressure in states 2' and 2" and after mixing re-
mains constant. The total vapor and liquid pressures at the nozzle inlet (in states 1' and
1") are assumed to be same, i.e., the process is assumed to occur without additional
losses (loases due to incompleteness of mixing, flow friction, ete.).

Vapor at state 1! enters the nozzle, is expanded, mixed in the condensing ejector
|drift tube] with the fluid which is in state 1", and i{s partially or totally condenscd.
According to the law of conservation of energy, the enthalpy at termination of the vapor-
liquid mixing will correspond to point a, located on line 1'-1" in such & mamner that the
distance from point a to pointe 1' and 1" {s {nversely proportional to the mass rates of
flow of the vapor and liquid, respectively.
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§ The kinetic energy of the mixed flow cannot be determined solely from thermody-

namic laws, however; its maximum is limited by the available enthalpy difference, and N

i is depicted by segment sb, where b 18 a point on line 2'-2", Here, points a and b do

: not describe the true state of the mixid flow. In fact, since the static pressure of this
flow is py (see Fig. 118), the stagnation eand the static state should be depicted respec-
tively by points ¢ and e, Obviously, stagnation pressute p e at point ¢ i8 lower than Py

at point a. In addition, by virtue of the law of conservation of momentum, the kinetic
energy of the mixed flow drops from magnitude ce to cd, Hence tho static state of the
mixed flow is displaced to point 2 on the constant pressure line p;, while the stagnation
pressure 18 displaced to point 1 on straight Iline 2'-1%. Here, as was previously noted,
additional losses are neglected,

Fig. 119. The enthalpy-entropy diagram
of an MHD condensing ejector,

The mixed fluid flow passas through the MHD generator, where it performs useful
work, and then is broken up into two parts, one recycled to the heat source and the other
to the radiator (where it gives up its heat). Y friction and diffusion losses are neglected,
then the pressure py at the generator outlet obviously should not be less than pyr and pyn.
Point 3 on cunstant-pressure iine p;, characterizes the general state of the flow at the
generator outlet, Segment 1-3 corresponds to that fraction of the total enthalpy which
is used for electric power generation,

The heat supplied to unit mass of working fluid is equal to the enthalpy difference
i;r - {y. The thermal efficiency of the cycle is {

""i, ‘,: 'I'- i, l‘,
P N O PR AR A (6.47)
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where 1 is the specific enthalpy at points marked on Fig. 119 (b' is a point on line 1"-2'),
and x is the ratio of the vapor mass flow to the total mass flow of the working fluid,

Oun the right hand side of Eq. (8.47) x is expressed in terms of segments of the .

enthalpy-entropy diagram. The firet factor on the right-hand side is the thermal effici-

ency of vapor expansion in the vapor nozzle, while the second denotes the efficlency of

acceleration of the liquid flow during mixing with the vapor flow in the condensing ejec-

tor. This "bifurcation” of the efficiency ig obviously arbitrary (to some extent], In the

numerator of the thermal efficiency of the Rankine cycle, the pump work (segment 2-3)

is subtracted directly from the turbine work (segment 1'-2'), However, in the case at

hand, this cannot be done, since both these types of werk are performed simultaneously

upon mixing in the drift tube,

It should be noted that the expression for 5 [Eq. (13)] in [230] is incorrect, In this
expression the numerator has {;, instead of iy, while in the denominator iy has been re-

placed by i, (in the notation used here), which yields a somewhat higher than actual value
of 7.

In examining the fluw of incompressible fluid, Eq. (6.47) can be transformad as
follows. In this case

PN ¥
AR 4
L Q »

where Ai and Ap i8 the difference between the stagnation and static enthalpy and pressure
and p is the liquid density.

Since py = pyr and py = py»r (see Fig, 119) then, neglecting density changes in the
liquid phase, we have

syt (€, 48}

where v'' {s the velocity of the driven fluid,
By definition of the onthalpy

(6. 49)

where v! is the velocity of the driver flow, and v is the velocity of the mixed flow.

From the law of conservation of momentum

v -.t;)' : (l",") U’
and
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The last term of the second expression charactorizes kinetic energy losses in the
process of mixing the liquid and vapor working-medium plwases.

Using the above expressiona and transforming, we have

. ¢ o . o
I~y = G — 5 a-x[—'.~-- s

NI A B
2 2 CRnd U R ]

Substituting the above value of {; - {3 into Eq. (6.47), we find that the thermal efficiency
of the cycle is

(6. 50)

et () -0

. ‘l_“l

vl (-0 - )
The first factor in the right-hand side of this expression is the efficiency of the

Rankine cycle (which is used in the heat-source loop in order to convert the thermal

energy into kinetic ensrgy of the vapor jet), while the second factor {s the eﬂictoncy of
acoeleration of the mixed flow,

(6. 51)

e

The thermal efficiency of & unit using the above scheme can be improved by using
a regenerator. For this purpose, the heat of the fluid leaving the condensing ejector at
a sufficiently high temperature is recirculated and used for preheating thet part of the
fluid which, upon leaving the MHD generator, is recycled to the heat source. An MHD
generator with a regenerator is shown in Fig, 120 (230].

mai-?ﬁ )

RN

Fig. 120, Schematic of a con-~
densiug liquid-metal MHD gener-
ator with regeneration.

1) Reactor; 2) pump; 3) boller; 4)
condmnaing ejector (drift tube); 5)
radistor/booler; 6) and 7) MHD
gemarators; 8) regenerator; 9)
Jovle~-Thomson valve; 10) diffuger,
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It should be noted that heat regeneration in the above cycle cannot be implemented
in a2 manner similar to regenerative heating of feedwater in the Rankine cyvcle. This is
due to the fact that the minimum temperature T, at which the liquid being preheated
enters the regenerator must, in this arrangement, be appreciably below the minimum
temperature T, of the liquid in the cycle, with the result that the regenerating effect
cannot be fully utilized. This limits the possibilities of increasing the efficiency of such
a cycle by using a regenerator,

Returning to the analysis of the efficiency equation, we see that the efficiency of
acceleration of the mixed flow in the condensing ejector depends on the ratio of the mass
flows of the vapor and the total liquid mass flow x, and on the ratio of velocities of these
flows v"A'., The larger the x, the higher the efficiency of the acceleration process.
However, the allowable value of x, due to the necessity of providing a fully specified
liquid subcooling during mixing (in order to eliminate undesirable thermal losses), is
limited by the requirement that the mixed flow should not boil.

Each value of x and each selected value of pressure p; has corresponding to it an
optimal value of v'A4', for which the efficiency of the acceleration process is at maxi-
mum, It is defined by the expression

( v’ ) o 1-x
e opt 2—-x"°

Here the efficiency of the acceleration process is

-
[ 1
B l-- e T e

2--x ’_

Figure 121 shows curves of efficiency Ne a8 2 function of ratio v"A' for different
values of x. The optimum values of Ne lie on the dashed line.

If we consider changes in the working fluid's density in the liquid phase, then,
instead of Eq. (6.48), we have

‘.j .- l-_D >' l.;' bl i_".
Here the thermal efficiency 0}', the cycle will be somewhat below its value ealculated
from Eq. (6.51),

In {233] it is pointed out that analysis of cycles for a number of liquid metals and
for a combination of two such metals shows that: 1) the optimum thermal cycle effici-
cncies are obtalned when the weight of vapor fraction in the working fluid {s not more
than 10-15%; 2) the cycle efficiency is directly proportional to the working fluid specific
heat, and is inversely proportional to its latent heat of vaporization,

Figure 122 compares cycles of a condensing MHD generator and of a steam-
turbine unit by means of an 8 - T - v diagram. The T-s diagram is given in Fig, 123,

The working fluid leaves the MHD generator in state 1 and flows to the diffuser,
where the pressure rises to a value corresponding to the reactor temperature TR

(segment 1-2). Between states 2 and 3 the lHquid is heated, vaporized and converted
into a [mist] two-phase mixture. The flow ¢xpands and is accelerated in the nozzle
(3-47), rcaching the lowest cycle temperature at point 4%. Then the vapor phase of the
working fluid is condensed at segment 4+1* where heat is removed from the cycle.
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Fig. 121, Efficiency of acoel-
eration in drift tube vs, the .
vapor/liquid velocity ratio (at Fig, 122, s-T-v diagrams of energy conversion
vartous flows of the same) in an MHD converter and in a steam turbine.

