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INTRODUCTION

|

This technical report has been prepared as pexrt of a

i

- contract on Energy Transfer Problems in Superconiucters and

Flowing Flasmas. The report presents a survey of ragnetohydro-

dynemic power generators in this country and abreoad.

The work was supporied by the Army Missils Command ;

(Huntsville) under contract DA-01-021-AMC-12820 (2).

Denys 0. Akhurst
Project Director
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1. GENERAL INFCORMATION

1.10 Introducticn

The generation of eiectrical power by magnetchydrodynamic methods
can o@ achieved vy ihe interaction of eldcirumaguetic ficids with Zloving
electrically conducting fiuids. The basic principles of induction, on
which this process of direct conversion of thermal energy tc electricel
erergy is based, were estdablished by Faradey in the 19th century. At
the time of his formulation cf the laws of electrommgnetic induction,
Faraday proposed the use of the River Thames: 'as a: sourcecof electrical -
powe;r.l He lowered a pair of electrodes from Waterloo Bridge, London, .
into the river in an attempt to measure the induced voltege that wowid
arise from thie flow of the river through the earth's magnetic field.
The experiments vere inconclusive due to insufficiernt megnetic field
strength, insufficient fluid wvelocity and fiuid elecirical conductivity,
and ineffective electrodes.

The first reported attempt to:actually:develop an NHD generator

seems to have been by B. Karlowitz and his assocliates at the Research

3 Ia order to investi-

Laberatories of Wsstinghouse from 1939 to 19h7.2’
gate the poasibilitvies of an MAD generator, Karlowitz and his associates

designed and constructed a generator with combustion producte as a working

medium and carried out several experiments., Because of the lov temperature

and low conductivity of the gases, the currents drawn from the generator
vere exceedingly 'm.u , even though electron beams and other devices were
used to improve the ionization. These early attampts by Karlowitz showed
that MHD genersation was not practical at that time.

later; iu the 1550's, as a result of plasma atudies in controlled

fusion and missile re~entry work, a greater understanding of high
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\”gnerat:,ion have been held in the United States,

tempersture geses was achieved and this led to renewed efforts to achieve

electrical s=neration by ges MAD methods. Similar advaaces in conducting
liguid studies stimuleted new work in liquid MHD generation. By 1959,
Sporn end Kantrowitz published & paper presenting a design study for a
500 MW power static:n.j+ Estimates vere made of the total investmert and
running coste, sxd o veriety of tachrdcal probleme were disenssed. Aas

a result of the increased interest in MHD power genefation, a DC gas

MHD generator was designed and built by R. F. Rosa, in 1960, at
AVCO-Everett Research Corporation.s’ 6,7 Exper:iments were run to investi-
gate some of the basic principles of operation, che espects of seeding,
and the Hall effects. The generator produced 10 kW of power with an
operating time of 10 ‘seconds and the results indicated that for the most
part the theoreticel considerations were correct.

Since then, the number of investigations:of magnetohydrodynamic
power gencration has increased very rapidly and several extensive studies
involving both theoretical and experimental ccnsiderations have been
completed. Aside from the considerable amount of work reported in
scientific journals, several symposiums on magnetohydrodynemic power
8-13,12% .14 1n other
trips. For example, internaticnal symposiums have been held in
b and in Frt!.nce.l5
this survey, emphasis has been given to the description and
reporting of work concerned with the various types of MHD generators
rather than to the advances of materials study for the generators or the
integration of the generator intc the overall power plant scheme. These
egsociated studies have been mentioned only briefly.

The .swrvey is presented in two sections: +the first deals with OC

.ard the second with AC MHD generators. The basic principles of operation
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§together with sdme of the performance data are given for the generators

discussed. The present operetiing siatus is presented together with the

Prehicted developmant&

2. X MAGNETORTDAODTHAMIC FOWER OSHERATORS

2.10 Introdua' 1o

The fundamenisl DC MHD generator, shown in Figure 1, is con-
structed around a duct, through which the conducting fluid flows. A
steady magnetic field is placed orthogonally to the flow direction and
also orthogonally to the electrodes. As the fluid moves through the
magnetic fieid, the basic generator interaction Vta.kes place and &
poteritial difference develops at the electrodes.

The generator shown in Figures 1-3 are channel direct current
generators, the simplest and most widely investigated of the various
types of MHD generstore. At present DC MHD generstiors seem to be the
most promising type for the large scale generation of commercial power.
When combined with conventional steam generatlng plani, the MHD-steam
turbine combinaticn could theoretically increase the oversll conversion
efficiency to approximately 50% compsred to an upper limit of epproxi-
mately 45% that may eventually be replized with steam plant alone.
Several MED-steam turbine plants have been designed and reported in the
literatufe . -5

Another possible use of MHD generators is generation of large
auounts of power for short perZods of time, e.g.,a few microseconds up
to several minutes. Generators specifically for tais use have been
deslgnad or constructed which operate with combustion gases or ta2

detonation of a seceded explosive rroduct.
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2.20 Linear DC MHD Generstors

There are two besic variations of linear DC MHD generators (shown
in Pdgures 1-3) which sre distinguished by the mode of operation. These
generators elither oparste as Farsdsy (conduction currsnt) gemerators or
they operate as Hall (Emll current) gensrators.

2.21 Gontinuous Electrode Generator

With the continuous electrode generator of Figure 1, the Hall
coefficient @r must be in the rangsr @t <l (where ® = electron gyrofrequency
and T 15 the mean free time between collisions Tox an electron). Under |
these circumstances the net electron current is perpendicular to the gas
flov and a voltege is developed across the electrodes. For @r > 1, the
e]_.ectron current is no longer ﬁer?endicular to the gas flow and a component
of current exists along the flow because of the Hall effect. With the
continuous electrode gecmetry these currents cause additional losses in
the electrodes.

2.22 Segmented Electrode Generator

For the range 1 <wr<10, thc segmented electrode configuration of
Figure 2 avolds the losses vhich would result from the additional currents
1f continuous electrodes were used. The a.xie.l’ current flow is gsupressed
by segmenting the electirodes, ard pairs of segments ars connected through
separate external loads. Civss connection of some of the electrodes has
also been suggested by Isz.ms,l6 and series connections heve been discuseed
Ty de Mam:a.my.:L.'7 The segmented electrode configuration seems to be the
most feasible generator within present tenhnology, although it does have

the disadvantage of the distributed loads.
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2.23 Hall Generator

If wr> 10, the net electron current is almost entively in the flow

directica and a potertial difiference is establiished between the epds of the
duct as shown in Fizure 3. 7This type of generatoi' is called a Hall
generatcr since, unlike the preceding two, it relies entirely on the Hall
cwrrent for 1ts operation. In the comstruction of the generaior, the
electrodes are alsc segmented but each pair.is short circidted except for
the pairs nearest the inlet and outlet.

