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STELLINGEN

1. De vermogensdichtheïd en het rendement van de huidige experi-

mentele gesloten systeem MHD-generatoren worden voornamelijk

beperkt door het optreden van spanningsverliezen bij de elek-

troden.

Zauderer. B. and Tate, E., 12th Symp. on Eng. Asp. of

MHD, 1972, pp. 1.6.1-1.6.10,

Dit proefschrift.

2. Bij het onderzoek naar het gedrag van MHD-generatoren is be-

hoefte aan een diagnostiek waarmee lokale bepaling van de

e lektronen temperatuur en de elektronendichtheid mogelijk is.

Hiervoor zal op de eerste plaats de laser-Thomson verstrooing

in aanmerking komen.

3. Argyropouios lost het stelsel partiële differentiaalverge-

lijkingen dat. het gedrag van een plasma in een MHD-generator

beschrijft op door te discretiseren loodrecht op de stromings-

richting van het plasma en vervolgens te integreren in de

richting evenwijdig aan de stromingsrichting. Op deze wijze

wordt voor iedere discretisatie een oplossing verkregen. Het

is evenwel niet duidelijk of diï een oplossing van het fysische

probleem is.

Argyropouios, G.S. and Demetriades, S.T., J. Appl. Phys.,

40, (1969), pp. 4400-4409.

h. Door een juiste keuze van de magneetveldconfiguratie kan de

nadelige invloed van eindeffekten op de werking van een MHD-

generator beperkt worden.

Houben, J.W.M.A. et al., AIAA J., 10, 1972, pp. 1513-1516.

5. Voor het op-snelheid brengen van het medium van een vloeibaar

metaal MHD-systeem, is meer fundamentele kennis van twee-fasen

stromingen noodzakelijk,

Atomic Energy Review, IAEA, 10, 1972.



6. Metiagen hebben aangetoond dat meerdimensionale effekten een

grotere rol spelen op het gedrag van een MHD-plasma in de

voorionisa tor dan in de generator.

Blom, J.H.j proefschrift, Technische Hogeschool

Eindhoven, 1973.

7. Ondanks problemen met betrekking tot de veiligheid zal, wegens

het ontbreken van alternatieven, het gebruik van kernenergie

in het resterende deel van deze eeuw onvermijdelijk zijn.

Latzko, D.G.H., De Ingenieur, 85, 1972, pp. 604-614.

8. Door de heffing van 3% op de elektr ici Lei fcs>tarieven wordt een

fonds gevormd waaruit de Nederlandse bijdrage tot de bouw van

een snelle kweekreactor bij Kalkar in de Bondsrepubliek Duits-

land wordt gefinancierd. Het verdient aanbeveling dit fonds

op korte termijn aan te spreken voor onderzoek en ontwikkeling

op het gebied van de gehele energievoorziening.

9. Een groot voordeel van de elektriciteitsopwekking met behulp

van zonne-energie is, dat het gedecentraliseerd kan plaats-

vinden. Huidige distributieproblemen worden hiermee voor-

komen .

10. Gezien het grote aantal slachtoffers van verkeersongevallen

in de leeftijd 15~19 jaar, met name onder de bromfietsers,

zou ook nog aan deze leeftijdsyroep verkeerskunde gegeven

moeten worden.

11. Hot Christen Democratisch Appel (CDA) moet gezien worden ais

eon eerste stap om de confessionele partijen volgens de eisen

do huidige mens en maatschappij te herzien.

12. Hoewel de gemeentesecretaris geen politieke funktie bekleedt,

is zijn politieke invloed niet gering.



13. Het is aan te bevelen dat studerende jongeren een beperkte

tijd in het arbeidsproces worden ingeschakeld o.a. ter ver-

groting van hun studiemotivatie.

1*». Het is niet waar dat de man het hoofd is van de vrouw; beiden

hebben een eigen hoofd, zodat onmogelijk de een het hoofd van

de ander kan zijn.

Ccvinthiers II.S.

Eindhoven, 25 september 1973 J.W.M.A. Houben



ter nagedachtenis aan mijn vader



This work was performed as a part of the research program of the

division Direct Energy Conversion and Rotating Plasma (EG-EW) of

the Eindhoven University of Technology, the Netherlands.
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SUMMARY

In this thesis loss mechanisms in a non-equilibrium Faraday type

MHD generator are studied. The efficiency and power output of such a

generator is reduced by loss mechanisms. As many of them are directly

or indirectly related to the boundary regions, in this thesis the losses

at the boundaries are emphasized. To study the interaction of such losses,

an equivalent resistance model is developed in chapter il. In this model

losses are represented by resistances which are loads for the bulk of the

MHO generator. To investigate the physical processes responsible for the

losses, the equations governing these processes have to be known. In

chapter III the basic equations are given. Using these equations, in

chapter IV the influence of the electrode configuration on the perfor-

mance of a linear, non-equilibrium, Faraday type MHD generator is calcu-

lated numerically. It is shown that rod electrodes positioned in the flow

yield better generator performance than flat electrodes at the generator

wall. Experiments have been carried out in a cesium-seeded argon plasma

created by a shocktunnel operating in tailored interface mode. The

experimental set-up is given in chapter V. The gas pressure in the MHD

channel is some bar, the temperature about 2300 K, the velocity 900 m/s

and the seed ratio 5*10 . Much attention has been given to develop

various diagnostic methods, by which it is possible to measure parameters

of the shocktunnel created plasma in a direct and independent way:

e leetrobtati c probes, spectroscopy, microwaves, hotfilms, piezo-eleetri c

crystals, and anemometry. They are described in chapter VI. In chapter VII

experimental results are discussed and compared with theoretical pre-

dictions. As it is shown that voltage drops constitute by far the most

dominant loss mechanism, a great deal of attention is given to understand

the origin of these drops. A comparison between a calculated and an

observed current density pattern in a periodic segment of the generator

shows qualitative agreement. In a plane perpendicular to the flow direction

of the plasma an electron density and an electron temperature profile

have been observed, which is proved to be in agreement with calculated

profiles. In the generator section of the channel an enthalpy

extraction of 0.1 % is realized.
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NOMENCLATURE

a electrode region of the rod electrode

A cross-section of the MHD channel

A. transition probability for spontaneous emission

b width of a segment of the generator

b. Boltzmann's distribution functionjm

B magnetic induction

B specific black body radiation intensity at the frequency v

c veloci ty of sound

C specific heat at constant pressure

Z, van der Waals constant
b

d width of the MHD generator

D diffusion constant

e charge of the electron

E electric field

E* electric field in moving co-ordinate system

E. ion i zat ion energy of cesium

E. energy corresponding to excited state j

Es photon energy per unit solid angle per unit wavelength

f degrees of freedom of the gas used, polynomial (Appendix A)

f.. oscillator strength of the transition i •+ j

F electron distribution function

g polynomial (Appendix A ) , indicates the direction of the

current in the channel

g. weight factor of the excited state



h distance between opposite electrodes, Planck's constant,

polynomial (Appendix A)

i polynomial (Appendix A)

I electric current, number of ionizations per unit volume per

unit time

I reference value for the current
s

1 current density

J specific radiation intensity at frequency v

k Boltzmann's constant

k coefficient of ionization rate, thermal conductivity of the

fluid

k coefficient of recombination rate
r

K load factor

K . probability of de-excitation by collision with an argon

atom

K . probability of de-excitation by collision with an electron

1 length of a segment of the generator = electrode pitch

1 length of the wire of the anemometer
w 3

L relaxation length (Equation (IV.13))

L relaxation length (Equation (IV.12))

m coefficient of the velocity profile

m mass of electron
e

m mass of atom
a

m. mass of ion

M Mach number

M shock Mach number

n atom dens i ty

12



n critical electron density

n electron density
e

n electron density in Saha equilibrium

n. ion density

n population of excited state m

Nu Nusselt number

p pressure

p. pressure in the test section before the shock starts

p electron pressure

P coefficient from current potential equation (IV.11)

P power density

P maximum external powermax r

Pr Prandtl number

q heat released by conduction cooling

q Joule heating

q heat f 1ux vector

qf heat released by forced convection

q heat released by radiation cooling

Q coefficient from current potential equation (IV.11)

Q.. rate of photon emission per wavelength interval due to

radiative recombination into state j, collision cross-

section

R resistance, number of recombination per unit volume per

un i t t i me

R anode resistance

Re Reynolds number

R. cathode resistance

13



R load resistance

R , electrode wall boundary layer resistance
xel

R wall resistance in x-directionxw

R . insulator wall boundary layer resistance
yis

R wall resistance in y-directionyw

R internal resistance of the coreflow
yao

s position along the cathode plane

t t ime

T temperature of the plasma

T temperature of the electrons

T temperature of the electrons in Saha equilibrium

T population temperature

T radiation temperature of the plasma (Equation (VI.16))

T recovery temperature

T black body radiation temperature of the reference source

T reversal temperature

T wire temperature

U partitition function of the atomic state

v velocity of the heavy particles

v velocity of the electrons

V potential, volume

V, voltage drops at the anode and the cathodedrop s K

V floating potential

V.. coefficient indicating the optical thickness of the

transition observed (Equation (VI.11))

V terminal voltage



V , plasma potential

x, y, z Cartesian co-ordinates

8 microscopic Hall parameter

8 apparent Hall parameter

8 f/ effective Hall parameter

2 . critical Hall parameter

Y specific heat ratio, angle between current streamline and

y-di rection

Y* attainable angle between current streamline and y-direction

8 aerodynamical boundary layer thickness

<5A displacement thickness

e emissivity of the wire material

e. permittivity of vacuum

n electrical efficiency

K absorption coefficient in the centre of the line

K line absorption coefficient

A wavelength, thermal conductivity of the wire material

X thermal conductivity tensor of electrons

v frequency

v total electron elastic collision frequency

Av half width of the spectral line

Av half width due to resonance broadening

Av half width due to van der Waals broadening

p mass density

p. loss parameter

p loss parameter

p loss parameter

15



p loss parameter

p* optimum attainable loss parameter

P" optimum attainable loss parameter

P" optimum attainable loss paramett.

a microscopic electrical conductivity

a, ., electrical conductivity in the coreflow in the presence of

loss mechanisms

o . electrical conductivity of the boundary layers

a. cross-section for radiative recombination
J

<j> p o t e n t i a l of the e l e c t r i c field E , w o r k f u n c t i o n

o>* potential o f the e l e c t r i c field E *

I/J potential of the current j

(JO angular freqnency of microwaves

Subscripts and superscripts

ar

cs

el

i

i n

i n d

i s

L

out

u

W

argon

ces i um

electrode

internal

parameter at the entrance

induced

insulator

load

parameter at the exit

external

wal 1 s

16



x, y, 2 Carthesian co-ordinates

o stagnation conditions

» bulk properties

< > time or spatial averaged quantity

17



I . INTRODUCTION

I.1. General introduction

In 1972 the growth of electrical power consumption in the

Netherlands was approximately 10%. This will lead to a doubling of

electrical power production within 8 years. Prognoses made in various

countries indicate that the growth rate of electrical power generation

is unlikely to decrease substantially before the end of the present

century and that thermal power stations will contribute considerably

to the increase. These prognoses show a sharp rise in the use of

fossil and nuclear fuel. They also indicate the likelihood of in-

creasingly adverse effects on the environment by a discharge of low

grade heat by all plants, and stack emissions from plants fired with

fossil fuel. To reduce these effects, energy conversion should be

improved as far as possible by raising the efficiency of electric

power stations. In addition, enhanced efficiency will reduce the

amount of fuel needed. The efficiency increases when the ratio of the

temperatures at which heat is supplied and removed increases. Because

of the fixed temperature at which heat is removed it is in principle

essential to operate the conversion system at a temperature as high as

possible.

Fossil-fired steam turbine stations, now in operation, may have

an overall efficiency of about k0%. MHD steam cycle systems deliver

a gain in efficiency up to 57% yielding a substantial decrease in

waste heat from electrical power stations: the amount of low-grade

heat released to the environment per kilowatt of electrical power

produced, will decrease by a factor 2.

The results of intensive research and development work carried

out in a number of countries during the past ten years indicate that

a number of the present problems of power-generation can be solved by

introducing the MHD method of energy conversion.

19



I. 2. Principle of the MHD generator

Already in 1832 the principle of an MHD generator was introduced

by Michael Faraday. An electric field is induced in an electrically

conductive medium when this is moving through a magnetic field.

Figure 1.1 shows this principle for a segmented Faraday generator.

Fig. I. 1. The principle of an MHD generator, v is the
velocity of the plasma, B the magnetic induc-
tion, E^nd = V x B the induced field, I the
current through the generator section, and
Ru the load of each segment.

In MHD generators suitable for the production of electrical energy on

a large scale a plasma, consisting of electrons, ions and neutrals,

flows at a velocity v through a magnetic field with a magnetic in-

duction t. As a result of the Lorentz force being effective on

charged particles, there is an induced electrical field E = v x B

resulting in a current I through the loads R . The maximum external

power P that can be delivered is equal to the decrease in enthalpy
max

of the plasma flow [1].

20



P = pvA {(C T + 1 v2) . • (C T + 7 v'max p z in p 2

where

pvA = the mass flow of the plasma, and

(C T + — v ) . - the enthalpy per unit mass of the plasma flow

at the entrance or the exit, respectively.

By means of figure 1.1 and a simple model the operation of the

generator will be explained. In a generator segment of length 1, width

b, electrode distance h, and internal resistance R. , the electrical

conductivity a is defined as

O = TTH- (1.2)

The induced voltage V. , is equal to

vBh = I(R. + R ) (I.3)

The terminal voltage V, is equal to

vBh - IR. = KvBh (I.k)

The quantity K, called the load factor, is defined as R /(R. + R ).

