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CHAPTER I

GENEI^AL INTRODUCTION

1.１　Importance and Research Trend on Nonequilibrium MHD Electrical

　　　Power Generation

　　　Fairly　long　ago,　i t　was pointed out　that the　total　thermal

efficiency of ａ heat power plant must be more increased to　utilize

efficiently　fossi l　fuels　such as　petroleum, coal, etc.　and to

decrease the thermal　pollution bringing with air contamination.　As

an MHD(magnetohydrodynamic)-steam binary power plant is expected to

have ａ potential　to improve the thermal efficiency of the power one

t０ ５０ to 60 %, many researches on MHD generator have been carried

out in many ｃｏｕｎtｒieｓ(1)・(２)ｓｉｎｃｅthe first success in the MHD

power･　generation　in　1959　by　Kantrowi tz ，　Rosa, et a1.　at AVCO

Everett Research Laboratory in USA(3) .

　　　　The MHD generators using　the gas plasma as　the　working　fluid

are　classified　into　the　following　two　types　according to its

sort(4). One is the open-cycle MHD generator in which alkali metal

seeded fossil　fuel combustion gas plasma of about 2800 K is used as

the　working　fluid.　　The　other　is　the　closed-cycle　　or　　the

nonequilibrium　plasma MHD generator　in which nonequilibrium one of

the alkali　metal　seeded noble gas of about 2000 K is used ．

　　　　In relation to the open-cycle MHD generator ，ａ large number of

experimental　and　theoretical　studies　have　been　done　in　many

countries.　Currently, in USA, many experiments　are　performed　by

using　large scale facilities, such as CDIF(Coniponent Development &

Integration　Facility) in Ｍｏｎtａｎａ(5)・(６)，CFFF(Ｃｏａ１　Fired　Flow

Facility) in UTSKUniversi ty of Tennessee Space Insti tｕtｅ)(７)，ｅtｃ.
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In USSR, the U-25 pilot plant　of　maximum　output　２０ MW　in　High

Temperature　Insti tute is being operated for more than　15 years and

the　Ｕ-500　plant　of　the　maximum　output　500 MW　is　now　under

ｃｏｎｓtｒｕｃtｉｏｎ(1)・(２).　　InJapan, many experiments have been carried

out mainly in ETLCElectrotechnical Ｌａｂｏｒａtｏｒy)(８).

　　　　In　relation to the nonequilibrium plasma MHD generator,　which

is dealt with in this　thesis, at　the start, i t was planed under　the

conception that it would be able　to　be　combined　with　ＨＴＧＲ(Ｈｉｇｈ

Temperature　Gas　Reactor) and fundamental experiments using shock

tube were performed by Zaｕdeｒｅｒ(９)，Bｒｅｄｅｒloｗ(10)，ｅta1.　However,

afterwards,　i t　was　made clear　that　the gas　temperature at　the

outlet of HTGR does not exceed　１３００Ｋ and accordingly there　is　no

possibility　the　nonequilibriura　generator　is combined with HTGR.

Neｖｅｒtheleｓｓ，Shioda(11)，Rietｊｅｎｓ(12)，ｅt a1.　　changed　the　heat

source　from HTGR to fossil fuel fired heat ｅｘｃｈａｎｇｅｒ(13)，ａｎｄthey

＆ｒｅcontinuing the researches　on　the　nonequilibrium　plasma　MHD

generator, because　it　has　the following advantages　in･comparison

with the open-cycle MHD ｇｅｎｅｒａtｏｒ(２).

　　(1)Ｔｈｅgenerator size is small, because the output power density

is　large.

　　･(2)When　the fossil　fuel　fired heat exchanger　is used as　the heat

source, there is no necessity for　using ａ special　combustor and the

heat　of　the　fossil　fuel　combustion　gas　can　be utilized very

efficiently, because　the　temperature of the fossil　fuel　flame　in

the　air　of　room　temperature　is　almost equal　to the stagnation

temperature which　is required　to　the　nonequilibrium　plasma　MHD

generator.

　　(３)Ｔｈｅ　nonequilibrium　plasma　generator can be combined with a

fusion reactor in future.

　　(4) Since the temperature of the working fluid is　about　2000 K，

high　reliability can　be　expected　from the viewpoint of channel

material.

　　　　Up　to　now,　Shioda,　et　a1.　　have　already　developed　the
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regenerative　heat　ｅｘｃｈａｎｇｅｒ(14)，　and　now　they　are　performing

experiments of the nonequilibrium plasma MHD generator by the blow

down　MHD facility FUJI－I(15)・(16)ｗhich was made by themselves.

Rietjens, et　a1.　also　have　been　completed　the　blow　down

experimental　facility, and they are performing experiments of the

nonequilibrium plasma MHD generator by it(17).

　　　On the other　hand,　the　brief　history　of　the　theoretical

researches　on　the　nonequilibrium　plasma　MHD　generator　is　as

follows.　　In　1964,　Kerrebrock　pointed　out　the　existence　　of

ionization instability of the nonequilibrium plasma by the analysis

using the linear perturbation theory in the first ｐｌａｃｅ(18).Ｓｉｎｃｅ

the　　　ionization　　　instability　　　much　　deteriorates　　generator

performances, many analyses using linear perturbation　theory were

performed　by　Ｓｏｌｂｅｓ(19)，Nelｓｏｎ　& Haines(20) Nakamura &

Riedmullar(21), Yoshikawa(22), et al. and i t was　shown　that　the

plasma　is　stable　when　the　seed is　fully ionized.　However, the

linear perturbation theory can only distinguish　the　stability　of

uniform　plasma　and　it　cannot　give　any　information　about　the

transient formation process and　the　final　steady　state　of　the

current　distribution　in　the　channel.　　For　making　clear　those

transient and steady states, it　is most useful　to solve numerically

the　　basic　nonlinear　differential　equations　which　govern　the

ionization and　the recombination phenomena of　the working plasma in

the　channel . Such numerical　analyses　have been carried out by

Velikov(23), Lengyel(24), Unkel(25), Blom(26), Ishikawa(27),

Haｒａ(２８)・(２９)，ｅtal. However, they could not sufficiently explain

the ｅχperimental　results because most of them did not take into the

account　the　effect　of　the convection of theplaｓｍａ(24)－(27)ａｎｄ

others assumed some periodic condi tions in one pi tch region of　the

ｇｅｎｅｒａtｏｒ(２８)・(29)

３



1.２ Purpose and Synopsis of This Thesis

　　　　　Considering　the　above-mentioned matters, this　thesis aims, at

explaining theoretically　the　transient　and　the　steady　current

distributions　and　the other generator performances observed in the

experiments　by　the　　two-dimensional　　time-dependent　　numerical

analysis　of　the　working　plasma,　in　which　the　effect　of the

convection of the plasma is　taken into　account　and　the　periodic

conditions in one pitch region are not　imposed. In this connection,

since it was shown experimentally by Shioda, et a1.　that the　disk

generator　possesses an　advantage　in　suppressing the ionization

instability　of　the　plasma　　over　　the　　linear　　Faraday

ｇｅｎｅｒａtｏｒ(３０)－(３２)，tｈｅauthor adopts not only the ｌinear Faraday

generator　but also the disk one as　the research subjects.　Also, as

the　working fluid, cesium or potassium seeded argon gas plasma and

cesium seeded helium one are chosen because　Shioda,　Rietjens,　et

al. use　them　in　the experiments｡

　　　　　In　　Chapter２，　　there　　are　　introduced　ａ　two-dimens i onal

time-dependent numerical　solution of the small-sized　linear Faraday

generator　with　constant　rectangular　cross　section using alkali

metal　seeded argon plasma, in which　the convection effect　is　taken

into　account　and　the periodic conditions in one pitch region are

not imposed.　At first, the channel　model　０ｆ　the　linear　Faraday

generator　used　in　the numerical　analysis and the basic equations

which　govern　the　partially　ionized　nonequilibrium　plasma　are

introduced.　　Next,　some inevitable assumptions are introduced and

the　basic　equations　　are　　transformed　　into　　the　　simpl ified

two-dimensional　basic equations　to be solved, and also the boundary

condi tions　are　presented .　　And　the　　numerical　　solution　　for

calculating　the　electric potential　in the channel　by applying the

finite element method　to the above two-dimensional　basic　equations

and　the　boundary　conditions　is derived.　Finally, the method to

compute　the current stream function by using the electric potential

and　the ones　to evaluate the electron temperature and the electron
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densi ty are shown ｡

　　　　　In　Chapter3，　the　　transient　　and　　the　　steady　　current

distributions　in　the　linear　Faraday　generator using the cesium

seeded argon plasma are　investigated　by　the　numerical　solution

introduced　in　the　preceding　chapter .　　At　first, the　transient

formation process and　the steady state of the inhomogeneous current

distributions　are made clear　and　it　isshown that　those calculated

distributions are in good agreement with　the experimental　results.

Next,　the　influences　of　the　electrode　configuration　and　the

convection effect of the plasma on　the　current　distribution　are

investigated,　and　it　is　clarified　that　the main factors which

govern the transient and the steady current distributions　are　the

ionization instability and　the convection effect of the plasma｡

　　　　　In　Chapter4，　the　influences　of the various factors on　the

current　distribution　in　the　channel　and　the　other　generator

performances are investigated. At first, the influences of the load

resistance, the seed fraction and　the magnetic flux densi ty on　the

performance　characteristics　of　the　generator　using　the cesium

seeded argon plasma are made clear.　Next, the same　investigations

are　performed　with　respect　to　the generator using the potassium

seeded argon plasma and　the differences between　the former and　the

latter characteristics are also made clear｡

　　　　　In　Chapter5，　the　two-dimensional　time-dependent numerical

solution for　the small-sized outflow disk generator　is　introduced.

At　first,　the　channel　model　of the disk generator and　the basic

equations used in the numerical　analysis are introduced.　Neχt some

assumptions　are introduced and the basic equations are transformed

into　the simplified　two-dimensional　basic equations　to　be　solved,

and　also　the boundary conditions are presented.　And　the numerical

solution for calculating the electric　potential　by　applying　the

fini te　element　method　is derived .　Finally, the method　to compute

the current stream function and　the ones　to evaluate　the　electron

temperature and　the electron density are shown.
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　　　　　In　　Chapter6，　　the　　transient　　and　　the　steady　current

distributions　in the disk generator using the cesium　seeded　argon

plasma　are　studied　by　the　numerical　solution　obtained in the

preceding chapter.　At first, the transient formation　process　and

the　steady　state　of　the inhomogeneous current distributions are

made clear. Also, the features of the distributions of the current,

the　electron　temperature,　the electron densi ty， the conductivity

and　the electric potential　in the steady state are clarified. Next,

the　　influence　of　the　magnetic　flux　densi ty on　the　current

distribution is studied.　Also, the advantage of the disk generator

in　stabilizing　the　plasma　in comparison with the linear Faraday

generator, which has been known by　the　previous　experiments,　is

theoretically confirmed by the present analysis｡

　　　　　In　Chapter７，　the　perfりrraance　characteristics　of the disk

generator　using　argon　　gas　　are　　studied.　　At　　first.　　the

voltage-current　curve　of　the　generator　using the cesium seeded

argon plasma is　investigated　under　typical　conditions　and　the

relations　between　the curve and　the average electron density, the

current distribution and the other　quantities　are　studied.　The

influences　of　the　seed fraction and　the magnetic. flux density on

the generator　performances are also investigated in detail.　　Next,

the　same　performance　characteristics　of the generator　using the

potassium seeded argon plasma are researched　and　the　differences

between　the　former　and the latter performance characteristics are

made clear｡

　　　　　InChapter 8, the　performance　characteristics　of　the　disk

generator　using　the cesium seeded helium plasma are investigated.

The differences between　the performances of the generator　using　the

helium　and　the　argon　are studied　in detail, and it　is clarified

that the higher output power densi ty and the　wider　stable　region

are　obtained　by　the　former　than　the　latter.　　Moreover,　the

influences of the seed fraction and　the magnetic　flux　density on

the generator performances are made clear ｡

６



CHAPTER ２

NUMERICAL SOLUTION R)R LINEAR FARADkY GENERATOR

2.1　Introduction

　　　　In　ａ　nonequilibrium MHD generator channel　using alkali metal

seeded noble gas plasma as　the working fluid, the appearance of　the

inhomogeneous　　current　　distribution　　based on　the　ionization

instability of the plasma was predicted by the　linear　perturbation

theory　by　Ｋｅｒｒebｒｏｃｋ(18)，　and　i t　　was　confirmed by　many

ｅｘｐｅｒｉｍｅｎtｓ(９)・(10).Ａｎｄthe　inhomogeneous　current　distribution

much　deteriorates　the　generator　performances.　　However, as　the

linear perturbation　theory can only distinguish　the　stability　of

the　plasma　and　it cannot give any infor･mat ion about　the transient

formation process and　the final steady state of　the　inhomogeneous

current　distribution　in the channel ， there exist many items which

cannot be explained by　the　theory in the experimental　evidences. To

clarify　this　inhomogeneous　current　distribution,　the numerical

simulation of　the　plasma　with　the　boundary　conditions　of　the

generator channel　is most useful ｡

　　　　Therefore,　up　to　now,　many　researches　have been tried to

obtain　the current distribution in　the　channel　and　clarify　the

experimental　results by solving numerically the basic equations

governing the working gas ｐｌａｓｍａ(２３)－(29).Hoｗｅｖｅｒ，they could not

explain sufficiently　the experimental　resul ts ， because most of them

did not　take into account　the　time-dependent　terms, the　convection

effect　of　the　ｐｌａｓｍａ，ｅtｃ.(23)－(27)ａｎｄ　others　assumed　some

periodic conditions in one pitch ｒｅｇｉｏｎ(28)・(29)｡

　　　　Considering　the　above-mentioned,　there　are　introduced　　ａ
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two-dimensional　　time-dependent　　numerical　　solution　　of　　the

small-sized linear　Faraday　generator　with　constant　rectangular

cross　section using alkali metal　seeded argon plasma, in which　the

convection effect is taken into account and the periodic conditions

in one pi tch region are not imposed (33)｡

　　　　First,　the channel model　０ｆthe linear Faraday generator　used

in the numerical　analysis and the basic equations which govern　the

partially　ionized nonequilibrium plasma are　introduced.　Next, some

inevitable assumptions are introduced and the basic　equations　are

transformed　into the simplified　two-dimensional　basic equations　to

be solved, and also the boundary condi tions are presented .　And　the

numerical　solution　for　calculating the electric potential　in the

channel　by　applying　the　finite　element　method　to　the　above

two-dimensional　basic　equations　and　the　boundary conditions　is

derived. Finally, the method to compute the current stream function

by　using　the　electric　potential　and　the　ones　to evaluate the

electron temperature and the electron density are shown.

2.２ Channel Model

　　　　　Sinceone of　the purposes of this analysis　is　to simulate　the

nonequilibrium　　MHD　　generator　　channel　　without　the　periodic

conditions, it　is desirable　to simulate the　whole　region　of　the

channel.　　However,　as　the characteristic length of change of the

electrical　quantities in　the channel　are　much　shorter　than　the

generator　size,　it　is very difficult　to simulate　the whole region

ｏｆ･　the　channel.　　０ｎ　the　other　hand,　it　is　made　clear　　by

ｅｘｐｅｒｉｍｅｎtｓ(９)・(10)　thatthe inhoniogeneous current distribution　is

formed in　the inlet region of　the　channel .　　Therefore,　for　the

author's　analysis,　the　analytical　region is　limited to the inlet

region of　the　linear　Faraday　generator　channel　with　constant

rectangular　cross　section　･and　the　channel model　as　shown in

Fig. 2.1　is adopted.　ln･ this figure, 1， 1i　and九　are　the length of
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the・　inlet　region of the channel ， the length wi thout electrode and

the height of the channel, respectively, c ａｎ(!ｓthe width and　the

pitch of the electrodes, B, u and Ri　explained　later and　the nozzle

is connected at ｌ ＝0.