&.24 Purformance Characteristics of Linear MHD Senerators

The various performance characteristics of the three types of linear

croitoru,’? Lindley,Z°

23

MHD generators have been discussed by Sutton,le

Kowbasiuk et 9_3._,21 Herris and Co’bine,.22

Celinski,

coonbe, nz Sutton

and Sherman,

113

and others.

Ideailzed theoretical expressions for the

pover density, open circuit electric fleld, short cirecuit eurrent density,
and local efficlency for the above three ideal cmses have been summarized
in Table I for each of the three configurations. The quantities in this
tahle were derived under simplified conditions 'a.ssuming conductivity,
density, wvelocity, Hall prrameter, etc. conetant, and neglecting such
affects ap thermal boundary layers, viscosity, 2lectrode losses, etc.
More information about the calculations and assumptions is given in
references cited above.

Figures 4-6 alsc indicate the power density and efficiency for each
case for several values of the Ha.li coefficient ®r,

In addition to the electrcde configurations several flow possibilities
have been considered, e.g., constant velocity, constant temperatue, etc.,
some of which have been investigated by l!iu.aur:!.nger,21"‘?5"‘26 waw,z'r’aa

Ralph,? svift-Hook,C ete.
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2,30 Geometrical Considerations

In addition to the linear type of gecmetry with its variations,
there ars peometrical variatlons such as the comdal generators of
Figure 7. This geometry was employed in the early experiments of
K.a.!‘lovitz.z As shown in the r.;gu.re, the coaxial geometry rejuires
operation as 2 Hall generstor, and if the Hall coerficient o is not -
xuch greater than one, performance in this typs of configuration will
sulfer.

Another variation iz the vortex type of generator shown ln
Figure 8. A conducting medium is made {o spiral outward or inward
between two concentric cylinders vhich are located in a mapietic fileld.
The resultant V x B force ceuses a current to flow between the two
electrodes und intc an external load. The analysis of this type of
generator is complicated but & f2v investigations have been carried
out.5+"3% It has received uore attention lately as a possibility for a
11quid metal MED gemerstor. O

The voi'tex generator operates on a conduction basis, that is, the
interaction hetween the tangential velocity and the magxetic}field
produces & radial eleciric field and current fiow.,” The genez;'ator can e
moditied so that the flow of gas 1s essentially radislly outward as shown
in Flgure 9 and the current flow inducsd by the magnetic fleld is every-
vhere circumferential, With a strong enough magnetic field, Hall currents
will be present in the gas flow direztion and the generator can ve operated
as & Hall gererator. This configuration has been considered for use as a

37 using the fact that the strong induced

non-equilibrium MRD generator,
aurrents will create joule dissipation in the gas and raise the electron

temperature well above the mean temperature of the gas.
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Jhe disk geometries; e.g.. radisl outfiow {or iuflow) and voriex ;
types, appear to be well sulted for magnetic field considerations vhereas | i
he cozxiel gecmetry is probably the most difficult. In sddition the
coax:lai geometry is the aost disadvantagecus frum the point of view of

heat ‘ransyer and viscous losses. The resulus of one atudynl alsc
indicate that the disk geometzry is lnferior ian performence teo the linear '
generator. ‘

Foer the most pert, the linear geometry hss heen the most Dopular

geometry for investigations. Not only does it have the advantage of

its simplicity but also it has the cbiliy to operate as either a Halil

or conduction type depending on the Hall coefficient. Ia addition, the
geametry permits an easier analyrsis when considering the aspects of
variable velocity, temperature, ete.

2,40 MID Generator Expariments

The first MHD generator experiments were those carried out by
Km*lc’mitz:andfﬂalaaza at Westidghiuse up to approxitatéely 1946. . Because
of a lack of xnowledge of gas properties at that time the experiment

o A P L T AL A AT

failed to produce sufficient amounts of powe:s, even though electron beams

were used 1o enhance ionization.

The next experiments, perfomed in the late 1950's amd early 50's

NP

. utilized plasma jets a8 & thergal scurce, since the higher temperatures
needed were not availsble from combustion flames. Way,38 et al,
parformed the first combustion experiments in which over 10 KW of
power was generated. Siance then several experiments have been carried

out utilizing combustion gases, the largest of which is the AVCO Maxrxk V

wrinon cf 20 ALY - e iy ? hes 'beeh :

waich has alrealdy dellversd a gruss pos 32 MY, The Mork ¥ hes n
designed for skort duration use and will produce approximately 4O MW




ERP RS E I R SATAL IS

T T AR e A e R A B s A B T e S e e e B R TR O MR

Irop 2 thermal input of approrimately 300 MW.

18

39 Osher MHD experiments

have slso been carried out in England, France, Poland, Japan, and in

the USER.

2.5 Gxperipents in tha United States

As menptioned above, several experimeats with MAD generators have

beer, sueceastally performed in the Unjted States, and desdigrs “ave beon

carried out for large snd small MHD generators. For exenpls, &

preliminery desipn of 1000 apd 850 MW generators {or short duration

ho

use has been carried out Ly Pratt mad Whitney Adreraft. The generators

he re been designed to produced powor for durations up to thirty minutes,

_ Witk a total operstirg time of twenty-four hours. Although construetion

and speration of the generators has not been-carried out, extensive experi-

wental atudies of materials, plasma, systems analysis, etc. have baen

conducted. 8Some of the design data for the 1000 MW geaeiator Hag been

suremarized in Table II below.

Fluld
Inlet Dimensions ¢f Channel

Meoli ¥o.

Magnet Field Strength

Cross Stream Voltage at Loed
Axiel (Hall) Voltage st Load
Gress . Power

Net Power:

Total Mass Flow Race

Energy Sow:ce

JP-4 + 0,14 K + o,

deight, 9.48 £t.;  th, 5.58 £t.;
Length, 13.31 4.

Inlet 3; Bxit 1.52
3 w’t:»/m2

24,595 v

40,800~y

1300 uw

1000 MW

1,649 1b/sec.
Combuotion Chamber

*
Reference 40,
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Some of the experiments performed in the U. S. have been summarized
ir. Table III along with some of the pertinent dmta zited in the references,
The first cuccessful unit was bullt by AVCC and reported by Rosa.6 Ti.e
generator was the segmented type driven by a 2.4 MW Argon plasma jet,

vith neither the jet nov the geperator cooled to allow easy modification
nf the eguipment, Alihough the cperating 1ife of ihs generstor weas
limited, the experimsnts demonstrated that significant power could be
generaied frow a moving plasme and, for the most part, that theoretical
conzldesations were correct.