In the generator there is an electrical field E equivalent to

- K.v x B. For a segmented Faraday generator the current density in

the generator l/lb can be written as

j = - O ( 1 - K)vB

Because of the current in the plasma, there is a Lorentz force j x B

opposing the plasma flow. The medium has to do work against this

force. Consequently, per unit volume power is withdrawn whose value is

21



I2(R. + R )

V B • —TbfH1- <• -

Per unit volume the power dissipated in the load is

I2R
H = -j E = a(i - K)Kv

2B2 (1.6)
Ibh J y y

At the moment various systems for magnetohydrodynamic electrical

power generation are in development. These systems can be devided in

open- and closed-cycle MHD generators. In the following they will be

described briefly. As the Eindhoven experiment deals with a closed-cycle
*

system more emphasis will be laid on this principle.

I.3. Open-cycle MHD generators

In open-cycle MHD generators fossil fuels such as natural gas , oil

or coal are burned with air which is preheated and enriched with oxygen.

In this way temperatures from 2500 to 3000 K are realized. To increase

the electrical conductivity of the plasma, an easily ionizable seed

material as I^SO^ or Cs.CO, is added. When the plasma leaves the MHD

generator it has still a temperature between 2000 anH 2500 K. By means of

a heat exchanger the remaining energy is fed into a conventional cycle.

The seed is recovered from the medium before this leaves the chimney.

For a scheme of an open-cycle MHD system see figure i.2.

In Japan, Poland, the USA, and the USSR small-scale generators

(5 MW thermal input) are in operation [2]. A broadening of interest

in open-cycle MHD coincides with the completion of construction and the

preliminary results of the first pilot MHD installation in the world.

This pilot plant, designated U-25, which is situated riear Moscow, incor

porates an MHD unit with an electrical output of 25 MW as topping unit

on a conventional steam turbine with an electrical output of 50 MW.

In this thesis except where stated explicitly m.k.s.a. units are used.

22
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WATER

Fig. I. 2. The open-cyole Mllu generator.

Up to now the MHD generator has attained an electrical power output of

k MW, and is expected to reach maximum power in 197^+ •

I. 4. Closed-ay ale MHD generators

Closed-cycle MHD generators can use as the working fluid noble

gases seeded with an easily ionizable alkali metal as potassium or cesium.

The temperature of the gas at the entrance of the generator is at least

1750 K. At the end of the generator the temperature of the gas is decrease

to 1100 K. At this temperature heat is fed into a conventional cycle by

means of a heat exchanger. Ultimately, the medium is transported back to

the heat source. For a scheme of a closed-cycle MHD system see figure I.3-

Closed-cycle MHD generators were originally intended to convert

the thermal energy of a gas-cooled nuclear reactor into electrical

energy. Of considerable interest in this respect are results obtained

by various groups working with gas-cooled high-temperature realtors.
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PUMP ^ ^ 2 « L

Fig. I. 3. The closed--cycle MHD generator.

Experiments have been carried out on the Dragon reactor in the USA [3]

and on the reactor of the Nuclear research establishment in Jülich.

At the latter institute spherical fuel elements were tested several

days at 2100 K [2]. Recently it has been proposed that a solar super-

heater may be a suitable heat source [A], In the future a fusion

reactor may act as source of energy . Research in closed-cycle plasma

MHD has been performed in Canada, France, Germany, Italy, Sweden, the USA,

the USSR, and the Netherlands [2]. Before the realization of a pilot-

plant of a closed-cycle plasma MHD generator can start, much research

has to be done.

There are also closed-cycle MHD generators using liquid metals

as working medium. These systems are promising with respect to space

travel applications. The medium of these generators consists of

liquid alkali metals mixed with a gaseous component [5]. The heat

source of this system can be a nuclear reactor. Liquid metal systems

are in operation in France, Germany, the USA, and the USSR [2].
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J.5. Survey of the present investigation

1.5.1. Loss mechanisms and numerical calculations

A major problem in closed-cycle MHD research is how to reduce the

experimentally observed and theoretically calculated loss mechanisms:

the electrical insulation oF the plasma with respect to ground, radiation

losses, ionization relaxation at the generator inlet, limitations due to

ionization instabilities, finiteness of segmentation, electrode losses,

gasdynamic boundary layers, wall leakage currents, and end effects. A

number of these losses are driven by the non-equilibrium condition of the

plasma itself, which is needed to achieve sufficiently high electrical

conductivity. Table 1.1. gives a review of recent MHD generator experiments

concerning loss effects. In the past, many investigators have studied

the loss mechanisms on a theoretical basis [11-18]. In this thesis

loss mechanisms appearing at the boundaries of the MHD generator will

be accentuated.

For a successful operation of a closed-cycle MHD generator it is

essential that the electrical power dissipated in the electrode

boundary layers should be limited. Recent experiments have shown that

the power delivered to the load is at most equal to the power

dissipated at the electrodes. These electrode losses depend on gas-

dynamic as well as on surface-sheath effects. The influence of the

electrode configuration with respect to electrode losses has

been investigated by several authors [19-20]. To determine an

optimum electrode configuration with respect to voltage drops, axial

leakages, and homogeneous current distribution at the electrode sur-

face, a number of configurations has been calculated numerically (see

chapter IV), using the basic equations given in chapter III. The

method of solution is similar to that described in [12] and [18], where

(a) relaxation lengths in pre-ionizers and (b) the influence of the end

losses on a linear non-equilibrium Faraday type MHD generator with

finite segmented electrodes are calculated, respectively. Oliver [21]

and Argyropoulos [22] have used the same method in investigating a

25



periodic segment of an MHD generator, and Lengyel [23] determined the

current distribution along the insulator wall of an rtHD generator ana-

logous ly.

I.5.2. The equivalent resistance model

An equivalent resistance model is chosen to study in a simple

model the interaction of all the losses mentioned. Given the measured

Faraday and Hall voltages, the measured Faraday current, and plasma

parameters as electron density and electron temperature, the relative

importance of the losses can be calculated from this model (see chap-

ter II).

1.5.3. The experimental set-up

To verify results of theoretical work and to study further as-

pects of MHO power generation, in particular the influences of loss

mechanisms on the performance of the generator, a shocktunnel experi-

ment has been designed (see chapter V). The shocktunnel operates

normally in tailored interface mode with helium as driver gas and

cesium seeded argon as test gas. The maximum enthalpy input can be

increased up to 50 MW. The plasma flows from the test section through

a nozzle into the MHD channel. The channel diverges from 7 x 9 cm to
2

10 x 9 cm and has a length of kO cm. Rod type electrodes are in-

stalled in the generator. It is of particular interest to study the

performance of these electrodes under generator conditions. The test

time of the generator is 5 ms. A similar shocktunnel experiment is

installed at Genera! Electric Laboratories. The advantage of a shock-

tunnel experiment is the possibility of achieving a high power input

at relatively low costs in a quasi-stationary regime, where the boundary

layer is time independent and the transit time of the medium through the

generator is short compared to the total available test time of 5 ms.
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Table I.I. Closed-cycle MHD experiments

Ref.

(61

[71

[81

[91

[10]

this
thesis

Type
experiment

closed loop

closed loop

blow-down ;':

shocktunnel

b1ow-down

shockt unne1

Type
generator

Faraday
33 electrode

pai rs

Faraday
90 electrode

pai rs

Faraday
30 electrode

pai rs

Faraday
37 electrode

pai rs

Faraday
2h electrode

pai rs

Faraday
56 electrode

pai rs

Med i um

Ar + K

Ar + Cs

He + Cs

Ar + Cs

He + Cs

Ar + Cs

M

0.5

0.72

0.70

1.6-3.0

2.2

2.0-2.5

T

(K°
2000

1870

mo

2000

2000

3300

1

Po
(bar)

1.2

't.O

1.1

2.6

5.0

7.0

B

(T)

5.0

k.O

3.8

l.lt

I.I4

2.0

Observed
loss effects

electrode losses
segmentation effects

ionization instabilities
ground Joop leakages

wall leakage current
ground loop leakages

electrode losses
segmentation effects

wal 1 leakages
ground loop leakages

ionization instabilities
end effects

relaxation effects
at the inlet

electrode losses
segmentation effects

end effects
ionization instabilities

electrode losses
segmentation effects

ionization instabilities
relaxation effects

at the inlet

electrode losses
segmentation effects

ionization instabilities
relaxation effects

at the inlet
wa 11 leakages
end effects

Diagnosti cs

image convertor
potential probes

spectrum analysis
voltages
currents

vol tages
currents

vol tages
currents

potential probes
vol tages
currents

continuum radiation
photographs

continuum radiation
vol tages
currents

image convet tor
1ine reversal

continuum radiation
microwaves

potential probes
vol tages
currents

Location

Garching
Germany

Jülich
Germany

Frascati
Italy

King of Prussia
USA

Boston
USA

Eindhoven
Netherlands

I—
CM

In a b iow-down expe r

Dur 1ng a re l a t > ve I y

iment e n e r g y i s s t o r e d i n a h e a t sou rce d u r i n g a l ong t i m e b e f o r e t h e e x p e r i m e n t s t a r t s .

sho r t t i™e t h i s e n e r g y i s r e l e a s e d i n the medium r u n n i n g t h e MHD g e n e r a t o r .



I.5.'t. The diagnostics

A distinct feature of table 1.1 is the lack of variation in

diagnostics. In almost all the experiments conclusions concerning the

electron density and the electron temperature are drawn from the elec-

trical output. Little attention has been given to the measurement of

the quantities mentioned in a direct and independent way. In t.fj work

presented here great attention has been given to develop i'-sthods of

measuring plasma parameters inside the channel under shocktunnel

operation (see chapter Vi). The velocity and gas temperature profiles

are measured by hot-wire anemometry. Total gas pressure is determined

using piezo-electri c pressure transducers. The Mach number of the

incident shock in the shocktunnel is obtained by hotfilms. The elec-

tron density is measured using continuum radiation intensity and

microwaves, and the electron temperature is measured with continuum

radiation intensity and line reversal of non-resonance lines of cesium.

The seed atom concentration is measured by the line reversal method. The

potential distribution in the channel is recorded by electrostatic

probes. The open voltage of a generator segment and the current

through the load of that segment, yield information about the performance

of the MHD generator operating as a power source. Time-resolved

photographs of the discharge in the MHD generator can be made through

the pyrex windows.

1.5-5. The experiments

In chapter VII experimental results are reported. These are

compared with theoretical ones described in preceeding chapters.
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II. L O ?• S V y CHANISMS

11.1. Introduction

The efficiency and power output of a non-equilibrium MHD

generator is reduced by a number of loss mechanisms. Many of these

are directly or indirectly related to the boundary regions and hence

are of importance particularly In small-scale experiments. Experi-

ments have shown that in closed-cycle MHD generators which are in

operation today, the following effects cause a substantial performance

deter iorat ion:

1. wall leakage currents,

2. leakage currents through the plasma to ground,

3. insulator-wall boundary layer leakage currents,

U. electrode losses,

5. segmentation losses,

6. radiation losses,

7. end losses,

8. inlet relaxation, and

9- non-uniformities such as electrothermal fluctuations.

The e I eet rotherma1 fluctuations existsin the bulk regi on of all si zes

of generators and hence will be of importance even to large-scale

generators.

Usually these losses are treated theoretically by assuming that

the loss mechanisms are uncoupled. However, in reality these

mechanisms interact and it is difficult to analyse the generator per-

formance based upon this assumption. Gasparotto [1] has investigated

current leakages to ground in the Frascati generator using an equi-

valent resistance network. Holzapfel [2] studied the influence of

varioub loss mechanisms on the operation of an MHD generator by means

of' generalized characteristics. Hoffman [3] determined the influence

32



of boundary layers along electrode and insulator walls on the elec-

trical characteristics of the generator.

In our approach the loss mechanisms in a periodic segment of a

linear segmented Faraday generator are investigated by means of an

equivalent resistance network using non-dimensional parameters. It

is possible to derive four non-dimensional loss parameters using the

experimentally observed Faraday voltage, Faraday current, and Hall

voltage in addition to gasdynamic operating conditions and the ob-

served electrode voltage drops.

The equivalent resistance network is postulated in section 11.2

as a model in which the processes appearing along the electrode and

insulator boundary layers are introduced as loads for the completely

uniform coreflow. The loss parameters mentioned are calculated in

section 11.3 from the experimentally observed conditions. Optimum

attainable values for the loss parameters are investigated in section

ll.Jf where also a procedure is introduced to obtain information on the

dominant loss mechanism under the observed operating conditions. A

way to describe the effects of scaling the generator to larger sizes

is shown in section 11.5.

II. 2. Equivalent resistance network

To postulate the model which should describe a periodic segment

of a Faraday type MHD generator, it is assumed that

- the flow in the channel can be devided into a boundary layer

and a coreflow,

- averaged properties characterize the two parts of the flow,

- the plasma conditions are constant in time and uniform in

space in both parts of the flow, and

- no electrothermal fluctuations occur in the coreflow or

in the boundary layer.
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Taking the limiting case of a completely uniform free stream, the

following equations define the model for the coreflow ( the proper-

ties of the coreflow are characterized by subscript °°)

(n

j 6
J yjoo OD J yoo , ,

E - v B = - * — 11.2
yoo co (J 0

.2 . 2 . 2
i i + i m

_U E _*?_ YZ = -Ë neævca>3k(Teca - T j + Rad ( I I .3)
00 «o a , c s

n 2 rl-nm kT - ,3/2 E.
e°° e e10)

n I ,2a,cs°° ^ h

( 1 1 . 5 )

I I . 6 )

where o ^ is the microscopic conductivity and 6 the Hall parameter.

Rad are the radiation losses emitted by the plasma. The other symbols

have their usual meaning (see nomenclature, page 1 1 ) . Equations (11.1)

and ( M . 2 ) represent Ohm's law in the x- and y-dir e c t i o n s , (11.3) is

the electron energy equation, and (I I.k) the Saha equation. These

equations will be discussed in chapter III.