Then the liquid, which hae ¢ sufficiently high velocity, entars the MHD generator in
state 1%, The solid line in Fig, 122 depicts the energy conversion in a steam turbine.
The difference between these two precesses of snergy conversion is in the different
sequences of condensation and energy extraction. In the turbine, the energy is extrac-
ted before condensation, i{.e., when the working fluid is in the vapor phase, In the MHD
generator, the useful energy of the cycle is extracted after condensation, when the work-
ing fluid is liquid,

The projections of the above enecgy con- g i
veraion processes on a two-dimensional T-s " ST Y I r
diagram are deploted in Fig, 123 and consist ; ; :
of a Rankine cycle Rhe figure refers to MHD O | v / .
cycle using Hg, and a steam turbine cycle, I~ S
where T I8 the critical water temperature). A

i
Tho highest temperatures TR and the mini- ;.‘ . \ y
mum temperatures Tmm of both cycles are / '

the same and, consequently, the Carnot

efficiency of both processes is the rame,

However, the thermal efficioncy of the steam - T ene

oycle is lowsr ﬂn;:nt g. tl; MHD converter )

‘r operating on Hg, due to gher avorage Fig. 183, Rankine oycles for

: temperature 'rm of the matal as oompnnd H;‘;nd HyO at TR> %’;‘r (0‘ Hy0).
with T'. the average temperature of the

v’.-“‘: " Hﬂn

’ . * Translator's Note: v bare denotes velocity and not volume, In the original
’ wording of (833]), Geschwindigeit (velocity) v.
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In the case of the Hg cycle, no superheating is needed, since all metals have
sufficiently high critical temperatures, The laft boundary curve for metals {s very
ateop, which makes the thermodynamic efficiency of the metal cvele close to that of
the Carnot cycle. In uddition, the power density of the turbine, even in the case of
high steam superheat, is severa! orders of mugnituda lower than n the MHD generator,

Thermodynamic Acouleration of the Liquid
in the Condunsing Cycle

The most complex problem in the condensing cycle s chermodynamic acoeleration
of the liquid metal upon mixing with the vapor of the same metal, the vapor condensing
during this heat tranafer, Let us consider the mixing in the drift tube of the condonsing
ejector,

The high velocity of the "hot" stream as compared with that of the cold, and the
consequent high tmpact losses, mean that the hydrodynamic efficiency of the accelera-

tion will be low if a single constant-pressure injection of liquid into the vapor stream
is used.
[

The efficiency of the thermo-kinetic procesa in the mixing section of the ejector
can be improved by using the so-called thermodynamic m-{ transformation. The bastc
idea of this trunsformation {s stepwise supply of the subcooled liquid to the expanding
mixed stream in order to convert the available onthalpy drop into kinetic energy of the
liquid stream, with an {ncreasingly higher flowrate at each stage.

The condensing ejector was analysed in extensive detail using computers [333].
The process waa examined in the following sequenice: the two-phase medium is expanded
in & superaonic noztle, a low-temperature liquid metal is continuocusly injected, momen-
tum exchange takes place betwoen the phases, and the vapor is condensed. This was done
for different inlet variables, amounts of vapor along the nozzle and in the mixing part of

the condensing ojector, injected-metal No'rrates and temperatures, and different pres-
sures,

The analysis showed thit continuous injection of the liquid metal increases the
cycle's therma! officiency by about 10F, as compared with that of the cycle with single
isobaric injection of the total amount of liquid metal,

To detormine the loases th the mixing section, lot us constder the idealized liquid
acceloration with an infinite number »f liquid-injection points {227,

A stream with mans rate th' upon passing through the reactor expands from initial
utate 1' (Fig. 118) uaing a certain portion of its avaliahle enthalpy, Hore the velocity
increasen from vy to vy (point A of Fig. 124).  AfRer this, the vapor flow mimes with
some {raction of the subcooled liquid, the resulting (low assumes an equilibrium state
1y with velocity v“‘ lete, 1. At the nth stage the available energy la fully utilised and

the working fluid is in atate Dy. The laat stage torminates by injection of the remaining
part of the liquid. The stream velocity at the ejector oxit le V!

Figure 135 {llustratoa thia prooosa( o an iternndiate stage of the condenaing
ejector, The following notatiun {s used: 1§ s the mixed flow at the ojector outlet: 1
and 1% are the respective (nlet vapor and quid flows: m’ and m* are the respoctive
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vapor and liquid mass flows; X, {8 the relative vapor mass flow at the two-phase nozzle
inlet [this quantity is identical to x in Eqs. (6.47) and (8. 50)] and i' ts the vapor enthalpy
drop (segment 1'-2* in Fig. 119).

/ SN B i
Fig. i24. Veloocity diagram in r.".r.,.'..ﬁ.o'
condensing ejector mixing sec- _
tion (based on thermodynamio

KEY: 1) Inlet section; 3) exit stage in the mixing sec-
scction; 3) mixing section tion of a condensing ejec-
length, tor,

After & part of the available enthalpy hae been utilized, the mixiure velocity at the
inlet to any intermediate stuge is v (Fig. 1256). During an infinitesimal time interve’.
the mixture expands by an amount corresponding to the pressure difference -dp. The
corresponding euthalpy drop .11 then be & = ~Vdp (V Leing the epecific volums of the
mixture in the given stage). The mixture velocity incresses by d,v and becc s v,
with the mlxtnn at this velocity, a quantity dx of the liquid is supplied to it, the mix-
ture exuads and thus acquires velocity v + dv. The flow velocity at the ejector axit
with x = 1 (the flowrate being m' + m"™ reaches the vnluav .

We assume for our further discussion that the specific vokine of the liquid ts
small as compared with that of the vapor. Then the energy squation which describes
the work of expanston vd; v = di and the momentum equation of the mixture

x{v | L) {o i L) (e ! do)

yield the differential equation

¢ 3 N & ("w

L

Rt will be assumed in solving this squation, that no »-ditional condensstion takes
place at the time when liquid is injected. Then Eq. (8.52) for the corresponding mix- .
ture and expansion stage is written in the form

( ‘ ) Woxle b eds | . ' (8,53
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Then we assume that ratio di'/dx = const; during the entire process the enthalpy
drop ' will be utilized, with the mass flow ratio changing from xto 1. Then Eq. (6.53)
becomes

(%) te o (6.54)

where

For an initial velocity v, = 0 and x = x, the velocity toward the end of mixing proc-
ess (for x = 1) will be Vo and the corresponding kinetic energy

»‘1 - ® l I -
(SRR AN & BN BEAY)
Loy FERN (6.55)
The kinetic energy of the flow leaving the condensing ejector t-.2z cowprises a
1+x, 1-
part of the initial kinetic energy x,i'. 1ts other part, is lost in mixing.
2 2
7’
In the case of single state mixing, then
'.! .':i' (60 56)

i.e., the energy loss according to Eq. (6.51) for v** = 0 i8 twice as much, that is (1 - x)).
Multistage injection thus can reduce mixing losses two-fold.

It is desirable to have at the inlet of a vehicle mounted MHD generator a two-phase
mixte- ~ -vith a given vapor fraction. This is primarily due to the fact that the presence
“of the vapor (gas) phase in the liquid metal does not always result in reducing the gencra-
tor efficiency. Conversely, in a given range of generator operation modes the efficiency
increases with increasing the vapor content [223], In addition, the efficiency and output
power of a generator using a two-phase mixture is a function not only of the load, as in
the case of a liquid-metal device, but alsc on the relative content of the gas phase [void
fraction]. Thus the crescnce of ine vapor {gas) phase in lquid metal provides for greate~
flexibility of generator operation. This may be used for controlling its outout, -wrick is
particularly important for vehicular applications.

The maximum void fraction is determined by the limiting possible reduction in
the mixture's thermal conductivity. Here it should be kept in mind that the mass vapor
fraction is by several orders of magnitude lower than the volumetric vapor fraction, the
allowable limit of which is approximately 0.75 [sic] [223]. Here MHD generator opera-
tion with practically pure (vapor-izss) liquid metal may be of interest.