Similar experiments were carried out at the G. E. Space Science

"L and Ly Sutton and Robben.*®

Iaboratories by Foshag and Were In the
experiments of Sutton and Robben, the plasma source was o 2500 KW plasma
Jot with nitrogen as & working fluld. The results are shown in Table III.

At Westinghouse, Way ,38’1*3 -49

et al., developed a combustion fired
generator with an output of epprovimately 8 XW. Bxtensive studies of gas
conductivities, materials probleme, ¢te. have been carvied ocut, Velues
fur twvo experimental xune are also given in Table ITI.

A omall MHD generator using continuous electrodes hag been reported
by Mullaney and Dibeliua.us The generator wus powered by a propans-oxygen
burner ad messurements of voltage-current data were obtained. It vas
found that the power output varied as the square root of the seed
concentration.

Succepsful combustion experiments were also carried out by l!lac:mmn.W
et al., at MHD Research Inc. with emphasis on the gas dynsmic aspects of
the duct. Al s;mnted electrode configuration was used and voltage-curtent
charscteristics were obtained from five paivs of eleétrodea and losres

from leakage currents, boundary layers, etc., ware analyzed theoretically.
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- Table IIT

Cotipany . AVCO Mark. I AVCO Mark IT

Gonerator Type Segmented Electrodes Seguented.xleetredea

Dimensions 1x3%20 inches 3x9' 3x13 out 60" long

Gas and Seed Argon + 1% KéCOB Maﬁhylcyclnhexanz
Bthyl Alcohol + KOH

Velocity Mach 0.7 Mach L

Yemperature 280u%K 3000°%

Elascirode Material Tungaten non-cooled Gra;hiter

Insulator Material Transite Non-ablating

Magnetic Field 14 Kgausa 33 Kgauss

Pressure 13-20 poig 3 atm. abs.

Mass Flow 300 gm/sce. 3-6.5 1b/eec,

Voltage Generatod 55 volts Up to 1400 volts

Cwrrent Generated Up to 800 amps Up to 4500 emps

Power Generated 11.6 kW 1.5 MW (Peak)

Power Density | 20 wutts/cmB -

Test Duration 10 aec. 10 sec.

Elec. Conductivity 80~150 mhos/m 10 mhos/m

Efflciency

Eiergy Source

0.1 Heat -» Elac.

Plagma Jet
2.4 MW max. jpput

3~T% heat; 80% local

Combustion Chamber
20 MW input

*References 5e7, #9=53,




Weptinghouse

Coupaty NAD Research .

Gensrator Type ' ‘Segmented Electrodes Segmented - 3 pai:ra

Dimensions 2x1/2x2h inches 1.62x4.87x16 inches

Gas and Seed Kerogene, Alcohol + Diesel 011, butyl 2

02 3 32 and KOH cellulose & potasaium

2-ethyl hexoate +
aitrogen

Velocity Mach 0.7 to 0.8 800 u/sec

Temperature 3400% ~ 3000°K

Electrode Material

Insulator Haterisl
Magnetie Field .
Fressure

Mass Flow

Voltage Generated
Current Generated
Power Generated

Power Density
Test Duration
Elsc. Conductivity
EBfficiency

Energy Source

Refractory Metal

Mg0
20 Kgauss..

-

2.58 1b/min keroaene
0.85 1b/min alebhéd

50-100 volts
6 anps (one electrode)

1.03 KW

30 min.
1-10 mhos/cm

0.2 Heat
Combustion Chamber

.4 NW peak

Test I, Tungsten
Test II, Graphite

Magnesia

3-14% Xgauss

1 atmogphere

0.5 kgm/sec

Test I, 85 v (0.C.)
Test II, 100 v (0.C.)

Test I, 180 (8.C.)
Test IX, 280 (8.C.)

Test I, 3.6 KW max.
Test IX, 8 XW max.

10 min,

18-20 mhos/meter |

Combustion Chamber

*
Refurances 47, 115.
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Efficlency
Energy Scurce

Conbustion Chamber

Company G. E. Rezearch Leb G._E. Hesearch lLad
Generator Type ‘Hall - Faraday Continuous
Dimensions 2xkx2l inches 2.8x2.9x4.9 cn
Gas and Seed Air, Ky, XOH Propane + 0, + K.CO,
(1-6% by weight)

Velood bty T20-T40 m/sec 56.8 m/e2c
Temperature 2100%k 2300

Hlectrode Material  SIC Graphi te

Insulator Material Mg0 Mg0

Magretic Pield 3-12 Xgaues b250 gauss
Pzr:éwre 1l psig -

Mass Flr. 1.35 lbs/sec air, -

0.004s b/aec K,
0:034 1b/eec: KOK

Voltage Generated Qv - 90 v 0.7 volts

Current Generated. lamp ~ 9 smp 0.237 amp (8.C.)
Power Generated 15 - 20W 0.02 vatts

Pover Dersity <0.13 w/cad -

Te. Inavation 5 min, 5 miu.

Elec. Conductivity ~ 1-2 mhos/m 10 mhos/m

Combustion Chamber

*
Beferences U8 k1|
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fable 11 {Conbisued)

Insulator Material
Magnetic Fleld
Pressure

Mess Flow Rate
Voltage Generated
Curr~at Genperated
Power Generated
Power Density

Test Duration
Blec. Conductivity.
Efficiency

Energy Source

Sompany G. E. Space Science Lab .
Cenerator Type Segmented - 4 electrodes
Dimensions 5/8 x & x 24 inches

Gas and Seed Na + KZCOB

Velocity Mach 1

Tenperature 3200%

Electrode Material Graphite

Refractory Materisl
ll'Xgauaa

1.2 atm.

0.55 lb/sec..

TS. volts (0.C.)

70 amps

6 XW (Max.)

10 sec.

25-200 whos/m

0.2 Heat — Elec.

2500 Xw
Plasma Jel

*
Referenge 2.
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Probvlems of elsctrode erosion, materials problems, and noise level
studles were also carried out. The results indicated that MHD gemerators

could be constructed vhich operate for pexiods of seversal minutes.