ｙ
　
　
Ｚ

χ＝０

Anode

Cathode

↑
士

χ＝ｌ

Fig. 2.1　Channel model　of linear Faraday generator

2.３ Basic Ｅｑｕａtｉｏｎｓ(２９)・(33)

　　　　　Inthis analysis, cesium or potassium seeded argon　plasma　is

considered　as　the working fluid in　the generator channel.　Usually

so far as　the stability of　the　partially　ionized　nonequilibrium

plasma　　and　the　qualitative　investigation　of　the　performance

characteristics of the generator are concerned, i t　is sufficient　to

consider　that　the　interactions　between　the　gasdynamic and　the

electrical　quantities are negligible and　the distributions　of　the

gasdynamic　quantities　are　constant　in time, because　the channel

size　is small　and　the characteristic length and　time of　change　of

the　gasdynamic　quanti ties　are　much　longer　than　those　of　the

９



electrical quantities(26)・(28).　Moreover, the single ionization of

the　　argon　　and　the　seed　atom　and　the　so-called　three-body

recombination　among　each　ion　and　two　electrons　are　dominant

compared　wi th　the　other　processes　in the range of the electron

temperature used in MHD generator｡

　　　　　Under　theabove limits, the governing equations of the　plasma

in　the　channel　become　the　generalized Ohm's　law, the Maxwell 'ｓ

equations, the conservation equations of the argon ions,　the　seed

ions　and　the electrons and the energy equation of the electrons as

follows:　　　　　　7

　　　　　First,the generalized Ohme's　law is written as

where

Ｊ十 |(JxB) = o(E'十器）

　　e2馬(Jニ瓦瓦

　　　eBβ≒こ瓦

ず＝£十uxB

J =_ eUeiu ― Ue)

Ve　＝こVa　＋　ｐＳ　＋　Via　＋　μｉＳ

Pe = Tieだ几

pａ＝ｎＧ屯(tか)|/2

pｓ＝ｎｓ応(堅)l/2

pi。＝叫。Qia(堅)l/2

pi。= riisQisi堅)l/2

(2.1)

(2.2)

(2.3)

(2.4)

(2.5)

(2.6)

(2.7)

(2.8)

(2.9)

(2.10)

(2.11)

10



In the above equations, J is　the　current　density,　ｕ and 14e　　the

heavy　particle　and　the　electron　drift velocities,Ｅ　ａｎｄ£゛the

electric and the induced　electric　fields, respectively, Te　the

electron temperature, B the magnetic flux density, a the electrical

conductivity,βthe Hall parameter for electron, Pe　the　electron

partial　pressure, e　the charge of the electron ａｎｄだ　theBol tzmann

constant.　Also, m and ｎ the mass　and　the　number　densi ty　of　ａ

particle, respectively, v the collision frequency, Q the collision

cross　section　and　the　　subscripts　　e, a, s, ia and　is　　denote

electron,　　argon　　atom,　seed　atom,　argon　ion　and　seed　ion,

respectively｡

　　　In the author *s analysis, Qa, Qs, Qia and Qis　are chosen as

ｆ０１１０ＷＳ(４)，(28)，(３４):

Qa = 0.28×10‾20(1.46×10‾3・Te - 0.535)

１　
　
　
　
亀

0,5×10‾17　(for cesium)

0｡4×10‾17　(for potassium)

Qia ＝Qよ= 5.85×10-lo櫛
　　　　　　7ｅ

where

A - 1.24×107 ・陽一1/27 3/2

(2.12)

(2.13)

(2.14)

(2.15)

ｅ (2.16)

　　　　The Maxwell's equations are written as

　　　　　　　∇χ£＝O　　　　　　　　　　　　　　　　　　　　　　　　　　　　　(2.17)

　　　　　　　∇●J＝0.　　　　　　　　　　　　　　　　　　　　　　　　　　(2.18)

　　　　The　conservation　equations　of the argon　ions, the seed ions

and　the electrons, in which　the single ionization of the argon　and

the　seed　atom and the three-body recombination among each　ion and

two electrons are taken into account, are wri tten as follows :

　　　　　　べ
3t十∇(riiaU)゜りaTieria -だranc^rii・　　(2.19)

11



1２

皆十∇(riisu)
=りsThns － たｒｓｎｅ２ｎｉｓ

neTlia　　2gin

and from the following Saha's equations for　thermal　ionization

"e　° riia　十　nis

一

一 脂(旦19E:１)3/2eｘｐ(一位)

T 2°42)(1021713/2e゛ｐ(‾説)

＝首(旦E!がE:１)3/2eｘｐ(一器)

= 2.9×102272/2eｘｐ(一器)

三色

吠

2｡58×10‾39eｘp（1.３３７乖) (for cesium)

(2.20)

(2.21)

)だra

(2.22)

(2.23)

Moreover, this　　analysis,

(2.24)

(２.25)

1.09×10-20 ・ 7-9/2

たraａｎｄだTS　　are　　chosen　　as

(for potassium)

(2.26)

(2.27)

(2.28)

rkx

neJlis
-

ris

there exist　the following relations betweenｋｆａand Ａ:｢ａand　between

ｋｆｓａｎｄだrｓタ　respectively

り。= 2.9×10227。3/2eｘｐ(－

たμ- 2.42×1021几3/2eｘｐ(一決)ICｒｓ

１ｎ

follows(20).(35),(36):

kra = 1.29×10‾44(11 囁 ＋２)ｅｘｐ(425j7)

A:TS　＝

｛

In　the　above　equations,　りａ andｋｆｓ　ａｒｅ　the　ionization　　rate

coefficients　　of　　the　　argon　　and　　the　seed,　ｆ^ＴＱ ａｎｄだrs　the

recombination　rate　coefficients　of　the　argon　and　the　　seed,

£:iaand £iｓ　the　ionization potentials of　the argon and　the seed, h

the Planck's constant, ga, gs> 9ia and gis　the　statistical　weights

of the ground state of the argon atom, the seed atom, the argon ion



and the seed　ion, respectively.

　　　　Finally, the energy equation of electrons is given as

余｛ｎｉａ（1だ7e十Cia)
+nis(|た7e十ds)}

　十∇・〔{nia(|た刄十£ia)十nis(|だ几十Cis)} Me〕

一

一 Ｊ・ずー∇・(ｐ。Ｕｅ)－１６ｎｅｍｅた(Te - T)

包
馬

私
瓦
Ｃ ＋

片ａ
一

眠z

＋ 管） (2.29)

where ７is　the temperature of heavy particles except electron and ６

is　the collision loss factor.　As 6 takes　thevalue 2 in an elastic

collision, it　is chosen as 2 in this analysis.

2.４ Assumptions

2.4.1　Gasdynamic quanti ties and assumptions for　them

　　　　As　mentioned　in　the　preceding　section,　in　the　　present

analysis,　it･　can　be　assumed　that　the interactions between　the

gasdynamic and　the electrical　quantities　are　negligible　and　the

distributions　of　the　gasdynamic quantities are constant　in time.

Therefore,　let　us　use the　distributions　of　　the　　gasdynamic

quantities　　　　which　　　　are　　　　obtained　　　by　　　the　　　following

quasi-one-dimensional　analysis without magnetic field　in　the steady

state.

　　　　At　first,　in　the　case　of　no magnetic field in　the steady

state, the conservation laws of mass, momentum and energy of the

working gas fluid are given by the following ｅｑｕａtｉｏｎｓ（a7）

　　　　　　　∇●（即）＝O　　　　　　　　　　　　　　　　　　　(2.30)

　　　　　　　ｐＵ’∇ｕ＝－∇ｐ　　　　　　　　　　　　　　　　　　　　　　　　　　(2.31)

　　　　　　　ｐｕ●∇（り十ざ）.二o　　　　　　　　　　　　　　　　(2.32)

13



respectively, where

　　　　　ｐ＝μ汀 (2.33)

　　　　　　h = c。７●　　　　　　　　　　　　　　　　　　　　　　　　　　　(2.34)

In　the　above　equations, p is　the mass density, h the enthalpy, R

the gas constant･Cp　the specific heat at constant gas pressure and

the　friction　and　the　heat　transfer　losses　are not taken into

account｡

　　　Next, for　simplifying　the　calculation,　the　following　two

assumptions are introduced.

　　(1) Gas veloci ty ｕ has the following form

　　　　　　u = (u, 0, 0)｡　　　　　　　　　　　　　　　　　　　　　　(2.35)

　　(2) All gasdynamic quantities change only in the l direction｡

　　　Under　the above assumptions, Eqs. (2.30) to (2.32) are reduced

into the following quasi-one-dimensional equations.

孟（ｐｕA）＝0 (2.36)

　　　　ｐｕ念十念＝O　　　　　　　　　　　　　　　(2.37)

　　　　ｐｕ余（ll十ぞ）＝O　　　　　　　　　　　　　　　　(2.38)

where A is the cross section.

　　糾tにUh:にしhas constant cross section, Ｅｑ°（２゛３６）yﾔy乱）

乱こ

t

こ

l

ｓごこととﾆEq. (2.34) int‘ｏEq. (2.38), the follov゛ing

CpT十
疋
２ - const. (2.40)

By　differentiating Eqs. (2.39) and (2.40) wi th respect to エ, the

following equations are obtained.

徨十ｕ言＝０

1４

(2.41)



cＰ器十ｕ忽゛０ (2.42)

By substituting Eqs. (2.33), (2.41) and (2.42), Eq. (２.37）iS

transformed into the following form.

where

ず(1－ふ)言＝０ (2.43)

　　　　　　‘y＝乞＝石ｿﾐ!≒i　　　　　　　　　　　　　　　　(2.44)

　　　　　　が＝需　　　　　　　　　　　　　　　　　　　(2.45)

In　the　above　equations,　Cv　is　the　specific heat for constant

volume, 7 the specific heat ratio and Ｍ the Mach number｡

　　　Eq. (2.43) tells that the velocity ｕ is constant all over　the

channel except　the case Ｍ ＝　1.Therefore, the veloci ty of the heavy

particles can be assumed　to be constant all　over　the　channel　and

have　　only　ｌ　component ｕ.　　Moreover, considering　Eqs. (2.41)

and (2.42), all the gasdynamic quantities take the constant　values

all　over　the channel　in this analysis.

2｡4.２ other assumptions(28)

　　To simpl ify the basic equations and obtain the two-d i mens i ona1

basic equations, the following assumptions are also introduced.

　（1）Ｔｈｅmagnetic flux density B is constant in space and time and

has the form

　　　　B = (0, 0, B)｡　　　　　　　　　　　　　　　　　(2.46)

　(2) All quantities are constant in the ｚ direction, namely

　　　　塞＝O●　　　　　　　　　　　　　　　(2.47)

　（３）The term∇ｐ。/ejie　in the generalized Ohm's law is negligible.

　(4) All terms containing space derivatives in the energy equation

(2.29) are negligible.
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1６

2.5 Simplified Tvo-DimensionalBasic Equations

　　Considering　the　assumptions　introduced　in　Section 2.4,

Eq. (2.1) is reduced to

　　　　Jx °Ｔｲ≒F｛£ｚ－β（ら－ｕj3）｝

　　　　ゐ゜Ｔﾌﾟ≒F｛βＥｚ十（ら－ｕＢ）｝

and Eqs. (2.17) and『２』8) are reduced to

　　　　胚!に胚にｏ

(2.48)

(2.49)

(2.50)

(2.51)

where　　the　suffixes　ｌ　and　!J　show　the　ｚ　and　!ｊ　components,

respectively, of each vector.　　Also　to　decrease　the　number　of

unknown variables, the electric potential ffldefined by

＆＝一畿，　　ら＝一良 (2.52)

is introduced. Eq. (2.50) is satisfied always by Eq. (2.52) and by

using Eqs. (2.48), (2.49) and (2.52), Eq.(2.51) is transformed into

the following two-dimensional equation for（;）

みプフ

　＋輿卜

(一良一← 喘

瘤

十β詔)}

帳・)１ -

-
０ (2.53)

　　　Next, using　the　assumption　mentioned　in Subsection 2.4.1,

Eqs. (2.19) and (2.20) are reduced to

∂Tiin
一

一 ●　　　　　∂riia
Ｒ･　-　-　ｌ°　　Ｕ∂工

OJlis

(2.54)

(2.55)

∂t

∂nis
-∂t

where Tlia　and "is　are defined as follows:



Tlia °りoTleTta一λ:ｒａｎｅ2ｎiａ

　　riis°りsrieTls－ krsTle^nis・

By using Eqs. (2.5) and (2.7), Eq. (2.29) becomes

§た陶-y£十（1た7e十Ｅｉａ）｛j7Eiヂ
十∇・(riiaU) }

　十（1だ7e十...) (ff十∇(riisu)}

－（§たTe十eia)∇・（優J）－（1た7’，十Cis)∇・（優J）

＋加ｙｕ一良）・∇Ｔ･＋吠∇・（ｎ･･ｕ － j）

＝Ｊ・か-fan。ｍｅだ(71 － 7')(記十之十七十七)

Substituting　Eqs

alバ2.58), it is

　(2.18), (2.48), (2.49), (2.54) and (2.55)

transformed into the following form

1だｎｅ箭十（1た几十Cia)riia十（1ltだ7i

＋ 訃 (ｎぷ

エノjトJ♂
　　　(7

j）・∇7e十た瓦∇・(rieu)

-

1６ｎｅｍｅだ(7e
－ Ｔ)

ら
司

眺
疋

Ｓ
ｔ
『

ぐ

Thereforeﾀ　　considering the

＋　^is)nis

(2.56)

(2.57)

(2.58)

　into

十竺三）.　　　　　　　　　　　　　　(2.59)
　　rrts

above　assumption (4), the　energy

equation of electrons becomes as follows:

箭゜売血?二
a
－ Ｓｌｆｌｅ(７ｅ－ ″r)(包十

‾(几十管)々‾(几十堅)昔

1７

Vs
-
rus
＋
μia
-
ma

＋ 祭）

(2.60)



　　Lastly, Eqs. (2.21),(2.48),(2.49).(2.52) to (2.55) and (2.60)

are the basic equations to be solved.

2｡６ Boundary Condi tions

　　　　In　order　to　solve the above two-dimens i onal　basic equations

Eqs. (2.21),(2.48),(2.49),(2.52) to (2.55) and (2.60),　　　　some

boundary condi tions are necessary .

　　　　First,　the following electrical　boundary condition is adopted

on each electrode surface

　　　　　　　(p= const.　　　　　　　　　　　　　　　　　　　　　　　　　(2.61)

and for　each electrode pair, there exists　the　following　relations

between　the electric potentials of the anode (ｐａand　the cathode 7)ｃ

　　　　　　　(Pc- (Pa = RlIl　　　　　　　　　　　　　　　　　(２.６２)

ILニ‾

ぶ

ｎ�e
J!Jdlニ ‾岫

E

Qｔｈ）ｄｅ

J!,dx (2.63)

where　双J　is　the channel　width and h , Rl are the load current and

the　load resistance, respectively.

　　　　　Alsothe following electrical　boundary condition　is　used on

each insulat‘or wall surface

　　　　　　J!J＝O●　　　　　　　　　　　　　　　　　　　　　(2.64)

　　　Next, as ａ nozzle is connected at ｌ ＝O in Fig. 2.1, it can be

assumed　that　current　density　for　エ＜O　is　equal　to　　zero.

Therefore, the boundary condition at ｌ ＝O is assumed as follows:

　　　　　　　Jx= 0.　　　　　　　　　　　　　　　　　　　　(2.65)

　　　　At　last,the boundary condition at 工＝　l　ismentioned. Because

one of the purposes of this　analysis　is　to　obtain　the　current

distribution　in　the channel　without　the periodic conditions　in one

pitch region, these condi tions can not　be　used as　the　boundary

condition　at ・＝　1.　Therefore, another boundary condition must be

1８



adopted. But　this condition is unknown. Considering the above fact,

in this analysis, it is assumed as follows:

Jx = 0
(2.66)

The validity of this condition　is checked in the next chapter,

2.7 Numerical Solution of Two-Dimensional Basic Equations

2.7.1 Calculation of electric potential(28)

　　　In　this analysis, the finite element method is applied to

obtain the electric potential 9 by solving the partial differential

equation (2.53) under　the　boundary　conditions　of Eqs. (2.61)

to (2.66)｡

　　　At first, in order to solve Eq. (2.53) by the　fini te　element

method,　the　analytical　region　is divided　into many small　finite

elements.　Here let us use　the rectangular bilinear element,　which

has the widths A・ 1n ・-direction and △ﾘ1nﾘｰdirection, as shown in

Fig. 2.2. Then, the potential ^ = ip(・,!J)at any point Ｐ ＝Ｐ（・,!l)in

ｙ

１ ３

４

　　　　　　　　χ

Fig. 2.2 Rectangular element.
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this element is given ｂｙ(7)1，包，９３and ９４， which are the values of

(p's　at　the　nodes　l＝1(エ2，ﾘi) . 2 = 2(・2,り2) . 3 = 3(xi ，!jl)and

4 = 4(xi,!'J2) in Fig. 2.2, as follows:

　　　　Ｑ(・,!J) = {N(x,!/)}T{９ｅ}　　　　　　　　　　　　(2.67)

where

{Ｎ(・,ﾘ)} = {/Vi(・,!/)N2(・,!J) N3(エ

瓦

ｊ
５
り
う

匈
測
ｐ
こ
一
ｔ

　
一
　
一
　
一
　
一

　
エ
　
エ
　
エ
　
エ

　
ベ
ぐ
ぐ
べ

　
↓
　
　
上
瓦

一

一 (エ1－エ2)(リ1

(り

(!/

(!/

(!j

!j）匈（エ,!j）｝T

１ｊ
、
口
幻
、
―
＼

P
i
　
　
a
　
　
ｐ
>
　
　
S
i

一
　
一
　
一
　
一

- y2) = Aエ助

and

{９ｅ}＝(7)19)27)37)4}7

(2.68)

(2.69)

(2.70)ヽ

in　which NI(エ,!j)to Ni(x,!j)　are　the　　so-called　　interpolation

functions at　the nodes　l　to 4, respectively｡

　　　　Inl this　analysis,　the　Galerkin　process　is　used　because

Eq. (2.53) does not have the functional(28).　So ｉt is assumed that

for　a　node　i　which　is　contained in the analytical　region, the

weighted　integral　of Eq. (2.53) with　the weight Ｍ(エ,リ)，　which　is

the summation of the interpolation functions correspond to the node

i, over　the analytical　region Ｓ ｡takes　the　value　0.　　Namely,　the

following equation is established.