Let us consider the case when the flow leaving the condensing ejector is entirely
liquid, i.e., when the vapor is fully condensed. The subcooling of the injected liquid

in this case should be determined so as to obtain a saturated exit liquid flow, which
eliminates excess thermal losses in the cycle.
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We assume that vapor is condenaed on expaneion and mixing., The corresponding
change in the energy drop is expressed as

wi N .59
Here Eq. (6.53) for mixing and ezpension takes the form
—';'~ -:': :‘»c-'c* - xde - ovdy,
and instead of Eq. (6.54) we get
(.-\'~' v"‘ --v)d\' xde, (6. 58)

where
At ()

Solving thi> vjuation using integration factor xv for the sume values of inlet and
exit values of x (x; -~ Xy and for v, = 0, we gat

RTINS I LAY A, 2w,
and when x = 1 we will get instead of Eq, (6.55) the expreasion

i ;‘ 3 (G. 59)

Comparing this expression with Eq. {6, 566) we can conclude that if a liquid flow is
desived and the ejector exit, then stage-wise injection of liquid {s expedient only when
Xy <1/2,

Experiments on Acceleration of Liquid \
by a Gas Flow

The present section presents data on experimental study of the acceic:ition of
liquid injectad into a high~-speed gas stream by the latter. The experiment was needed
because known results on the drag, on which acceleration of the injected particles depends
were obtained for aircraft, turbines and other airfoils and are not suitable for particles
undergoing acceleration motion.

The most interesating experimental data on particle acceleration ave presented in
[253). The two-phase vapor liguid metal mixture was .nodeled in the experimental sctup
by means of compreased air and spherival particles of sand of properly selected size.
This ir a conservative simulation, since air as the driver fluld is less dense than the
two-phase liquid metal and the sand i# denser than the injected liquid, ‘The selection of
air and sand permitted test operation at ambient temperatures and eliminated any problem
due to change in particle size ducing acoeleration,
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The overall view of the setup is shown in Fig. 126. The sand was coated with
.contrasting black paint and a Fastax camera capable of taking 17, 000 frames per
.second was used to photograph the travel of the sand particles. Separate test series
were made with cylindrical and rectangular subsonic and supersonic nozzles. Sand
injection occurred just downstream of the nozzle throat. The drift tube extending from
rthe nozzle --modeling the condensing cjector -~ was made of Pyrex glass and therefore
photographic images of the sand could be obtained at various positions downstream of
the nozzle. The test variables were: sand size - 177-500 g diameter; sand mass flow -
'45-12. 5 g/sec; air pressure - 2.06-4. 16 kg/cm?, air mass flow -~ 40-90 g/sec.

The test data were used for constructing curves of drag coefficient ¢ 438 2 function

of particle Reynolds number P.ep.

Fig. 126, Particle acceleration test ap-
paratus.

1) Sand injector; 2) recording instruments:
3J) glass drift tube; 4) camera; 5) nozzle;
6) air supply.

Figure 127 shows curves of ¢ - f(Rep) for different values of parameter
‘v;)d/v; (vi) is the particle acceleration, v-;) is the particle velocity and d is the particle

Ediameter). It is seen from Fig. 127 that the drag coefficient i{s proportional to the
particle acceleration, The same effect was observed by other investigators with larger

particles. It is seen from these graphs that ¢ FRE dependent on the distance from the
point of injection.

According to test data, a distance of only about 20 em is needed for accelerating
sand particles 500 ¢ in diameter from 0 to 120 m/sec. At a distance of 30~40 cm from
Lll}f: point of injection the particles acquire velocities equal to 60% of the air velocity.

he experimentally determined acceleration exceeds theoretical values, found by extrap-
olating data on the drag of airfoils.
)
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Fig. 187. Drag cosfficient vs,
Reynolds number with accelera-
tion modulus as the parameter,

Experimental Heat-Transfer Studies
in a Condensing Ejector

The rate of haat transfer between the subcooled lquid and saturated vapor is
studied by means of Helsler's diagrams for spherical particles [234]. However, these
diagrams do not cover the entire range of parameters for which it {s necessary to make
caiculations for liquid metal MHD units. In addition, the efficiency of condensaticn for
small void fractions can be appreciably lower than that assumed in conatructing these
diagramas with the result thet the heat transfer for alkall metals may not conform to

theoretical dats obtained from these diagrams, This made it necesaary to set up the
applicable experiment, >

A staro of importance in preparing this experiment was developing a method for
measumng the volume of the alkal! metal vapor in the two-phase flow [238], which is
needed for obtaining the condensation prooess characteristics. Prem and Parkina in
their report to the Intarnational Symposium on MHD Electric Power Geweration held in
Paris in 1964 reported plans for study of heat transfer on & special test section which
should be completed in 1964, with half a year of tests planned,

Figure 128 depicts schematically the heat tranafer test section, which is a part of
a potassium teat loop developed for performing extensive teats of the MHD device, This
section is used for study of heat transfer batween potassium vapor and cooled liquid po~
tassium, The program of tests (ncludes study, within wide limits, of the effect on heat
transfor of the flow velocity, temperature and pressure. The results of these tests are
intended for determining the ratios of vapor and liquid phases ensuring optimal operating

conditions for the two-phase nozzle which {5 a part of the condensing ejector and of the
drift tube, as well as for design of these devices,

It should be noted that acoording to preliminary heat transfer calcu'ations using
Heisler's diagram, the condensation time in the ejector's mixing ssction should be of
tho same order as the scosleration time of the liquid phase [233], Here the design
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-——  values of the heat transfer coefficients (for maximum difference in the temperatures of
the vapor and liquid phases of the working fluid at the inlet and exit of the test section)
were from 1, 76- 102 to 1, 76- 10% watt/m? -deg.

Fig, 128, Heat transfer test section in the condens-
ing ejector.

1) Vapor or vapor-liquid inlet; 2) subcooled liquid
injection; 3) injection chamber; 4) variable-length
mixing chamber; 5) electromagnetic flowmeter;
6) variable-length and cross section transition
section; 7) electrode location; 8) liquid injection
nozzle or atomizer; 9) vapor flow straightener.

Figure 129 depicts schematically a potassium test loop facility, designed and con-
structed in the USA [233] for the study of necessary properties of liquid metals, testing
individual unit elements and subsequent demonstration of the operation of the unit's
prototype using this cycle. Its operating characteristics are:

Workingfluid . ., . . ... ... .... .+« K
Maximum temperature, °C , . . . . . . . . . 870
Maximum metal vapor pressure, Newtons/m?, 2, 7.10°%
Maximum liquid metal pressure, Newtons/m?. 11.75-105
Maximum vapor fraction (by weight}, % . . . 5-20
Construction material . . . ... .. .. . ¢type 316

s stainless steel

The major components of the loop, surrounded by an argon filled enclosure are:
boiler 10, preheater 2, regenerative heat exchanger 12, reject heat exchanger 15,
electromagnetic pump 13, various tanks, demountable test sections. Instrumentation is
provided for measuring key parameters such as temperature, pressure and flowrate,

Potassium is supplied by a pump to the regenerative heat exchanger, then passes
the boiler and test section, the other side of the regenerative heat exchanger to an argon
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L heat exchanger and back to the pump, The liquid metal from the pump flowa to the argon
heat exchanger, where it is cooled, and then flows to the tast section., N
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Fig, 128, Schematic of potassium test loop
fecility.

1) To argon cooler; 2) polassium=~to-air heat ex-
changer Nc. 2; 3) to drain tank; 4) liquid level;

5) surge tank; 6) argon supply; 7) to vacuum pump;
8) vacuum tank; 9) test section; 10) hoiler; 11)
future line;: 12) regenerative heat exchanger; 13)
eleciromagnetic pump; 14) fill and drain tank;

15) potassium-air heat exchanger No, 1; 16) cold
trap; 17) variable heater: 18) enclosure.