To include the currents i .•> the axial and transverse direction

for each segment, Ohm's law can be written in the following way (com-

pare fi gure I I.1)

I2 1
v =. - E i =-i •—• R. - e r i R. (N .7)

x x » x*> 2 i y °° h y i y

.J



E h - v Bh = I R. - g -L | R.
yoo oo yoo \ y oo fl x ° ° I V

(11.8)

where

R _ i_ il_
iy ~ aM * lb

Figures (1.1 and 11.2 show the total set-up of the various loss

mechanisms in the boundary layers represented by resistances in the

Fig. II.1. The total set-up of the equivalent
resistance model.

equivalent resistance model. The open voltage "V^Bh is the induced

voltage of the generator segment, which is externally loaded by the load

R. and internally loaded by R , R . , R , R. , R , R , and R ,,
L ' ' f yis a k' yw' xw' xe 1
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The Various loss mechanisms represented
as loads for an MHD generator segment.

representing internal resistance of the coreflow, insulator wall boun-

dary layer resistance, anode resistance, cathode resistance, wall resis-

tance in y- and x- direction, and electrode wall boundary layer resis-

tance, respectively. The voltages V and V can be measured across

the load and between adjacent electrodes. As a result of the induced

voltage, currents I are flowing through the resistances appearing in

the model. A problem is where the resistance of the insulator wall

boundary layer R . should be connected to the coreflow elements.

The boundary layer resistances R and R, include the effects of
a K

surface-sheath and current concentration (see chapter IV) as well as

the electrical resistance of the aerodynamical boundary layer.

Following Eustis [k] and Lengyel [5] it is assumed that the insulator

wall boundary layer will not extend to the electrode wall.

The first loss parameter is now defined as

1 1 RxelRxw
R. ' 2 ' R . + Ri y xe1 xw

(H.9)

i.e. the ratio between the total axial resistance for wall and boundary
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layers and the transverse core resistance. Current continuity for a

Faraday generator requires

I + 21 , + 21 = 0x°° xe 1 xw (11.10)

where

and

'xel " R
xel

xw xw

Then, using equations (11.7), (11.9)» and (11.10) there can be found

( 1 1 . 1 1 )

Combination of equations (11.11) and (II.8) yield

E h - v Bh - I R
yoo co yoo ya

(11.12)

where

1 + R. ( I I . 1 3 )

The introduction of the effective transverse resistance R offers the
yoo

possibility of considering the transverse direction separately.

The two other loss parameters p. and p are defined in the

following way. p. is the ratio between the impedance of the generator

includinq the insulator wall boundary layer and the impedance of a

generator without this loss, p is the ratio between (a) the impedance

of the generator including boundary layer resistance (R , R, ) and
a K

insulator wall boundary layer resistance, and (b) the impedance of the
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generator without these boundary layer resistances. This results in

P-.
I Ry i s

— R . + R
2 yis y°

(I

R + R,
a k
R
yoo

! S
(11.15)

The fourth toss parameter for the leakage resistance of the insulator

walls is defined as

2 Ryw

| R + P R2 yw y y

(11.16)

The load factor for the resistance R. in which the generator power is

diss i pated, is

R. + p p R
L w y y°

(If. 17)

Using the configuration of the network and the defined parameters, we

arrive, after some calculation, at the following set of equations (V

is the load vol tage)

= KLpwpis
(11.18)

L
.19)

-v Bh
00

h 2
T p i s - p K.Kw L P:IS

I S

'I I .20)



V v c - | k<T
e-

(M.21)

where

- v Bh
OO

s R. (It.22)

and n «,,/n cs»
aoo' anc* &„ are 9'ven 'n tne equations (11.4) to (II.6).

To obtain a convenient non-dimensional expression, the reference values

- v^Bh and I have been used for voltage and current, respectively.

The electrical efficiency and the power density, which are im-

portant quantities, are dependent in the following way on the loss

parameters described and can now be given

'e - I v Bh
yoo co Pis

(M.23)

hlb

a V2B2(1 - K. )K.p2 p

II. 3. Calculations

To express the generator performance by means of the defined loss

parameters, the following data are required (compare figure 11.2): V ,

V , I., vw, B, R + R,, h, 1, and b. Solving the set of equations

(11.4) to (11.6), (11.18) to (11.21), and (11.15) we are dealing with

8 equations and the following 8 unknowns: p^, p , p. s > p , aæ, &æ, r\Qæ,

and T . A way to solve the equations is to substitute the ideal value

of the leakage resistance of the insulator walls, i.e. p = 1 in the

equation mentioned. The reason for this simplification is that in the
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experiments it has been shown that the resistance of the insulator

walls is high in comparison with the effective transverse resistance.

This leads to a reduction to (a) three inhomogeneous polynomials of

the third and fourth degrees

f(pis, Py) = 0 (11.25)

g(P p ) = 0 (11.26)
x y

!i(px. P l s) = 0 (11.27)

of which two are independent of each other, and (b) one polynomial

of the first degree

i(py, p . s , V d r o p ) = 0 (.,.28)

The detailed expressions are given in appendix A. It is not easy to

obtain an analytical solution to this algebraic set of equations.

Therefore, it is preferable to proceed along the method of partial

differential equations

_3f
dp. 8p

i s

dp 3p

They can be solved by a numerical procedure. The parameter p is

chosen to be the integration variable. The integration starts with

p = p. and goes on until the value of the calculated voltage drop

corresponding to the observed voltage drop is reached.

In view of a more detailed study of the effects of the loss

machanisms on the power generated, the derivatives of the power density



and electrical efficiency with respect to the loss parameters are

calculated. In this calculation the interdependence of the loss para-

meters has to be taken into account:

- variation of p with p. and p constant, see equation (11.15). gives
y 15 X

the influence of voltage drops (R + R. ) on n and P ;
cj K 6 6

- variation of p. with p - p. ,and p constant shows the influence of

the boundary layer flow along the insulator wall on n and P ; and

- variation of p with p and p. variable demonstrates the influence
x y is

of axial Josses on n and P .
e e

Considering the above, the derivatives of interest are

dp. p.s=C
(11.31)

dn_

dp.
i s V Pis = C

Ü1
3p.

(11.32)
is y

dn_
dp

3nj 3n 9p.
e Ki

3p. 9p
i s p

is
3p ' 3pMy Hx

(11.33)

The derivatives for the power density are similar. The detailed ex-

pressions are given in appendix B.

II. 4. Optimum attainable values of the loss parameters

In an actual MHD generator the value of the defined loss para-

meter will never reach its ideal value because the processes respons-

ible for the various losses can not be avoided completely. To

investigate the generator performance achieved, the optimum attainable

values of the parameters are estimated.



It follows from the definition that the optimum value of p. is

pv = 1. Similarly, if there are no voltage drops p* = 1. Eustis [8]

shows that the aerodynamical boundary layer resistance is the major

cause of the voltage drops. In the model a coreflow and one layer

near each electrode wall can be distinguished. These layers are

assumed to have a thickness equal to the displacement thickness 6* of

the boundary layer velocity profile

6* =

where the velocity v is given by Merck [6] as

In the preceeding expressions, 6 stands for the aerodynamical boundary

layer thickness. The exponent m as well as 6 depend on the length

Reynolds number Re at a distance x from the place where aerodynamical
x *4 6

boundary layers start growing. In the range 5«10 < Re < 10 ,

m = 7 and Ó = 0.32 x Re " ° " 2 [7].
X

Following the theory mentioned.which was derived by Eustis,and

supposing the anode and the cathode resistance to be equal, these re-

sistances can be written as

(II.35)

where

a.k o ,1b o..,,lb

°bulk
1 +

being the electrical conductivity of the coreflow in the presence of

loss mechanisms, and



being the electrical conductivity of the boundary layer, owing to the

short-circuit3d Hall field in the vicinity of the electrodes.

Substitution of the derived expressions in equation (11.15)

yields for the optimum value of p

(11.36)

Because p? = 1 the optimum value of p becomes
is v y

.

Finally, the optimum attainable value for p has to be introduced.

Owing to the finite segmentation and axial leakage currents through the

boundary layer and channel walls, there is a certain angle between the

current streamline and the transverse direction. This angle follows

from equation (11.11) as

tan y
j

px +

h

px + T
h

The minimum attainable level-of segmentation loss is estimated

by assuming that the current flows from the upstream edge of the anode

to the downstream end of the cathode along a straight line (see figure

11.3, dotted line). From this new angle it follows that

_ , _



_LT—i. i
a^v ^H» w^B ^H» H ^ ^^V «a^w ^v» ~SB

//..i'. ï'ftc optimum attainable level of segmentation loss.
The straight line represents the realistic current
streamline. The dotted line represents the ideal
streamline.

Putting this result in equation (II.11) leads to

(11.39)

Having introduced the optimum attainable levels of the loss para-

meters, it is possible to draw conclusions about the performance of a

generator in terms of an attainable increase in power density and

efficiency. The difference between the experimentally observed p. and

the estimated p". values of the loss parameters multiplied by the

respective partial derivatives lead to the following expressions for the

mentioned increase in power density and efficiency.

J



(I I .'40)

3n

e.j •(PJ " PJ ) (II.'

where j = x, is, and y, respectively.

II. 5. Effects of sealing the generator to lar-ger sizes

The partial derivatives describing the scaling of a generator to

larger sizes can be divided into two parts:

1. that in which the 'loss parameters are fixed, and

2. that in which the loss parameters are scaled, according to the

physical models of the preceeding sections.

For instance, the derivative of the electrical efficiency with respect

to the electrode pitch is

d)

3R.

3R. ' 31 ,
ty p ,p ,p.7 ; x ' y ' i s

' 31
P >P ,p.x' y' is

3px- 31

\ 3p. 3n
e i s |e_
>. ' 31 3p ' 3 1
is H y

(11.42)

wi th

t = 1 +

p -~ + 1
x ,2

The second term of rhe righthand side of equation (11.^2) represents

the influence of the axial plasma resistance. Similar derivatives



exist with respect to other channel parameters as well as for the power

density. It should be noted that the partial derivatives with respect

to R. , t, and the loss parameters are scaled using the equations (11.31)

to (11.33).

The total derivative of the electrical efficiency with respect

to the volume of a periodic channel element is given by

W " hb dl Ib dh hl db Ui.«u;

A similar expression exists for the power density.

II. 6. Conclusions

It is shown that in an equivalent resistance model loss para-

meters of an MHD generator can be calculated. For the loss parameters

referred to there is a difference between the experimentally observed

values and the optimum attainable values calculated from a simplified

physical approach. The procedure of scaling the generator to larger

sizes is described. Recording the shocktunnel experiment of the

Eindhoven University of Technology, the results are given in chapter

VII. In a rough model, such as an equivalent resistance network, it

is impossible to distinguish the physical processes responsible for the

deviation mentioned. This can be done by calculating accurately the

processes appearing in an MHD generator. To start this calculation, it

is essential to know the equations governing the physical processes.
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III. BASIC E Q U A T I 0 N S

In the work presented, a cesium-seeded argon gas is considered as

the medium flowing through an MHD generator. Owing to the low ioniza-

tion energy of the cesium, and in view of the given plasma parameters,

the ionization degree of the plasma is reasonable high. The plasma to

be described consists of argon atoms, cesium atoms, cesium ions, and

electrons. To describe a complex system such as an MHD generator,

macroscopic quantities as density, temperature, and velocity have to be

defined. In this chapter the basic equations are discussed with which

in chapter IV numerical calculations for a generator segment are per-

formed. The conservation equations used are based upon the Boltzmann

equation. In the theory a number of simplifying assumptions are made:

- the distribution function of each species is assumed to be Maxwellian,

- the velocities and temperatures for the positive ions and neutrals

are equal,

- the velocity and temperature distributions over the MHD channel are

obtained from the experiment and used as input data for the numerical

calculations of chapter IV,

- the magnetic Reynolds number is small, which means that the magnetic

induction resulting from the currents in the plasma can be neglected

in comparison with the magnetic induction applied,

- the plasma is assumed to be electrically neutral so that the electron

density equals the ion density. This assumption determines the Debye

length as the minimum characteristic length in the plasma to be des-

cr i bed,

- only phenomena that are stationary or quasi-stationary are discussed,

- the collision frequencies for momentum transfer are equal to those

for the transfer of thermal energy [1],

- the contribution of inelastic collisions to the momentum transfer as

well as to the transfer of thermal energy is neglected in comparison

with that due to elastic collisions [1].



The behaviour of the electron gas is dictated by the equations of

conservation of mass, momentum and energy as well as by the Maxwell

equations [2].

In the right-hand side of the continuity equation (III.l) the

rate processes are given. Single ionization of cesium by electron-

atom collisions and three-body recombinations are, for the given plasma

parameters, the dominant ionizing and de-ionizing processes [3]. The

cesium recombination coefficient is taken from Takeshita [A]. The

cesium ionization coefficient is derived from Saha values [5] given

the recombination coefficient.

The total conduction current equation (I I 1.2) is expressed in

the electric and magnetic fields and in the gradient of the electron

pressure. In order to do this, three equations have to be used: the

electron momentum equation, the ion momentum equation, and the overall

momemtum equation. In the momentum equation for electrons the inertia

term is neglected. In the equation for the total current the ion slip

is ignored.

In the electron energy equation (Ml.3) the influx of energy is

balanced by Joule heating, elastic losses to heavy particles, expansion
2

effects, and radiation losses. Terms of the order of m v are neglect-

ed with respect to terms of the order of kT . Furthermore, puree 4
thermal conduction effects have not been taken into account (XVT = 0)

e
The electron-atom collision cross-section for argon and ces i urn has been

-20 2 -17 2
taken as 0.5 x 10 m and 0.5 x 10 m , respectively [6]. The

electron-ion collision cross-section has been taken from Spitzer [7]-

It is assumed that radiation losses are mainly caused by two cesium

resonance lines (89'. 3 8 and 8521 8) [8]. The absorption and line

broadening coefficient have been taken from [9].