十九｛･アずjF（－β公一良一vB)}〕dxdij = 0 (2.71)

Applying　the　integration　by　parts　to　the above equation, it　is

transformed　into the following form
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十TTj≒尹毎(-β公一良一uB)} dxdﾘ

μ〔余{Ｔｲ≒FM(一会十β良十βｕ13)}

十晶{TTj≒FM(-β公一良一Ｊ)}]dxdy = 0 (2.72)

　　Furthermore, applying the Gauss' theorem　to Eq. (2.72), it

becomes

ﾙ汗/十βｕＢ)

十Fj≒尹毎(-β公一良一vB)} dxcly

－j(妬几(九十NiJ:cd!J)＝０ (2.73)

where　Ｃ　is　the contour of the analytical　region Ｓ.　By setting up

the above equation for all　nodes　in　Ｓ・　and　dividing　into　each

element, the following equation　is obtained

む
Σ
町

抑圧ヤ≒誉(-ﾈり公十･β昭)

十TﾂﾞＬ戸毎(-β公一良一xiB)} dxdij

ゑ(NjJｙｄＸ十NjJｘｄｉｊ)]＝０，　ｊ＝１
ｔ０ ４ (2.74)

which　Se is the region of an element, ぴthe contour of ^ and

means　the summation with respect　to all　the elements.　By using

(2.67)　and　representing Ｎｉ　Ｕ＝l to 4) as {/V} , Eq. (2.74)

becomes
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写（甘吋一戸〔｛＆｝｛＆｝Ｔ十｛Ｍ,｝｛Ｍ｝７

－β｛ＮＩ｝｛べ,｝７十β｛べJ｝｛?･4｝7］ｄｌ向・（g）ｅ｝

十∫レ‾iF“B［β｛や｝‾｛べJ｝〕ｄｌ面

一系〔{N} Jydx十｛Ｎリエdi｝＝0

where {Nx} , {Ny} represent

｛＆｝＝｛1ﾀﾞ｝＝

　　　｛MJ｝＝｛1｝l｝＝

respectively.

　
一
　
　
　
　
　
一

１　
　
　
上
馬

(リー!j2)

(!j － !jl)

(!ノー!

y2)'

(リー狛)

士
Ｏ
’
"
＾
　
O
　
'
ｃ
ｊ

≫
　
　
　
Ｈ
　
　
　
Ｈ
　
　
　
≫

一
　
一
　
一
　
一

ぱ
丿
Ｈ
　
　
　
Ｈ
　
-
３
｡
　

Ｌ　
⊥
＆

(2.75)

(2.76)

(2.77)

　　From Eq. (2.75), the　following set of　the　simul taneous

equations can be derived

where

Σ（［I<＾］（9）ｅ｝－｛Ｆｌｅ｝－｛Ｆ２ｅ｝）＝0

〔ｒ〕＝ゴレ≒F〔｛Ｎｘ＼ IN，＼Ｔ十{Ny} {妬け

- β｛＆｝｛篤｝Ｔ＋β｛篤｝｛ＮｊＴ｝直向

｛Ｆχｅ｝＝-‰言≒FｕB［β｛?Vx} - {N,}〕ｄｘｄｙ

｛Ｆ２ｅ｝＝も({N} Jφ・十｛Ｎリエ向｝．

(2.78)

(2.79)

(2.80)

(2.81)

Accordingly,　　by　　solving　the　above　set　of　the　simultaneous

equations, the electric potential　Ｑat every node is obtained.
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　　　　Inthis analysis、the dimensions of an element　is　chosen　as

△X = 0.25 ｍｍ、　b．Ｍ＝４mm　and　Eq. (2.78)　is　solved　by　Gaussian

elimination.

2｡７.２Calculation of ion and electron densi ties（28）

　　　The argon and　the　seed　ion　densities　Tlia and Tlis　and　the

electron density ne are calculated by solving Eqs. (2.21), (2.54)

and (2.55).　In most of the past　analyses,　the　terms　containing

space　derivatives　in　Eqs. (2.54) and (2.55) are　assumed　to be

negligible.　Since this assumption means　that　the convection effect

of　the　working ・plasma　is negligible, it　is not suitable for　this

analysis.　Accordingly, the following method　is adopted for　it.　０ｎ

the characteristic curves given by　the following equations

　　　　　　沓＝ｕ　　　　　　　　　　　　　　　　　　　(2.82)

the Eqs

血－0

dt‾

(2.54) and (2.55) take the following forms

driia　｡
一一dt　‾nl°

(2.83)

(2.84)

　　　　竪＝1;liｓ　　　　　　　　　　（２８５）

respectively.　And　these equations can be numerically solved by the

Runge-Kutta method.

2.7.3 Calculation of electron　temperature

　　　　　Theelectron　temperature Te　is obtained by Eq. (2.60).　As　the

relaχation　　of　　electron　　temperature　　can　be　assumed　to　be

instantaneous compared　to the relaxation of electron　density,　the

instantaneous　temperature　relaxation can　be　assumed(28).　Then

Eq. (2.60) is reduced to the following form
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ふ互与ｊし6、(Te - T)(や十与十≒十卒)
Skrie　（7

　-(Te十 管）ゼー（71十 螢)昔 -

-

０
(2.86)

From this equation the electron temperature ７ｅcan be calculated by

using the Newton-Raphson method. In this method, Te is obtained by

converging the following iteration

where

71?→･1＿　　　　j(罵)　。－71 一万顎汀

/(Te)

(2.87)

一

一 壱孟べ卜万一6叫(瓦－Ｔ)(記十岩十七十七)

ぺ胎)和一(71い皆)娶　　　　(2.88)

　　　　　/･(Te) =!Mjど!　　　　　　　　　　　　　　　　　　　　　(2.89)

and 77 is the approximate value of Te obtained by n-th iteration.

　　　Because of this simplification,　the　time　step　△t　for　the

Runge-Kutta　　method　must　be　chosen　appropriately　between　the

relaxation　times of　the　electron　temperature　and　the　electron

density. In　this　analysis, considering　the above requirement,

△t = 0.255μｓ is ｓｅｌｅｃted(２８).

2.7.4 Calculation of current stream function

　　　　　Tostudy　the current distribution in the channel ，the　current

stream　function　4･　is　useful .　In this analysis, considering　the

channel　width w, i t　is defined as

Jx
一

一

1∂φ
一一
UJ∂リ

　１∂φ

心ニwdx

(2.90)

(2.91)

which satisfy Eq. (2.51). By integrating Eqs. (2.90) and (2.91) *

can be obtained.
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2.7.5 Flow chart

　　　At　last,　the　flow　chart　of　the　calculation by using the

numerical solutions mentioned in this section　is shown in Fig. 2.3.

The calculation processes are as follows:

　（　1) The　channel　size,　the　load resistance, the magnetic flux

density,　the　gasdynamic　conditions　and　the　initial　value　of

electron density are provided.

　（２）Ｔｈｅ　conductivity o and the Hall parameter βin each element

are calculated by Eqs. (2.2) and (2.3).

　( 3) By using the finite element method, the electric potential ９

on each node is calculated.

　（４）Ｔｈｅ　electric fields Ｅｚand Ey in each element is calculated

by Eq. (2.52).

　（５）The　current　densities　Jエａｎｄも　in　　each　　element　　is

calculated by Eqs. (2.48) and (2.49).

　（６）Ｂｙ　using Newton-Raphson method, the electron temperature Te

in each element is calculated by Eq. (2.86).

　（７）Ｔｈｅ　processes　（２）tｏ（６）　are　iterated　till　Te in　ａ１１

elements are converged.

　（８）Ｔｈｅ　current stream function t on each node is calculated by

Eqs. (2.90) and (2.91).

　（９）Ｂｙ Runge-Kutta method,　the　electron　density　rie　in　each

element　at　the　next　time step t ＝t十△t is calculated by Eqs.

(2.21), (2.84) and (2.85).

　（10）The processes (2) to (9) are iterated till　t ＝t。。T, where

*nax　　is　the　calculation　interval　needed　to　investigate　the

transient response of the current distribution in the channel.

2.８ Concluding Remarks

　　　　　Themain conclusions obtained　in　this chapter are as follows:

　　（1）Ａtwo-dimensional　model　of　the　linear　Faraday　generator

25



start

Calculation of initial　values

Calculation of 馬ａt t ＝t十At
　　　byRunge-Kutta method

Calculation of （J and β

Calculation of (p by
finite element method

Calculation of E and J

No

Calculation of 几bｙ
Newton-Raphson method

くぶ昌≒

　　　Yes

Calculation ｏｆψ

No

Yes

End

Fig. 2.3 Flow chart of calculation processes.

a3



channel　without　the　periodic　conditions　in one pitch region was

introduced.

　　(2)Using some inevitable assumptions, the two-dimensional　basic

equations.　　by　　which　　the　　electric　potential ，　the　electron

temperature　and　the　electron　density　in　the　channel can　be

numerically calculated, were derived from　the basic equations.

　　（３）Ｔｏ　calculate　the　electric　potential　on　each　node, the

numerical　solution was introduced, which is　obtained　by　applying

the　finite　element　method　to　the　above　two-dimensional　basic

equations and boundary conditions.

　　（4）Ｔｈｅ　methods　to　calculate　the　electron　temperature,　the

electron density and　the current stream function were shown.

　　（5）The　flow　chart　for solving　the above　two-dimensional　basic

equations was shown.
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CHAPTER ３

INFLUENCES CF VARIOUS FACTORS C刈CURREMT DISTRIBUTION

　　　　　　　　　　INLINEAR FARADAY GENEI^TOR

3｡1　Introduction

　　　　　As　mentioned　in　the preceding two chapters, up to now, many

researchers have tried　to obtain the current　distribution　in　the

channel　and clarify the experimental　results by solving numerically

the　differential　equations　governing　the　working　gas　plasma.

However, they could not explain the transient formation process and

the steady state of the current distribution which are observed　in

the　experiments.　　Considering　those,　the　author　derived ａ new

two-dimensional　time-dependent numerical　solution　for　the　linear

Faraday　generator　in　the preceding chapter.　In　this chapter, by

applying　this　numerical　method　to　the　models　of　the　linear

generator　i'ｎ　which　the cesium seeded argon plasma is used as　the

working fluid, there are studied in　detail ０ｎ　the　inhomogeneous
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　・

current distribution in the ｏｎｅ(３３)，(３８)－(40).

　　　　　In　this chapter, at first, the transient formation process and

the steady state of the　inhomogeneous　current　distributions　are

made clear, and　it　is shown that　those calculated distributions are

in　good　agreement　with　the　ｅχperimental　results.　　Next,　the

influences of the‘electrode configuration and the convection effect

of the plasma on the current distribution are investigated, and　it

is　clarified　that　the main factors which govern the　transient and

steady current distributions are the ionization instability and　the

convection effect of the plasma.
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3｡2 Numerical Conditions

　　　　The　numerical　analyses　in　this　and　the ｎｅχtchapters are

carried out for　the three kinds　of　Faraday　generator　models　of

Types　l，2 and 3，　whose　whole　length　I, height h, width w, length

with no electrode　li,　electrode　pitch　and　width　ｓ　and　ｃ，　and

electrode　number　Thle　are shown in Table 3.1. In the table, also

there　are　shown　the　values　of　the　　stagnation　　and　　static

temperatures　of　the　gas　71　and　T，　the　stagnation and static

pressures Ps　and p, the Mach number 川，　the　gas　veloci ty　ｕ，　the

argon　number　density　ｎ。o ，　the magnetic flux density B, the seed

fraction c, the 1･oad resistance Ｒし　the dimensions of an element Ax

and　Ａﾘ，　and　the　time　step　△t　used　in　the analyses.　In this

connection, Fig. 3.1 shows the relations of the electron density ne

to　the　electron　temperature ７ｅ　obtainedby using Saha's equations

for thermal ionization (2.22) and (2.23) for various seed fractions

ε｡

3.3 Val idi ty of Boundary Condi tion

　　　　　In　this　chapﾋer,　at　first, let us check the validity of the

boundary condition at ｌ ＝　l　introduced　in　the　preceding　chapter.

For　this　purpose.　it　is　thought ａ good way to perform numerical

simulations on two channel models, which are the inlet region of　ａ

same　channel　and have different　lengths of the analytical　regions,

and　to　compare　the　calculated　results.　　So　in　the　numerical

calculations,　　the　　author　　chooses　　two　　channel　　models　of

Types　ｌ　and ２ shown in Table ３.1 ， where 日＝3 T, e = 2　×　10‾4　　and

励.＝　1　n are adopted.　As　the　initial　condition, the author assumes

that　the load　resistances are connected　to each pair of　the　anode

and　the cathode at　t ＝0.

　　　　　Figure3.２　shows　the　current distributions　in Types　ｌ　and ２

channels at　t　＝　163.2μs, which corresponds　to the 640th step.　　In

the　figure,　the　contour　interval　between　neighboring　current

３



Table ３.1　Numerical conditions used in calculations

Type l Type 2 Type 3

Length of channel model　　　　　1 120 mm 200 mm 120 m

Channel　height　　　　　　　　　　　　h 40 mm 40 mm 40 mm

Channel　width　　　　　　　　　　　　　切 40 mm 40 mm 40 mm

Length with no electrode　　　　u 40m 40 mm 40 mm

Electrode pitch　　　　　　　　　　　s 5 nun 5 mm 10 mm

Electrode width　　　　　　　　　　　c ２．５㎜ 2.5 mm 5 mm

Number of electrodes　　　　Hele 16 詑 ８

stagnation temperature　　　Ts 2000 K

・static　temperature　　　　　　　　　T 1079 K

Stagnation pressure　　　　　　　　Ps 5.6 atm

static pressure　　　　　　　　　　　p １．２atm

Mach number　　　　　　　　　　　　　　河 １．６

Gas veloci ty　　　　　　　　　　　　　　u 980 m/s

Argon number densi ty　　　　　　HaO 8.16〉く1024 m‾3

Magnetic flux density　　　　　　B ４Ｔ，３Ｔ，２T, 1 T

Seed fraction　　　　　　　　　　　　　£ 2×10‾4，5〉く10‾5，10‾5

Load resistance　　　　　　　　　　　Ri ２０Ω, 4 n, 1 fi, 0.5Ω, 0.2Ω

Dimension of element　　　　　　　△ｪ 0.25 mm

Dimension of element　　　　　　　△!j ４ mm

Time step　　　　　　　　　　　　　　　　At 0.255μS
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streamlines　Ｍ!＝5 A.　　The　figures　　tell　　that　　the　　current

distributions　in　the　region　which　is　included to both channel

models　are　almost same.　　Namely,　the　boundary　condition　　of

Eq. (2.66)　at　・＝l　introduced　in　the　preceding　chapter　has

scarcely　influence on the simulation resul ts except only near　this

boundary.　　Accordingly, it can be said　that　the boundary condition

is sufficiently valid.
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Fig. 3.1　Relations between electron temperature and

　　　　　　　electron densi ty obtained by Saha ’･ｓequations

　　　　　　　forvarious seed fractions.
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Type ｌ channel

　　　　　　　　　　　　　　　　？Ype２channel

Fig. 3.2 Dependence of current distributions on length

　　　　　　ofchannel　model　usedin calculation.

3.４ Transient Formation Process and steady state of Inhomogeneous

　　　Current Distribution

　　　In this section,　the　transient　formation　process　and　the

steady　　state　　of　　the　inhomogeneous　current　distribution　in

nonequilibrium ionization plasma generator channel　are made　clear.

For　this　purpose,　the　numerical　analysis　is performed under　the

conditions which are usually used in the ｅｘｐｅｒｉｍｅｎtｓ（41）.ln　this

analysis,　the　channel　of Type　ｌ　inTable ３Ｊ　is chosen, where　the

magnetic flux density B = 3 T, the seed fraction £＝２　×　104　　and

the load resistance Ri = 4Ωare adopted｡

　　　Figures 3.3(a) to (c) show the transient current distributions

in the channel at t ＝O to t ＝ 76.5μs(the 300th step) on the　same

initial condition used in the preceding section. Since the magnetic
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t = 0.255 gs

t = 0.51μ

t = 1.02 us

Fig. 3.3(a) Transient current distributions for Ｂ ＝３Ｔ，

　　　　　　　£＝2×10‾４ and Ｒレ＝４Ω（加＝ＯＪＡ）．
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t = 5.1 ps

t = 10.2 ys

t = 20.4 us

t = 30.6 ys

Fig. 3.3(b) Transient current distributions for B = 3 T，

　　　　　　ε＝２×10‾4 and凡＝４Ω（刮/＝２Ａ）.

34



¬
‾1 ‾1 ¬n

-

¬ ¬

ｊ
賢台爾

　　ｊ

厦
－

コ

‘ 1 ｔ １

｜｜ ｜｜

Sa⊇ｺΞlj
」 』 Ｌ - U - －

Ｌ Ｌ

t = 40.8 us

t = 51 us

t = 61.2 us

¬「lf¬「 ¬「1r¬ － －

Z:
問菌j=

濫

－

一一
一一
｜

ｊ

２心!
-

ｉ

｜
|］

- -

u i-tot: ＪＵＬ」 － － - －

t = 76.5 us

Fig. 3.3(c) Transient current distributions for Ｂ＝3 T，

　　　　　　ε＝２×10‾4 and Ri = 4Ω（励＝２Ａ）．

3５



field is applied to　the channel ，　the　regions　where　the　current

density　becomes high appear near each electrode edge at　t･＝0.　In

these regions, the electron temperature is　increased by　the　Joule

heat.　　This　causes　the　rise　of　the electron densi ty and so the

conductivity of the plasma increases.　This leads again to the rise

of the current density, and then its inhomogeneity becomes strong｡

　　　　As　time　goes on, the high current density regions spread out

spatially, and　as　shown　in Figs. 3.3(a) and (b), the　regions

interconnect　the　anodes and　the cathodes at　last.　In such ａ way,

strong concentrated current paths interconnecting　the　anodes　and

the cathodes, which are usually called streamers, are formed in the

channel.　Although　the origins of the streamers make the　angle　of

about　7r/4　from　the corresponding current density vectors as seen

from the figure at t = 0.51μｓ in Fig. 3.3(a), their directions are

almost　same　as　those of the corresponding current density vectors

when they have been formed as seen from Fig. 3.3(b).　However ，　the

above　process　of　nonlinear　growth of the ionization instability

could not be made clear by　the linear perturbation theory. As shown

in　Fig. 3.3(b),　the pitch of the streamer is equal to that of the

electrode at　t　=5.1　μｓ.　Theformation process　of　the　streamers

obtained　bｙ' this numerical　analysis is about same with　the results

obtained by the simulation in which the periodic conditions　in　one

pitch region were used｡

　　　　Moreover, Figs. 3.3(b) and (c) tell　that by the convection

effect of　the plasma, the streamers are carried downstream　in　the

channel　at　the　speed　equal　to that of the working･ plasma.　This

speed of streamers　is　in　good　agreement　with　the　experimental

evidences｡

　　　　In　theabove way, the streamers are formed from　the electrode

edges　just　after　.the　load　resistances　are　connected　to　the

electrodes.　　However,　　The　current　distributions　at　t　＝　10.2

and 20.4μｓ in Fig. 3.3(b) tell that ａ next streamer is formed just

after　the　inlet　of　the channel .　Its origin is considered as　the
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inhomogeneity of　the current density　there.　The streamer　is　also

carried downstream　in the channel　at　the speed equal　to that of the

working plasma and grows much wider than the one formed just　after

the　load　resistances are connected　to the electrodes.　After　this

streamer　is formed, no streamer　is formed from the electrode edges.