KEY: a) ghec.

r 3. Liquid Metal MHD Generator Operating
on a Separating Cyc

Thermal Efficiency of the MHD Generator

The cycle of an MHD unit with separation using one working fluid (single-com-
ponent cycle) and with twe immiscible liquids (two-component cycie) was analyzed
in [218], [223], [235] and [236]. It was established that the efficiency of the two com-
ponent cycle is higher than that of a single-component cycle (neglecting friction losses),
The single~-component cycle with separation is thermodynamically less efficient due to
the need to heat the liquid to a temperature exceeding the average cycle temperature,
The two~-component separating cycle {s examined in great detail on the following assump-
tions [218):

1) the vapor is an ideal gas wi*h constant specific heat;

2) the temperature in the twa-phase nozzle decresses insignificantly as compared
with the inlet temperature;
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3) the liquid and the vapor condensate do not interact chemically;
4) the vapor is not soluble in the liquid;

5) the pressure of the saturated vapor of tue liquid is zero;

6) the pressure along the MHD generator channel remains constant;

7) the liquid does not penetrate into the vapor loop and the vapor does not pene-
trate into the liquid loop,

Condition 1 results in a trivial error if use is made of the effective molecular
weight, which yleids the correct value for the nozzle exit density. Assumption 2 makes
it possibla to apply eguations of isothermal flow in the nozzle, with the error for flow-
rate ratios in mixtures of practical interest being quite insignificant. Conditions 3 and
4 are usually satisfied for liquids of interest here. The error due to assumption 5 is
minor., Condition 6 makes it possible to examine separately tlie MHD generator and
the diffuser, although partial o: total preasure restoration may also take place in the
MHD generator. Assumption 7 appreciably simplifies the problem, since then effects
due to incompleteness of separation are not considered (below these effects are taken
into account by the separation efficiency y B).

The thermal efficiency of the cycle is given by

. ”‘ .
A P
“ K »P" _— dP' Ty (60 60)
L] y ‘ p L
0

where Pe is the electric power output of the cycle; P, is the thermai rating of the reactor;
and Pcl is the cooling loss.

The electric power output of the cycle is equal to some fractioff n _ of the kinetic

energy converted in the MHD generator, less the electric power for driving the conden-
sate pump, i.e,,

P i (B e ) Y Reu e Poan) (6.61)
2 ' pCcon -

where g is the generaicr efficiency, rimﬂ ia the mass flow of the liquid through the gen-

erator; vg in and vg out 2re the liquid velocitiea at the generator inlet and outlet:

is the mass flow of the vapor; pp in and pp out AT the condensate pressures at the pump

inlet and exit, "p is the pump efficiency, and p con is the condensate deusity,

The cooiing loss pcl will be calculated on the assumption that the process in the

cooler takes place as follows: the vapor is first cooled from inlet temperature of the
cooler 'I‘m cl to critical condensation temperature Tw is condensed, and then cooled

from Tw to the condensate temperature at the cooler exit Tout o Then

i

d /'.‘.vl", (lld.ln Iw) l I ! (‘~cmd(7'w ’ rd»oul )]- (6. 82)
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whoa‘e cp is the specific heat of the vap@z-, 'L is the latem heat of condensation and Coo
18 the Epecific kheat of the candensate. - o - )

The klnetic energy at tho separstor e:dt {at the generator inlat) will be assumed
to be some portion Ng of the kinetic enexgy of the llquid leaving the two~phase nozzle,

io By
o P !."
Y3 Ulaow : (6. 63)

Xn the diffuser the presoura is raloed by &a amount Pin. r p,, where Pin. ¢ is the

pressure of the fluid at the reactor inlst (at the diffuser axit) and P2 15 the pressure of
the liquid leaving the two-phase nozzle, This pressure drop cen be represented as a
relationship for the velccity haat at the diffuser inlef :

1 L :
:"r m oM 9 e Uy, out - (8. 64)

where M is the Jdffuser efficiency.

The velocity with which the liquid !eaves the two-phase nozzle v out.n {8 assumed
to be equal to some portion {n )‘/’ of the isentropic exit velocity v,, i.e. ,

1)

hoout Ui (6. €5)

To derive an expression for A [237] we assume that vapor with molecular weight
M, specific heat ¢_ and mass flow rate m enters the nozzle and s mixed with a liquid
‘: having density Pae gpecific heat Car and mass flow rate mn. Let p; be the pressure,
T, the temperature and v the mixture velocity at the nozzle inlet; s, and 8¢ the apeciﬂb
entropies and iv and ln the specific enthalpies of the vapor and xiquld respactively,

The change in the specific entropy of the vapor flowing in the nozzle
N e TI_»' R, P.t
As, . s, S LR AT (8. 86)
where K ia the universal gas constant,

The corresponding change in the liquid's entropy
Asy - e5qr Sytiegn ;.: . (6.67)
The change in the mixture entropy

R 1 "‘) ' 1.‘.1":'" T, (8. 88)

Ne-om As Lo o '...
$-om \s' g sy oot ((‘ In I A
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In the flow of a homogeneous mixture heat transfer from the vapor to the liquid is
reversible. Hence under adiabatic flow conditions and in the absence of friction the
mixture flow is isentropic, i.e., As = 0, Then we get from Eq. (8, 68)
v, ( o W Wy ca) (6. 69) j
"l. o ) ‘
The change in specific vapor enthalpy for flow in a two-phase nozzle .

. My cdyy oy ey 1), (6. 70)
the corresponding change in the liquid's enthalpy

‘v
L 1

TSR P YL TR CAPR Y B ':‘:.‘ : (6. 71)

“a

With the assumptions made, we get from the energy—balancé equation for a steady-
state procese at the nozzle inlet and outlet

Lo N Y e e
vty Lty o 'x) LAY ML ) 3 (6. 72)

Substituting At v and Aiﬂ from Eqgs, (6.70) and (6, 71) into Eq. (6.72), we get

.: o, o e e el )
. e vy o0 ™M {6.73
R {"u("l ry) o ] ! )
Substituting here T, from Eq. (6. 69), we find v
@
) ] o ;- ‘
) I A S L A[}n'n (\,v Mo ) X _,
‘ H 3 (l ';.-,"V) g My a il
- fi ll“ k

. [I o\t gy "n)] P } (6, 74) i
1l . ( M ) ) M ! * !

For low rhv/n'xn which are of practical interest the exponential expression contain-

ing ratio py/p; can be approximated by two first terms of a series expansion of this ex- { ]
prossion 1
‘ 4
{0 6 g ) o
(I'l) v ' vYvyvon o a SR ’.."»‘la 1 He . (8. 7»
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Substituting Eq. (6.75) into Eq, (6.74), we get

- oaT Moo Mt
: ' ( -V "{, Yt & ) ) (6.76)
2y (\‘ - Ity ) [ar RN P Mo

Upon simnltaneous transformation of Eqs. (6, 61)-(6. 65) and (6.76) we get the ratio
of the output electric power of the cycle to the cooling loss in the form

e g 1V
‘,‘ A N

RS m .
o . o .

(‘ N ) M ' U NS

X :‘.‘I" cpy

r . Tyt y .
) r, . IA{ I R L e 3 g n n) ,
AY

.