Harris and Hoc«re“a have reported the successful operation of a

generator o8 a ¥araday end Hell generator. Thne generstor was also the
segmented type operating with air as o fuel seeded with KOH. fThe
results of the experiments are also shown in Table III.
As a result of previously conducted experimenis and.a st:.udy by "
Kantrowitz and Sx;orn,h AVCO began an investigetion of the feasibility
of MHD pover generation. One of the areas of interest was in MHD
gererator fluild mechanics. The Mark I1 generator was bullt as a :
facility for detailed studies of the electrical apd fluld mechanical ’
problems agsacisted with practical, large sized gene:rad:cz:r:u.)*9"5 3 It ’
has produced up to 1,5 Megawatts of power for 10 éecond runs and the
results of scme of the studies are shown in Table IXI. The generstor
is also the segmented electrode type operating from combustion gases.
In addition to the Mark II, a long duration test facility has
been built for long-duration tests of generator components which are
exposed to the hot ionized gas stream. Several other authors have
presented studies of similar systems and meterial a*tsl.ld.i.em.51"1‘33
121,122

Recently, some results have been reported on the successful

operation of the AVCO Mark V MHD generator. The Mark V is the first MID
gensrator designed for self excited operation and has well demonstrated
the feasibility of the MHD concept.

The generator is a rocket driver d-¢ channel MHD generator designed

for s net power output of 20,000 KW. Some of the design parameters of the
generator are sumsarized in Tabls IV,




»
Table IV

Combustion Source

Mass Flow

Fuel Flow

Oxidizer Flow

Beed

Seed Flow

Combustion Pressure
Exit Static Pressure
Magnetic Fleld
Channel

Rlectrode System

Net OQutput Pover
Gross Power Output

ot

Rocket engine operating with a mixture
of ethyl alcohol and methyl cyslchexane
combusted with oxygen

60 kg/sec.

19.1 kg/sec.

39.8 kg/aec, |

1% XOE by volume

1.1 kg/aec. -

8 atm,. abs.

0.9 atm,. ubs.

Inlet 35 KG, ‘out.30 KG -

Inlet Section 0.126 ma area, 1.1é m long

Excitation Section - 0.126 n> -0.253 s,
1.3 , ook,

Excitation Section - Continuous pair

Power Section - Segmented 50 pairs
(0.4 MW eacn)

20 MW
Lo MW

»
References 121, 122,
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Pifty-six power generation tests were carried out to determine

operating and gelf-eveitation
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net power output of 23.6 MW was produced st anly 87% of the design flow
rate, with a gross power output of oniy 32 MW. The transverse voltage
for one test varied from approximately 500-10G0 velitz over the length
of the power section. Detaills of the design, canstruction and experi-
ments can be found in the references.

.42 Develsrments in MHD Generators Abroad

The following summary deals wita some of the experimental work
carried out in Bngland, France, Poland and Japan.
(a) England

The Central Electricity Generating doard in England haz been
interested in an MHD generator as & topper in a conventional steam
turbine phnt.ss'ss Most of the work to date has been in the areas of
electrodes, duct walls, magnet, etc. The various expeérimental facilities
availsble to them include an oll-burning rig, a plamms jet electrically
induced, an electromagnetically ariven shock tube and a mercwry -
closed-cycle apparatus, The generator witih which most of the work has
been done iz of the segmented electrode type using fuel oil seeded with
1% potessium. Due to the availability of coal in Fngland, it is hoped
that this material will show promise as a fuel in the future.

In the area of duct walls, most success has been obtained with
vater-cooled metal tubing with an insulating material such as alumina
sendwichad Mﬁeen the tubes. The tubes are angled so thaet they lie
along equipotentials in the gas and cperations of many hours have been
obtained with no sppreciable deterioration of duct walls. Carbon
elsctrodes inserted directly into the flame survived for less then a




mingts, and condustivivien

5

-

using water-cooled copper as electrodes.
57-60

Lindley, et sl

generator efficiencies of 50

only 0.3 mhofu were obtained vhen

Lhas found thet overall steam turbine-MRD

shouid be obtaingble in 10 51 12 years

with a future prospect of 60%. His experimental facilities are

located at the International Research and Development Company, Ltd.,

&t Newcastle~-upon-Tyne, U. X. BSome of the apeqifica‘tion&—cf his

work include:

b

———tven:

Type of Genherator
Electrode Configuration
Gas .

Seed

He. Mass Plow

Exp. Nozzle Inlet Temp.
Exp. Rozzle Inlet Press.
BExp. Preass. Ratio

Mach. Fo. at den. Inlet
Velocity at Inlet

Duct Cross Section

Duct Length (Msg. Field Region)

Mag. Field
Duct Material
Electrode Material

Closed-loop
Segmented
Hel{um

Cesium up to 3%
1-10 gn/s
1500-2500°K
0.2<1.2 atm.

20

2.3

3400-4000 m/s
0.5 x 1.5 inches
5 inches

0-12 wb/ma
Alumina
Tantalum

*Retemncés 57-60.

i
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The work; is g:losely asgoclated with the possibllity of wtilizing
& high temperature nuclear reactor heat source in conjunction with an
MHD generator and steam cycle, the overall efficiency of such a system
being estimated as up to 60%.

Future plans at TRD include modification of the present dust to
allow for other electrode configurations and the building of a
Bitter-Type 30 XK gauss water-cooled copper electromagnet. Technology
goined from this is hoped to be used in bulldirg a 50 K gasuss super-

conducting Helmholtz peir magnet, which ic alveady conmissioned to be
built.

Pain and Smysé heve extracted electrical power of 0.32 MW for a
duration of 100 microszconds from & shock-ionized nrgon. The experiments
consisted basically of exploding a 10% oxygen-97% hydroger mixture to
drive argon (ihe 0, - i, mixture and the argon were separated by a thin
copper diaphragm, which dburst upon ignition). Shock front velocities of
the order of 4 x 107 cm per gec. were obtained and could be sdjusted from
Mach 8 to Mach 23 by adjusting the pressvres on both sides of the diaphragn.
Temperatures of 12,000°K, degrees of lonization of about 20%, and con-
ductivities of about 103‘mho'/moter vere observed as the shock front was
prassed through s pulsed transverse magnetic field of 10,000 G.

The pulsing of the fleld was accomplished by discharging a 00 uf,
> KV capacitor bank through a pair of coils arranged as & Hemholtz pair.
Since the period of discharge was approximately 1 msec, the plasma saw an
essentially constant magnetic field. Proper timing of the capacitor
discharge and 0, - K, ignition produced the mascimum fiei.d as the plasma
pasged through.

Both a small and a large electrode system vwere designed. The small

systen consisted of a pair of copper electrodes 2 cm long apd of 1 cx

o~
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crogs-section. The srrangement was such that the electrodes were

perpendicular to the plane formed by the plasma and the magnetic field.

The larger system consisted of two brass electredes 7 om long with a
b em arc.

At maximm loading, the energy withdrewn représented approximately

1

30% of the total energy available in the placmas.