Instead　of　it, the next streamers are formed just after the inlet

of the channel　and these streamers govern the current　distribution

in the channel ｡

　　　　Figure３.４　shows　the　streamer　structures　which repeatedly

produced in　the steady state.　The figure tells　that　the　streamer

structure　in the steady state is different from the one just after

connecting the load resistances to the electrodes and the pi tch　of

the　streamers　is not equal　to the electrode pitch.　Near　the inlet

of the channel ，the　streamers　have　certain　inclination　from　リ

direction.　　However,　as　they　flow　to downs trearn, some new fine

current paths　in　theリdirection, which connect　the anode　and　the

cathode,　are　overlapped　to　the core streamers.　This makes each

streamer be consisted of several　fine　striated　structures.　　The

above　results　obtained　by　this　simulation, namely, the current

distribution in the steady state, the speed of the streamers,　etc.

are １ｎ good　　agreement　　with　　the　　experimentally　observed

results(9)'(10).

　　　　The　time-dependent　electron　temperature　Te　　and　　electron

density　Tie　distributions in　the l direction on the center　line of

the channel　are shown　in　Figs. 3.5 and 3.6,　respectively.　　From

these figures, it is made clear that both ７１and "e are high in the

streamers. From　not　only　Figs. 3.3(a) to (c) but　also

Figs. 3.5 and 3.6,　it　is　evident　that　the streamers are carried

downstream　in　the channel　at　the speed equal　to　that of the working

plasma｡

　　　The　figures show that 7e ≒4000 K and ne is of order 1021 m‾3

in　the　streamers. And　Figure 3.1　tells　that　the　plasma　of

７'，≒4000 K　and He ≒1021 m-3　is about in the so-called Saha
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t = 102 us

t = 122.4 us

t = 142.8 us

t = 163.2 us

Fig. 3.4 Current distributions for Ｂ ＝３ Ｔ，

　　　　　　　£＝２×10‾4 and＆＝４Ω（△4/＝２Ａ）
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equilibrium and the cesium is almost fully ionized. Therefore, the

plasma　in　the　streamers　is　stable　according　to　the　linear

perturbation theory. Outside the streamers, 1500 K く7e＜2000 K

and　几≒２×　1018 m‾3，ｗhich　are　almost　equal　to　the initial

conditions. On　the other　hand, according　to the conventional　linear

perturbation theory, such plasma is unstable and so it cannot exist

steadily in　the channel　at Ｂ ＝3 T.　　Therefore,　the　above　facts

cannot be explained by the conventional one. So, it　is evident　that

the conventional one cannot clarify the steady state of the　plasma

after　the nonlinear growth of the ionization instability.　This is

because the nonuniformity of the plasma and　the influences　of　the

external　circuit are not considered in the conventional　theory.

3.5 Influence of Electrode Configuration on Current Distribution

　　　　The　results　obtained　in　the preceding section　tell　that　the

pitch of the streamers　in the steady state does not　coincide　with

that　of the electrodes.　Not only　this fact but also the following

fact were found by ｅｘｐｅｒｉｍｅｎtｓ(10):thecurrent distribution in the

channel　does　not depend on the electrode configuration.　However,

this　fact cannot be explained by the previous analysis on which　the

perioc'ic　condi tions　in one pi tch region were imposed .　To explain

it, simulations are made for　two channels with different　electrode

configurations　of　Types　ｌ　and ３　shown　in　Table 3.1,　where　the

magnetic flux density B = 3 Ｔ and the seed　fraction　Ｅ＝２　×　10‾4

are adopted　for both channels.　Since　the load per　unit　length must

be same in both channels and　the electrode pi tch of Type ３　channel

is　two　times　as　long as　that　of　Type　ｌ　channel ，　the　load

resistances　　Rl　＝　l　and 0.５Ω　　　for　　　Types　ｌ　and ３　　　channels,

respectively, are used｡

　　　　The　　current　　distributions　in　the　steady　state　in　the

Types　ｌ　and ３　　channels　　are　　　shown　　　in　　　Figs. 3.7 and 3.8,

respectively.　The figures denote that　the current distributions in
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both channels　are　almost　same　at　any　time,　except　that　the

streamers　in　the Type ３ channel are slightly thinner than in the

Type　ｌ　channel　andthe total　current　in　the　Type ３　channel　is

smal ler　than the one in　the Type　ｌ　channel　by　theeffect of fini te

segmenting .　Therefore, if the load per unit length　is　same,　the

current distributions　in the channels are almost same regardless of

the electrode configuration｡

　　　　By　theabove explanation, it was made clear　that　the　author's

numerical　simulation　can　explain　the　experimental　results very

well.　Moreover, these could be　explained　theoretically　for　the

first time.

3｡6 Influence of Convection of Plasma on Current Distribution

　　　　In　Sections３.４and 3.5,　it　was　already　made　clear　that,

although　the the pitch of the streamers is equal　to　the　electrode

pitch　just　after　the　load　resistances　are　connected　to　the

electrodes, it does not depend on the　electrode　configuration　in

the　steady　state.　　工t　is　also clarified　that the streamers are

formed near　the inlet of the channel　in the steady state　and　they

are carried downstream in the channel　at　the speed equal　to that of

the working plasma.　From these facts, main factor which determines

the　current　distribution　in　the　channel　in　the steady state　is

considered　to be the convection effect of　the plasma｡

　　　　Toconfirm the above consideration, a　numerical　analysis　is

performed　for　the case that　there exists no convection effect but

exists　the electromotive force.　Physically such conditions do　not

exist,　but　it　is useful　to investigate the current distribution　in

this　case.　　In　the　analysis,　　the　　plasma　　velocity　　ｕ　　in

Eqs. (2.54) and (2.55)　is　assumed to be ｏ and all other numerical

conditions are chosen the same as those used in Section ３.４｡

　　　　Figures 3.9(a) and (b)　show　the　　time　　dependent　　current

distributions　　in　　the　　channel　　from　　t　＝O　to　t　= 76.5μｓ.
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Figures 3.3(a) to (c), 3.9(a) and (b) denote　that　the　current

distributions　in both channels are almost same and the pi tch of the

streamers are almost equal to the electrode pitch for　t ＜　10.2μｓ.

Also　for　t＞　10.2μｓ，　although the current distribution changes

and becomes　independent of the electrode configuration in the　case

where　the convection effect of the plasma is　taken into account, it

does not change and depends on the　electrode　pi tch　in　the　case

where　the　convection　effect　of　the　plasma　is　not　taken into

account｡

　　　　Theabove results make　clear　that　the　main　factors　which

determine　the current distribution　in　the channel　are not only the

ionization instability　but　also　the　convection　effect　of　the

plasma.　　Namely,　　the　　origin　　of　the　inhomogeneous　current

distribution in the channel　is　the instability of　the　plasma　and

another　main factor which determines　the current one in the steady

state　is　the convection effect of the plasma.

3｡７ Concluding Remarks

　　　　In　thischapter, there were carried　out　the　two-dimensional

time-dependent　numerical　analyses of the current distributions　in

the inlet region of the　nonequilibrium　linear　Faraday　generator

channels　with　constant rectangular cross section by　the numerical

solution introduced in　the　preceding　chapter,　and　the　obtained

resul ts are as　follows :

　　(1)In　the　transient　state just after every load resistance is

connected to every anode and cathode, the pi tch of the streamers　is

equal　　to the electrode pitch because their origins are　the current

concentrations near　the　electrode　edges.　　However,　after　those

streamers　have　been　carried downstream, the streamers are formed

near　the　inlet of the channel　and the pitch of the　streamers　does

not coincide with the electrode pitch.

　　（２）Ｆｏｒthe conditions which are usually used in the experiments,
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the current distribution in　the channel　in　the　steady　state　is

inhoraogeneous　and　the　streamers　are　formed to interconnect　the

anode and　the cathode.

　　(3)By the convection effect of the　plasma,　the　streamers　are

carried downstream in the channel　at　the speed equal　to that of the

working plasma.

　　（４）lnthe steady state, each streamer　is　consisted　of　several

finely striated structures.

　　（5）lnthe steady state, if the load per unit length is same, the

current　distributions　in　the　channel　are　　almost　　the　　same

independent of the electrode configuration.

　　（6）The　origin　of the inhomogeneous current distribution in the

channel　is　the ionization instability of　the　plasma　and　another

main　factor which determine the current one in the steady state is

the convection effect of the plasma.

　　（7）The　above　results　can　well　explain　the　　experimentally

observed　evidences,　which　could not be explained by the previous

analyses.
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INFLUENCES OF VARIOUS FACTOFS ０ＮPEFM)RMANCE CHARACTERISTICS

　　　　　　　　　　　　　OFLINEAR FARADAY GENERATOR

4｡1　Introduction

　　　　In　the　preceding　chapter,　the　formation　process　of　the

inhomogeneous current distribution　in　the linear Faraday　generator

channel　and　the main factors which determine the distribution were

theoretically made clear.　It has been shown　by　many　experiments

that　the　current distribution is also influenced by the values of

load resistance, seed fraction, etc｡

　　　　However, since it was not yet　theoretically clarified, in this

chapter,　the dependences of the current distribution and the other

generator performances on ･the above factors are investigated by the

numerical　solution　introduced　in　Chapter 2(42). At first, the

influences of the　load　resistance,　the　seed　fraction　and　the

magnetic　flux　densi ty on　the performance characteristics of the

generator　using the cesium seeded　argon　plasma　are　made　clear.

Next,　the　same｡investigations　are performed with respect to the

generator　using　the　potassium　seeded　argon　plasma　　and　　the

differences　between　the former and　the　latter　characteristics are

also made clear.

4.２Performance Characteristics of Faraday Generator Using

　　　CesiumSeeded Argon Plasma

4｡２.1 Influence of load ｒｅｓiｓtａｎｃｅ(43)
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　　　　Atfirst, influences of the　load　resistance　on　the　current

distribution　in　the　channel　and the other generator performances

are investigated.　In this chapter, Type　ｌ　channel　inTable ３.1　　is

analyzed　and　the gasdynaniic conditions are chosen as same as used

in the preceding chapter.　Moreover, magnetic flux densi ty　Ｂ ＝３Ｔ

and seed fraction Ｅ＝２　×　10‾4　areadopted. Numerical　analyses are

performed　in the cases of the load resistances Rl　＝20 and 0.２Ω　in

addition　to the cases of Ｒｌ＝４ and　ｌ　Ω　whichwere already analyzed

in the preceding chapter ｡

　　　　Figures4』(a) to (c) show the　current　distribution　in　the

channel　in　the　steady　state, where　t　＝　163.2μs,the one of the

electron density "e　in　the X direction on the center　line　of　the

channel　at　t　＝　163.2μｓand the time dependence of the load current

of the　10th electrode pair　from the channel　inlet, respectively, in

the　case　of　Ｒｌ　＝20Ω.　The　similar　figures　in　the cases of

/?L = 4, 1　and 0.２Ωare also shown in Figs. 4.2 t0 4.4｡

　　　　These　current　distributions　show　that　the　pitch　of　the

streamers　becomes　short as　the load resistance becomes small.　In

addition, the width of　the　streamers　becomes　vide　as　the　load

resistance lowers.　Consequently, the width becomes almost equal　to

the pi tch, and so the current distribution in the　channel　becomes

almost　homogeneous　for　Rl　＝0.２Ω.　　Since　the electron density

ne = 1.63×　1021 m‾3　in the case of fully ionized seed, the figures

showing　the　electron　density distributions　tell　that　the seed is

almost fully　ionized and the　argon　is　scarcely　ionized　in　the

streamers　for　a11　load　resistances.　　Namely,　the argon is not

ionized but　the region of the streamers becomes wide as　the current

becomes　large in　the channel｡

　　　　The　figures　showing　the time dependence of the load current

denote　that　it fluctuates　in time and　the period of･ the fluctuation

becomes　shor t as　the　load resistance　lowers.　Accordingly, this

fluctuation of the load current　is considered to be　originated　in

the inhomogeneous current distribution in the channel ｡
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Fig. 4.1　Performance characteristics of generator using

　　　　　Cs-Ar for Ｂ ＝3 T, £ = 2×　10‾４ and Ｒ乙＝20Ω.
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Fig. 4.2 Performance characteristics of generator using

　　　　　　　Cs-A,for Ｂ ＝3 T, e = 2×　10‾4 and Rl ＝4.Ω.

5２

　　　100

t { ys )

150０

(a) Current distribution at t = 163.2μｓ（Ｍ＝2A）.

10"

1021

　
　
１
０

｛
？
Ｅ
｝

　＠

⊂

019

1018



０ 　　　100

t（μＳ）

50

53

　　　(c) Time dependence of 10th electrode current.

Fig. 4.3 Performance characteristics of generator using

　　　　　Cs-A, foｒ､B＝３ Ｔ、ε＝２×　10'4 and Rl= 1 n,
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(a) Current distribution at t = 163.2μｓ（Ｍ･＝10 A).
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　　　　The　above　facts　tell　that　the　plasma　in　the channel　is

unstable and　the current distribution　becomes　inhomogeneous　when

角｡≧　1Ω　but　the　plasma　is stable and the current distribution

becomes homogeneous when Ri = 0.2Ω.　This　is due　to the fact　that

the　Joule heat　is not sufficient　to realize the fully ionized seed

when Ｒｌ≧　1　Ω　andit　is　sufficient　when　Rl　= 0.2Ω　because　it

becomes large as　the load resistance　lowers｡

　　　　The　Faraday　generator　is　usual ly operated in the condi tion

that the load factoｒ　Ｋ＝VL/y。。n = 0.5 to 0.6, where　程　and　y。。ｎ

are　the　load　voltage and the open-circuit voltage, respectively.

Since y。ｒ。。＝iiRh≒１２０Ｖ，it is appropriate　that　Vl = 60 to ７０ｖ

in　the present case.　Accordingly,Rl　＝４Ω　is appropriate because

the load　current　7L ＝15 to １８Ａ　as　shown　in　Fig. 4.2(c)　and

Vl = IlRl = 60 to ７２ｖ　　in　this　case.　Therefore, the　current

distribution in　the channel　is　inhomogeneous for　the suitable　load

factor　in　the conditions used･ in the calculations.

4.2.2 Influence of seed fraction(44)

　　　In　this　subsection,　influences　of the seed fraction on　the

current distribution and　the other performance　characteristics　of

the　generator　are studied.　For　this purpose, at first, numerical

calculation is performed for　Ｅ＝5　×　10‾5　.In the calculation, the

load　resistance　Rl　＝４Ω　is assumed and all　other conditions are

chosen as same as used　in　the　preceding　subsection,　because　. the

optimum load resistance Rl　＝４Ω　is obtained by applying the linear

perturbation tｈｅｏｒｙ（21）tｏtheresul ts obtained　in　the preceding

subsection｡

　　　The　　figures　　corresponding　　to　　Figs. 4.2(a) to (c)　　for

£＝２　×　10‾4　are shown in Figs. 4.5(a) to (c)　for　Ｅ＝5×　10‾5，

respectively.　From　Fig. 4.5(a),　it　is　seen　that　the current

distribution in the channel　is　inhomogeneous. As　the electron

densi ty　ne　= 4.08　×　1020 m‾3　　in the　case of fully ionized seed,

Figure 4.5(b) tells that the plasma in the streamers satisfies　the
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condition of fully ionized seed but　in the channel　there exists　the

region in which the seed is not fully ionized. Also, it　is　seen

from Fig. 4.5(c) that the load current for e = 5×　10‾5　is smaller

than the　one　for　Ｅ＝2　×　10‾4　.　　Therefore,　the　i nhomogeneous

distribution of the current in Fig. 4.5(a) is due to the fact that

the Joule heat required to realize the fully ionized　seed　becomes

small　as　the　seed　fraction　becomes small　from Ｅ　＝２　×　10‾4　to

£＝5　×　10‾5　but the obtained Joule heat becomes also small　and i t

is still　insufficient｡

　　　Next,　numerical　calculation　for　still　lower seed fraction

ｃ＝　10‾5　is carried out, where all　other conditions are chosen　as

same as in the case of Ｅ＝２×　10‾4　0Γ　ε　＝5　×　10‾5　.　Thefigures

corresponding to Figs. 4.2(a) to (c) for e = 2×10‾4　are shown in

Figs. 4.6(a) to (c) for　c = 10 ^ , respectively. As the electron

density ru =8.16×1019 m‾3　in the case of fully　ionized seed, it

is　seen　from these figures　that the current distribution　is still

inhomogeneous and the argon is ionized　in　the　streamers,　although

the seed　is not yet　fully　ionized outside the streamers. It　is also

seen that　the load current for　Ｅ＝　10‾5　isremarkably smaller　than

that for　Ｅ＝5･×　10‾5　and it fluctuates more severely.