1y .‘.‘"V..
e K e ( Prin P ) ‘
AR A Pr P \

N ”'\) o ,}
B Y v Pp.out Pp.in ) (6. 77)
{ (u,,n.n,n,, (i;,n.;c_) ( P ) e

\ A

where

A ( L:,‘:) ll' ! ('ll_( l‘;x T 'I‘d\oul ) N ‘.p(Tn T d. out )'

Substituting this value of Pe/Pc} into Eq, (6. 60) we get the thermal afficiency of the
cycle, which is not presented here due to cumbersomeness of the expression,

Acceleration of Liquid in 2 Two-Phase Nozzle
with a Separator

As was mentioned previously, an MHD cycle with separation is thermodynamically
more efficient when two working fluids are used &wo-component cycle). One of the besic
problems in operating a facility with this cycle is efficient acceleration of the liquid
phase of the working medium in the two-phase nozzle by means ot the kinotic energy of
expanding vapor of the second working fluid, These working fluids should be mutually
immiscible, or little soluble over the entire range of cycle temperatures,

One-dimensional flow of a two-phase noxzle on assumption of absence of friction
and heat transfer to the nozzle wall was examined in great detail by Elliot in the Jet
Propulsion Laboratory of Californta Institute of Technology, with the results reported,
among others, in [225) and [238]. It was assumed in his analysis that the liquid forms

spherical droplets all of the same initial diametor, and that the droplets break up when-
ever the Weber, based on the slip velocity was

We - Ol

o)
2 6,

\ (6. 78)
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if the slip velocity (vv - vﬂ) is maintained during a time longer than the natural oscilla-

tion period of the droplet -\ | |

. asis generally the case in a two-phase nozzle,

in the above expressions p v is the vapor density, 2q i8 the liquid density, d is
the droplet diameter, vy is the vapor velocity, Ve is the liquid velocity and o is the
liquid's surface tension,

It was also assumed that the dimensions of the newly formed dropnle.s are such
that for them We = 6. Here the maximum or critical droplet diameter was determined
from

1
T e (6, 79)

AR

where s = vvvﬂﬁ is the slip and v is the steady state equilibrium velocity,

Let us consider the two-phase flow in a nozzle section at distance x from the
Inlet. The pressure in this section is denoted by p and the cross sectioral area by F.
It is obvious that

where

.
it gy
: . te

my

The momentum of the mixture at steady state equilibrium ve'city * and constant
pressare is

N VIR T R (Y M I

Whence

Since r'n\‘ ¢ fn,.l - consat, then the gradient of the momentum ls

At".‘! (e ! rig) .;; el 1) ,‘
When there 8 no friction at the nozzle walls dM/dx Is equal to the negative of the
pressure gradient over the entire flow area, (0.,
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Substituting here the praviously obtained value of F, we have
S i i ’ »
i ( ok ) o (6. 80)

e ' mca

We now express th: gas (vapor] velocity in terms of s and ¥

vy 11 l'l'~' v (6.81)
W (1 1,)e (8,89

&xbsttmuwthplbwevduelofv'andvﬂmosq. (6. 80) and making use of the fact that
3%V = d¥?, we got an expression for the momentum in the form

a ! . K e

. ) T " t et

" ! [(l l:l)"" (l l::)"‘l ) . (.69
In the ltmit of isentropic flow the alip is zero and then the sought issntropic veloc-

ity gradient is given by
a) 4 ¥ ] dp ‘
I ( ) (6,84

S de Ve ag fode’

A seocond important feature of the flow, {.e., the graidient of the slip, can be
found as follows. Each drop is acted upon by drag pressure vad{oroe Fp produced

by pressure difference

corad gt
i F! €, ‘.: : e (‘.’a
s . MY A 8.8
F, 8 A (6.89)

wbucdwehaGruMchut.

R may be assumed approximatsly for amall Reynolds numbers (Re = 0.:)
.. N
“‘,.",>

and foi kgh Reyoolds sumbers (Re = 3-10%)
[ 7} DRETR
mmdmrvmrpuwbmmdmmmuu

wcosloration
e (8.87)




From the last three equations we get the value of the velocity gradient

(6. 88)

e Y G (6.89

Solving the above expression for daAlx and expressing in the procers dvn/dx by means of
Eq. (6.88), we yet the slip gradient

' ‘: A A U . (8.90)

a 'n - Sy L“ﬂ""’

The total enthalpy of the two-phase flow in the case of no heat transfer to the noxzle

walls and neglecting vapor formation during expansion of the mixture remains constant
and can be oxpressed as

1 P '.
"n‘\"a f.ﬂ ST .:c) . 16.91)

The transfer of heat botwesn the liquid and vapor phases during noszle flow is char~
acterizod by equations presented Lelow, The rate of convective tranafer of heat from the
liquid droplets to the vapor ia

2 Ni(la f (6.99)
where k {8 the heat transfer coefficient and N ~ &i\nlid'on is the number of droplets,

The heat trarefer coefficicuts can be oltained from the relationshipe 1239}

for Re < 1.0
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Due to circulation of the fluid inside the droplets, their inside temperature is
uniform, so that

!!i‘ra:m Eqgs, {6.92) and (6.93) we get the gradient of the liguit'a temperature aiong the

dra T )
M T R ’

. (6.94)
‘nan

This equation does not take into account the effect due to formation of additional vapor

during nr 7zle expansion of the mixture. However, as is noted in [238], this effect is
insignifican*,

Experimental Studies of the Two-Phase Mozzle

The previously presented system of equations was used for computer calculation
of the iheoretical charactaristics of a two-phase nozzle for the flow of nitrogen-water
and Freon 13¢1 (CBrFy) ~ water mixtures [238], The calculations were made for drop-
lot diameters of 0,05-0. 127 cm. It was established that due to breskup of large drops
according to Eq. (6.79) the exit velocity does not depend on the initial droplet diameter,
if it is below a certain value (in the case at hand 0.0254 cm). This conclusion point= to

the theoretical feasibility of efficient nozzle operation without preatomizstion of the
liquid,

Calcuiations showed that the exit veiccity for the nitrogen-water mixture is 85%
of the isentropic exit velocity corresponding to zero droplet diameter, while for the

Freon-water mixture it is 51%. This is attributable to the higher Freon density, which
requires less slip for the same drag on the water droplets,

Figure 130 presents theoretical and experimental values of the exit velocities of
the aitrogen-water mixture for 2 nozzle inlet pressure of 10.5 atm abs, exit pressure
1.C5 atm abs and temperature 21.6°. Theoretical curve ! was obtained for above-
critical droplet sizes., The same figure shows by a dashed line the isentropic velocity

curve for d =0, Figure 131 presents these cu. ves for the Freon-water mixture for the
same iniet and exit conditions and temperetures from 4,7 to 12,2°C,

It should be noted that the experimental characteristics of the twe-phase nozzle
were obtained with rough initial (at the nozzle inlet) atomization of the liquid and with
total absence of droplets with critical and below-critical diameters., This derives the

theoretical conclusion that it is possible to obtain efficient acceleration of the liquid
without fine pre-atomization,

Figure 132 depicts a test section for experiments with the two-phase nozzle [238].
The nozzle contour was selected so that the slip velocity varies along the nozzle approxi-

mately as (wb)‘/ 3 where v and p are the local mean velocity and pressure, respectively.
The nozzle was 127 cm long, with a 35, 6 cm entrance diameter and 13, 2 exit dlameter,

the throat dismeter being 8,07 cm, The size corresponds roughly to a conversion sys-
tem of 125 kv electric output,
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Fig. 130. Comparisen of predicted and
measured nozzle and separator exit veloc-
ities for the nitrogen-water mixturc,

1) Nozzle; 2) separator.

Fig. 131, Comparison of pre-
dicted and measured nozzle exit
velocity of the Freon 1301-water
mixture,

Fig. 132, Overall view of experimental two-phase
nozele in operation,
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The semivertex angle of the convergent part of the noxzle is 20°, while the semi-
vertex angle of the divergent part is 2,5°. The nozzle cross ssction near the throat
changes quite smoothly, so that the slip would be limited to 0.5. The mixor (injectur)
has 1656 peirs of impinging jets of nitrogen and water, uniformly distributed across the
entranoce diameter of the nogzle. This provided uniform mixture-ratio distribution by
making the water jets converge at a right angle. The holes were rectangular with sides
of 0.0127 x 0.33 cm for nitrogen and 0. 1015 x 0,33 cm for water. The nossle was tested
for a range of water/hitrogen mixture ratios from 15 (th = 2,76 kg/sec, ﬁ\ﬂ = 4, 17 kg/vec)

to 70 (ﬁ\v = 1,18 kg/sec, x;xﬂ = 88,6 kg/sec). The presaure drop along the injection jets

was 11,95-2,11 atm abs for nitrogen and ¢.98-2, 67 atm abs for watei'. The mesn veloc-
ity v was calculated by dividing the total flow by the nozzle throat cross section. The
messured velocities at the nozzle exit ranged from 144 to 89 mbec for a flow-rate ratio
range from 16 to 70. The experimental gnd theoretical data are compared in Fig. 139,