(b) France

et

kil BN APORBA B 3

The Electricité de France is conducting prescnt work with an arc

Jet genevator facility to gain expérience in masuring the pissma

parapeters under high tempersture conditions. Muture «lans include

several open-cytie MHD generators and studies of high temperature

z

!

combustion processes. ¥

The Commissariat a 1'Enmergil Atomique in coutdinStion with the %

Institut Francais du Pétrole 1is involved with open-cycle generators in a;

an extensive progran of combustion plasma diagnostics. Electrical ?

conductivities are measured using graphite electrodés in an anmlar cell.
Sesding has been investigated, using kerosene seeded with potassium

hydroxide in alcohol and burned with oxygen enriched sir. An arec of

100 V p-p, 50 ¢/s, was used to obtain the voltage and current charac-
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teristics. ridence of the formation of unipolar =i cathode spots wes -

observed, the effect protably deperding on temperature » thermoemigsion

WER 7 SR T . ONIVAL,

density, cathode gpace charge, and the sxtent of the resulting magnetic

field. Som2 of the results of their expeciments are shown: in Table VI.

The majority of work in Poland is being conducted at the Institute of
Nuclear Research, Swierk. Warcaw. and is concerned with the open-cycle DC

type of MHD generator. The project was begun in 1960 with small pover
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Cross—-Seciion 2.1lx5m

Insulating Walls Magnesia

Electrodes Graphite '»‘ '
Magnetic Field 1 hzb/m2 3
Inlei Pressure 1.b atm,

Inlot Velocity | Mach 0.8 3

Thermal Input

0, + 2}’.'? 480 va
0, + X, : 590 KW
] Specific Power 0.1 Mw/m?

* F
Reterences 61.;79. {

generators and experimental resulis obtained during 1961 and 1662,
In 1963 a larger device wes designed and 1s at present being tested.
The work to date has been in the pres of materials and instra-

&
- nentation. The search for non-ablating clectrodes using pure graphite,

grapiite coated pyrolyticully with silicon carbide, pure silicon carbide,

&and silicon carbide with silicon nitride has ylelded no satisrfactory

results, A research program was begun in 1964 to gtudy zirconium oxide

WIS

ard some metal borides in this application but no results were available
as of the Paris Symposium in July, 1664.

‘ L A smell rig has been constructed in order to test materials

- suitabie for wall insulation in the conditions siydlar to those taking

place in MHI* generators. Refractory bricks of Mgo, 2.1'02 B AJ.203, Refrax,
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Carbofyax, ete., have becn tosted with hest fluxes of 'S v/'cma for

BiC and 50% A1203 ant Tl w/cm“‘? for Refray represexting he two eéxtremes.
Th¢ present elsctromegnet capabtlities axtend €& 20,000 gonss and

future plans include testing of a 1 MW theruml input syetem, on which

construction was begur in 1963. Some results of some of the cxperiments

are saown below,

Table VII"

Generator Seguented Electrode

Puecl Acetylone

Oxidant Oxygen

Seed l{a 003

Channel Dimensions 6.2 em x 1.4 am with 0.9 cm elactrode
Electrodes Graphite

Duct Walls mth guart tube

Velooity /e ko 60 80

Duct Wall Temperature

Duration of Run
Magnetic Fleld
Mexionm Pover

S. C. Cwrrent
0. C. Voltege
Power Dsnsity
Ges Conductivity

% - - 1900
min 3 3 3
wvb/m"  0.57 0.68 0.57

oW 0.01 0.03 3

mA 0.2 0.4 30

v 0.2 0.3 0.k
2

v/ 1.3 3.9 390
mho/m 0.01 0.01% 0.78

p e e

*Reterences 62,79_,.
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Japan's progress in the NMHD field was well presented at the Psivis

i
N
1
3
#
3
¢
3
3
»
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International symposium and it is evident that their effort is planned
o be far more.substantial ih the.future. Ito,63 et al, reported acme
results oo an MHD generstor driven by a plasma jot. The meusurementa
performed on the MHD duct included spectroascopic measurements of temper-
ature and electron density as well as the usual megsurements of velocity,
flow rate, ete. Some investigations of space cherge effucts also wers

presented. The experimental results of the mesasurements were compared

e bl

<

with the theoraticel valués from 8 one dimensional treptment aud the

discrepancies were discussed. Somwe of the results ave shown in Table VIII,

et WY 5 2R

Table VIII®
Energy Source Plosma Jet i
Puel . Aly seeded with 1% volume of X E
Dilusnsions Area 36 cmg, Iength 90 cm '}
Mass Flow Rate 200-300 g/mec. !
5 Blectrodes Segmsnted (£0)
2 Mognetic Fleld 20,000 gauss .
Temperature 4000 -5000°K
Pover Generated Up to 10 Xw

*Referenee 63. I
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Fushiml and Morish have reported some results of au experiment on

a gas fired MHD generator using propane and oxygen seeded with KOH.

Seomentud evarhite elsstrodes wvars used in = rectangilar channsl wila .

dimensions 2 x 6 am by 19 cam long. 1The plasma velocity in the

NN
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sxperimeris was spprevimataly 700 migés with = texperoiurs of 2800%,
and a mic #401d of 17,000 e;‘éuss‘ The poe output.vas epproxi-
mately 1 KW max. from a thermal ipput of 1 MW,

Some regulto ou m 10 XW 011 Fired MID gencrstss have also been
_reported by Yememoto and Sa:!toss and some of the details are given
below:

Table TX"

Fuel 01l and vxygen seedcd with X
Generator Dimensicoe 50 x 180 x 1000 mm
Electroders. Carbon segwonted
Magnetic Fleld . 15,000 Gauso

Mass Flov Rate 700 gi/sec.

*Réféi*ance 65.

More recent results have ulso been reported by Yamamoto, 2o
g% al. and are as followa: Heat Input 7 MW; fusl and seed, light oil
and K soap diseclved in the fuol snd combusted wiih oxygen; combustion
flov rate, 800 g/sec; max. elac. output, 20 KW wni operation time
5 minutea. The combustor im dosigned as a reaction motor, and the
geperator chanvel is conmtructed of MgO side ‘all britks. with 20 pairs
of grephite electredes. The experimento were carried out with the gas
flov veried itrom 300-800 g/s; at the maximm flov rate the no-losd
gonerator voltage exceeded 100 v. The generator is being mofified for
ton tiwns the present output.
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: 3. AC MAGHETOHYIRODYRAMIC POWER GENERATORS

3.10 Imtroduction
Direct current mmgnetohyvdircdynemic generators huave peveral design
igherent digadvantages, For tpe femperatures requlred foor résscpebls

conduvetivibties, the dlrect contacs of the electrodes with the gas

RN ET Il . i A R VRN

e, e O TR BTN AR

introduces problemy of electrode erosion end pitting, in addition to

ancde and cothode voltegs losses. If the elsctrodes are cooled there

PN A A

ars large heat tranafer protlzass and ool boundary layers form on the

electrodes which decrease the tenpperature and conductivity of the gas.