4,2.3 Influence of magnetic flux density

　　　　At　last,　the　influences of the magnetic flux densi ty on the

current distribution in the channel　are　investigated.　　Since　the

case　of　Ｂ＝３ Ｔ，£＝２　×　10‾4and /?L = 4Ωwas already studied in

Subsection 4.2.1,　　three　　cases　　of　　B = 4, 2 and　ｌ　Ｔ，　　where

ε＝２　×　10‾4　　and　Rl　＝４Ω　are　adopted, are　studied　in　this

subsection｡

　　　　Thefigures corresponding to Figs. 4.2(a) to (c)　for　B = 3 T

are　shown　in Figs. 4.7 to ４.９for B = 4, 2 and　l　T, respectively.

Figures ４.２and ４.７to 4.９　tell　that　the　　angle　　between　　the

streamers　and　the !j axis becomes　large and the fluctuation of the

load current becomes　large as　the　magnetic　flux　density　becomes
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(a) Current distribution at t = 163.2μs (A* = 3 A).
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　　　(c) Time dependence of 10th electrode current.

Fig. 4.7 Performance characteristics of generator　using

　　　　　　Cs-Ar for B = 4 T，ｃ＝２　×　10‾４and Ｒじ＝４Ω．
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(a) Current distribution at t･= 163.2μｓ（Ａψ＝IA）
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Fig. 4.8 Performance characteristics of generator using

　　　　　　Cs-kr foｒＢ＝２ Ｔ，ε＝２　×　10‾4and RI.＝４Ω.
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(a) Current distribution at t = 163.2μｓ（△φ＝0.4A）.
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Fig. 4.9 Performance characteristics of generator using

　　　　　　　　Cs-A,for 6 = 1　T, e = 2　×　10‾4and Rl ＝４Ω.
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small.　　It　is　also　seen from these figures that　the seed in　the

streamers is not fully ionized　at　Ｂ＝　I　T，　though　it　is　fully

ionized at Ｂ ≧２Ｔ.

4.３ Performance Characteristics of Faraday Generator Using

　　　Potassium Seeded Argon Plasma

　　　　In　the　preceding　section,　the current distribution and　the

other　generator　performances were made clear　in　the　case　cesium

seeded argon plasma is used as the working plasma.　However, in the

experiments, not only the cesium seeded argon plasma but　also　the

potassium seeded argon plasma are used.　Therefore, in this section,

the current distribution　in the channel　and　the　other　generator

performances　using potassium seeded argon plasma are investigated.

The differences between　the　performance　characteristics　of　the

generator　using　the　cesium and the potassium seeded argon plasma

are also　investigated｡

　　　　Here, the gasdynamic conditions are chosen as same as used　in

the preceding section because the quantities of. the argon which are

determined by those condi tions must be same . Numerical　analyses are

performed　for　the　following seven cases, namely (1) the magnetic

flux density Ｂ ＝3 T, the seed fraction Ｅ＝2×　10‾4　and the　load

resistance　Rl =20 n, (2) B = 3 T，　£＝２×　10‾4　　and　凡＝４Ω，

(3) B = 3 Ｔ，ε＝２×　１０‾４　and　/?; = 0.2 n,･(4) B = 3 T， ε＝10‾5

and R; = 4Ω, (5) B = 4 T, e = 2×　10‾4　and凡＝4Ω，（６）Ｂ＝２ Ｔ，

ε＝２×　10‾4　and　凡＝４Ω，　(7) B = 1 T，　£＝＝２×10‾4　　and

＆＝４Ω.　　The　figures　corresponding　to Figs. 4.1(a) to (c) are

shown　in　　Figs. 4』O to 4.16　　for　　the　　above　　seven　　cases,

respectively。

　　　　These　figures　tell　that the current and the electron density

distributions　in the　channel　where　the　potassium　seeded　argon

plasma is used are almost same as　those　in the one where the cesium

seeded argon plasma is done for every condition.　It　is　also　seen
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Fig. 4.10 Performance characteristics of generator　using

　　　　　　　　　K-A.for Ｂ ＝３ T, c = 2×　10‾4 and Rl= 20 Q.

(a) Current distribution at t = 163.2μs (A* = 0.5 A）.

-

fり

　Ｅ

　-

　　の

　⊂

10"

1021

1020

1019

1018

1017
０

５ １０

　　　　　　　　　　　　　　　　　　　χ(cm )

(b) Electron density distribution at t = 163.2μｓ.

６

（
く
‘
　
一
一

２

０

０ 50



(a) Current distribution at t = 163.2μｓ（△4･＝2A）
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Fig. 4.11　Performance characteristics of generator　using

　　　　　　　　　K-A,for 6 = 3 T，ε＝２×　10‾4 and Rl ＝４Ω.

64



(a) Current distribution at t = 163.2μｓ（△φ＝10 A）.
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Fig. 4』２ Performance characteristics of generator　using
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(a) Current distribution at t = 163.2μｓ（Ｍ＝0.5A）.
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Fig. 4.14 Performance characteristics of generator　using

　　　　　　　　　K-krfor Ｂ ＝4 T, c = 2×　10‘4 and Rl = d Q.

（ｃ）Ｔｉｍｅdependence of 10th electrode current.

(a) Current distribution at t = 163.2μｓ（△4’＝3A）
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Fig. 4.15 Performance characteristics of generator　using

　　　　　　　　　K-Arfor B = 2 T, e = 2×　10‾4 and Rl ＝4Ω.

(a) Current distribution at t = 163.2μｓ（刮／＝ＩＡ）
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(a) Current distribution at t = 163.2μｓ（△φ= 0.3 A）
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Fig. 4.16 Performance characteristics of generator　using

　　　　　　　K-Arfor Ｂ ＝I T, e = 2×　10'4 and Rl ＝４Ω.
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from those figures　that　the average load currents　in the former are

a little smaller　than those in the latter. This is considered to be

due　to　the　fact　that　the ionization energy of　the potassium is

larger　than that of　the cesium.　Moreover, the ratio of the average

load　current　in the former　to that　in　the latter　becomes small as

the load　resistance, the seed fraction or　the magnetic flux density

lowers.

4｡４ Concluding Remarks

　　　In　this　chapter,　the　dependences　of load resistance, seed

fraction　　and　　magnetic　　flux　　density on　　the　　performance

characteristics　of　the　generator　in　which　the　cesium　or　the

potassium seeded argon plasma is used as　the　working　plasma　were

made clear.

　　　　Atfirst, the following results were obtained　in　the former.

　　（1）The　plasma　is usually unstable and the current distribution

in the channel　is inhomogeneous except　the case the load resistance

is very smal 1・

　　（２）Thecurrent distribution is inhomogeneous in the condition of

low seed fraction because the　load current decreases　as　the　seed

fraction becomes small ｡

　　（３）Ｔｈｅ　anglebetween the streamers and the y axis becomes　large

and the fluctuation of　the　load　current　becomes　large　as　the

magnetic flux densi ty becomes small .

　　　　Next, the following results were obtained　in　the　latter.

　　（1）The current and the electron densi ty distributions are almost

same as　those in　the former　for every condition.

　　（２）Ｔｈｅratio of the average load current in　the　channel　where

the　potassium seeded argon plasma is used to　that　in　theone where

the cesium seeded argon plasma is used is always　smaller　than　l ，

and　it　becomes small　as　the load resistance, the seed fraction or

the magnetic flux densi ty　lowers ｡
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CHAPTER 5

NUMERICAL SOLUTION Ｒ)Ｒ ＯＵＴＦＬ£)ＷDISK GENERATOR

5.1　Introduction

　　　　　In　　Chapters２ to ４，　　the　　two-dimensional　　time-dependent

solution for nonequilibrium linear Faraday generator　was　introduced

and the current distributions　in　the channel　are studied in detail.

Also, it is made clear　that　in the linear　Faraday　generator,　the

plasma　is　unstable　and the current distribution is inhomogeneous

for　the conditions usually used　in the experiments.　This is due to

the　fact　that　the Joule heating is not sufficient　to fully ionize

the seed in the channel ｡

　　　　　Accordingly, to obtain ａ stable plasma,　i t　is　necessary　to

find　out ａ way　to heat efficiently　the plasma　in　the channel.　For

this purpose, i t　is　thought　that a disk generator has an　advantage

over　the　ｌ inear Faraday generator ， because the Faraday current　is

short-circuited and efficiently heats　the　plasma　in　the　former

channel.:I:ｎ fact, through　the experiments by Shioda, et a1｡, it was

made clear　that　the seed can be fully ionized and　the plasma can be

stabilized　fairly easily　in the outflow diｓｋｇｅｎｅｒａtｏｒ(３０)・(31).

However, many　important　unknown　items　still　remain　about　the

distributions　　of　the　current,　the　electron　temperature,　the

electron density, etc. in the disk generator｡

　　　　　Theabove-mentioned suggests　that　the　numerical　analyses　of

not　only　the　linear　generator　but　also the disk generator are

needed.　Therefore,　　in　　this　　chapter,　　the　　two-dimensional

time-dependent　numerical　solution of the small-sized outflow disk

generator is intｒodｕｃｅｄ(45).　First, the channel model of the　disk
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generator used in the numerical analysis and　the　basic　equations

which　govern　the　partially　ionized　nonequilibrium　plasma　are

introduced.　Neχt, some inevitable assumptions are　introduced　and

the　　basic　　equations　　are　　transformed　　into　the　simplified

two-dimensional　basic equations　to be solved, and also　the boundary

conditions　　are　　presented.　　And　the　numerical　solution　for

calculating the electric potential　in the channel　by　applying　the

finite　element method to the above　two-dimensional　basic equations

and the boundary conditions is derived.　　Finally,　the　method　to

ccxnpute　the current stream function by using the electric potential

and the ones　to evaluate the electron temperature and the　electron

density are shown.
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Fig. 5.1　Channel model　of disk generator
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5｡２ Channel Model

　　　　　Theschematic diagram of　the disk generator channel model　and

the cylindrical　coordinates (r,O,z) used in this analysis are shown

in Fig. 5』, where ri　and ｒ。　are the radii　of　the　anode　and　the

cathode,　respectively.　The two-dimensional　numerical　analyses are

performed in the channel　between　the anode and　the cathode.　As　the

channels　used　in　the　experiments　by　Shioda　and Yamasaki　have

constant ｃｒｏｓｓｓｅｃtｉｏｎｓぐ31），tｈｅchannel model　in this analysis　is

chosen to have the same configuration.

5｡３ Basic Equations

　　　　　In　this‘ analysis, cesium or　potassium seeded argon plasma is

considered as　the working fluid　in　the generator channel.　From the

same　reasons　mentioned　in　Section 2.3,・it　is assumed　that　the

interactions between the gasdynamic and　the　electrical　quantities

are　negligible　and　the distributions of the gasdynamic quantities

are constant in　time. Accordingly, the same basic equations as well

as　in Section ２.３can be adopted in　this chapter. Namely, the basic

equations are rearranged as follows:

Ｊ十 |(JxB) = a(か十器)

∇×£＝０

∇・Ｊ＝０

偕十∇(riiaU)
=りane Tic － た2

脂十∇(UisU)
=りsTleTls -たｒｓｎｅ２ｎｉｓ

Tie ° Tiia 十nis

7３

(5.1)

(5.2)

(5.3)

(5.4)

(5.5)

(5.6)



where

ll("-。(|fcTe +
Ci。)+ rii。(ffcTe十Cis)}

　十∇・〔{nia(|fcTe十Eta)十niｓ（1だ几十Cis)} Ue〕

-

- J・Ｅ＊－∇・(ｐｅｕｅ)－１６ｎｅｍｅた(Te - T)

ぺ:

　　e^ne(7°瓦瓦

5.4 Assumptions

眺
一
馬
＋
Via
一

几

＋ 管） (5.7)

(5.8)

(5.9)

5.4.1　Gasdynamic quantities and assumptions for　them

　　　　　For　thenumerical　analysis of the current distribution in　the

disk　　generator　channel ，　the　distributions　of　the　gasdynamic

quantities　in　the channel must be given.　Therefore, as well　as　in

Subsection 2.4.1,　let　us　find　the　distributions of them by　the

quasi-one-dimensional analysis without magnetic field in the steady

state｡

　　　　　As　mentioned　in　Subsection 2.4.1,　the conservation laws of

mass, momentum and energy of the working fluid are　given　by　the

following equations

∇・（ｐｕ）＝０

ｐｕ・∇ｕ＝－∇ｐ

pｕ・∇（れ十ぢ）＝０

respectively, where

　　　　　p = pPT

(5.10)

(5.11)

(5.12)

(5.13)
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　　　余（ｐｕｒＡ）＝O　　　　　　　　　　　　　　　　　(5.15)

pｕｒ含十念＝０

DＵｒ

余（ll十ぜ）＝０

『５』６）

(5.17)

　　　　　By　the　similar　process　mentioned　in Subsection 2.4.1, the

following equations are obtained from the above equations.

PＵｒ　= const.

ＣｐＴ十

u2

- 2
= const.

(5.18)

(5.19)

　　　　　　雫（1－ふ）!dr　　　　　　　　　　(5.20)

　　　Eq. (5.20) tells that the gas veloci ty ｕ。is constant all over

the　channel　except　the case of Ｍ ＝　1.　Therefore, the veloci ty of

heavy particle is assumed to be constant all　over　the　channel　and

has　　　　only　　　　ｒ　　　component　　　"r.　　　Moreover,　　considering

Eqs. (5.18) and (5.19), all　the　gasdynamic　quantities　take　the

constant values all over　the channel　in this analysis.

5.4.2 other assumptions

　　　　Tosimplify the basic equations and obtain　the two-dimensional

basic equations, the following assumptions are introduced.

　　（1）Ｔｈｅmagnetic flux density is constant in space and　time　and
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has the form

　　　　B = (0, 0, B).

　(2) All quantities are constant in ｚ direction, namely

(5.21)

(5.22)

(３)Ｔｈｅterm∇Pe/eUe　in generalized Ohm's law is negligible

5.5 Simplified Two-Dimensional Basic Equations

　　Considering the above assumptions, Eq. (5.1) is reduced to

Jr＝ですjF{£ｒ－β(励一UrB)}

J,-Jｲ≒F｛阻Ｔ十（励一UrB)}

(5.23)

(5.24)

where　　the　suffixes　ｒ　and　－O　show　the　ｒ　and　ｏ　components,

respectively, of any vector quantity.　Also, Eq. (5.2) and (5.3) are

reduced　to the following two-dimensional equations

(５.２５)

(5.26)

where llｚ　is　theheight of the channel . Furthermore, to decrease the

number of unknown variables, the electric potential (p defined by

　　　　　£r＝一位，　　励＝－｝ま9　　　　　　　(5.27)

is introduced.　Eq. (5.25) is satisfied always by Eq. (5.27) and by

using Eqs. (5.23), (5.24) and (5.27), Eq. (5.26) is　transformed

into the following equation

yに{ll。Tf-か(一位十β1会S十βＵｒＢ)}

　十}ぶ･j{叫Ｆこy≒F(－β公一手首| － UrB)}

　＝0.

　　　　　　　　　7６

(5.28)



　　Next, using the　assumptions　mentioned　in Subsection 5.4.1,

Eqs. (5.4) and (5.5) are reduced to

昔=
ilia - Ur昔

昔=
Uis － ｕｒ昔

where riiaand ks　are defined as follows:

柚ａニりａ馬ｎａ － たｒａｎｅ2ｎiａ

(5.29)

(5.30)

(5.31)

　　　　　ks ゛りsneUs － 1こ2・　　　　　　　　　　　　　　　(5.32)

　　　Moreover,　through　the　processes　by　which　Eq. (2.60)　was

derived from Eq. (2.29), the following equation　is　derived　from

Eq. (5.7)

箭＝売血!べ卜とし一石ｍ。
"'a十

　－(71＋分)七一次十分)昔

眺
瓦 →ペト←祭）

(5.33)

By　　the　　above-mentioned,　Eqs. (5.6),(5.23),(5.24),(5.27) to

(5.30) and (5.33) are the basic equations to be solved.

5｡６ Boundary･ Condi tions

　　　　　In　this　section,　the　boundary　condi tions　used　in　　this

numerical　analysis　are presented.　In　the disk generator shown in

Fig. 5.1, there exist　two boundaries,　namely　the　anode　and　the

cathode.　　These　electrodes have　three-dimensional　configurations.

But, as　the numerical　analysis　is performed　in　the　two-dimensional

r-e　plane, i t is assumed　that the anode and　the cathode consist of

perfect conductor which have no　width　and　exist　at　ｒ ＝　ri　　and

ｒ＝　r-o　　in　　Fig.5.1,　　respectively.　　Therefore,　the　boundary

conditions are as follows:
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(p = 0 at r = Ti (5.34)

　　　　　<P = Vl=Rl」r£　　at　ｒ＝ｒ。　　　　　　　　　　　　　(5.35)

where l?L，Vi and II are the load resistance connected　between　the

electrodes, the load voltage and　the load current, respectively.

5｡7 Numerical Solution of Two-Dimensional Basic Equations

　　　　The　numerical　solutions　used　in　this　analysis are almost

similar　to those used in Chapter ２.　In this connection, as　there

exist　several　differences　between the equations　in Chapter ２ and

this chapter ，brief explanations　about　them　are　given　in　this

section.