In the Freon experiment the latter was supplied to the mixer (injecior) at & = -56,7°C
was evaporated after injection, reaching a superheat from -18 to -9, 2°C, changing in the
process the water temperature from -15 to -7°C. Figure 131 compares the experimental
data with caloulsted results obtained on assumption of total evaporation of the Freon. Rt
is seen from this figure that total liquid vaporization wiil yleld full agreement between
the theoretical and experimental nozzle characteriatics,

It was concluded in [238) on the basis of analysis of experimental data for a two-
phasa nogzle operating on a Freon-water mixiure that Li in such a nozzle will efficiently

vaporize Ce [or K, or Pb), since the heat-transfer propurties of liquid metals are better
than those of the Freon-water mixture,

s A T R P

Figure 133 shows u theoretical curve of a two-phase nczzle for Li-Cs for an inlet
mixture preasure of 14, 15 abs atm, exit pressure of 1.41 atm abs and temperature
1100°C [238]. The vapor pressure of Li in the caiculations was assumed to be constant
and approximately equal *o 0. 14 atm abg, while its surfaoe tension was taken as 23
Newtons/m?. The conocentration of Cs disaolved in Li was assumed to be 6% by weight,
The initial diameter of droplets was taken as 0. 127 cm, and it was assumed that the
exit velocities do not change up to droplet diameters of 0,0807 om,

The dashed curve in Fig, 133 is that for isentropic velocity, It is seen from the
figure that the predicted exit velooitiea of the Li-Cs mixture comprise 88% of the (3en-
tropic velocity, The theoretical and experimental studies thus show that it 18 pos~ible

in two-phase nozgles of acceptable length exit velocities amounting to from 85 to 90% of
the lsentropic leaving velocity.

ok 5 g NS A R R P

Separator Experinients

A conical separator placed at the inlet of the two-phrse nozzle was tested first in
conjunction with the development of jet pumps for rocket engives [237]. These experi-

ments showed that {t is possible to develop auch a pump with a two-phase nozzle and 2
separator as its main elements,

e P

Figure 134 shows one such separator operating together with a two-phese noszle
being tested on sn air-water mixture. The separator was oonical with semivertex angle
of 15°, passing into a toroid of 38 mm radius curvature. The conical part defleots the
gas from rectilinear motion upon leaving the nosele and collects the atomized liquid into
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Fig. 133. Predicted nozzle-
exit velocities of cesium-
lithium mixture,
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Fig. i34, Experimental two-phase drive nozzle and
exporimenta! conical separator,

1) Liquiq inlet; 2) liquid-injection tubes; 3) aperture
plate; 4) gas vapor inlet: 5) nozzle; 6) separator,

a film: the bulk of the remaining gas is removed by centrifugal foroes produced in the
flow in the toruid. These experiments determined n 8’ the ratio of the kinetic enargy

of the liquid at the separator exit to the kinetic energy of the liquid at the two-phase
norzle outlet, which when recaloulated for a separator for a 500 kW unit amounted to
ng 0.85 {222],

A relationship was alao obtained between the liquid loss in the separator and the
width of the annulus which taps the liquid filin at the separator exit, for different values
of gas, liquid ratios at the separator inlet. It was established that with an increase in
the width of this annulus the liquid flow through it firat increasea quite rapidly, then
slower and for & given annulus width (0,561 mm) it reaches a maximum, It was found
that about 209 of the total liquid leaving the noszle i2 atomized to such an axtent that it
does not impinge on the saparator body, and that part which does impinge forme of
foam-like mixture with a gas, liquid volume ratio of about 4, Losses of liquid in the
separator (by being carried away by the vapor) dependa on the gas to liquid ratic and
according to the tests made comprised not less than 8% of the total mass flow of the
mixture, It is obvious that these characteristics had to be substantially improved bafore
the separator can be used as a part of an MHD facility,
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Subsequentiy this tyr.e of separator was tested as a part of an MHD facility [222].
The purpose here was to evolve structural elements of the separator which would pro-
vide for minimum hydraulic losses, reduce lesses (bypaas) of the liquid as well as ob-
taining a liquid film with a specified vapor content.

Figure 135 shows the arrangement of a two-phase nozzle, separator and MHD
generator for a 500 kw facility using an Li-Cs mixture. The separator of this facllity
together with a two-phase nozzle was tested cu the nitrogen-water mixture [225],
initially gmd separator had an annulus at the end of its conical part, for liquid removal
(Fig. 13

The measured velocities at the separator exit are shown in Fig. 130, which also
depicts a theoretical curve calculated on assumption of liguid flowing along a flat plate
with boundary-layer thickness equal to the thickness of the liquid film at the separator
suriace. As is seen from Fig, 130, the experimental points are in quite satisfactory
agreement with the predicted velocity distribution,

The measured separator exit velocity was 70% of the nozzle exit velocity for a
mixture ratio mﬂ/m = 14 and 83% of the nozzle exit velocity for mn/m =70,

'L

Fig. 135, Schematic layout of two-phase nozzle, sep-
erator and MHD generator of a 500 kW vacility,

1) Two-phase nozzle; 2) separator; 3) lithium film; 4)
MHD generator; 5) diffuser; 6) to radiator,

Duse to t'ie relatively high liquid losses in this separator, its design was modified
(Fig. 137). .n addition to the primary liquid-capture slot at the MHD generator inlet
a seoondary capture slot was provided for removing liquid carried by the gas past the
first slot. A set of extension rings was used to determine the effect of primary capture
slot position relative to the geometric impingement point of the jet. In addition, & sec-
ond separator with a straight cone, shown by the dotted line, was used for comparison
with the curved cone. The experimentally determined efficiency of capture by the pri-
mary slot as 2 function of the gas and liquid volume ratio ‘Vv/vﬂ at the primary slot in-

let for different slot widths b is shov n in Fig, 138,
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Fig. 136, Conical part of experimental
separator,

Fig. 137, Experimental conical separator.

1) Flow in; 2) curved cone; 3) point of return of
secondary flow; 4) straight cone; 5) geometric
impingement point; 6) extension ring: 7) secondary
capture slot; 8) gas outlet; 9) secondn »y liquid
outlet; 10) liquid outlet; 11) primary c. ture slot,

By reducing the slot width it was possible to reduce the amount of gas entering
the primary slot ‘ogether with the liquid; this incressed the flow bypassing the primary
slot, This effect made it possibla to obtain a liquid film with volumetric gasAiquid
ratios from 0.5 to 2.0, For ratios from 1,0 and ahove less than 5% of the lquid by-

passes the primary slot,

The effoctivoness of the secondary slot is illustrated by Fig. 139, As is seon,
the secondary slot collects from 60 to 809 of the liquid bypassing the primary slot,
Here the total liquid losses (by weight) in the separator amount to 0, 5-1,5%. of the

separator flow,
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Fig. 139, Capture effect-

iveness of primary slot, iveness <;f primu;,y and sec~
- %0, - ondary slots combined.

1) mﬂ/mV 20, 2) mﬂﬁnv B l) = 20. 2) ﬁn -

= 40; 3) mg/m,, = 65. mq/n, = 20; 3) mpfm, =

= 40: 3) mnﬁN = 65-

KEY: a) Percent liquid flow
bypassing primary slot,

Fig. 138, Capture effect-

KEY: a) Peroent liquid flow
bypassing primary slot,

Experiraents with replaceable axtension rings measured the bypass of liquid past
the primary slot in order to determine the effect of primary slet location. Figure 140
shows the bypasa of liquid past the primary slot #s 2 function of the ratio of the cone
Sives sectional area where the extension ring is installed (primary slot) to the area of
the exit cross section of the two-phase nozzle b/A? (for volume retio ﬁ\n/n'\v = 40). This

experiment shows that reducing biA® to 2,0 does not appreciably reduce the separation
effectiveness, When b/a? is reduced to 1, 5 the liquid loss amounts to 9% with the curved
and to 189 wit, .ae straight cone. The amounts of liquid bypaeasing the secondary capture
alot were 0.7 and 1, 6% reapectively, {.e., approximately equal to the bypass ohserved
with higher b*%A?, The separator exit velocity was found to be the same for both the
curved and straight separators.