[

Ancther disadvantage of the DC generator 1s the problem of invertiag the k
DC to AC for use in conventional powe: systems, ‘

Because of these difficulties, soveral investlgations have been
careied out to investigate the poasitdlities of dirvect AC MHD genarators,
i Most oy the guneratcrs which have been proposed sre analagous in some
! monner to copventional AQ mm":hinery, 0.g., induction and synchronous

, mraﬁon,w@h the rigid metal condustors of the conventlonsl generator

roplaced by a copducting toulzed gas or liquid metal.
In comparison vith the vast amount of material published on DC

gonerators, o rolatively small amount of work hes been carried out on the

development of AC MHD gonerators. Th;in is probably because of the lower

; coupling availabls betveen the gas a.n;& the magnetic field in an AC MHD

| : ganerator when compared to a DC one, and also because of the large reaoctire
i power requirements in comparison vith the amount of powar generated vitﬁin
3 the system. _

. Hacent developments, however, have indicated that liquid metals with
their higher conductivities are suitable for use in AC MAD gensratoru and

S s,
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saversl other 1dsas have been suggesied and investigated which make the
outlock fo.;: AC generation more pramising.

Several basic methods have been sugzested for Al MID gsunerators.
The magnetic field through which the fluid flows cen be varied at the
desired frequency, the flow gf fluié can be nulped to give the desired
variation, or a spatially distributed magnetic field can de used which
cvan be stationary or traveling.

In addition, there are the usual geometrical considerations which
have been considered, e.g., a linear, cylindrical, or vortex geometry.
A large volume of AC MHD work so fer has been carried out with the
¢ylindrical geometry which is easily available in shock tubes.

An MHD generator with an AC megnetic field could be similar to the
ordinary charnel DO MHD generator with any type of alternating field.
However, this eyproach dees not reduce the problem of retaining the
elactrodes. Ancther method which might be used 1s the induction type
shovn in Flagure 10 which has been suggested by Ha.rrisés and reported by
Lindlcy.“ An spplied radial alternating magnetic field produces an
alternating electron current in the plasmu which scts as a primary

transformer current coupled to the secondary coil which provides the
elactrical output.

Clark, Swift-fook, amd H‘ri@tm’éa have conducted a study of the
various ‘éy‘pﬂa of AC MHD generantors, and two of those reported were:
(a) Generators similar to the DC type with a time verying megnetic
field, and (b) Generators in which the fluid is used to amplify a
traveling wave. It was concluded that these two types were not economlo
for useg with ocombuation ~sses LILaUSSE O e large reactive energy

storage required for the AC #agnetic field. Some of the results of this

35
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FIGURE 10. Induction Generator with Alternating Field
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study arc preseated below for fuel oil combustion producte seeded with

one per cent potassium with an applied magnstic field of 10,000 gauss. -

Ifablz x*

Gas Temperature 2000%  2500°K: 3000°K
Elec. Conductivity (#hos/m) 0.8 10 8o
Velocity (m/mec) 690 TTG 8w
Max. Power Density (MW/m) 0.1 1.5 1h
Magnetic Reynolds No./meter 2x10™ 3x 1073 3 x 107
Q of circult tor damping losses

in rield equal to generated pewer 2,625 169 17.7
'Capital Cost of Field driving/Xw $22,100  $1,430 $1hT

of genexrated power

'Refemncea 6T,68.

For pulsed gas stresms, several generators have besen suggested and
investigated. Techniques for yulsing gas stresms have been investigabed
mostly in England aod Prance., Fasically the methods proposed ccnsiet
of passing alternate high snd low tempersture regions of gas through a
generator as shown ip Figure 11,

'I‘hringsg has proposed an idea of using two flulds for pulned
genexration. Ry inJecting a short pulse of fuel and pure oxygen into m
noxzle, allowing combustion to continue as the gas passes through the
nozzle, a high temperature zone of gas with good electrical conductivily
is sandwiched between layers of a thermodynamic working flwld, alloving
oparstion with a better themdynmic- cycle (Figure 11).
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Riceteau and Zet":‘.woog'm have published calewlations for a I

instellation operating with a wmodulation of the gas. Some of the results

of their caiculations are sunmardized below:

Table XT' 7
= ~ Crole —
Closed. ~ QOpen =
Fuel Heliwm XKerosene
Entrance Conditions
Velocity 2150 m/nec. 1000 m/sec.
Cold-Reglons Temp. 1650% 2500%
Mean Temp, 1815% | 2750%
T tions |
Velocity 706 n/sec, 500 m/sec.
Cold Region Temp. 1025% ‘1600 |
Moan Temy. 1305% - 2080%

Overall Specific l‘owor" 2.35 Mw/mB Entrance Specific Power 4.8 MW/m
Exit Specific Power 1.5 Md/m3

Overall Erﬁ.ciencym 36% 15%
Magnetic Field 1 W/a 1 W/l

. s

V . V y - V ‘ .
i"Retmt'ex‘.ce T0.
"

Total Volume of | Yozzle
m@ rgy Supplied to Extoml Circuit
Energy given by hot source

The suthors concludsd that s modulation of the gas, if stable from

‘.'1:'&,.. .‘ )

entrence to exit would be a considersble improvement over the ordinary
MHD generator.




mperimntdl investigstion of striated flows have been carried out
by Devime, et sl, - and also by Marchal snd Servanty. =
In the Wik y Devime, et aui, The tewperature was modulated by

electric power produced across an electrodé' channel through which floved

a mixture of £ir, oxygen burned with kerosene and seeded with 0.8%
potassium. The device consisted of two stages, a modulation stage and

8 sec'ond stage consisting of un amplifier which delivered power pro-
pertional to the conductivity. Luminosity modulations were observed

using & strobosc@e and cemera with the first stage onerating at 50 Hz.
The temperatures were 2,’{0001( for the hot zones and E,lOOOK for the

cold zones with a velocity of 310 m/sec., and a thermal input of 150 KW.
Lurdnosity modulation was also observed at 1000 Hz. Marchal apd Servanty, >
have also reported on an experimental attempt tc produce striated flows,
using & burner in an acoustic resonance chamber to produce a wave gystem
vith modulations in temperature. The first stage has been operated for as
long as 40 minutes at freguencies of 400 and 670 Hz without frequency
irregularities or combustion abnormelities. Other work in France has been
reported by Karr, S in a paper vhich suggested the mixing of two different
gages., The two mixtures will be fed alterpately into a combustion chamber
with a roteting disc acting as a regﬂla.ting valve.