5.7.1　Calculation of electric potential

　　　At　first.　in　order　to　obtain　the electric potential　<P by

solving　the　partial　differential　equation (5.28),　the　　finite

element　method　availing　the　bilinear　element　in the r-e plane,

which has the widths △ｒand　Ａ０，　respectively,　in　the　ｒ　and　θ

directions　as　shown　in　Fig. 5.2,　is used.　Then, the potential

<p = ((>(r,6) at any point P ＝Ｐ(ｒ,0)　in　the　element　is　given　by

9＼y <P2, <P3 and (7)4　，　which　are　the　values　of(7)'ｓ　at　the nodes

I=l(r2,ei), 2 = 2(r2,e2) , 3 = 3(ri,ei)　and　4 = 4(ri,02)　　in

Fig. 5.2, as follows:

　　　　　　g)(ｒ,0)＝{Ｎ(ｒ,0)}T(7)ｅ}　　　　　　　　　　　　(5.36)

where
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Fig. 5.2 Bilinear element　in　r-O plane.

Se = (n - r2)(ei - e?) = ArAe (5.38)

　　　　　（･'■f] = {<P1 ?>2 <PZ <P4}^　　　　　　　　　　　　　(5.39)

in　which　Ni(r,θ) to Ni(r,e)　are　the　so-called　interpolation

functions at the nodes l to 4, respectively｡

　　　Next, as well　as　in Subsection ２.７』, the Galerkin process　is

used　for solving Eq. (5.28). Then, the following equation similar

to Eq. (2.71) is obtained　’

十}jj{hｚTづ≒F{－β公一rde － UrB)}〕rdrdO

＝０
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Applying the integration by parts　to　the　above　equation,　it　is

transformed　into the following form

+11ｚFj≒F1⑤(-β公一111 － UrB)}rdrde

－汪〔小jV{恥ΓΥｺﾞj≒FNi(一会十β小言§十βUrB)}

　十}jtj{恥ＦずjFNi{-β公－}･ff-u,B))]rdrde

　　　　　　＝0.

Furthermore, applying　the Gauss'

　　　　　　　　　　　　　　　　　(5.41)

theorem to Eq. (5.41), it becomes

十硲ＦこjF≒F1⑤(-β公一rdQ。B)} rdrdO

－j(ｈｚＮｉＪｆｉｄｒ十ｈ，NiJｒｒde)＝0. (5.42)

By　setting　up　the above equation for all nodes　in the analytical

region Ｓ and summing up these equations, the following equation　is

obtained by the derivation quite similar to that of Eq. (2.75)

写（-几≒T7≒F〔{Nr} {Kよ「十吉｛崎｝｛No｝7

ごβ｝｛Ｍ｝｛陥丿＋β'^{/Ve} {Nr}'^]rdrde ･｛ｙ｝

十辻片ずjFｕr13［β｛Ｎｒレー｝｛崎｝〕ｒｄ�0

ゑ(恥{Ｎリθdｒ十垢{Ｎ＼　Jｒｒde}＝0

where {Nr} , {Ne}　represent
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respectively.

　　　　　From　Eq.(5.43),　the following set of simul taneous equations

can be derived

where

Σ(〔ｒ〕(9)ｅ}

ｅ　　　－

｛Ｆｌｅ｝－｛Ｆ２ｅ｝）＝0

〔ｒ〕＝玉燃二7jF〔{^r} {Nr}^十吉｛哨｝｛Ｎθ｝T

　－β｝｛Ｎｒ｝｛絢｝７十β'-{No}{Nrび｝ｒｄｒｃlＢ

(5.46)

(5.47)

｛Ｆｌｅ｝＝二

{応ｅ}＝ゑ(ねｚ{Ｎ}Jθｄｒ＋11ｚ{Ｎリｒｒde}. (5.49)

Accordingly, by solving the above set　of　simultaneous　equations,

the electrical　potential　９ at every node is obtained.

　　　　In　this　analysis,　dimensions　of　an　element　is chosen as

△r = 0.5 mm,　△e = 7r/20　and　Eq. (5.46)　is　solved　by　　Gaussian

elimination.

5.7.2 Calculation of ion and electron densities

　　　The argon, the seed and　the electron densities ma, riisand ne ，

respectively, are　obtained　by　solving　Eqs. (5.6), (5.29) and

(5.30).　０ｎ　the　characteristic　curves　given　by　the following

equations
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　　　昔＝ｕｒ　　　　　　　　　　　　　　　　　　(5.50)

　　　回＝O　　　　　　　　　　　　　　　　　　(5.51)

Eqs. (5.29) and (5.30) have the following forms

　　　竪＝柚。　　　　　　　　　　（５５２）

　　　竪＝乱。　　　　　　　　　　（５５３）

respectively.　These equations can be　solved　by　the　Runge-Kutta

method.

5｡７.３Calculation of electron temperature

　　　The electron temperature 71 is obtained by numerically solving

Eq. (5.33). By the similar process mentioned in　Subsection 2.7.3,

Eq. (5.33) is reduced to the following form

　　　　　壱£こべｼ２と!－6恥(Ｔｅ－Ｔ)(記十岩十七十七)

　　　　　　－(八十皆)畿y－(几十聖)昔＝O　　(5.54)

From　this　equation, Te　can　be　obtained　by　the Newton-Raphson

method.　In this connection, the time step△t　= 0.25μｓ　is　chosen

for　the numerical　calculation by　the Runge-Kutta method.

5｡７.４Calculation of current stream function

　　　　To　study the current distribution in the channel ， the current

stream function 4/is useful .　In　this　analysis.　considering　the

channel　height h. ，it　is defined as

　　　　　　　　J- -LJ-･詰　　　　　　　　　　　　　　　　　　　(5.55)

Jθこー
１∂ψ

&2

(5.56)
恥∂ｒ

which satisfy Eq. (5.26).　By integrating Eqs. (5.55) and (5.56), *



can be obtained.

5.7.5 Flow chart

　　　In this calculation, the same flow chart shown in Fig. 2.3　is

used. The calculation processes are as follows:

　（1）Ｔｈｅ　channel　size,　the　load resistance, the magnetic flux

densi ty ， the　gasdynamic　condi tions　and　the　ini tial　value　of

electron density are provided.

　（２）Ｔｈｅ　conductivity（7 and the Hall parameter βin each element

are calculated by Eqs. (5.8) and (5.9).

　( 3) By using the finite element method, the electric potential ･7）

on each node is calculated.

　（４）Ｔｈｅelectric fields Er and ５　in each element are calculated

by Eq. (5.27).

　（5）The　current　densities　Jr and Jθ　　in　each　　element are

calculated by Eqs. (5.23) and (5.24).

　（６）Bｙ　using Newton-Raphson method, the electron temperature ７ｅ

in each element is calculated by Eq. (5.54).

　（７）The　processes　（２）tｏ（６）　are　iterated　till　7e　in　all

elements are converged.

　（８）The current stream function 4･ on each node is calculated by

Eqs. (5.55) and (5.56).

　（９）ＢｙRunge-Kutta method,　the　electron　density　几　in　each

element　at　the　next　time step t ＝t十△t is calculated by Eqs.

(5.6) , (5.52) and (5.53).

　（10）The processes (2) to (9) are iterated till　t ＝t。or , where

'■max　　is　the　calculation　interval　needed　to　investigate　the

transient response of the current distribution in the channel.

5.８ Concluding Remarks

　　　　　Themain conclusions obtained　in this chapter are as follows:

　　（1）Atwo-dimensional model of the　disk　generator　channel was
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introduced.・

　　(2)Using　some inevitable assumptions, the two-dimensional basic

equations,　by　which　the　　electric　　potential ，　　the　　electron

tanperature　and　the　electron　density　in　the　channel　can　be

numerically calculated, were derived from the basic equations.

　　（３）Ｔｏcalculate　the electric potential on each node, the　finite

element method was　introduced.

　　（４）Ｔｈｅ　methods　to　calculate　the　electron　temperature,　the

electron density and the current stream function were shown.

　　（5）Theflow chart for solving the　above　two-dimensional　basic

equations was shown.
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CHAPTER ６

CURREM' DISTRIBUTION IN OUTFLOW DISK GENE3RAT0R

6｡1　Introduction

　　　　As　described　in　the　preceding chapter, by the experimental

resul ts by Shioda ，et al., it　was confirmed that　the　outflow　disk

generator　has　an　advantage　in　stabilizing　the plasma over　the

linear Faradａｙ generator. However, many　important unsolved problems

still　remain　about　the current distribution in the disk generator

because of difficulty of observing it in experiments. Therefore, in

this　chapter, the transient formation process and　the steady state

of the current distributions in　the disk generator are investigated

by　　using　the　numerical　method　introduced　in　the　preceding

chapter(45)-(47)｡

　　　　Atfirst, in　this　chapter,　the　transient　and　the　steady

current distributions　in the disk generator using the cesium seeded

argon plasma are studied by the numerical　solution obtained　in　the

preceding chapter. The transient formation process of inhomogeneous

current distribution is made clear.　　Also,　the　features　of　the

distributions　　of　the　current,　the　electron　temperature,　the

electron density, the conductivity and the　electric　potential　in

the　steady　state　are clarified.　Neχt, influence of the magnetic

flux density on　the current distribution　is　studied.　　Also,　the

advantage　of　the　disk　generator　in　stabilizing　the plasma in

comparison with　the linear Faraday generator, which has been　known

by　the　previous　experiments,　is　theoretically confirmed by　the

present analysis.

85



6｡2 Numerical Conditions

　　　　Inthis chapter, the cesium seeded argon plasma　is　considered

as　the working plasma.　The values of the anode and cathode radius

ri　and ｒ。，the channel　cross section A, the channel　width　at　the

anode　hi , the stagnation and static temperatures of the gas 7ｓ and

T, the stagnation and static pressures Ps　and p, the Mach number Ｍ，

Table ６.1　Numericalconditions used　in calculations

Anode　radi us　　　　　　　　　　　　　　rv 40 mm

Cathcxle radius　　　　　　　　　　　　r。 80m

Channel　cross section　　　　　　A 2513 mm^

Channel　height at anode　　　　hi 10 mm

stagnation　temperature　　　　　Ts 皿）Ｋ

static temperature　　　　　　　　　T 1040 K

Stagnation pressure　　　　　　　　Ps 6.2 atm

static pressure　　　　　　　　　　　p １．２atm

Mach number　　　　　　　　　　　河 1.6644

Gas veloci ty　　　　　　　　　　　　　　Wr 1000 m/s

Argon number density　　　　　　TlaO 8.47〉く1024 m‾3

Magnetic flux densi ty　　　　　　B ３ Ｔ，２ T, 1 T

Seed fraction　　　　　　　　　　　　　E 2×10‾4，10‾4，5)c10‾5

Load resistance　　　　　　　＆ ２Ω

Dimension of element　　　　　　　＆ 0.5 mm

Dimension of element　　　　　　　△θ 7C/2O

Time step　　　　　　　　　　　　　　　　△t 0.25μS
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the gas velocity "r ，the argon number　density　HaO ， the　magnetic

flux　density　日，　the seed fraction £, the load resistance Rl, the

dimensions of one element Ar and △e, the time step At used in　this

and　the next chapters are shown in Table 6.1.

6.３ Transient Formation Process and steady state of Inhomogeneous

　　　Current Diｓtｒibｕtｉｏｎ(４８)

　　　　Numerical　analysis　is　performed　to　clarify　the transient

formation process and　the steady state of the inhomogeneous current

distribution.　　工ｎ　the analysis in　this section, the magnetic flux

density Ｂ ＝　I　T,the　seed fraction　Ｃ＝２　×　10‾4　　and　the　load

resistance　/?L　＝２Ω　in　Table ６.1　are chosen.　Here, the initial

Condi tion is assumed that for　tくO　only the argon　is　supplied　in

the channel and for　t≧O　the cesium seeded argon plasma is ｄｏｎｅ｡

　　　　First,　the　calculated transient current distributions in the

channel from t＝5μｓ to ８０μs are shown　in　Figs. 6』(a) and (b),

where　　△4･　represents　　the　　contour　interval　｡0f　the　current

streamlines.　The figures show that　ａ　region　of　the　very　high

current　density is formed around the anode and　it moves downstream

at the speed equal to that of the working plasma. At t ≒40μＳ　the

region　arrives　at　the ‘ cathode.　The figures at　t　＝30 t０８０μｓ

denote　that　inside　the　region,　spiral　shaped　streamers　　are

developed and　the current distribution is very inhomogeneous.　Also

at　t　＝70 to 80μs, the region of the high　current　density　flows

out　from　the　cathode,　and　then the current distribution in　the

channel　attains　to ａ steady state｡

　　　　Theabove results　tell that　the streamers　in　the channel　move

at　the speed equal　to the one of the plasma　in not only the linear

Faraday generator channel　but　also　the　disk　generator　channel.

These calculated results agree with the experimental ｏｎｅｓ(49).　The

above results　tell　that　the origin　of　the　inhomogeneous　current

distribution　in　the　channel　is　the ionization　instability of the
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ｔ＝５ us　　AT = 0.871 A　　　　　ｔ ＝１０ us　　△Ψ= 0.915 Ａ

t = 15 VIS　　△Ψ＝1.001A　　　　　t = 20 us　　△Ψ= 1.132 Ａ

t = 25 us　　△Ψ= 1.407 A　　　　　ｔ = 30μｓ　　△f = 1.103 Ａ

Fig. 6』(a) Transient current distributions for

　　　　B = IT, e = 2×10‾4 and Ri･＝２Ω.･
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t = 35μｓ　　△Ψ＝1.105 A　　　　　ｔ ＝４０ us　　△T = 1.095 Ａ

t = 50 us　　△Ψ= 1.091 A　　　　　ｔ ＝６０ us　　△Ψ= 1.063 Ａ

t = 70 us　　△Ψ＝1.059 A　　　　　t = 80 us　　△Ψ= 1.027 Ａ

Fig. 6.1(b) Transient current distributions for

　　　　　B = 1 T, e = 2×　104 and Rl = 2 fi.
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plasma and another main factor which determines　the current one　in

the steady state is　the convection effect of the plasma in not only

the linear channel　but also the disk channel ｡

　　　Next, Figures ６.２t０６.５show the steady distributions of　the

electron　temperature Te
>
the electron density rxe. the conductivity

（y and the electric potential Q in the radial　direction on Ｏ＝O　at

t = 80μs, respectively. Figures ６.２t0 6.４ tell that Te, Tie and a

take high values　in the streamers, in which 71≒４０００Ｋ　and

ｎ。＞1021 m-3 . As 4000 K ＜瓦＜６５００ Ｋ and 几≒1.７×102' m-3 in

the case of fully ionized seed for　the present plasma, it　is　seen

that　the seed　is　fully ionized in　the streamers. Figure ６,５denotes

that　the first half of the channel　is　the inlet　relaxation　region

and　almost　all　power　is　generated　in　the　latter half of the

channel.　　Accordingly,　the　inlet　relaxation　region　influences

considerably on the output power 0f the generator.

6.4 Influence of Magnetic Flux Density on Current Distribution

　　　　　In　order　・to　clarify　the　influences　of　the magnetic flux

density on　the current　distribution,　numerical　calculations　are

performed　for　five　different　magnetic　flux　densities,　namely

B = 1.5, 2, 2.5, 3 and ４ T, where the seed　fraction　Ｃ＝２　×　10‾4

and　the　load　resistance Rl　＝２Ω　areadopted.　First, Figure ６.６

shows　the　current　distributions　in　the　steady　state,　　where

t = 80μｓ，　for　each　magnetic　flux　density.　In the figure, the

current distribution　for　日＝　I　T，　which　was　discussed　in　the

preceding　　section,　is　presented　again　for　comparison.　　From

Fig. 6.6, it　is　made　clear　that　the　current　distribution　is

inhomogeneous　at　Ｂ＝　1･Ｔ，　but　the inhomogeneity disappears with

increasing　the magnetic flux density and　the　distribution　becomes

almost　　homogeneous　　at　　Ｂ＝２ to ２.5 T.　　However,　it　becomes

inhomogeneous again at Ｂ ＝３tｏ４Ｔ.　Now, the　above　resul ts　are

considered　to indicate that　the current distribution in the channel
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B = 1 T　　△Ψ= 1.027 A　　　　　B = 1.5 T　　△Ψ= 3,233 Ａ

B = 2 T　　△f = 5.079 A　　　　　B = 2.5 T　　△Ψ= 6.187 Ａ

B = 3 T　　△Ψ= 10.571 A　　　　　B ＝４Ｔ　　△Ψ= 21.198 Ａ

Fig. 6.6 Current distributions at　t　＝80μｓfor　various magnetic

　　　　　　　　fluxdensi ties for Ｅ＝2　×　10‾4and /?L = 2 fi.
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at　Ｂ＝　l　t0　1.5T　is　made　　inhomogeneous　　by　　the　　ionizaton

instability of the plasma, because the cesium is not fully ionized.

It becomes homogeneous at　Ｂ ＝２ t０２.５Ｔ　because　the　cesium　is

fully　ionized　and　so the plasma becomes stable.　Furthermore, at

B = 3 to 4 T, since the ionization of the argon gas begins to occur

in　some　parts　of the channel　and so　the plasma becomes unstable,

the current distribution becomes again inhomogeneous｡

　　　　In　order　to　confirm　the　above　　consideration,　　let　　us

investigate　the　distributions　of the electron temperature 71 and

the electron densi ty He　in the channel .　　Figures ６.７and ６.８　show

the　distributions　of　７ｉ　and　Tic ， respectively. in　the radial

direction at O ＝O and　t ＝80μs in the cases of　B = 1, 2 and ４Ｔ.