The separator with the curved cone was used to study the effect of returning to
the cycle, through a slot in the cone's surface (point 3 in Fig. 137) of the liquid cap-
tured by the secondary slot, The ourves of flow velocity reduction in the separator due
to injection of the secordary liquid flow thiuugh this slot as a function of the liguid flow
through this slot to the liquid flow through a two-phase nozzle are shown in Fig. 141,
which also depiots the theoretionl curve for ﬂ\n y = 62 (top curve), which {8 {n satis-

factory agreoment with test data, The velocity losses In this case are 50-70% of the
socondary flow velocity. The amount of fluid removed from the separator does not
change due to secondary injection,

The experiments thus proved the feasibility of designing a separator the liquid
loss (bypass) in which doea not exceed 1%, with uquid~nhcu{.locna below 20%. The
liquid removed from the separator may be returned to the cycle by secondary injection.
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Fig. 140, Bypass of Fig. 141, Exporimental and

liquid past primary slot theoretical reduction of sepa-

as a function of the area rator exit velocity due to sec-

of cone cvuss section with ondary mixture injection

the extension ring of the through separator cone sur-

primary slot to the nozzle face,

outlet cross sectional area. KEY: a) Separstor velocity

1) Straight cone; 2) curved reduction, %; b) secondrry

cone, injected flow, %.

KEY: a) Percent liquid

flow bypasaing primary

glot.

Experiments with the Two-Phase Diffuser
To find a suitable diffuser geometry a series of reatangular and annular diffusers ; .

with various contraction ratios and divergence angles werc tested {225}, The beat
geometries for volume ratios in the neighborhood of 2,6 were found to incorporate a
contraction area ratio of about 0,76, a throat-length/gap ratio (for the rectangular

diffuser) of .bout 15, and a divergence half-angle of 3. 76°, Figure 142 preseats the
sfficiency of the annular diffuser and the best rectangular diffusers as a function of
inlet grsAiquid volume ratio ui Inlet velocities batween 42, 5 and 91,5 mAec, 1he
efficiency !a the ratio of diffuser discharge preasure to inlet isentropic stagnation
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pressure, It iz seen from the figura that the efficiencies of the best diffusera lie on
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Simulated Tests of the Unit, Testing of
Working Fluids and Muterials

The schematic of the section for simulated facility tests is shown in Fig. 143 [225].
This facility simulated the basic elements of a missile power plant developed in the USA
for use with the SNAR-50 reactor. The tests were performed at the Jet Propulsion Lab-
oratory of the California Institute of Technology [225] to clarify the conditions and the
operating features of various cloaed-cycle operating modes, with the lnop including an
injector, two-phase nozzle, separator, iiquid return line for the liquid removed from
the separator and auxiliaries. The {acility was tested with a nitrogsn-water mixture,
Six return lines were cotnected from the diffuser outlet to the injector inlet through
check valves to prevent reverse flow after starting. The main pump provided starting
flow through the start line, the nitrogen flow was adjusted in keeping with the set-up's
operation,

Makeup water flow to compensate for the water lost with the nitrogen exhaust was
provided from an auxiliary pump through a pressure regulator,

Smooth startup of the facility on closed-loop cperation was provided by a throttle
valve located at the diffuser exit. The throttle valve was closed gradually on start up
until the diffuser discharge pressure exceeded the injector inlet pressure, causing the
return check valves to open. Further closing of the thrttle valve, accompanied by re-
duction of tha main pump {low, caused an increasing proportion of the {njoctor {low to e
supplied from the return lines. Finally the throttie valve was fully closed, the main
pump was turned off, and closed-loop operation was established at partial flow,
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Fig. 143, Piping arrangement for closed-
loop tests,

1) From main pump {water]; 3) start line:

3) check valves; 4 injector: 8) nitrogen line:
6) pressure regulator: 7) makeup lino {water];
8) nozsle; 9) sevarator; 10) nitrogen exhaust:
11) secondary flow raturn line: 12) throttic
valve:; 13) diffuser: 14) return line (for closed-




Operation under closed-loop conditions was found to be smooth and stable, and uny
operating point within the clused-loop range could readily be reached by varying the
nitrogen flow rate and the makeup fecd vressure,

A survey was made of possible workiag fluids for use in spaw, For operation at
1000-1100°C nozzle inlet temperature thore are {our fluids with vapor pressures suitable
for the vapor loop: cadmium, cesium, potassium and rubldium. For the liquid loop
there are eight liquids with low enough vapor pressures to prevent exceasive carry-over
to the vapor loop, and low enough melting points to svoid plugging of the radiatora:
aluminum, bismuth, gallium, indium, lead, lithium, magnesium, and tin. Of the re-
sulting 32 posasible working-flu'd pairs, adequate solubllity data for cycle analysis exists
only for the potaasium-lithium and cestum-lithium combinations,

Studies of solubilhvy of potassium in lithium showed that at 315°C approximately
107 and at 980°C as much as 15% of the Dotassium is dissolved in the lithium, Theae
values are excessive and hence the K~Li combination was discarded in favor ol Ca-Ll,
The solubility of cesiurm in lithium at 1100°C is about 7, 5%,

To determine the nozzle inlet pressure for performance analysis, the vapor pres-
aure of a saturated solution of lithium in cesium over the temperature cange 925-1100°C
was measured [225, 2401,

To determine the conditicns which would ensure the required lifctime of the facility
a number of tests was set up on the erc on of the metal by a8 high-velocity flow of lquid
and of the effect of lithium on the insulation of MHD generators [235], These tests showed
that a service life of 1000 hours is possible even with the presently available materials

4. Evaluation of Liquid Metal MHD Units for Moving Craft

| Condensing MHD Conversion Systems

Condensing conversion aystems (sec Fig. 113) are examined in proapective designs
for praducing power in the 10 kW to 100 MW range and more. Apuolication of guch cyvies
iz heing Investiguted for the supply of power at locations where acoess is limited {(apnce,
underwater and remote tervestrial locations) [238], The outstanding features of the
hiquid metal MHD in such an application are high reliability, since thére are no moving

mochanicel components, and high-temperature heat rejection whi~h permits obtaining a
high power density,

Below are presented certain characteristica of such a unit for a low-output space
power system. Bs use at contral alationary generating planta where it would be used as
the topping portion of n hlnar&* evele will be discussed further on,

As an example of the expe.ted performance in & space applloatim, vork was done
for a cycle bosed on the use ST & mixiure containing four parts of lithium and one part of
potacsium [233], The theoretionl sfficiency of an unoptimised cycle with cyvile (nlef and
radistor fnlet temperstures of 1060 and 760, respectively, was determined to 16 %,
Assuming T0® for the electrical gsnerator eimiencv and 70% for the mechanica: efficl-
ency (losses due to al) other factors such as noxzle performarce and pamplug require~
ments), the sctuai conversion efficiency from heat to elcecricity (8 8%, Due to the
better sink candftions for A romote terrestrial or uadnmster power supply, a still
higher efficiency oan be realized,
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Fig. 114, Phantom view of 500 kW nuclear-powere 1
apacecraft MHD couversion system USA project,

1) MHD generator; 2) inner coaxial tube wi'h shell;

3) diffuser; 4) reactor control aystom; 5) ma.ifold
ahead of radiator; 6) main-flow Injection-fluid bypass;
7) condensing ejectors; 8) radial injector; 9) last gtage
of condensing ejector; 10) manifold dovmatream of
radiator; 11) condensstion zone,

Figure 144 depicts in phantom view a 500 kW nuclear-powered MHD converter
rated at 500 kW and using Na as the working fluid [382). The converter uses regenara-
tive preheating of the working fluid in the vepor Joop. The probabie working dimensions

diffuser the flow breaks up into two streams. Ome stream passes through the radiator
heat exchanger for subcooiing, while the other

exchanger to a two-phase noxzle, The inner diffuser dslays some 5 of the total flow
and raises it to the reactor pressure levei,

The reactor is composed of two coaxial and expanding tubes of which the inner

movable tube serves for reactor control and scram. The requisite controls and instru-
ments are built into the inner tube,

The transformation zone consists of several nozsle and mixing sections [eondens-
ing ejectors] having approximately equal cross fection. Injection ia effected via radially