As a result of the assumptions made, the following set of equa-

tions governs the behaviour of the MHD plasma



ry

= k f n e n a,cs- k r n
e

n i

]• + | tf x t) = a(t* + £•) ( I 11 .2 )

.2 3 v .
V.n v (i kT + E.) + p V.v = J 3n m k(T - T) [ - - Rad

e e 2 e i r e e a e e e . i -1 m.
J = l J

( I I I . 3 )

v j = O ( I I I .M

V x t = O ( I I I . 5 )

where

k f = 6.22 x 10"1 8 T^ / 2 exp(2.556 x •j^-) ( I I I . 6 )

k = 2.58 x 1 0 " 3 9 exp(1.337 x r | - ) ( I I 1.7)
r k i e

Rad = r

6 = - ^ - ( M l . 9 )m ve c

2
n e

o = — — (111.10)
m v

e c

E* = E + v x t (111.11)

Pe = " e k T e (111.12)

j = e (n . v - n f i^e) (111.13)
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f8kT 1/2

v.
J

n.Q.
J J

( I I I .

!=1 J
(111.15)

j = 1, 2, or 3 denotes argon atoms, cesium atoms, and cesium ions,

respect i vely;

B (T ) : black body radiation intensity at temperature T ;

Av.

K .

: line broadening coeff icient;and

: absorption coefficient in the centre of the line.
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IV. CALCULATIONS

IV. 1. Introduction

With the basic equations (111.1) up to (111.15) it is possible

to calculate the physical processes governing the losses mentioned in

chapter II. Dependent on the problem studied, a one-, two- or three-

dimensional analysis must be chosen. The strong non-iinearity of the

equations describing the behaviour of the electron gas in closed-cycle

MHD generators, together with the complicated boundary conditions to

be fulfilled by the electric and current fields, necessitates the use

of numerical methods for the solution of the equations. Several authors

have reported the results of such numerical calculations. In a one-

dimensional approximation, Bertolini et al. [l] have calculated the

ionization relaxation length in Faraday generators. The ionization

relaxation length is defined as the distance over which the electron

continuity and electron energy equations can allow a change in n by a
1 e

factor—. In a two-dimensional model with all the quantities in the

direction of the magnetic field constant, Nelson [2] calculated the

distribution of the electron density, the electron temperature and the

current density in a channel consisting of several periodic segment?.

In a three-dimensional investigation, Oliver [3] determined the

structure of the electrical conductivity in a slanted electrode wall

MHD generator. In our contribution the influence of the electrode

configuration on the performance of a linear, non-equilibrium Faraday

type MHD generator has been calculated. Because of the extent of

experimental MHD generators in the direction of the magnetic induction,

it is supposed that the plasma parameters are constant in this

direction. Besides, calculating a generator segment in a three-

dimensional approximation takes much more computer time than cal-

culating such a segment in a two-dimensional approximation. For these

two reasons, in this thesis two-dimensional calculations are carried

out for a number of electrode configurations.
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TV. 2. 'Two-dimensional model

!n the two-dimensional model it is supposed that,(a) the magnetic

induction is constant over the volume considered in the calculations,

(b) all the quantities are constant in the direction of the magnetic

induction, i.e. — = 0, and (c) E , j , v , and v are equal to zero.

Furthermore, in the regions where the calculations are performed the

velocity of the heavy particles is supposed to be in the +x direction

and only a function of y. Therefore, the velocity is

v = (v(y),0,0).

Th i s yie Ids

V.v = 0.

With this equation and equations (III.'»), (111.12) and (111.13) it is

possible to write the electron continuity and electron energy equations

(I I I.I) and (I I I.3) in the following way

v.Vn = k,n n - k n2n. z I - R (IV.1)
. e f e a,cs r e i

h i i2 x 3 v
v.Vn -̂ kT +E. = J— - 3n rn k(T -T) Z i

e^2 e ij o e e e ._.-p

- Rad + V 1 [ | k V E . J - ^ . V P e (IV.2)

Together w i t h the equat ions

j =. g n •, E + - J - — S \ + - 2 - T U - V B + J - - ^ (IV.I»)
JY , + „2 [ x ene ax j ] + g2( y ene 9y J

^ 1 - ^ = 0 ( IV .5 )

— Ü + —y. = 0 ( IV . 6)
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there is a system of six non-linear partial differential equations

including six parameters dependent on x and y: n , T , j , j , E , and

E . In these equations the quantities p , v , and v are known from

the following algebraic equations

j = en (v - v ) (IV.7)
Jx e ex

j = -en v (IV.8)
Jy e ey v

p = n kT (IV.9)
6 6 6

In the equations the velocity v(y) and temperature T(x,y) are postu-
2

lated. Because current densities are calculated up to O.S A/cm . V D /en
• • e e

can be neglected with respect to E*, and the heat flux vector

q = (*kT + E.)j/e is neglected in comparison with the elastic losses.

By substituting equati on(IV.5) in equations (IV.3) and (IV.k) the com-

ponents of the electric field can be eliminated. The resulting set of

equations is
3n

v ^ . = | - R (IV.10)

7. 3 T
P i2 3 Vi

*kvn T—- = J 3n m k(T - T) £ -L

2 e3x o e e e ._. m.

- Rad - (I - R)(E. + |kT ) (IV.11)

9j 3j

JT + T?-* ( I V - 1 2 >
9j 3j
•%*• ~ 3 ^ + P(x,y)jx - Q(x,y)Jy = 0 (IV.13)

where

IV. 3. Method of solution

An investigation of the character of the set of equations

55

A.



(IV.10-IV.13) by a method given by Courant [k] , which has also been

done by Lengye! [5] and Blom [6], shows that this set of equations is

of the elliptic-hyperbolic type. To find a solution, the set of

equations is usually divided into two parts:

(a) For a given current distribution a solution for n and T is
e e

obtained from integration of the continuity and energy

equations. These equations, which are reduced to first-order

ordinary differential equations, have been solved using a

modified Runge-Kutta method [7]. Boundary conditions for the

electron density and the electron temperature must be given at

the plane x=0

(b) When n and T are known, the current distribution is found frome e
equations (IV.12) and (IV.13) which form an elliptic set. The current

distribution is computed using the stream function 4/(0,0,(f) defined by

means of the equations j = -r—, and j = -—.

Substitution of these equations in equation (IV.13) yields

i-1 + 2-1 + P(x,y)2J + a(x,y)f-7 = 0 (IV.1l.)
Hx 3y

The boundary conditions for this equation are:

periodicity conditions,

j = ——• = 0 on the insulator sections, andJy Dx

E = S T — = 0 on the electrode sections.
x 3y 3x

With the boundary conditions given it is possible to solve this

equation iteratively [8] using the method of difference equations.

To accelerate the convergence of the solution, a method of

successive overrelaxation with determination of the optimum

relaxation parameter is used [9]- Having found the current distri-

tution, the new n and T profiles are determined by integrating

again the continuity and energy equations. The calculations
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are repeated until the accuracy of the calculated stream function is

better than 5% [9].

IV.4. Calculations

The calculations are performed in a periodic segment of a

Faraday generator for constant current per electrode and over 1 m

distance in the z-direction. In the calculations the length of this

—>
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1
i
1
1
1

„ l a Y ( m ) u a ••

1

i

0.1

O

1000-

0.0 n.i

tf)

£
>

0.0 a Y(m) a i
0 I

Fig. IV.1. Curves 1> 2 and 3 are the velocity profiles

used in the calculations for rod electrodes,

a is the electrode region.
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segment, the segmentation ratio, i.e. the ratio of the length of the

segment to the segment height, and the electrode-insulator length

ratio have been varied. To draw conclusions about geometrical aspects,

comparative calculations are performed between rod electrodes in the

flow of a Faraday generator and flat electrodes flush to the walls [10].

In the calculations the Hal 1-parameter B is lower than 2 and thus non-

convergent solutions, or results whose interpretation may involve

speculation, are avoided (see IV.5.5.). For the flat electrode configu-

ration the velocity profile v(y) and the temperature profile T(x,y) can

be defined using the experimental and theoretical results given by Merck

[11], whereas for rod electrodes these profiles can be measured with an

anemometer (see chapter VI) for the geometry determined by the experi-

ment, and estimated for other geometries. For the calculations presented

in this chapter, three velocity profiles given in figure IV.1 are used.

The Ar-Cs plasma conditions are taken from the experiment: T = 2000 K,

p = 3.2 bar, M = 1.2, and seed ratio 0.003.

IV.I. Results of the numeriaal caloulations

Results of comparative calculations between flat electrodes

flush to the walls and rod electrodes in the flow of a periodic seg-

ment of a Faraday generator are presented.

IV.5-1. Current distribution

In non-equilibrium MHD generators the plasma conditions are

chosen so that the electron temperature can be increased above the gas

temperature by Joule heating of the electrons. This requires the

electron thermal energy to be weakly coupled to the thermal energy of

the gas. It then follows directly that spatial variations in the Joule

heating will lead to spatial variations in the electron temperature.

In figure IV.2 the calculated current distribution for a segment of an

MHD generator with flush electrodes is given. The length and height of

the segment are both 0.1 m. The length of the flush electrode is 0.05 m

jnd there is a current of 100 A through the electrode. It can be con-

cluded that nearlv all the current is concentrated in the downstream
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0.0

X -»-V

Fig. IV. 2. Typical current flow pattern for the flush

electrode configwation. Streamline interval

2A/m. Segment height 0.1m. Segment length

0.1 m. Electrode length 0.05 m.

part of the cathode and the upstream part of the anode. This concen-

tration is caused by the fin'rte segmentation of the electrodes, and

strengthened by the Hall effect. Equation (I I 1.2) shows, when the

gradient in electron pressure can be neglected, that the Hall effect

determines the angle between ~j and it*:arctan p. In this way,

depending on the value of the Hall parameter B, a slope is created
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Fig. IV. 3. The electron temperature, the electron

density and the electrical conductivity

in relation to the position s along the

cathode plane. The length of the

periodical segment is I.

of the current lines relative to the y-axis. Physically at a point

near the insulating segment of the electrode wall, it is imposed that

j - 0. Therefore, the current streamlines which will reach an

insulator segment, given their direction in the coreflow, are bent to-

wards an electrode in the electrode wall region. With increasing B more

current streamlines are concentrated at the electrode edges. In conse-

quence of this concentration there is increased ohmic heating resulting

in an electron temperature elevation, an increased electron density, and

a higher electrical conductivity. In figure IV.3 the dependence of the

calculated quantities on the position along the electrode wall is

presented. Because of relaxation effects the location of maximum
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t« ANODE

2=CATHODE

Fig. IV. 4. Current flow pattern for the velocity profile

of figure IV.1, curve 2. Streamline interval

2 A/m. Segment height 0.1 m. Segment length

0.1 m.

electron temperature and maximum electron density do not coincide.

The current distributions for the rod electrode configurations

with the different velocity profiles mentioned are also calculated. The

current distribution for the velocity profile given in curve 2 of figure

IV.1 is presented in figure IV.k. The centre of the rod electrode is

0.0175 m out of the walls. Its radius is 0.0095 m. The typical ratio of

the local current density to average current density at the cathodes
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Fitj. IV. .5. Ratio of local current density to average

current density at the cathodes in

relation to the position s along that

electrode. Curve 1-refers to the rod electrode,

and curve 2 to the flush electrode, hi is the

electrode length.

in dependence on the position along that electrode is shown in figure

IV.5- For rod electrodes with different velocity profiles the curves for

the distribution along the electrode surface are analogous. The

location of maximum current changes from s/1 = 0.28 for B = 1 to

s/1 <0.28 for B >1. The current distribution along the wall of a rod

electrode is more homogeneous than along the wall of a flat electrode,

where nearly all the current is concentrated at the electrode edges. For

the rod electrode 70?, of the current is emitted by 50% of the electrode

surface. In comparison with flat electrodes this will lead to a re-

duction of emission problems and consequently to reduced voltage drops [12],
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IV.5.2. Short-circuiting of Hall fields

Following Kerrebrock [13] in non-equilibrium MUD generators,

owing to the current concentrations at electrode edges mentioned, it is

possible to create along the electrode walls thin layers having an

electrical conductivity higher than that of the bulk. Kerrebrock [13]

and Hoffman [T»] have propounded a theory that accounts for the

coupling between conductivity and the local dissipation. In this theory,

depending on the ratio between the electrical conductivity in the

boundary region and in the bulk, two modes of operation are predicted.

- Normal mode. The electrical conductivity in the boundary layer is

lower than that in the bulk. The power is produced in the bulk. The

boundary layers act as loads for this bulk.

-• Shorted mode. The electrical conductivity in the boundary layer

exceeds the value of that in the bulk. The power is produced in the

boundary layer region. In the bulk, electrical power is dissipated.

Because of the difference in volume where power is produced, in a

shorted mode MHD generator the enthalpy extraction per unit length is

reduced in comparison with that extraction in a normal mode generator.

To prevent a shorted mode MHD generator it is desirable to choose the

proper electrode configuration.

Cutting [15] has shown that the efficiency of a linear segmented

Faraday generator is reduced by current leakages between adjacent

electrodes. He investigated that an increase in electrical conductivity

along the electrode walls was responsible for the axial current leakage,

which is also influenced by the Hall parameter 3, the gas temperature T,

and the non-equilibrium state of the plasma.

For the different configurations given, the electrical conductivity

is plotted in figure IV.6 for x = 0.1 as a function of y. For the flush

electrode the conductivity has its highest value near the electrode.