From　the　figures,　it is made clear　that　the electron temperature

and the electron densi ty increase　as　the　magnetic　flux　densi ty

increases.　　Al though　　Ｔｅ　　and　　馬　fluctuate　considerably　at

B＝　l　and 4 T, they are almost constant except　the region near　the

channel　inlet for Ｂ ＝２Ｔ.　Furthermore, Figure ６.８tells　that　the

seed is not fully ionized　at　Ｂ＝　I　T，　it　is　fully　ionized　at

Ｂ＝２ Ｔ　and　the　ionization　of　argon　begins at B = 4 Tよ　These

indicate the validity of the above consideration｡

　　　　Asalready clarified in Chapter 3, the seed　is not　yet　fully

ionized　at　B＝3 T　in the linear Faraday generator channel　under

the similar numerical　conditions.　This　indicates　that the seed can

be　fully ionized and　the plasma can be stabilized easily at rather

10ｗ magnetic flux　density　in　the　disk　generator.　　Thus,　this

numerical　　analysis　could　well　explain　the　experimental

ｒｅｓｕltｓ(３０)・(31)that the disk　generator　possesses　an advantage

over　the linear Faraday generator　in stabilizing the plasma in the

channel.

6.５ Concluding Remarks

　　　　　In　thischapter,　there　were　performed　the　two-dimensional
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time-dependent　numerical　calculations of the current distributions

in the disk generator channel　by the numerical　solution　introduced

in　the preceding chapter and the following resul ts were obtained ｡

　　（1）ln　the　transient　state, at　first, a region of very high

current density is formed around the anode and　it moves　downstream

at　the speed equal　to that of the working plasma.　As time goes on,

the region of high current density flows out from　the cathode,　and

then　the　current　distribution in the channel　attains　to ａ steady

state｡

　　（２）:I:ｎthe steady state, the spiral shaped streamers　are　formed

in　the disk generator｡

　　（3）The　origin　of the inhomogeneous current distribution in the

channel　is　the ionization instability of　the　plasma　and　another

main factor which determines　the current one in the steady state is

the convection effect of the plasma in not only the linear　channel

but also　the disk channel｡

　　（４）Thesteady current distribution for low magnetic flux density

is　inhomogeneous　by　the　ionization　instability　of　the　plasma

because　the　seed　is not fully ionized.　It becomes homogeneous as

the magnetic flux densi ty increases ，　because　the　seed　is　fully

ionized　and　the　plasma　becomes stable.　However, increasing the

magnetic flux density still more, it becomes　again　inhomogeneous,

because　the argon begins to be ionized　in some parts of the channel

and the plasma becomes, unstable｡

　　（5）Thiｓnumerical analysis could well　explain　the　experimental

resul ts　that　the　disk　generator possesses an advantage over　the

linear Faraday generator　in stabilizing　the plasma in the channel.
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CHAPTER 7

PERFて)RMANCE CHARACTERISTICS OF OUTFL£)ＷDISK GEl^ERATOR

7.1　Introduction

　　　　In the preceding chapter, the　two-dimensional　transient　and

steady　current　distributions　in　the outflow disk generator　were

made clear.　Moreover, it was　theoretically clarified that　the disk

generator　has　an　advantage　over　the linear Faraday generator　in

stabilizing the working plasma. On the other hand, it was shown

through　the ｅｘpeｒｉｍｅｎtｓ(11)・(31)that the output vol tage of disk

generator does not　always　decrease　monotonously as　its　output

current　increases and its voltage-current curve often has ａ peak at

ａ certain value of the load resistance.　This　is considered　to　be

due to the reason that when all　other conditions are fiχed and only

the load resistance is varied, the plasma in　the　channel　is　not

always　stable　for　every　load　resistance.　Therefore,　in this

chapter, the voltage-current characteristics of the disk　generator

and　i ts　other　performances　concerned　with　those are studied in

detail by using the numerical method mentioned in Chapter 5 and the

above consideration is confirmed(47),(50),(51)｡

　　　　At　first,　the　voltage-current　curve of the generator　using

cesium seeded argon plasma (Cs-Ar) is calculated under the　typical

Condi tions　and　the　relations　between　this curve and　the average

electron density, the current distribution ･and　the other quantities

are　studied.　The influences of the seed fraction and　the magnetic

flux　density on the generator performances are also investigated in

detail｡

　　　Next,　the　same　performance characteristics of the generator
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using potassium seeded argon plasma (K-Ar) are researched, and　the

differences　　between　　the　　former　and　the　latter　performance

characteristics are made clear.

7｡２ Performance Characteristics of Disk Generator Using

　　　　CesiumSeeded Argon Plasma　　　　　　　　　　　　　　　　　　　　　　‥

　　　　　For　thenumerical　calculations　in this chapter, the　numerical

conditions which were shown in Table ６.1　are used.

7,2.1　Generator performances in typical ｃａｓｅ(５２)

　　　　At　first, to obtain the voltage-current curve for　the typical

conditions　in the case where the cesium seeded argon plasma is used

as　the working plasma, numerical　analyses are performed for various

load resistances, where　the magnetic flux density 日＝３ Ｔ　and　the

seed fraction £＝5　×　10‾5　areadopted.　The vol tage-current curve

by these numerical analyses is shown　in　Fig. 7.1(a).　Since　the

current　distribution in the channel　becomes steady by　t　＝80μｓas

mentioned in the preceding chapter, the load vol tage and current 程

and　Il　at　t　＝80μｓ are adopted　to plot　the vol tage-current curve .

The figure shows　that,　although　the　load　current　瓦　　increases

monotonously　as the load resistance decreases, the load voltage 屹

increases for the load resistance Ri > 4Ω　and　Vl　decreases　for

凡く４Ω. It also shoｖｓthat for Ri < 1ΩVl decreases rapidly as

Rl decreases.　This　indicates　that　for　4Ω＞Rl＞　1Ω　　good

generator ，characteristic is obtained but　it　is remarkably poor　for

both Rl ＞4Ω　and Rl く1Ω｡

　　　　Tomake clear　the reason for　the above　deterioration　of　the

generator characteristics, the relation between　the　load resistance

Rl and the average electron densi ty 瓦＝(Σ7.1叫i)/N　in the steady

state, where t ＝80μs, net　is‘the electron density in i-th element

and Ｎ the number of elements, is shown in Fig. 7. Kb), the electron

temperature　71　and　the　electron density rie distributions^ in the
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Rl °１０　Ω　△Ψ゜3.548 A　　　　Rl °４　Ω　△Ψ゜2.058 Ａ

Rl = 2 n　△Ψ= 1.054 A　　　　Rl ＝１Ω　△Ψ= 1.207 Ａ

　　　Rl = 0.5 Ω　△Ψ゜O･802 A　　　Rr = 0.1 f2　△Ψ＝0.601 A

　　(e) Current distributions for various load resistances.

Fig. 7.1　Performance characteristics of generator using

　　　　　Cs-Ar　in steady state for 日＝３Ｔａｎｄｃ＝5　×　10‾5　｡
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radial　direction　at　t = 80μｓ　and　O＝O　in　the　case　of

Rl = 10, 2 and 0.1 Ω　　are　shown　　in　Figs. 7.1(c) and (d),

respectively. The current distributions in the channel at t ＝80μｓ

for　/?; = 10, 4, 2, 1, 0.5 and 0.1 Q are also shown in Fig. 7.1(e).

Since the electron density is about 4.24×1020 m‾3　inthe case　of

fully　ionized　seed　for　this seed fraction, the figures　indicate

that the low generator performance for　Rl ＞4Ω　is　due　to　the

inhomogeneous　current　distribution in the channel　which　is caused

by the ionization instability　of　partially　ionized　argon.　　The

figures　also　denote　that　the current distribution is homogeneous

and so the generator performance good for　４Ω> Rl >　1Ω　because

the　seed is fully ionized and the plasma in　the channel　is stable,

and the poor generator performance for　Rl ＜1Ω　is　due　to　the

inhomogeneous　current　distribution in　the channel　which　is caused

by the ionization　instability of partially ionized seed｡

　　　　The　above　results　can　qualitatively　　well　　explain　　the

experimental　ｒｅｓｕltｓ(11)・(31)，ｗhichcoｕld not be explained by the

previous　researches.　Moreover, this numerical　analysis makes clear

the　relation　between　the current distribution in　the channel　and

the voltage-current characteristics for　the first　time.

7.2.2 Influence of seed fraction on performance characteristics

　　　IIn　this subsection, to make clear　the influences of　the　seed

fraction　on　the　ｖ01 tage-current　characteristics　in　the steady

state,　let　us　study on　the　cases　of　　two　　seed　　fractions

ε＝　10‾４　and ２　×　10‾4　　　in　　addi tion　　to　　the　　above　　case　of

ε＝5　×　10‾5　，　where　t　＝80μｓ　and　the　magnetic　flux　density

Ｂ＝3 T｡

　　　　First,　in　Figs. 7.2(a) to (c),　there　are　shown　the

voltage-cur rent curve, the relation between the load resistance　Ｒｌ

and　the　average electron densi ty 瓦　and the current distributions

１ｎ the　　　channel　　　for

respectively, １ｎ the

　凡

case　　　of　　　£＝　10‾4.　Next,　’iｎ
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Figs. 7.3(a) to (c), there are shown the voltage-current curve, the

relation　between　Rl　　and　瓦　and　the current distributions in the

channel　for　Rl　＝　10, 2, 1, 0.5, 0.1　and 0.05Ω，　respectively.　in

the　　case　　｀ｏｆ　Ｅ＝2　×　10‾4　｡・　　Since　the　electron　density　is

ｎｅ≒8.47×　1020 m‾３　and　ｎ。≒1.69×　1021 m‾3　for　Ｅ＝10‾４　and

Ｃ＝２　×　10‾4　，　respectively,　in　the case of fully ionized seed,

Figures ７.２ and ７.3 tell　that　the plasma　in　the　channel　becomes

unstable　by　the ionization instability in both regions of high and

low load resistances as same　as　in　the　case　of　£　＝5　×　10‾5　.

However,　the　influences　of　the　ionization　instability　on the

voltage-current characteristics of the generator　become　small as

the　seed　fraction　becomes　large, and　the　load vol tage decreases

monotonously　as　the　load　current　increases　in　the　case　　of

£＝２×　10‾4.

7.2.3 Influence of magnetic flux density on performance

　　　　　characteristics

　　　　Here, to make clear　the influence of the magnetic flux density

on　the voltage-current characteristics, let us analyze　the case　of

Ｂ＝２ Ｔ and Ｅ＝5　×　10‾5　.　The calculated vol tage-current curve is

shown　in　Fig. 7.4(a).　　This　figure　show　that　the　　generator

performance　deteriorates　for　low　load　resistance　but does not

deteriorates for high load resistance.　It also shows　that both the

load　vol tage　程　and　so the load current 1/ become small and the

generator performance extremely worsens near ＆

　　　　To clarify the reasons　for　the　above　deteriorations　of　the

generator　performance, the relation between　the　load resistancｅ　Ｒｉ

and the average electron densi ty Tic, the　electron　temperature　７ｅ

and　the　electron density ne　distributions　in　the radial　direction

at O　＝＝Ofor ＆　= 50, 2 and ０.5Ωand the current distributions　in

the　channel　for　＆　= 50, 10, 2, 1, 0.5 and 0.02Ω　in　the steady

state, where　t = 80μｓ，　are　　shown　　in　　Figs. 7.4(b) to (e),

respectively.　These figures　indicate　that　the no deterioration of

1０３
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Rl °１０ Ω　△Ψ= 7.310 A　　　　Rl = 5 n　△Y = 5.207 Ａ

ＲＬ°１Ｑ　△"f = 3.017 Ａ Rl ゜0,5 n　△Ψ= 3.002 Ａ

　　Rl°0’1 Ω　A？ ゜1.506 A　　　Rl °0.05 Ω　A？゜1.500 A

(c) Current distributions for various　load resistances.

Fig. 7.2 Performance characteristics of generator　using

　　　　　　　　Cs-A,　insteady state for 日＝３ Ｔ and Ｅ＝　104 ・
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　　　　　　　(b)Relation between load resistance and

　　　　　　　　　average electron density.

Fig.　７.３ Performance characteristics of generator　using

　　　　　　　a-A,　in steady state for Ｂ ＝３ Ｔ and £＝２　×　10‾4　｡
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Rl °１０ Ω　△Ψ= 8.534 A　　　　RL °２ Ω　△Ψ゜7.096 Ａ

ＲＬ°１Ω　△Ψ゜7.135 A　　　Rl °０．５ Ω　△Ψ゜5.071 Ａ

　　　Rl = 0.1 n　△y = 3.015 A　　　Rl = 0.05 n　AY = 3.006 A

　　(c) Current distributions for various load resistances.

Fig. 7.3 Performance characteristics of generator　using

　　　　　Cs-Ar　in steady state for B = 3 Ｔ and £＝２　×　104　｡
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Rl °５０　Ω　△Ψ゜1.707 A　　　　Rl °１０　ｎ　△Ψ゜1.059 Ａ

ＲＬ°２Ω　ムΨ゜1.010 A　　　　Rl °１ Ω　△Ψ゜1.008 Ａ

　　　　　Rl °０．５Ω　ＡΨ゜1.004 A　　　Rl °0.02 n　AΨ゜0.601 A

　　　(e) Current distributions　for various　load resistances.

Fig. 7.4 Performance characteristics of generator　using

　　　　　　　　Cs-A,　in steady state for 6 = 2 Ｔ and Ｅ＝５　×・１０‾５･．
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the generator performance for　high load resistance is　due　to　the

fact　that　the　argon　does not　ionized　in the channel　because　the

magnetic flux density is small.　The figures　also　show　that　the

electron　temperature, the electron density and　the current density

in the first half of the channel　are much lower　than　those　in　the

latter　half　at　Rl　＝２Ω.　　This　means　that　the inlet relaxation

region extends　and　reaches　to　the　center　of　the　channel　at

Rl　＝２Ω. Therefore, the deterioration of the generator performance

near Rl　＝２Ω　isconsidered　to be due to　extention　of　the　inlet

relaχation region｡

　　　　　Asabove-men ti oned, the main factor which　lowers　the generator

performance is　the ionization　instability of the　plasma　when　the

magnetic　flux　densi ty　日　is　large,　but　the length of the inlet

relaχation region much influences　the generator performance when　Ｂ

is small.

7｡３ Performance Characteristics of Disk Type Generator Using

　　　　Potassium Seeded Argon Plasma

　　　　　In　thissec ti on, numer i ca1　analysis　is performed for　the case

where　the　potassium　seeded　argon　plasma　is　used,　　and　　the

performance　characteristics　of　the　generator　using　the cesium

seeded argon plasma described　in the preceding section and　those of

the generator　using the potassium seeded argon plasma are compared.

For　this purpose, the magnetic flux densi ty　is　chosen　as　B ＝３Ｔ

and calculations are carried out for　three different seed fractions

of　potassium,　namely　Ｅ＝5　×　10‾5，10‾４　and ２　×　10べ.　　In　　the

calculations,　all　other　condi tions are chosen as same as used in

the preceding section｡

　　　　The voltage-current curves, the　relations　between　the　load

resistanｃｅ　Ｒｌ　and the average electron densi ty 瓦ａｎｄ the current

distributions for six different　load　resistances　in　the　steady

state,　where　　t = 80μｓ，　are　shown　in　Figs. 7.5 (a) to (c),
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Rl °５０ Ω　△Ψ= 3.817 A　　　Rl = 7.5 fi　△Ψ＝2.030 Ａ

ＲＬ°４Ω　△Y = 1.200 A　　　　Rl = 1.5 n　△Ψ＝0.707 Ａ

　　　Rl °0.7 Ω　△Ψ゜0.701 A　　　RL＝　0.1 n　△y = 0.703 A

　　(c) Current distributions for various load resistances.

Fig. 7.5 Performance characteristics of generator　using

　　　　　K-Ar　in steady state for B = 3 T and e = 5　×　10‾5
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Rl °５０ Ω　△Ψ゜4.667 A　　　　Rl °１０ Ω　△Ψ゜4.065 Ａ

ＲＬ°５Ω　△Ψ= 4.290 A　　　　Rl = 3 n　△Y = 4.109 Ａ

ＲＬ°１Ω　△Ψ゜2.003 Ａ ＲＬ＝　0.1 n　△Ψ= 1.004 Ａ

(c) Current distributions for various load resistances･

Fig. 7.6 Performance characteristics of generator using

　　　　　K-A,.　in steady state for B = 3 T and e =　104 ｡
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ＲＬ°１０ｎ　△Ψ゜9,096 A　　　　Rl °５ Ω　△Ψ゜フ.670 Ａ

ＲＬ°２Ω　△Ψ゜7.391 A　　　　Rl °０．５ Ω　△Ψ゜4.038 Ａ

　　Rl ° o'1 9　A？ ゜ 2°011 A　　　H ° 0.02 Ω　△Ψ゜1.507 A

　(c) Current distributions for various load resistances.

Fig. 7.7 Performance characteristics of generator using

　　　　K-A.　in steady state for 13 ＝３ Ｔ and £＝２　×　10‾4　｡
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Figs. 7.6(a) to (c) and Figs. 7.7 (a) to (c) for e = 5×10‾5，10‾４

and ２ ×10"''^ , respectively. Figures ７.６and ７.７tell that, as same

as　in　the case where the cesium seeded argon plasma was　used,　the

influences　of　the　ionization　instability on the voltage-current

curves decrease as　the seed fraction increases.　Those figures also

denote　that,　although the generator performance for　the high　load

resistance is almost as same as in the case where the cesium seeded

argon　plasma　is used, the region of the load resistance where the

seed is　fully ionized is　very　narrow　and　the　average　electron

density　瓦　decreases　rapidly as　the load resistance becomes　low.