™75 et. al., have also investigated the possibilities

Frajidernsich,
of striated layer MHD Generstion. They investigated effects of some of the
Raleigh Taylor inata."bilities and concluded that there 1s a growing rate of
the inatubility which causes the characteristic time of the disturbance to
be less than the transit time through the duct. Fraidernaich,™'® nas also
investigated the case of & finite conducting Sluid Louwd by a non-conducting

one vhen a uniform horjzontal magnetic field and verticel electric field




ave applied. He concluded that for the decelerstion occurring in the
impulee - cyps stristed loyer MHD gonessieor, & range of wavelenglis exists
for which the disturbunce is fast enough to destroy the equilidrium
configuration.

In one experiment reported,76 AC power was generated using s pulse

Jet source with a steady megnetic field. The combustion source was a

small pulsedjet operating on gasoline and seeded with one-half to on2
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per cent povassium by weight. Both inductive coupliqg and electrodes
were used. to extract the energy from the gas. Some of the results of

the experiment are suxmarized in Table Xil below:

- g R

Table XIT"
Gus Petyoleum seeded with potassium ethyl hexoate
Source Pulsed gas jet
Magnetic Field 500 gauss
Velocity 400 m/sec.

Frequency 400 Hz
wWidth of Gas Stream Perpendicular to Flow and Magnetic Field - 0.025m

Qutput Voltage Carbon electrodes - C.5 Voltis
OO twrn coil - 20-40 milldivolts

PReference T5.

It was ccnc'llxled that slthough it is possible to gemerate AC power
by induction methods, the prwer levels obteinable are small compared to

the case wuere electrodes are used.
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A chock wave AC Ml generstor to be used in conjunction with a

nuclear reector has been suggested by Brocker and Chevalley.ln The

aslc gegershor consists of Two shock tubes which contain electrodes
which are presumsbly loceted in an applied external field, and g
distributor vhich allows a preheated driver ges to be intreduced inte
the tubces. The procedure for operation is as follcws. The driven gas
fills the volume of the tubes initially. When the distributor rotates
to the appropriste po3iition, the hecated driven gas is introduced
creating 8 shock wave which travels down the tube and into the MHD
generator. Hexre the gas is decelerated as energy is removed, and when
1t reaches the diffuser, it is further decelerated and its kinetic
energy transformed into pressure. The re-opening of the tube by the
distributor allovws whe driver gas to be evacusted until its backward
motion ig stopped Ly the closing of the tube, and the cyczla will gtart
again, ‘Two tubes are used, esch tube glving pover over a half cycl
only. The deeign of a 500 MW power plant for 50 Hz power was also
congidered.

Anmming that contiouous und pulsed gay streams are aveilable,
gevernl geserator configurations have been proposed and investigated.
These are <lassified in guner;’l ag serapetric, induction, synchronous
industica, aed travaling wvave magueivohydrodynsmic generators,

3.20 Induction snd Synchronous MHD Generators

Tae induction MHD generator has been suggested by Iaw:Lg-Tr ir an
M. I. . thople eaparvised by Akhurost, His method was also suggested
Y . Wi o 4 liurriu..‘re The basic configuration of the generator is shown
in Flguree 12 ana 13. It ccmsiatq of & cyldndrical non-condveting

chonnel with & coucentric coll. Juugd of conducting smeterinl move
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periodioally through the coil and interact with the nmngnetic fleld to
produce electrical energy. Sush a system has the advauteges of no
elactrode problesms, higher working temperaturea of the gan, snd tha
poosibility of AC production.

T ietlol 8 of extracting the electrizal energy have béen proposed.
Que 18 to use an auxiliary winding such oz the opé shown in Figiwe 13,
vhéreby the circulating currénts indueed in the moving pluasa iy the
primary field cause a woltage to be indueed In the output windings.
Generatora of thio Lyye have beon referred to as induction or induc-
tion-gynchronous MHD gensratora. The other pomsidility is to make uee
0f the pardmelvic empilifler principle with an externnd eirveult such A
the one shows 1o Flgure 23, A slollor method bas been manbianed by two
other nuthura66’79 and the equivalent clreult 1o showt in Weure L4,

In the configuration of Flguve 1, the reslstance r 1o much 1eas thep
the load rogi~tance RL’ but the dnductanica 1&@*“ as larges ag ﬁﬁnﬂihlé_ﬂu
that the B¢ exciting current flows through o, L; and the time varying
inductance L{t), The variable irdvetmacs L(4) fo wdulated by the tmdzed
gas shd en alternating current 1o priviuced dn the clprcidt which will {low
through the load regietance Rnc

™he pavametslc WD genarator has boen investigated extensively by
Woodson and levin., Ay ehown o Flgure 13, sluge of moving plamns are ued
to oxclte an I resonant circuwlt by causing the inductance of the coll
' onding Lo vary at twice the rescnant freguency of the efrcuit. Undor
cortain conditivns the system should oparate in the gtoady state with no
eloctrical. exoitation, ¢.8., operate ms m gelf excited genérator,

In sn early investigation, Woodeow and Lnuiuao formulated su ayulvalent

oireult to satisfy the asuwsption that mingle {réquency pover wvas (o be
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generated. ‘This equivalent circult wap then related to som® of the gas
properties by using expevimsntal results obtained trom an investigation
Yy IAwis Vith a wagpeticelly driven shock jube. From the analysis and the
experiments’ estimates ;rere made of the magnetic Reynolds "m_m:ber required
for e?ficient qnncration and it was concluded that magnetic Reynolds
mugbers in the renge Rm 2 1000 were necegsary for self excitation and
efficient generation. Estimates of the elactrizal «fficiency (ratio of
pover delivered to the load to the power genersted) and ratic of active
to reactive power were also copsidered. Yor Rm approximately 1000, an
electrical efficiency of approximately é';}i, snd an active to req.étive
paver ratio of a?proxméte?w 0.3 wera p;‘esen%ed.

In a more refined euum.lys:&aa1’&:3 vith a more general equivelent
circult; 1t was found that approximate values of the parameters for The
equivalent circuit cowld be cbtained from mmall sigosl measurements in

the siausoldal gteady shate with a stationary gecmetry. This pmcc&m
allowed the ¢drcult pa.ru}a‘cers to be related to the magnetic Reynolds
awber aid aigo sldowed the deteminalion of & winimum valus of R for
self excitation without solving the camplex time dependent magﬁetchydm-
dynanic equations. As in the previous analysis, the plagma compressibility
was neglected, and it wae slso assumed that the magnetic field did not
affyct the gas flow.