~located oszle tubus fed from the inner tube,

Below are enumerated the principal data for the above 500 k', AC MHD converaion
system using Na as the working fluid:
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Temperature, “C:

attheveactorinlet . . . ¢ ¢« ¢ ¢ ¢ ¢ ¢ ¢ o o s o o @ 550

atthereactorexit . -~ . « ¢ ¢ ¢ ¢ ¢ « 0 ¢ o v v o & 950
Reactor diameter, ecm

‘mik - L] - * * a L ] - - . - L] - L] 1 ] L] L] L ] L] * - L ] 8

ml& - . - L] L3 L 3 - L2 L] L] . . » L ] L ] * L ) L] - (3 L3 L] 40
Number of transformation stages . « o0 s e 6
Maximum working-fluid velocity in the 1009 mkec 140
Average diameter of MHAD generatorduct, e .- . . . . . . 4
Working fluid parameters in the MHD duct:

velocity, MMEC . . . 4 ¢ ¢ 4t 0 v et e e s e 50

electrical conductivity ohma-m)-t ., . . . ... ... 2.10¢

temperature, T . . . . 4 4t e v e e e s e e e 550
Ratio of compreasion work to useful {outr:) power. . . . . 0,08

It is stated in [332] that such a system was designed for 50 Megawatts 20 kV,
50 cpe. Overall efficiency is estimated at 32 ¢ when using mercury st temparatures
from 609 to 160°C,

Fig. 145, MHD-stexm binary cycle,

1) Nozzle; 2} MHD generator; 3) drift tube; 4) converter: 5)
liguid-vapor mixture line (10% vapor, 20% liquic); 6) liquid
metal boiler; 7) liquid metal line; 8) steam generator; 8)
superheater; 10) reheater; 11) steam-turbine generator; 12)
condenser; 13) oondennh pump; 14) regonerative heaters;
15) feed pump.

Figure 145 shows schematically a binary cycle, in which the liguid-metal con-
vertor servea as i tepping unit of & conventional stesm cycie. The heat is supplied to
the liquid-metal working fluid by combuation of a fossil fuel or in a reactor. The liquid
metal leaving the MHD generator enters the steam superheater and then the steam gen-
erator, wl:m the mensible heat of ths liquid metal is transferred to the conventional
steam oyc

For a binary cycle of 10600 Megawatts consisting of MHD and conventionsl steam
cycle operating at maximum temperature of 870°C, the MHD topping unit generates
about 125 Megawatts, Thia results in an ovsrall efficiency 14% higher than the achiev-
sble steam coycle efficiency, The annual fusl savings for a 30 ¢ per 108 BTU fuel

amounts to $2.8:10 * The structural material uzed was type 316 stainless stoel [233].
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Some outstanding features of the liquid metal MHD tcpping cycle are: 1) higher
plant efficiency; 2) required temperatures are in a range whers availabie materials

can be used for components; 3) multiple stearm reheat can be conveniently engineered
in the plant design and further improves the staam-~cycle performanos; 4) only low
vapor guality metal {8 required from the haat raising unit, which reduces the possibility

of tube burnout; §) with an alkali metal furnace the kighest cyole tempersture is associa-
ted with low steam pressure, resuliing in better tube material utilization,

Separating MHD Conversion Systems

The prolect of MRD converters with separstion studied in grestest detail and most
extensively researched is that of a nuclear MHD system rated at 300-500 kW and using
Cs-Li [225]. The axperimental data obtainsd with thie facility were presented above,
The assumptions emrloyed in the snalysis were as follows: 1) 0,5% of the Uthium en-
tering the separator flows to the vapor lcop; 2) the facility uses a separator with pri-
mary and secondary liquid capture slots, 3% of the liquid bypasses the primary slot and
is returned to the separator with a 3% velocity reduction; 3) the gensrator efficiency
(considaring friction losses between the separator and genarator, as wall as between
the generator and diffuser) ia 70%. ; 4) the diffusar efficiency is 85% ; 5) the efficiency
of the vapor--loop eleciromagnetic pump is 50%; 6) the pressure drops across the reac-

tor, radiator and mixer is 0.7 atm ubs; 7) a DC converier is used (from 20 V at the
MBD generator output to 5000 V).

Reaulta of analysis of cycle efficiency (ratio of output electric power less the
power for driving the vapor-loop pump, to the thermal cutput of the reactor) are pre~
sonted in Fig, 146, R is seen from the figure that the maximum cycle efficiency on
the above assumptions i8 5.7% . The thermal power of the reactor for the above effici-~

ency is 6100 kW, Such & reactor using Li with a high burnup is sbout 700 kg, A more
conventional design would waigh about 16800 kg.
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Fig. 146, Estimated efficiency
of oestum-lithium oycle,

1) Nozzle inlet tamparature is
1100°C.

: welght of the ocaversion system (nozszle, separator, diffusers, cesium pump,
piping and

gonerators, inoluding magnets and busbars) for a Nb-Zr magiet system is
about 900~ 1 000 kg.
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Tablé 21, Weight of Basic Compo-
nents of a 300 kW Liquid-Metal MHD
Power Plant with Separation
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KEY: a) Component; b) weight, kg;
c) specific weight, kg/kw; d) reac-
tor; e) conversion system; f) voltage
converter; g) radiator; h) total,

The 20 to 5000 V converter would have an efficiency of about 86, 5% and a specific

weight of 3. 76 kgkw. For an output of 300 kw the converter input power should be
347 kw and weigh 1100 kg.

According to design studies the specific weight of the radiator should be
6.83 kg/m?, a radiator for a 800 kw facility thus weigzhing 1100 kg. It is more realis-

tic to assume a specific radiator weight of 13,7 kg/m?, giving a total radiator weight
for a 300 kw plant of 1800 kg.

Tab.e 21 presents the weights g the system's basic components.
© 'The shield weight of the nuclear reactor depends strongly on the spacecraft con-
figuration and on the system!'s location. Approximately the shield weight is estimated
at 900-1800 kg for a total dose of neutron and gamma radiation of 10!% neutrons/cm?
and 10%rg/m, respectively.
As was previously noted, available data make it possible to construct such a con-

version system even at present and have it operate continuously for not less than 1000 -
hours,
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APPENDIX 1: Physical Properties of Certain Liquid Metals and Alloys
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APPENDIX 2, Specific Heats of Some Electrolytes
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KEY: 1) Liquid 2) melting temperature, °C; 3) Heat of fusion, 10~ J/Ag; 4) boiling temperature

at p = 105 Newtons/m?,

°C; 5) heat of vaporizatlon.

10-3 J/kg; 6) density; 7) specific heat;
dynamic viscosity; 9) thermal conductivity; 10) kg/m3; 11) JAkg-deg. ; 12) Newtons-sec/m?;

i,

8)

watt/m-deg. ; 14) bismuth, Bi (atomic weight 209,0); 15) gallium, Ga (atomic weight 69, 72)

207.21); 26) alloy of Pb-Bi (atomic weight 268); 27) cesium, Cs (atomic weight 132, 91),
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13)

16) potagsium, K (atomic weight 39.096); 17) lithium, Li (atomic weight 6.94); 18) sodium, Na
(atomic weight 22, 997); 19) alloy Na22K78 (atomic weight 33. 9); 20) alloy Na56K44 (atomic weight
28,1); 21) tin, Sn (atomic weight 118, 7); 22) mercury, Hg (atomic weight 200, 61); 23) rubidium,
Rb {atomic weight 85. 48); 24) antimony, Sb (atomic weight 121, 76); 25) lead, Pb {atomic weight
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A)Note: Values of specific heat are presented for electro-
lytes dissolved in the proportion of one mole of electrolyte
per n moles of water. All the dats are for a pressure of 105

Newtons/m? (760 mm of Hg).
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APPENDIX 3. Thermal Conductivity of Certain Electrolytes
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APPENDIX 4. Viscosity of Sea Water [236]
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water to the viscosity of potable* water at temperature, °C.

Q KEY: 1) Concentration of salts; 2) ratio of viscosity of sea
Q
Q%Q *The viscosity of potable water is taken at 0T,

APPENDIX 5, Composition of Salts in Sea Water* [232]
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KEY: 1) Ions; 2) number of grams of ione per 1 kg of Hy0; 3)
in % of the total weight of all the ions.

*For a total salinity of 8 =~ 34, 482°/,
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