For the rod electrodes, depending on the aerodynamical profiles, the

electrical conductivity between adjacent electrodes will or will not

exceed its value in the coreflow. From figure IV.6 it can be concluded

that for zero velocity between adjacent electrodes the shortnd mode and
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curve 2;

4. rod electrode configuration; velocity profile
curve 1.
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1 ANOOE 2 CATHODE

Fig. IV.7. Current flow pattern for the rod electrode

configuration of the experiment. Segment

height 70 mm. Segment length 7 mm. The stream-

line interval for opposite electrodec is 10 A/m

and the streamline interval for adjacent

electrodes is 5 A/m,

thus the axial leakages can be prevented. For the segmentation ratio

given, no axial leakages appear between neighbouring electrodes. How-

ever, calculations have shown that for both electrode geometries a re-

duced segmentation ratio results in a tendency to short-circuiting be-

tween neighbouring electrodes.
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A periodic segment of a Faraday generator with the rod electrode

configuration actually determined by our experiment, has also been

calculated. The electrode diameter was 0.004 m and the centre 0.004 m

out of the walls. There was a constant current of 30 A through

opposite electrodes. The Hall parameter 6 was approximately 1 in the

plane where the calculations were performed. This calculation shows

that for the electrode configuration mentioned axial current leakage

exists. The available plot routine did not allow the resulting stream-

line pattern to be shown. This pattern is represented schematically in

figure IV.7. It shows that the cathode as well as the anode have a

part which collects current and a part which emits current. The axial

leakage to an adjacent electrode is clearly demonstrated. In the

region between neighbouring electrodes, because of the ratio between

electrode diameter and length of the generator segment the current

density is increased in comparison with that in the bulk region. The

axial leakage is influenced by the increased electrical conductivity in

the interelectrode area originating from Joule heating the plasma by

the currents flowing in that region.

To investigate the influence of the seed ratio on the axial

leakage current, a comparative calculation, with a lower seed ratio of

3 * 10 has been performed for the geometry given in figjre IV.7.

In the calculation an axial current leakage appears extended over four

generator segments. The leakage is caused by the fact that, owing to

the seed ratio of 3 x 10 , in comparison with a seed ratio of 3 x 10 ,

the number of electron-cesium atom collisions is reduced. This results

in the region between adjacent electrodes in a higher electron tempera-

ture elevation which is accompagnied by a higher electron density and

a higher conductivity. In the bulk region, the reduced number of

electron-cesium atom collisions yields again a higher electron tempera-

ture, however, for the given plasma parameters the electron density in

the bulk remains approximately equal.
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IV.5.3. Relaxation lengths

The relaxation effects in non-equilibrium MHD generators can be

analyzed by defining two characteristic lengths L and L as the dis-

tances over which the electron continuity and electron energy equation

(IV.7) and (IV.8) can allow a change in n and T by a factor —.
e e ' e

Lackner [16] introduced L by assuming that the electron temperature
drops immediately to the value T , and the change in n is determined

e ,o e

by three-body recombination. Then L is defined under the assumption

of instantaneous Saha equilibrium at T , while the variation in T is

governed by the electron-energy equation. Using this procedure Lackner

derived

m _
k (T )nZ

r e,o e,o

When both L and L are much smaller than the electrode period 1, large

non-uniformities are possible in the distribution of plasma parameters

in an MHD generator. On the other hand, if one of them is much larger

than !, the existence of non-uniformities in the current pattern will

be unlikely in the flow direction. For the calculated plasma condi-

tions L is of the order of 6 x 10 m, and L of the order of
r e

9*10 m. They are nearly constant in the region where the calcula-

tions are performed. The ratios 1/L and 1/L show that, consequentlyr

non-uniformities in the flow direction are small.

IV.5.k. Potential distribution

Rubin [17] proposed a model in which the total impedance of an

electrode boundary layer is assumed to be composed of the impedances of

the gasdynamic boundary layer, the electrode surface, and the electrode

sheath which is the interface between the surface and the gasdynamic

boundary layer. The resistance of the gasdynamic layer is supposed to
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be purely ohmic. Surface and sheath impedance may be not purely ohmic

and are associated with electron emission phenomena at the electrodes.

Since the separate contributions of surface and sheath impedance are

difficult to assess theoretically, the present analysis considers the

two together, distinguishing them from the gasdynamic resistance for

which models exist. Differences between experimental voltage drops and

calculated gasdynamic drops then give a measure of the combined surface

sheath losses.

At the beginning of this chapter it has been explained how to

obtain the current stream function i|/(x, y) as a solution of equation

(IV. 1*0 . Then the potential distribution <(>(x, y) is found by a

numerical integration of Ohm's law

Then, the electrode voltage drops are determined by extrapolating the

core potential profile to the anode and the cathode. At the electrodes

the difference between the extrapolated value and the experimental value

is called anode voltage and cathode voltage drop, respectively. In

chapter VII observed voltage drops are compared with the calculated

ones obtained by using the method described in this section.

IV.5.5. Instabi1 i ties

In regions of the MHD generator where the Hall parameter exceeds

a certain critical value 0 . ionization instabilities occur.

Numerical problems appear at Mali parameters above the critical value

[2, 18]. Oliver [8] and Lengyei [5] pointed out that by writing the

continuity and energy equations algebraically, the differential equa-

tion for the current or potential distribution becomes hyperbolical

for 6 > P . . In the region 6 > 3 .f Lengyei [5] performed a
c r i L t r i t

stationary solution of a periodic generator segment, whereas Blom [6]
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made an attempt to calculate a pre-ionizer with flat electrodes in the

wall. In the latter calculations no physical instabilities have been ob-

served. To determine the plasma regime in which no instabilities occur

the critical Hall parameter has been calculated in a periodical segment

of an MHO generator following the method of Massee [19]. It is possible

to calculate the electrical conductivity as a function of 3/3

in the regime where 3 > 0 . . Except for the region of current con-

centration at the electrode edges of the flat electrodes, the calcula-

tions have been carried out for the condition 3 < 3 . in the periodic

part of the generator. If by comparing experimental and theoretical

results 6 turns out to be larger than f3 . a critical Hall parameter

of 2 is used in the calculations following Velikof [20]. In this case

owing to instabilities, the microscopic electrical conductivity is

reduced by a factor 2/3.

IV.6. Conclusions

The numerical calculations presented in this thesis are con-

centrated on processes occurring at the electrode boundaries of the

generator. Electrode effects as current concentrations at the edges,

short-circuiting between adjacent electrodes, and voltage drops are

calculated. It can be stated that the calculations show that the axial

leakages are influenced by plasma parameters as well as by the elec-

trode configuration. For an appropriate segmentation ratio, rod elec-

trodes yield a decrease in axial losses: homogeneous current distribu-

tion at the electrode surface and reduced influence of relaxation

effects in the interelectrode region. To draw conclusions about

voltage drops, accurate tempera''ure and velocity profiles must be

introduced in the calculations.

For the same plasma parameters, results of the calculations are

compared with experimental results in chapter VII.
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v. INTRODUCTION

V. 1. Experimental arrangement

To investigate MHD energy conversion experimentally, it is essential

to have the disposal of an appropriate plasma source. In addition to eco-

nomical arguments the following physical requirements have to be fulfilled:

the plasma must have a temperature of at least 1700 K and a pressure

of a few bar,

the enthalpy flow of the plasma is in the Megawatt level, and

the plasma parameters are quasi stationary.

There are a number of possibilities of producing the required plasma.

Plasma burners operating continuously are very expensive, particularly in

the Megawatt region. A compromise between the physical and economical con-

ditions yields a shocktunnel with which in a relative simple installation

adequate plasma conditions can be obtained at the Megawatt level with

quasi-stationary conditions.

V.2. Shocktunnel

A stainless steel shocktunnel with a diameter of 22.4 cm has been con-

structed. The driver section with a length of k m is separated from the

test section of 8 m by a double diaphragm (see figure V.I). In our inves-

tigation the gas behind the reflected Shockwave SR (see figure V.2) was

used to obtain the MHD channel test gas. In the tunnel the driven end of

the shocktube is closed by an end-plate in which a rectangular hole of
2

7 x y cm , behind which a converging-diverging nozzle is fitted. Measure-

ments have indicated that the reduction in the strength of the reflected

Shockwave SR is small because of the hole. In the region between the end-

plate and the reflected shock a reservoir of nearly stationary hot gas is

created (see figure V.2 shaded area). This gas is expanded to supersonic

velocities at the MHD channel entrance. To obtain the maximum possible test

time the shocktunnel operates normally in tailored interface mode [1],

with helium as driver gas and cesium-seeded argon as test gas. In this mode

the interaction of the reflected primary shock wave SR and the driver-driven

gas contact surface G is tailored so that no Shockwave is reflected in the

downstream direction (see figure V.2).
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Fig. V.2. Time distance diagram of the wave processes in a shock-

tunnel for tailored interface conditions.

S: incident shockj G: contact surface, F: head of the

expansion wave, FR: reflected head, E: overexpansion shock,

and SR: reflected incident shock.

The test time is l im i ted by one of the fo l lowing three processes:

the a r r i va l at the end-plate of the ref lected head FR of the expansion

wave in the driver (test time ti),

the arrival at the end-plate of the reflected shock H depending on the

overexpansion Shockwave E (test time t2), and

the arrival of the driver-driven gas contact surface (test time t3).

Under the actually experimental conditions the times ti, t2 and t3 are

7 ms, 15 ms and 19 ms, respectively.

For the shocktunnel the maximum permissible driver pressure is 50 bar.

For details concerning the technical set-up and the operation of the shock-
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tunnel see Blom [2]. In the experimental runs the driver pressure has been

12 bar, the pressure in the test section is 0.1 bar. The shock Mach num-

ber is 3.8, which results at the end of the test section in a stagnation

pressure of 7 bar and a stagnation temperature of 3300 K which are sta-

tionary during 5 ms ( compare chapter VII ) .

A view of the shocktunnel experiment is given in figure V.3-

Fitj. V.?. The Eindhoven shoaktunnel experiment.

V. ••'. i'm'urn t; c c ding

There are two methods described in the literature for seeding the

gas used in the shocktunnel. Louis [3] developed a technique in which the

alkali metal is suspended as an aerosol in a carrier gas. The ^erosol is

prepared by blowing a cooled inert gas over a pool of liquid alkali metal.

The resulting cooling of the alkali vapour leads to the formation of small

liquid particles or aerosols of the alkali metal, which are carried by

the inert gas into the shocktunnel. The incident shock vaporizes the

particles and creates a test region which will re.ach the desired thermo-

dynamic conditions by the interaction with the reflected shock.

76



An alternative method of seeding the gas in the shocktunnel has been

developed by Haught [k]. Alkali metal vapour is injected into the carrier

gas. In the description of Haught it is necessary to heat the shocktunnel

to a temperature above the corresponding temperature of saturated vapour

pressure existing in the test gas. For this purpose at the Battelle

Geneva Research Centre the driven section of their shocktube is heated to

1500 K [5].

In the following a description will be given of the alkali rare gas

mixing facility for the shocktunnel experiment of the Eindhoven University

of Technology. The following arguments led to the development of the method.

- The leakage rate of the driven section, generator section, and vacuum

vessel has to be less than 10 torr litre/s. This value is required

to limit the cesium-oxygen reactions.

- The diffusion coefficient D of cesium in argon has been determined by

Legowski [6]. Under our experimental conditions the value of D is equal

to 3-0x10 m /s. This value shows that in the case that the cesium seed

is present in the argon gas, there is still a sufficient amount of

cesium in the test gas within a time of some hundreds of seconds.

- The ratio n / n is preferably 10
a,cs a, a r

- The vapour pressure at the surface of a cesium pool determines the

number of cesium atoms convected per second for a given pool area and

a given gas velocity. The evaporation r3tes are taken from [7].

- These rates are adversely influenced by che formation of layers of

cesium-oxyde on the cesium pool.

Arguments given on the above the cesium-seeded argon gas is prepared

in a furnace ( see figure V.I), initially evacuated to 10 torr and

then filled with pure argon (10 ppm) at a pressure slightly higher than

the ambient pressure, and containing a pool of liquid cesium. During

the filling procedure pure argon gas flows from a cylinder over the

heated cesium pool and becomes enriched with cesium vapour. The mixture

flows to the shocktube through tubes and valves and enters it near the

diaphragm section. In this study optimum furnace parameters are

determined experimentally. The temperature of the furnace is **75 K. It

takes 150 s before the test section is filled to the desired 0.1 bar.
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2kDuring this time 1.5x10 argon atoms have passed the oven. In the 150 seconds

mentioned and at a temperature of
210

2
K the evaporation from 1 cm of liquid21cesium contains 1.5><10 atoms. The conclusion is that without losses and

2under the required experimental conditions a liquid cesium area of 1 cm can

evaporate enough cesium atoms to reach the seed ratio of 10 mentioned.
2

In the furnace there is a cesium pool with a surface of at least 10 cm .

In figure V.*» a view of the cesium seeding equipment is given. The results

of the measurement of the obtained seed ratio are presented in chapter VI!.

Fig. V.4. The aesium-seeded argon gas enters the shoaktunnel

near the ball valve. A view of the seeding equipment

is presented.

V. 1. MHD generator

The following arguments were considered in the design of the MHD

channel.

- The diameter should be large enough so that the expected electrode

losses are small compared with the induced voltages and aerodynamical

boundary layers have only reduced influences [8].

- The length of the channel should be at least four times its height [8]

to reduce end effects.
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- A diverging channel is required [8] to extract an appreciable fraction

of the enthalpy of the flow without choking it.

The electrodes are positioned away from the colder parts of the boundary

layers to limit the influence of these boundaries. In this way the

electrodes are surrounded by plasma of enough electrical conductivity

to prevent excessive electrode voltage drops.

- The walls of the channel have to be transparant because radiation

measurements have to be performed.

- The walls of the channel are electrically insulating to hold electrical

fields.

- The walls and the boundary layers are pierced by metal probes to

measure locally the electric potential.

Using arguments described above the generator diverges from 7 x 9 cm
2

to 10 x 9 cm and has a length of 40 cm. Neglecting the boundary layer

displacement thickness, the local Mach number is 2.0 at the entrance and

2.5 at the exit. The pre-ionizer is positioned in front of the generator

with a constant cross-section of 7 x 9 cm and a length of 10 cm. Pre-ionizer

and generator have rod type electrodes with a diameter of h mm and a pitch

Pre-ionizer

::::::: I
x
g

. . .~ electrode
MHD generator /

/ .probe
. • • • •

120mm

Fig. V.5. Cross section of the generator and pre-ionizer

section, with the position of electrodes and

potential probes,

of 7 mm. The position of electrodes and potential probes is given in figu-

re V.5. The 57 electrode pairs of the generator are constructed of stain-

less steel. The 12 electrode pairs of the pre-ionlzer can be heated up to

1500 K. These electrodes consist of a tungsten foil wrapped around an alu-
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Fig. V.6. The MHD generator installed behind the shooktunnel.