Consequently, the region of the load resistance where the　seed　is

not　fully　ionized becomes wide and the load current　in the region

of small　load resistance is considerably small　in　comparison　with

the case using the cesium seeded argon plasma｡

　　　　Figures 7.5(a) to (c) show　that　the　length　of　the　inlet

relaxation region has great influence on the generator performances

in the case of Ｂ ＝３Ｔａｎｄｃ＝5　×　10‾5　.The voltage-current curve

as shovm in Fig. 7.5(a) is not obtained for ’召＝3 T　but　obtained

for Ｂ ＝2 T when the cesium seeded argon plasma　is used.　The above

differences　of　the　performance　　characteristics　　between　　the

generators　using　the cesium seeded argon plasma and　the potassium

seeded argon one are considered　to be originated from the fact　that

the　ionization　energy of the potassium is　larger　than that of the

cesium.

7.４ Concluding Remarks

　　　　　In　this　chapter,　performance　characteristics　of　the　disk

generator　using　the　cesium　or　the potassium seeded argon plasma

were studied by　the numerical　solution introduced　in Chapter ５.

　　（1）Ｔｈｅmain results which were obtained for　the generator　using

the cesium seeded argon plasma are as follows:

　(a) When　the　magnetic flux density Ｂ ＝３Ｔ and the seed fraction

11８



ε＝5　×　10‾5　,the output power　is　decreased　remarkably　by　the

ionization　instability of the working plasma　in　the channel　in　the

region of both high and low load　resistances.　　Consequently,　the

load　voltage　does　not　decrease monotonously as　the load current

increases and the voltage-current curve of the generator has ａ peak

at a ＝4Ω.

　（b）The　　above　　results　　むan　qualitatively　well　explain　the

experimental　results, which could not be explained by the　previous

researches .

　（ｃ）Ｔｈｅ　relation　betweenthe current distribution in the channel

and　the vol tage-current characteristics　is made clear.

　（d）The　influence　of　　the　　ionization　　instability on　　the

voltage-current　characteristics　of the generator　becomes small　as

the seed fraction becomes　large, and　the　load　vol tage　decreases

monotonously as　the load current　increases　for　£＝２×　10‾4　．

　(e) When　the　magnetic　flux　density B is large, the main factor

which deteriorates　the　generator　performance　is　the　ionization

instability of the plasma.　0n the other　hand, when Ｂ is small ， the

length of　the inlet　relaxation region has　large　influence　on　the

generator　performance.

　　（２）Ｔｈｅ　mainresults which were obtained for the generator using

the potassium seeded argon plasma are as　follows:

　(a) Although the generator performance in the region of high　load

resistance　is　almost　the　same as the generator　using the cesium

seeded argon plasma, the region of the load　resistance in which　the

seed　is　fully　ionized is very narrow and　the load current　in　the

region of low load resistance　is considerably small　in　comparison

wi th　　the　case　using　the　cesium seeded argon plasma.　These are

considered to be due to the fact　that　the ionization energy of　the

potassium is　larger　than　that of the cesium.

　（b）Ｅｖｅｎ　in　thehigh magnetic flux density region, the length of

the inlet　relaxation　region　influences　on　the　voltage-current

characteristics.
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CHAPTER 8

PERFORMANCE CHARACTERISTICS OF OUTFU〕W DISK GENERATOR

　　　　　　　　　　　USING HELIUM GAS

8ｊ　Introduction

　　　　In　Chapter２ to ７，　the　generator　using　the　cesium or　the

potassium seeded argon plasma was investigated, because such plasma

is　usually　used　in　the experiments.　However, recent experiments

show that　the output power　density　and　the　enthaply　extraction

ratio　of the generator using helium gas are much higher　than those

of the one using argon gas(32).　This is due to the fact that　the

helium　gas velocity becomes about ３ times as high as　the argon gas

one for ａ same　Mach　number ，　stagnation　temperature　and　static

pressure,　because the argon atom is about　10　times as heavy as the

helium atom.　Moreover, wide stable region free from　the　ionization

instability can be expected by using helium, because　the　ionization

energy of the helium is　larger　than　that of the argon.

　　　　Considering　the　above-mentioned,　in　　this　　chapter,　　the

performance　characteristics of the disk generator　using　the cesium

seeded helium plasma (Ｃｓ-Ｈｅ)　are　investigated.　　The　differences

between　the performances of the generators using　the helium and　the

argon are studied in detail ，and it　is clarified　that　the　higher

output　power　density　and the wider stable region are obtained by

the former　than by　the　latter. Moreover, the influences of the seed

fraction　　and　　the　　magnetic　　flux　densi ty on　the　generator.

performances are also made ｃｌｅａｒ(53)・(54)
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8｡2 Numerical Solution

　　　　The channel model, the basic equations,　the　assumptions　and

　the　numerical　procedures　mentioned　in Chapter ５ can be used not

　only for　the disk generator　using argon plasma but also for　the one

　using helium plasma. In　the numerical　analyses　in　this chapter, the

　collision cross section Qh and the ionization and the recombination

‘rate　　　coefficients　　≒h and 叫h　　of　　helium　　are　　chosen　　as

　ｆ０１１０ＷＳ(４)，(55):

　　　　　　　　Qh = 5.4χ10-20　　　　　　　　　　　　　　　　　　　　　　　　　(8.1)

りh ＝９ 6８×10217e3/2eｘｐ(一諾)臨h

　　　　　ICｒh= 1.09×10‾20・7-9/2

where　 ih　is　the ionization potential　of helium.

(8.２)

(8.3)

8.3 Numerical Conditions

　　　　Inthis analysis, to enable　the comparison of the　performance

characteristics　between　the generator　using the argon gas and the

one　using　the　helium　gas,　almost　same　condi tions　　used　　in

Chapters ６ and ７　are　adopted　as numerical　conditions, except　the

channel cross section, which is chosen so as　to　supply　the　heat

input　almost　equal　to the case where　the argon gas　is used.　The

values of the anode radius　r, ,　the cathode radius　ｒ。，　the　channel

cross　section A, the channel　width at　the anode hi , the stagnation

and static temperatures of　the gas 7i　and　7'，　the　stagnation　and

static　pressures Ps　and p, the Mach number M, the gas veloci ty Ur ，

the helium number density 川O , the magnetic　flux　density　日，　the

seed　fraction　c, the dimensions of an element△ｒ and △0, the　time

step△l　used　in　this chapter are shown　in Table 8.1.　The relations

of　the　electron　number densi ty Tie to the electron temperature 几

obtained by using　Saha's　equations　for　thermal　ionization　for
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various seed fractions e are shown in Fig. 8.1

8.４ Performance Characteristics

8.4.1　Generator performances　in typical case

　　　　At　first,to make clear　the current distribution and the other

Table ８.1　Numerical condi tions used in calculations

Anode radius　　　　　　　　　　　　　　ri 40 mm

Cathode radius　　　　　　　　　　　　ro 80 mm

Channel　cross section　　　　　　A 838 nun^

Channel height at anode　　　hi 3.33 mm

stagnation temperature　　　Ts 皿）Ｋ

static temperature　　　　　　　　　T 1134 K

stagnation pressure　　　　　　　　Ps 5.0 atro

static pressure　　　　　　　　　　　p 1.2 atm

Mach number　　　　　　　　　河 1.5138

Gas veloci ty　　　　　　　　　　　　　　"r 3000 m/s

Heliiim number density　　　　"hO 7.77 1024 m｀3

Magnetic flux density　　　　B ４ T, 3 T

Seed fraction　　　　　　　　　　　　　E’ 2 10‾4，10^4，5 10‾5

Dimension of element　　　　　　　Lr 0.5 mm

Dimension of element　　　　　　　△θ 7r/20

Time step　　　　　　　　　　　　　　　　△t 0.167μS
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generator performances under typical　conditions, numerical analyses

are performed for various load resistances, where　the magnetic flux

density　B = 3 T　and　the seed fraction Ｅ＝5　×　10‾5　areadopted.

Here the initial condition is assumed that for　tくO　only the helium

is　suppl ied　the　channel　and　for　t≧Ｏ　the cesium seeded helium

plasma is done, which is　the same as　the one given in　Section 6.3.
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Fig. 8.1　Relations between electron temperature and

　　　　　　　electron densi ty obtained by Saha ｓ゙ equations

　　　　　　　for various seed fractions.
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Fig. 8.2 Performance characteristics of generator　using
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R, = 50Ω　Ａφ= 1.582 Ａ　　　　　　Rl ＝１０Ω　△* = 1.014 Ａ

＆＝５Ω　Ａφ= 0.504 A　　　　　　＆＝２Ω　A* = 0.505 Ａ

　　　Rr = 1 0　A* = 0.503 Ａ　　　　　Rl = 0.1Ω　A* = 0.500 A　　，

　(c) Current distributions for various load resistances.

Fig. 8.2 Performance characteristics of generator using

　　　　Cs-He　in steady state for B = 3 T and E = 5×　10‾5　｡
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Also, by numerical　investigations as same as in Section 6.3, it　is

ascertained　that　the　current distribution in　the channel　becomes

steady by t ≒２５μs , which is about l/３ ０ｆthat in the case　where

the argon plasma is used. This is due to the fact　that　the velocity

of　the helium plasma is about ３ times as high as　that of the　argon

plasma｡

　　　　Next,　Figures 8.2(a) to (c)　show　the voltage-current curve,

the relation　between　the　load　resistance　Rl　and　the　average

electron density rie　and the current distributions　in the channel　in

the　steady　state,　where　t　＝30μｓ，　　for　　R, = 50, 10, 5, 2, 1

and 0.1　Ω.　By　comparing　those　figures　with　Figs. 7.1(a), (b)

and (e), in which there are shown the　performance　characteristics

of　the generator using the cesium seeded argon plasma for　the saone

magnetic flux densi ty and　the seed fraction ，　the　following　facts

are made clear.　The load voltage of the generator using the helium

plasma is higher　than the　voltage　of　the　one　using　the　argon

plasma, and　the former ･load current　is smaller　than　the　latter one.

The former high load voltage is due　to the　high　velocity　of　the

helium　plasma　and　its small　load current　is due to　the fact　that

the cross section of the former channel is l/３ of the latter one as

shown in Tables ６Ｊ　and ８.1｡

　　　　Since　the　output　power　Ｐ　extracted　from the generator　is

obtained by the　relation　of　P = IlVl . Figures 8.2(a) and 7.1(a)

tell　that　the　maximリｍ　output power 'mar ≒　１８MW for both cases.

Since　the former　cross section is l/３ of the latter one, the former

output　power　density　is about ３ times as　large as　the　latter one.

Accordingly, comparing with the latter, the former has an advantage

that the generator size which is required to generate ａ same output

power becomes smal 1 ｡

　　　　Also, since the electron density He　≒3.88　×　1020 m‾3　in　the

case　　　of　　　fully　　　ionized　　seed　　as　　shown　・　in　　Fig. 8.1,

Figures 8.2(b) and (c) tell　that　the　inhoniogeneous　current

distribution,　which　is　caused　by　the ionization　instability of
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partially　ionized seed, occurs　in both channels　using　the　helium

plasma and　the argon plasma when　the load resistance is　low. On the

other hand, when the load resistance is high, the noble gas　is　not

ionized　and so　the　current distribution　is homogeneous when the

helium plasma is used ，although　the noble gas　is partially　ionized

and the current distribution is　inhomogeneous when　the argon plasma

is used.　Therefore, comparing with　the generator　using the　argon,

the　one　using　the helium has advantages with respect　to not only

the channel　size but also the stability of　the plasma｡

　　　　Atlast, Figure 8.2(a) shows that the　output　power　takes　ａ

minimum　value　at　Rl　＝２Ω，　because　the inlet relaχation region,

which already covers half of the channel at　Rl　＝5Ω，　covers　a11

over　the　channel　at　＆＝２Ω　as shown in Fig. 8.2(c). This is

considered　to be the same fact as mentioned　in Subsection 7.2.3.

8｡4.2 Influence of seed fraction on performance characteristics

　　　　To make clear　the　influence　of　the　seed　fraction　on　the

generator　　performances,　numerical　analyses　are　performed　for

various　load resistances, where the magnetic flux　density　B ＝３Ｔ

and　the　seed　fractions　Ｅ＝　10‾4　and 2　×　104　　are　adopted,　in

addition to the case of Ｂ = 3 T and e = 5　×　10‾5　which was already

studied in the preceding subsection｡

　　　　The　figures corresponding to Figs. 8.2(a) to (c) are shown in

Figs. 8.3(a) to (c)　for　Ｅ＝10’４　and　Figs. 8｡4(a) to (c)　　for

ε＝２　×　10‾4　，　respectively.　　From　these figures, it　is seen that

the load current　increases as　the seed fraction increases　as　well

as　in　the　case　using　the　argon.　　Since　the electron densi ty

ｎ。≒7.77 ×　1020 m‾3 and 1.55×　102' m‾3　foｒ£＝10‾４ and ２ ×　10‾4，

respectively.　in　the　case of fully　ionized seed, i t is also made

clear　from these figures　that　the region of the load resistance　in

which　the　plasma　is　stable　and　the　current　distribution　is

homogeneous becomes wide as　the seed fraction　increases.
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Fig. 8.3 Performance characteristics of generator　ﾘsing

　　　　　　Cc-Ho　in steady state for Ｂ ＝３ Ｔ and Ｅ＝10‾4.
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＆＝50Ω　A* = 3.581 A　　　　　　＆z 10Ω　A* = 3.038 Ａ

/?L = 5 n　A* = 2.012 Ａ　　　　　　Rt = 2Ω　A* = 1.009 Ａ

　　　＆＝1Ω　A* = 1.004 A　　　　　R1 = 0.1 n　刮

　(c) Current distributions for various load resistances.

Fig. 8.3 Performance characteristics of generator　using

　　　　　Cs-He　in steady state for Ｂ ＝３ Ｔ and Ｅ＝　10‾4.
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/?I = 50 n　A* = 6.824 Ａ　　　　　　R) = 10Ω　A* = 5.194 Ａ

Rl = 5 n　刮･= 4.148 Ａ　　　　　　Rl ＝２Ω　A* = 3.001 Ａ

　　　＆＝1Ω　A* = 2.511 A　　　　　Ri= 0.1 n　A* = 2.010 A

　　(c) Current distributions for various load resistances.

Fig. 8.4 Performance characteristics of generator using

　　　　Cs-He　in steady state for Ｂ = 3 T and e = 2×　104　｡
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Fig. 8.5 Performance characteristics of generator　using

　　　　　Cs-He　in steady state for B = 4 T and e = 5×　10‾5.
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Rl = 50Ω　A* = 2.181　Ａ　　　　　　ＲＬ＝　１０Ω　△* = 1.513 Ａ

＆ 一

一 ５Ω　刮･= 1.007 Ａ　　　　　　Rl ＝２Ω　A* = 0.703 Ａ

　　　　　Ri = ＼Q　A* = 0.704 A　　　　　Rl = 0.1Ω　刮/＝0.703 A

　　(c) Current distributions for various load resistances.

Fig. 8.5 Performance characteristics of generator　using

　　　　　Cs-He　in steady state for Ｂ = 4 T and cこ5　×　10‾5　｡
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Fig. 8.6 Performance characteristics of generator using

　　　　　　Cs-He　in steady state for Ｂ ＝４ Ｔ and Ｅ＝２×　10‾4.
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R/ = 50 n　A* = 7.390 Ａ　　　　　/?(. = 10Ω　A* = 6.146 Ａ

Ri = 5Ω　A* = 6.102 A　　　　　　＆＝２Ω　A* = 5.033 Ａ

　　　　　Rt= 1 n　A* = 3.501 A　　　　　Rl= O.IΩ　刮

　　(c) Current distributions for　various　load resistances.

Fig. 8.6 Performance characteristics of generator using

　　　　　Cs-He in steady state for Ｂ ＝４Ｔ and Ｅ＝２×　10‾4　.
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8｡４.3 Influence of magnetic flux density on performance

　　　　characteristics

　　　From above-mentioned, it is seen that　the helium　gas　is　not

ionized for Ｂ ＝3 T. Therefore, in this subsection, let us study on

the　case　of　B = 4 T,　where　the　seed fractions　Ｅ＝5　×　10‾５

and ２ ×　10‾4　　　are　　adopted.　　　The’ figures　　corresponding to

Figs. 8.2(a) to (c) are　shown　in　Figs. 8.5(a) to (c)　and

Figs. 8.6(a) to (c) for e = 5×10‾５ and ２ ×10‾4 ，respectively｡

　　　From　these　figures,　it is made clear　that　the helium gas is

still not ionized in the　channel . Comparing　Figs. 8.2(a) to (c)

with　　Figs. 8.5(a) to (c)　and　Figs. 8.4(a) to (c)　with

Figs. 8.6(a) to (c), it is also made clear　that　the region　of　the

load　resistance　in　which　the　plasma　is stable and the current

distribution　is　homogeneous　becomes　wider　and　the　generator

performances　are　remarkably　improved,　when　the　magnetic　flux

density increases fｒｏｍＢ＝3TtｏＢ＝４ Ｔ.

8,５ Concluding Remarks

　　　　Inthis　chapter,　the　generator　performances　of　the　disk

generator　using　the　cesium seeded helium plasma were studied and

the following main results were obtained.

　　（1）Theload voltage of the generator using helium gas is　higher

than　that　of the one using argon gas, and the former　load current

is smaller　than　the latter ｏｎｅ｡

　　（２）Theformer output power density is about 3 times as large　as

the　latter　one.　　Accordingly, the generator　using helium has　the

advantage　that　the generator size which is　required　to　obtain　ａ

same　output power　is small .　Moreover, the stability of the helium

plasma is high in compar.ison with the argon ｏｎｅ｡

　　（３）Theload current　increases and　the region of load　resistance

in　which　the　plasma　is stable becomes wide as　the seed fraction

increases.

13６



　（4）The region of load resistance in which the plasma is stable

becomes wide and　the generator performances are remarkably　improved

cUS　themagnetic flux density increases.
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