An experiment was perforred using s device ﬁth copper, s8lugs mounted
on o rotating wheel. The slugs were allowed to pass between the poles of
8 two coil electromagnet, and messurements were teken for various stationary
positions of the slugs. _

The approximate valuss obtained JSrom the stationary messurements

agreed well vith the terminal relations cf the coil while the wheal was
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moving. 'The results of the experimental and theoretical considerations
ind{cated that the gemerator would operaté 'in the ronge of magnstis
P j Reynolds mumbers of 50-100, Criterion for self excltation; mlaatrisal »

s W o

£ efficlency, and ratlo of active to reactive pover, wers presented,
Do Tabie ATiI belov swamrizes soms values that were quoted for electrical
wfficiency, reactive pover ratio, and estimatsd genevator redii for

operation with combustion gases, based on the small signal analysis.
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Table XTI

Magnetic Reynolds Number 50 300

H
£
;
!
E]
b
H
x

v !
3
13
B
H
1
i
1
*
§
¥
H
¥
}
H
H
?

. | Electrical Efficiency 25% 0%

A Electrical Efficiency for
X maximm pover output 12.5% 25%

. Ratic of veactive power to
T gengrutad pover 150 10

e

. Estir ( Gemerator radiur
N (M. o) 50 .00

SRR ?Referencep 81,83.
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-he suall signsl analysis gave some of the reguii_ments for efficient
oo operation, but nother study®’8% vas conducted in order to extend the
;. analysis to the large signal case for which the magneti: field strongly
B affects the gas flovw., The interection between the magnetic field and the
gas flov was analyzed by ueing a model which consisted of a nozzle and a :
leaky piston. 'Two ceses were considered:: pulsed’ fiow (plasma bunthes
) separated by s vacuum) and continuous filow {reglons of high and law
conductivity gas). The investigation wss carried out in order to determine

the overall efficiency, stability, estimates of size, scaling factors of the
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generator, and alpo to determine if the magnetic Reynolds number requirements

were as strict as those found from the small signal anslysis. Experiments
were carried out in a shock tube using hydrogen ges in order to examine the
goneretor cpexstion on & halt cycle basis. Soawe of the conclusions of the
study vere: (1) The velocity and conductivity were not inereased signiti-
cantly for lorge sigawl operation, indicating that the magnetic Reynolds
aumber requiremsnts were not lnoreased signiflcantly for large signal opera-
tion, (2).¥or very high R .- BPProximately forty per cemt of the gos power
might be extracted for pulsed flows and approximately 20% for continuous
flows, (3) The ratic of reactive power to losd power would have to be
approxdmately 10 for efficient operation, («'Q A mirimum R of spproximstely
100 is required for the generator. The mmimm generator diumeter for
combustion gases is epproximately 16 meters, with an efficiency of approxis
mately 3% for continuous flow ard T# for pulsed flows. For this generator
the optimum Mech number would be M = 1.5 with o power outyat of 2000-4000
negavatts and a stagneiion pressure of one atmosphore.

An inductive MHD generator which utilizes an auxiliary winding has
been investigated by COnnack.85 The generator consisted of a shock tube
with the excltation and output colls comeiructed and mounted in much the
same manner as ip the experiments performed by Lin, et g}_,aT and Levis.ae
(See Figurea 12). Theoretical expressions for the output voltage snd power
were calculated on an electrodynamic basis and experlmental measuremeris
of the output voltage and power closely sgreed with tis theoreticel
considecrations. The mmd.mm power generated was approximately 10 watts
for e period of a few microseconds, and voltage. in excess of 6 volts wvere
genersted for spproximate)y the same length of time.
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X. Koysne zad 7. Sﬁkiguchisg have carried out a theoretical and
experimental study of a similar type of induction gensrator, using a

device similar to the one shown in Figure 15. In this ccenfiguration a
train of periodically produced plasus rings are projected through two
conxial non-conducting cylinders in an axially synmetric radisl magnetic
field which varies sipusoidally in the axial dfvection wvith wavelsngth )
as shown. A solenoid 1o wound axround the outer &ylimler to provide an
electrical output elxcult. Formelec-were derived for the output
voltage, current, internal impadance, power output, add conversion
efficlency and compared with the experimental results using a shock

tube as a driving mechaniom, Two different cadcs were considered; one
with and thé otheor without a mngmticl material in t}hc'inner aylinder,

The results of the exporiment are swmarized in Tuble XIV below.

Table XAV
Tt e ==
gas - Neon

Pregours ~ 0.01 - 1 mm Hg

Velocity - Mach 10-30

Langth of Uutput Coil ~ 2 cm (20 tuxns)
Open Circuit Voltage - 40 volts

Short Cireult Current - 10 amps
Maximam Power - 100 watto

Magnetic Fleld - 3,000 Gouss

Outer Cylinder -~ 50 mm

Inuer Cylinder - 20 mm

Electrical Conductivity - 100 mhos/m

Tima - several microseconds
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In addition to the results mentioned edbove, a comparison was made
between the amount of power generated per unit volume in this configuras’
tion with that of a IC generstor with segmented elestrodes sperating
under similar conditions. The ratic of P ac'/Pdc vas found to 'be"s 6.3,
indicating that higher magnetid fields, velocitles, and conductivities
ave necessary for competition with TC gensrators. An investigation of

another type of AC MED Generator has been carried out by Mileusks P

-3.30 Traveling Wave MHD Generators

| An ele'c:tz:pdeleaa MHD generator ‘which cperates in much the same
manner a8 a squirrel cage induction machire has been proposed by
Bevnsbain, -et. al., " and other investiations of this type of machine
have been carried cn.rl:.gg"96 -

The basic machine is shown in Figure 16. Ina this device a sinusoids).
maguetic field is produced in the plasma by a multiphase winding. The
- magnetic field moves in the flow direction with a velocity less then ghe
Ylow velocity and power 18 transferred from the gas to the field in the
6Eme MANDEr as in a conventicnal induction generator, removing the need
for electrodes in contact with the gas.

Ir. su analysis based on & simplified model Bernstein,’> et al. derived
exprecsicns for the copplex impedance, powex, and efficlency of the
generator. An exsmple was given for typical channel dimensions with the
rrgnetic field producsd by copper ccils 5 cm thick on the top and botiom
faces., The date is sharn in Table XV,

"For these values, the frequency of the generated power would be 656
Bz vith g rgactgive to active power ratio of approximately 30. The power
factor could be improved somewhat by increasirg the temperature ana
velocity.
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Polyphase Windings
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Figure 16 Electrodeless MHD Generator
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