The position of the rod type electrodes and of the

potential probes are olearly shown.

mina tube which is heated by a tungsten spiral at the inside of ttie alu-

mina tube. The upstream 3 to 6 electrode pairs of the pre-ionizer are fed

from accumulator batteries, providing the pre-ionization current. The

remaining electrodes in the pre-ionizer act as generator electrodes. The

generator is constructed from perspex, whereas the pre-ionizer consists

of stainless steel with pyrex-glas windows. The stainless steel body is

coated with araldite. Figure V.6.shows the MHD generator described above.

V. [• The 'najriet

The magnetic induction is produced by a pulsed, air-core, saddle type

magnet, which is energized from a 0.5 MJ capacitor bank. To limit the

energy requirements the magnet was shaped to follow the external contour

of the MHD channel. The coil can deliver a maximum attainable magnetic

induction of 3T during approximately 10 ms. The oscillation frequency of

the circuit is 10 Hz. The magnetic induction has a homogeneity better than

5 % in a volume of 12 x 12 x *»0 cm , and is given (in figure V.7) in

dependence on distance along the generator.
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Fig. V.7. The magnetic induction in relation to distance along

the pre-ionizer and MHD generator.

V.6. Datahandling

AH information obtained from the diagnostics is stored in a Varian

620 f computer. Two 16 channel multiplexers with analog-digital convertors

offer the possibility of measuring 32 channels. The sampling time for a

single channel is 160 ys. Signals with a frequency higher than 6 kHz are

recorded on oscilloscopes.
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VI. DIAGNOSTICS

VI. 1. Introduction

As has been mentioned in chapter I much attention has been given to

develop various diagnostic methods, with which it is possible to measure

parameters of a shocktunnel created plasma and the interaction of the

plasma with the magnetic field in a direct and independent way. The methods

used in the experiment are described in this chapter and listed in table

VI.1. Figure VI.1 shows how the several diagnostics are lined up around

the MHD generator.

Fig.VI.1 The diagnostics are lined up around the generator duct.
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Table VI.1. The diagnostics used in the experiment

Nature of the measurement

Gasdynamic measurements

Potential measurements

Microwave measurements

Spectroscopie measurements

Load measurements

Photography

Measured parameter

pressures

gas velocity

gas temperature

potent ials

electron density

electron density

electron temperature

seed ratio

vol tage

current

time-resolved photographs

Diagnostic tool

piezo-electric probes

anemometer

anemometer

electrostatic potential probe

138 GHz interferometer

two particle recombination

two particle recombination

line reversal method

line reversal method

vol tage meter

ampere meter

image convertor

i



VI.2. Gasdynamio measurements

V1.2.1. Pressures

Piezo-electric pressure transducers (KISTLER 601A/603B) are used to

measure the stagnation pressure in the shocktunnel behind the reflected

shock, and static pressures in front of the pre-ionizer and behind the MHD

generator.

VI.2.2.Mach number

To dertermine the Mach number of the incident shock, two hot film

probes are installed in the test section at a distance of 0.2 m from each

other. These probes consist of a quartz cylinder of 2 cm in diameter covered

with a thin layer of platinum. At room temperature, the resistance of the

layer is 100 fi. When the shock passes the probes, owing to the high

temperature resistance coefficient of the platinum, the resistance of the

hot film rises about 0.2 Q. This sudden increase is measured and trans-

formed in a steep pulse. The two pulses of the two probes are used to start

and stop a 10 MHz time counter. From the observed .timedelay and the known

distance between the probes the shock velocity is obtained.

VI.2.3. Gas temperature and velocity of the gas

As is shown theoretically in chapter !V, the current distribution in

the electrode area is dependent on the profiles of velocity and temperature

of the heavy particles. Particularly, the velocity and temperature between

adjacent electrodes are shown to be important parameters. Several methods of

measuring this temperature and velocity have been investigated. Because of

the short measuring time of 5 ms the hot-wire anemometry with constant

temperature has been chosen [1,2].

Using the hot-wire anemometry a short length of wire, which is kept

heated by a controlled current, is inserted in the flow under examination.

The sensor of a hot-wire probe is usually a short wire of tungsten or

platinum attached to two supports. The wire is cooled depending on the
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flow conditions of the surrounding medium. It is 5 microns in diameter

and approximately 10 mm long. The wire temperature is kept constant,

and the current needed to realize this temperature is dependent on the

quantities of the flow.

By using a hot wire, variations in its heat balance are detected.

The heat balance is influenced by the following mechanisms:

q : Joule heating = I R;

qfc : heat released by forced convection = Nu k 2TT1 (T -T )

q : heat released by radiation cooling ~ e(T -T ) ;
r w

3T
q : heat released by conduction cooling to the supports ~ (X-?—) ;

where

I = current through the wire;

R = wi re resistance;

Nu = Nusselt number;

k = thermal conductivity of the fluid;

T = recovery temperature;

T = wire temperature;

T = temperature of the surroundings;

1 = length of the wi re;
w 3 '
£ = emissivity of the wire material; and

A = thermal conductivity of the wire material.

The hot-wire determines the recovery temperature T of the plasma
rec

which is defined as [3]

where

M = Mach number

Pr = Prandtl number; and

f = degrees of freedom of the gas used.

With the constant temperature hot-wire anemometer and using equation (VI.1)
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the velocity and gas temperature of the plasma flowing around the wire

can be determined.

The starting point is the measurement of the resistance R of the

wire in dependence on the temperature in its centre (see figure VI.2)

Fig. VI.2 The temperature in the centre of the hot-wire

in relation to the wire resistanoe.

Thit. measurement was carried out in vacuum. The resistance and temperature

of the wire in its centre were measured in relation to the current through

it. The temperature of the wire was measured by pyrometry.

Next the recovery temperature of the plasma has to be investigated.

In vacuum the heat balance of the hot-wire element isq + q + q = 0

whereas in plasma this balance is q + q + q + q, = 0. In vacuum the

power dissipated in the wire represents the power necessary to maintain

the selected wire resistance, balancing cooling due to end conduction and

the radiation. In plasma the power dissipated balances the mechanisms

mentioned and the forced convection. However, if the mean wire temperature

equals the recovery temperature, the power supplied to the wire must only

balance end conduction and radiation. The criterion that the convection

heat transfer equals zero, requires in plasma the condition T • T
W r6C •

To find the exact resistance where this conditions holds, the wire is

operated at several resistances near the recovery value, and the results

are interpolated to obtain a point of intersection (see figure VI.3).
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^anemometer'"'

Fig. VI.3. The Joule heating necessary to maintain the

resistance of the anemometer, x in vacuum,

- in plasma.

Now, from measurtng two points one in plasma and one in vacuum with

equal wire temperature, which, however is not equal to the recovery tem-

perature of the plasma, the gas temperature and the velocity of the gas

can be determined. Comparing the heat balance of the wire in both conditions,

where, because of equal wire temperatures the radiation and the conduction are

supposed to be equal, leads to the following equation

\\l - \2.)K = Nu k, 2-rrl (T - T )2 1 f w ree w (VI.2)

where

Nu = 0.2*t + 0.56 Re0'**5;

Re = Reynolds number;

I ~ = current through the wire 'in vacuum; and

I. = current through the wire in plasma.
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In this equation I and lo have been measured, whereas T , T and R
1 2 w rec

are known. As Nu, Re and kf are known functions of temperature and

velocity of the gas, from equations (VI.1) and (VI.2), the temperature T

and the velocity v can be calculated.

VI.3. Lleatrostatic probe measurements

The electrical potential in the plasma is determined from the obser-

ved floating potential using single electrostatic probes, which are situated

on one of the insulating walls of the channel. The electric circuit used

for the measurements is given in figure VI.k. Because we are not interested

AMPLIFIER 1 PHOTO COUPLED PAIR AMPLIFIER 2

Fig. VI.4. The eleotriaal cirauit to determine electrostatic

probe measurements. The electrical insulation with

respect to ground is obtained by using the photo

coupled pair. By means of an opto insulator the

plasma is separated from the measuring circuit and

from ground. The insulation resistance is 1 M£l.

in the potential distribution in the aerodynamical boundary layer, these

probes extend 15 mm into the coreflow. At every eighth electrode pair

there are 5 of these probes at equal distances from each other in a plane

perpendicular to the direction of the flow.

For our range of plasma conditions the difference between the

floating potential and the plasma potential can be taken from Huddlestone [k]

as



For a survey of electrostatic probe theory see ref. [k]. Zauderer [5]

states that in order to obtain correct floating potentials, the electron

density of the plasma must be large enough to supply tha current required

by the voltage measuring circuit. Otherwise, the local potential in the

plasma will be appreciably perturbed. To meet these requirements,
19 -3

electron densities have to be in excess of 10 m .

'//. ;. Microwave measurements

The electron density of a plasma can be measured, using a microwave

interferometer [6J. The interferometer (see figure VI.5) consists of a

primary transmission path through the plasma and an auxiliary transmission

path with adjustable amplitude and phase elements. These two paths are

balanced in absence of plasma. The output signal of the waveguide junction

of both paths is a measure of the attenuation and phase shift in the

primary path due to the plasma. In the regime of electron density where

the plasma is transparant the detected phase shift depends on electron

density only. Since the shift in phase can be calibrated, densities can

be measured between the upper limit of plasma transparancy and the lower

limit of detector sensivity. Theoretically the plasma is opaque and

reflecting if the electron density exceeds a critical value. The critical

value for n is given by

ncr = —T- M (VI.5)

where

L = permittivity of vacuum; and

ui = angular frequency of the microwaves.

To be able to detect iigh electron densities, the frequency of the micro-
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AUXILIARY PATH

Fig. VI.5. The microwave interferometer.

A: stabilized power supply; B: klystron; C: isolator;

D: attenuator; E: frequency meter; F: adjustable

directional coupler; G: vane attenuator; HI,2: horn

atenna 's; I: matching waveguide; J: phase shifter;

K: hybrid tee; L: adjustable crystal mount; and

M: matching load.

waves has to be taken as high as possible. For practical reasons 138 GHz

microwaves have been chosen. For this frequency the maximum and the minimum

measurable electron density is 2.^x10 m and 5.2x10 m .respectively.

In figure VI.5 a schematic view of the interferometer is given. Due to

the magnetic coils the auxiliary path has a considerable length. As small

sized waveguides tend to be highly attenuating [7]» in the auxiliary path

the technique of oversized waveguide is chosen [7]. At a given wavelength

an oversized waveguide is one which is large enough to propagate many

higher-order modes in addition to the dominant mode. Providing that the

dominant mode is maintained, it can be deduced that for a constant fre-

quency, the enlargement of the dimensions yield a reduction of the

attenuation. For this reason the auxiliary path is built with 8 mm instead

of 2 mm waveguide.
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VI.b. Speatrosaopza measurements

VI . 5.1 . Continuum recombination radiation measurement

Radiative recombination occurs when a free electron recombines with

an ion to form a neutral atom in a specific state j [8].

e" + A + -*- A* + hv (VI .6)
J

The energy of the initial free electron is carried off by a photon having

the wavelength according to the relation

he he , 2 /vll _>

J

where

•r— = the energy of the released photon;

j - = the binding energy of atomic state j ; and

j 2
v = the kinetic energy of the free electron.c

For a specific atomic state j the energy of the emitted photons varies

between hc/A. and infinity. In consequence of this, the emitted spectrum

is a continuum with a wavelength \<\. . In our case the continuum radiation

of cesium has been observed.The cesium energy level diagram is given in

figure VI.6. Agnew and Summers [8] indicate that 90 % of the energy in the

recombination radiation originates from free to 6P and free to 5D radiative

recombinations. In our calculations the recombination radiation from free

to 6P, 5D, 6D, and 7P is taken account of. The bandheads for these transi-

tions are 5010 8, 5825 8, 11135 8, and 10552 8, respectively. Therefore

measuring cesium free-bound recombination means measuring with wavelengths

smaller than 5010 A. For practical reasons the lower limit of the wavelength

is chosen as ̂ 000 8.

It is interesting to realize that the two particle recombinations,

although they do not contribute to the continuity and energy equation of
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Fig. VI.6. The oesiirn energy level diagram.

the electrons, can be i'̂ ed for measuring purposes. The plasma is optically

thin for this radiation. Therefore, information can be obtained from the

bulk of the plasma.

The equation which describes the radiative recombination is

Q.(A)dA = n n.v a.(v )F(v )dv
J G I S J 6 6 6

(VI.8)

where

Q.(A)dX

n.

the rate of photon emission in the wavelength interval dA

corresponding to the velocity range dv due to radiative

recombination into state j;

the cross-section for radiative recombination by electrons

of velocity v to the state j;

the density of electrons;

the density of ions; and
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F(v )dv = the fraction of electrons in the velocity range dv .
e e e

Values for the cross-section a.(v ) are given in the literature [ 8,9,10,

and 11]. These values are listed in table VI.2.

Table VI.2. Cross-section for radiative recombination of an elec-

tron of velocity v (cm/s) into the final state j.

Reference

[8]

[9]

[10]

[11]

3

2

3

2

a 6 p (cm2)

.7^x10" /v
e

.79x10-6 /v2

.11x10"6 /v2

e

.97x10" /v

o_«. (cm )
5D

e

7.3x10-6/v^

e

6.8x1o"6/v2

e

In our analysis the values given in ref.[9] are used. As the electron

distribution function is supposed to be Maxwellian, the photon energy

per unit solid angle associated with free to state j transition is

Es.dX = in ̂ Q.(A) dX
J A J

= ne ni aj Ve (

3/2 E.(X)
J

(VI.9)

(VI.10)

The total photon energy becomes

Es dX - (Es6p + Es 5 D dX (V i.11)

By determining the total photon energy in a wavelength interval dX- and

dX_ at two different wavelengthes X. and X2,Es(X. )dX^/ Es(X„)dX is only

dependent on the electron temperature. For given X., X_, dX. and dX« the

relation between Es(X.)dX./Es(X„)dX? and T can be calculated. When geo-

metrical parameters are calibrated and the obtained electron temperature

is used, the electron density n is determined from equation (VI.11).

As we have seen so far the electron temperature is determined in a

comparative way, whereas the electron density using the known electron



temperature, is determined by absolute measurement of the continuum

radiation. Therefore, the optical system is calibrated by the emission

of a tungsten ribbon band.

The experimental set-up for the determination of electron tempe-

rature and electron density for the Ar-Cs plasma using continuum radia-

tion intensity is schematically given in figure VI.7. The sensor element

fil ler

Qjr --tl

sensor element

plasma diaphragmas

light pipes magnetic field shields

t PM

f ilter

Fig. VI. 7. The schematic experimental set-up for the deter-

mination of electron temperature and electron den-

sity using two particles re -jombination radiation.

focuses the radiation recieved from the plasma into the common end of a

Y-shaped light tube. Each part of the tube transmits the radiation

through a filter into a blue-sensitive photomultiplier (EMI 6255 B).

The anode current of the photomultiplier is a measure for the amount

of light detected. Special care was taken to separate the cesium recom-

bination continuum from the line radiation of argon, cesium, and possible

impurities. Consequently two narrow band interference filters were chosen.

Filter 1: i(893 8; AA=46 8, peaktransmission 391; filter 2: *f102 8;

AX=52 8, peaktransmission k2%.

The detected plasma radiation originates from a cone-shaped volume

which is shown shaded in figure V L 7 . It can be proved that the detected

radiation intensity is proportional to the plasma dimension along the

optical axis.
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Calculations have shown that due to the uncertainty in the cross-

sections o a maximum inaccuracy of T of 5% and of n of 6% exists.
' e e

Figure VI.8 shows that for increasing T the point of intersection

between the observed Es(X.)dA„/Es(X,)dX. and the given curve can less

accurately be determined than for low T . For larger values of T ,
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Fig. VI. S. The relation between Es(\J/Es(\ ) and T .
Ó o e

n is preferable determined at a wavelength for which Es(X)dX has a

small dependence on the electron temperature. For our plasma conditions

this occurs for \=kkSi> A. Vitshas et al. [12] report for an electron

temperature of 5000 K an accuracy of 35% for T and 10% for n .
6 6
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VI.5«2. The line reversal method

In case that a spectral line of a plasma is optically thick, the

line reversal method can be applied to measure plasma temperatures

directly. Absorption or emission of a spectral line is measured using

the line reversal method. To effect this, an independent light source

is placed behind the plasma. At the same frequency the specific

radiation intensity of the plasma, and the total specific radiation

intensity when the independent source is situated behind the plasma

are determined alternately. In the case that the source behind the

plasma emits black body radiation of a temperature higher than the

plasma temperature, an absorption line will appear, where at a lower

temperature of the source an emission line appears. If light-source

and plasma have the same radiation intensity, it can be proved that

the black body temperature of the independent source is equal to the

population temperature of the plasma [13]- Stringent requirements

have to be fulfilled to be sure that the population temperature is

equal the electron temperature. RiedmülIer et al. [Ik] have shown

that in non-equilibrium MHD plasmas the electron temperature can be

deduced from the observed population temperature. Another problem

arises by the effects of the cold aerodynamical boundary layers on the

observed temperature. In Riedmüller's experiment this problem is

solved by injecting a hot argon flow along the windows. For a shock-

tunnel experiment this solution cannot be used. Jeanmaire [15] has

investigated how to overcome these problems in a shocktunnel by using

suitable non-resonance lines of the test gas. In his shocktube he

used non-resonance lines of potassium. In this chapter it is

demonstrated that it is possible to measure the electron temperature

of a cesium-seeded argon plasma by using non-resonance lines of cesium.

A third problem is that, owing to the way our plasma is produced,

the conditions at various runs may be slightly different. Therefore,

the proposal of Moutet [16] is adapted, using a chopper which makes it

possible to compare in one run and in relation to time the three in-

tensities needed to determine the population temperature of the plasma.
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The advantage of the line reversal method is that independent of para-

meters such as transition probabilities and line shapes, the population

temperature can be determined.

The theory of the line reversal method is given elsewhere

In this chapter the conditions will be determined under which the ob-

served population temperature T equals the electron temperature T .

The processes governing the population and depopulation of an atomic

level are considered. The production per unit volume of an excited

species in level j is

y n {n Ke. + n KA. + b. (T )A. } + Ï n {n Ke. + n KA. + A .}L. m e mj ar mj jm r jtn £. m e mj ar mj mj

(VI.12)

The depopulation of a level j is given by

i * v
(VI.13)

Induced emission has been neglected. It is assumed that the electrons

have a Maxwellian velocity distribution, n is the population density

of level m of cesium, K is the rate coefficient for (de-)exci tat ion

by collisions with an electron, K is the rate coefficient for (de-)

excitation by collision with an argon atom, A the transition

probability for spontaneous emission, whereas b(T )A is the contribu-

tion by radiation absorption. Compare equation (VI.15).

The population temperature T is definsd in relation to the

densities of the levels i and j (j > i) as

lL . X x p { - £ f } 5 b (T, (VI. 14)
I 3 I e J r

where g. is the statistical weight of level j. The electron temperature

and the temperature of the heavy particles are defined from equations

(VI.12) and (VI.13) using the principle of detailed balancing as
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Ke. g. -hv/kT
- ^ = -L e e = b(T) (VI.15)
KT gm
jm

Jf m !± e"
hv/kT = b(T) (VI.16)

K* gm
jm

The relation between T and T is given by [!*•] as

( V M 7 )

in which V.. indicates the optical thickness of the transition con-

sidered. If no radiation losses occur, V.. = 1, otherwise V.. < 1.

For MHD plasmas Riedmüller has shown that the contribution of argon-

alkali collisions to the population of an atomic level of the alkali

atom can be neglected in comparison with the contribution of electron-

alkali collisions. The contribution to the population of an atomic

level from levels of higher energy than that of the highest level in

the cesium transition considered can be neglected because of:

- the decreasing population of higher levels at a given temperature,

- the decreasing probability of spontaneous transition from higher

levels to the level under consideration [22], and

- the decreasing cross-section for de-excitation at increasing energy

difference between the levels [21].

Using these assumptions and equations (VI.12) to (VI.15) the relation

between population temperature and electron temperature is given by

j K®,
b..(T) = b,,(T) — LI M i ) (VI.18)
J1 p Jl e K? (1 - V. )A.

i + i -Æ+ i 1 inL_Jüi
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The electron temperature equals the population temperature i f

(1 - V. )A. Ke.
I JOL-E < i + I -121 (vi.19)

m<j n K.. m<j K..
e J I ji

T h i s can be r e a l i z e d by e i t h e r

V . = 1
jm

or

To investigate if it is possible to satisfy the condition V. =

the absorption coefficient at the centre of the line K has been cal-

culated in relation to the temperature by considering the broadening

mechanisms in the cesium seeded argon plasma, K is given by [17]

2 f.. g. E.
K = -J—-2—_LL n 4 exp(- T4-) (VI.20)o Ut\En m c Av a, cs U v kT '0 e p

in which f.. is the oscillator strength of the transition, E. is the

energy of level i, U is the equipart ition function of cesium, and Av

the half width of the spectral line. In equation (VI.18) all

quantities are known except the half width. In the calculations of

the half width, it is possible to neglect natural broadening, Doppler

broadening, and Stark broadening in comparison with resonance

broadeiing AvR and van der Waals broadening Av... Griem [18] gives

the following expression for Av D

K

Lindholm [19] has calculated for Av
w
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Av
C, 2/5

= 2.71 (TT)
8,T

m
ar es

0.3

ar
(VI.22)

where C, is the van der Waals constant which can be derived from

Mahan [2.0]. Because resonance broadening as well as van der Waals

broadening causes a dispersion (Lorentz) profile, it can be stated

that

Av = AvR + Avw (VI.23)

K has been calculated in relation to T and T-. The results of these
o e
calculations are given in the figures VI.9 and VI.10.
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Fig. VI.9. The calculated absorption coefficient KO as a function of
the gas temperature T for the cesium lines listed above.
In the calculations is used Tp - T.
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Tp(io3K)

Fig. VI.10. For the transitions listed in figure VI.8
the absorption coefficient KO as a function
of the population temperature Tp.
T = 2000 K.

It can be concluded that:

resonance lines of cesium are not suited for measuring the popula-

tion temperature of the MHD plasma. These lines are optically thick

in the coreflow as well as in the boundary layer. Therefore, only

information from the boundary layers can be obtained,

there are a number of non-resonance lines of cesium, which are

optically thick in the coreflow and optically thin in the boundary

layers,

dependent on the electron temperature region, the population

temperature in the coreflow can be determined usina the following

ces i urn 1 i nes
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T transition wavelength

(K) (8)

1800 - 2100 6D 3/2 - 6P 1/2 8761

2100 - 2500 7D 5/2 - 6P 3/2 6973

2200 - 2600 7D 3/2 - 6P 1/2 6723

2300 - 2700 6D 3/2 - 6P 3/2 9208

2500 - 3000 5F - 5D 5/2 8079

> 3000 8S 1/2 - 6P 1/2 7609

In the shocktunnel experiment it is impossible to determine the

reversal temperature T in the conventional way, because of the

limited measuring time of 5 ms. In general the adjusted temperature

of the reference source T will be unequal to the reversal tempera-

ture. Moutet [16] introduced the following relation between the

temperature of the reference source and the reversal temperature

= k' ̂In i V
where

j (T ) : the specific radiation intensity of the plasma at the

frequency v,

J (T ) : the specific radiation intensity of the reference source

at the frequency V, and

J* : the specific radiation intensity of the reference and the

plasma in interaction.

These three specific radiation intensities are measured alternately

during one run with the equipment shown in figure VI.11.

In the experiment, intensities instead of specific intensities

are measured. Since at the detector the illuminated areas and the

solid angles of the beams measured are equal, this is no objection.
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Fig. VI.11. Set-up of the measuring equipment.

With the intensities measured with the equipment of figure Vl.11,

one can calculate the absorption coefficient of the lines considered.

Given the theory of the line-broadening from this coefficient the seed

ratio can be determined in the following way. From the equation of

radiation transfer

d Jv
-— = e - K Jdz v v v

(VI.25)

where

e : emission coefficient for photons of energy hv, per unit length

interval, and

K : absorption coefficient for photons of energy hv,

and from Kirchhoff's law follows

-ln r vv 1
(VI.26)

Because the linewidth of the cesium lines is about 1 A, in equation

(VI.2*0 K can be replaced by K , when using a monochromator with a

resolution of 0.3 8. Combining equations (VI.18) to (VI.21) the

following expression for the seed ratio can be found



n
a,es

n 1

2.71

2 f

m c
e

fa2'* fBk-
lh j 1 »

. . i-1 exp(-

r ( 1

ar
E.

kf>"
P

m

3

I \3 / 1°

K [" ""! X . . f
O Q . 1 J 1

j

(VI.27)

In th is expression a l l quant i t ies are known e i ther by measurement or

by ca lcu la t ion .

With K known it is possible to investigate the numerical rela-
tion between T and T . If V.. < 1 the contribution of a given

p e ji
transition to

1 - V.

n Ke. jm

e JI

can be calculated. Ke is obtained from Zapesochnyi [21], and A. from

Griem [18]. In this way a maximum deviation between population

temperature and electron temperature of 8% has been calculated for the

given transition.
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V I I . E X P E R I M E N T A L R E S U L T S A N D

D I S C U S S I O N

VII.1. Casdynamia data

As has been discussed in chapter V the shocktunnel operates in

tailored interface mode, with cesium-seeded argon as test gas, where

stationary gasdynamic conditions are available during 5 rns • Given the

dimensions of the nozzle and the MHD generator, the gasdynamic condi-

tions of the plasma are only dependent on its stagnation temperature

and its stagnation pressure. These quantities are determined by the

incident shock-riacnnumber M in the following way:

Po

p1

T

T

(5M2

(2M2

- 1)

4(M2

+ 2)

(6M2

+ 3)

(6M2

2

- 2)

- 2)
(VM.2)

whe re

p = stagnation pressure,

T = stagnation temperature,
o

p = pressure in the test section before the shock

T = temperature in the test section before the shock, and

M = Mach number of the shock defined as the ratio between the
S fC 1 1 / 2

v e l o c i t y of the shock and the speed of -ound _E p>y
I. v '

In our experiment T is room temperature and p. is about 0.1 bar.

The determination of M by means of hot films has been discussed

in chapter VI.2.2. The position of the measuring stations is presented

in figure VI 1.1. The observed values of M range from M = 3-̂ t to
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VII.1. Position of the measuring stations of the
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Fig. VII.2. The pressure at the end of the test section
during the test time for a typical run.
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M = h.O. From equations (VI1.1) and (VI 1.2) it can be calculated
s

that the stagnation temperature is between 2600 and 3700 K and the

stagnation pressure between 6 and 9 bar. The stagnation pressure of

the plasma is observed at the end of the shocktunnel. In figure VII.2

this pressure is given in relation to time. During the runs the ob-

served value of p was maximally 8% lower than the value calculated

from equation (VI1.1) using the observed M . The discrepancy is due

to the shock deceleration in the region between the position of the

hot film probe and the end of the test section (see figure VI1.1).

Figure VI 1.2 shows that the stagnation pressure varies within 10%

during the 5 ms test time.

In order io influence Llie gdbdyridiiii c conditions in the MHL)

generator, runs have been performed with nozzle geometries of
2 2

^7.6 x 90 mm (A) and of *41 x 88.5 mm (B) . In the following, runs

with the nozzles mentioned are marked as series A and series B, res-

pectively. In series B the flow in the generator is supersonic, while

for series A no definite statement about Mach number of the flow can

be made.

The first channel that was installed for runs of series A has been

used to determine gasdynamic flow conditions. To avoid the possibility of

disturbing the channel flow, no electrostatic probes were employed in this

channe i.

Using constant-temperature hot wires, the temperature and the

velocity of the plasma were determined in the region between two ad-

j.icent electrodes (see chapter VI.2.3).The observed recovery tempera-

ture was 1570 K. The temperature of the heavy particles was found to

be 1561 K and the velocity of the plasma 100 m/s. In case the hot wire

WJ^. positioned in the coreflow it survived only a few runs. Therefore,

in the coreflow only the recovery temperature could be determined. This

temperature was observed as 3250 K.

The temperature of the heavy particles in the plasma, their

velocity and the recovery temperature can be calculated assuming an
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adiabatic expansion from stagnation conditions and taking the height

equal to the distance between opposite electrodes. This results in

T = 3320 K, T = 1700 K, and v = 1270 m/s. The stagnation tempera-

ture for these runs was 3600 K. At electrode pair 30, a recovery

temperature profile is observed which is presented in figure VI 1.3.

4.10 -

0

3.10-

cc
I-

11.1O3H

10
1
20 30

1
40 50

DISTANCE ALONG CHANNEL HEIGHT (mm)

Fig. VII. 3. The recovery temperature as a function
of the distance along the channel height;
a is the electrode region.

It has to be noticed that in the region between the rod electrodes and

the channel walls, the recovery temperature is about 10% higher in com-

parison with its value in the region between adjacent electrodes.

Further, the existence of aerodynamical boundary layers along the elec-

trodes are clearly demonstrated.
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From the results presented it can be concluded that the velocity

of the plasma is low in the region between adjacent electrodes in com-

parisom with the velocity in the coreflow. In chapter IV it is shown

that this situation is preferable in preventing axial short-circuiting.

Moreover, there is a good agreement between the observed and calculated

recovery temperature values in the bulk of the plasma. During the runs

the image convertor pictures and the piezo-e1 eetri c pressure transducers

did not show shock waves in the generator.

To investigate,with the potential probes present,the existence

of aerodynamical boundary layers, static pressure measurements were

carried out at the end of the MHn generator. Receuse the magnetic

induction causes interference with the pressure measurements, informa-

tion was obtained from runs without magnetic induction. The stagnation

pressure at the end of the shocktunnel and the static pressure at the

end of the channel were determined. From the ratio of these pressures

it can be concluded that for series B runs at the end of the channel

the Mach number changes regularly from 1.8 to 2.25 as a function of time.

Then, given the Mach numbers mentioned and the dimensions of the nozzle,
2 2

the effective flow section is calculated as varying from ^9 cm to 65 cm .
The geometrical dimensions at the location of the pressure measurement

2
i s 9 x 10 cm . From these results, the conclusion can be drawn that the

Ube of probes in the generator influences the aerodynamical behaviour of

the generator strongly. The probes are situated on one of the insulator

walls of the channel and protrude 15 mm into the coreflow. Obviously,

these 15 mm do not contribute to the effective flow section. Furthermore,

the anemometer measurements show that along the electrode walls there are

boundary layers. It is supposed that these layers exist at all four walls.

Further, the anemometer measurements show that in the region between

adjacent electrodes there is negligible plasma flow in comparison with

the bulk region.

2 2
The observed effective flow sections of *»9 cm to 65 cm lead to a

displacement thickness 6- of about 1 mm at t=1 ms.and of 0.1 mm at t=A ms.

In the following it is supposed that the aerodynamical boundary layer
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displacement thickness increases towards the downstream end of the gene-

rator and that its value is zero at the location of the nozzle.

Except when specified, (a) an observed quantity presented for a

specific run is the average value during the second ms of that run, and

(b) the load resistance of the electrode pairs is 1Q.

In Appendix C detailed information concerning the runs discussed

is g i ven .

VII.2. Open-oirouit generator experiments

If in an MHD generator loss mechanisms are present, some of them

can be observed from the measurement of the voltage distribution in

the generator at open-circuit conditions. The open voltage distribu-

tion between anode and cathode for electrode pair 8 in run 931 series B

has been observed and is given in figure VI I.'t. In it the values are

presented at 1 ms test time. During the run mentioned, the cathode

potential and the probe potentials are determined relatively to the

anode potential. Because of aerodynamical effects small deviations

from a straight line are shown in the cathode and anode regions. At

the cathode the plasma velocity seems to be accelerated and at the

anode slowed down. The plasma velocity can be determined from the

voltage distribution, the magnetic induction and by supposing no

losses to be present. The straight line in figure \l\\.k yields a

plasma velocity of 1080 m/s, whereas the velocity averaged over the

channel cross-section is 9&9 m/s. Assuming adiabatic expansion and

including the observed boundary layers, at electrode pair 8 a velocity

of 10^2 m/s is calculated. In a similar way the velocity is determined

for a number of generator electrode pairs. For series A runs it can be

concluded that at generator electrode pairs 8, 22 and hi the observed

velocities are equal. For series B runs again this equality is demon-

strated for electrode pairs 8 and 30. This is not in agreement with

the expected increase in the velocity for a diverging channel.
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Fig. VI 1.4. Voltage distribution at open-aireui-t condition
between anode and cathode for nenerator etec-
trode pair 8. Rim 931.

Figure VI1.5. shows the open voltage at generator electrode pair

8 in dependence on the applied magnetic induction. The results have

been obtained from several runs of series A. A st.aight line can be

drawn through the measuring points indicating for an open generator,

reduced influence of losses.

Figure VI 1.6. shows for series A run 668 the open voltage in re-

lation to distance along the channel. The values presented vary be-

Uk



100-

MAGNETIC INDUCTION (T)

Fig. VII. S. The open voltage as a function of the magnetic
induction for genevator electrode pair 8*

cause of the divergence of the channel and the variation of the mag-

netic induction at the end of the channel. The observed values are

compared with calculated values, obtained without taking into account

aerodynamical boundary effects. It can be concluded from the com-

parison of data that to the downstream end of the generator the in-

fluence of aerodynamical boundary layers is increased.

The potential distribution in the generator channel in open-

circuit conditions has been measured in series B run 867 and is pre-

sented in figure VI1.7. In the channel the equipotential planes are

approximately horizontal, as is expected in open-circuit conditions,

indicating that E = 0. This is of considerable importance because

severe currentshort-circuitinghas beer observed in other experiments

under equivalent conditions [10]. This shorting will be attended with
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Fig. VII.6. Measured open voltage as a function of the generator
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Fig. VII.7. Measured potential distribution at open-circuit
conditions for series B run 867. Pre-ionization
was applied at 3 electrodes in the 'pre-ionizer.

116



E é 0. Zauderer [il] states that if internal shortinq exists in
x

open-circuit conditions, the equipotential lines in the generator are

slanted about an angle of kS° with respect to the x-axis. The open-

circuit experiments were performed with pre-ionization at the channel

entrance. Pre-ionizer electrode pairs 3, h and 5 are used for this
purpose. Pre-ionization is necessary because a minimum n in excess

i -j _o e

of 10 cm is required (see chapter VI.3)-

VII.3. Loaded Faraday generator experiments

VII.3.1. Voltage drops

The voltage distribution between anode and cathode has been

measured for generator electrode pair 8 under different loading con-

ditions. See figure VI 1.8. The results for open voltage conditions

of run 856 of series B yield a straight line. In the generator the

potential is built up regularly. Between the electrodes a potential

difference is observed equal to the value obtained from the extra-

polation of the core potential distribution to the electrodes. Under

similar plasma conditions and with an external load of 500 fi (run 858

of series B) the probe potentials are approximately on a straight

line. The angle between this line and the normal to the Dnode wall

is smaller in comparison with the unloaded condition. However, the

observed potential difference between the electrodes is not equal to

the values obtained from the extrapolation of the core potential dis-

tribution to the electrodes. In the generator, at the anode as well

as at the cathode, there exist internal loads producing internal

voltage drops. In the region where these drops appear, part of the

power generated will be dissipated. In this section these voltage

drops are investigated.

In figure VI1.8 the potential distribution is also given for

run 921 of series B where an external load of 1 ft is inserted. Through

this resistance the current is 3-5 A. The anode drop is 23.5 V and the
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Voltage distribution between anode and cathode
for generator1 electrode pair 8. The voltages
.we measured relative to the cathode potential.
© • Unloaded, run 836.
• : Lead SCO 9., anode drop 30 V, cathode drop

10 Vy ru» ?iP.
m : Load 1 fi, anode drop 23,5 V, cathode drop

oithode drop is 29 V. These numbers are typical of the measurements

in the 1 Tesla series B regime. The cathode drop exceeds the anode

drop because at the cathode, in addition to aerodynamical effects,

emission phenomena will contribute to the voltage drops observed.

Owing to these drops, under the present conditions, more than 90% of

the power generated is dissipated in the electrode boundary layers.
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In the following rjns of series A, 732, 735, 7^1, 7V/, 7I48,

and 750 the anode as well as the cathode voltage drop has been de-

termined. Figure VI 1.9 shows these drops in relation to the current

through the load for generator pairs 8 and ih. From this figure it

70

60-

50-

40-

o
a

30-

20-

10-

* *

2 3 4 5 6
CURRENT THROUGH THfc LOAO(A)

I
8 10

Fig. VII.9. The voltage drop as a fun.-r,io?, of the current
through the load.
* : cathode generatov pair 8
X : anode generator pair S
® : cathode generator pair ' J
• : anode generator pair 14.

can be concluded that both voltage drops are independent of the current

through the load. In ref. [2] it has been reported that in case the

electrical conduction mechanism near the electrodes is conduction

through arcs, the voltage drops will be independent on the emitted

current. Under experimental conditions, in spite of the fact that

the deposition of cesium on the stainless steel electrodes is predicted

to make the work-function $ as low as 1.6 eV[3], it is impossible that
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sufficient thermal emission exists to carry the currents observed.

From the arguments given, it must be concluded that, for electrode

pairs 8 and 1 ** the current conduction occurs through arcs.

Another feature of figure VI1.9 is that the anode drop exceeds

the cathode drop. This is typical of series A measurements. As men-

tioned before measurements under open-circuit conditions have shown

that, in series A along the anode the velocity of the plasma is lower

than along the cathode. This results under open conditions in an ap-

parent anode drop of about 10 V. Along the cathode due to the increas

ed velocity of the plasma in comparison with the bulk under open con-

ditions a voltage gain of h V has been observed. Correcting for both

effects yields a higher voltage drop at the cathode than at the anode.

To investigate the influence of the magnetic induction on the

voltage drops, the drops at generator electrode pair 8, ]k, and 22 have

been determined in dependence of the magnetic induction in runs 791 up

to 800. The results are presented in figure VI1.10. It shows that

independent of the electrode number the total voltage drop is linearly

dependent on the magnetic induction applied. This is in agreement

with results reported in ref. [k].

In order to compare the voltage drops observed in run 713 with

calculated values and to investigate the contribution of aerodynamical

boundary layers along the rod electrodes, two-dimensional calculations

have been performed with the observed experimental conditions as input

data. As has been discussed in chapter IV aerodynamical profiles have

been taken from Merck and owing to instabilities, a reduction in the

electrical conductivity following Velikhov have been used. Figure

VII. 11 shows a comparison of the calculated potential distribution

between anode and cathode with the observed one. An anode voltage drop

of 23 V and a cathode drop of 18 V have been observed experimentally.

After the corrections, which are explained before in this section, are

applied the anode drop is 13 V and the cathode drop 22 V. In the cal-

culations an anode voltage drop of 1k.0 V and a cathode voltage drop

ot 1*4.0 V appear. These calculated numbers show that the observed
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Fig. VII.10. The total voltage drops in relation to
the magnetic induction.
D.' generator pair 8
%.: generator pair 14
•: generator pair 22.

voltage drops are roughly equal to the ones expected for cold emitting

electrodes, where cold aerodynamical boundary layers are mainly res-

ponsible for the drops.
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Fig. VII.11. Comparison between calculated and observed
potential distribution relative to the
anode at generator electrode pair 14 for
run 713. The dotted lines represent the
extrapolation of the core-potential values.
•*: measured value.

In the pre-ionizer section in front of the MHD channel experi-

ments have been conducted to investigate the effects of heating the

electrodes on the voltage drops. In the pre-ionizer the electrodes

have a surface of tungsten and can be heated up to 1500 K. The effect

of increased electrode temperature to 1000 K is shown in figure VI 1.12.

The cathode resistance and the anode resistance are decreasing with

electrode temperature, whereas the internal core resistance remains

constant. The decrease in resistance may originate from emission
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Fig. VII.12. The anode, the cathode and the internal
resistance in relation to the electrode
temperature for runs 815 and 316.
Pre-ionizer electrode pair 7.

effects as well as from effects related to heating aerodynamical

boundary layers. F-om ref. [5] it is concluded that under the given

experimental conditions first the emission of the cathode is increased

and secondly the heated boundary layer plays a role. This is in

agreement with the results of figure VI1.12, where the cathode re-

sistance, to be influenced by aerodynamical and emission effects,

changes 0.73 &» whereas the anode resistance, only influenced by aero-

dynamical effects, changes 0.22 ti.

VII.3.2. The Hal 1 parameter

Experimentally it is difficult to observe locally the microscopic

Hall parameter B. The experimentally determined Hall parameter B is

defined as [61 <E >/<E- > and can accordingly be measured.
X» ya>
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Averaging Ohm's law over the bulk part of the volume of a

generator segment yields (assuming constant values for 6 ,., and a _,) [8]

<jx> + B e f f <jy> = o e f f <Ex> (VII.4)

where B f f is defined as <E i >/<Ei <>, the ratio of the components of

the average electric field in the bulk, being perpendicular and parallel

to the average current direction. From both experimental and theoretic-

al results it is known that there exists a critical Hall parameter

8 . , such that for 8 < & . the plasma is uniform and 6 ff equals
c r 11 c r 11 61 T

the microscopic value e, whereas for g > 3 . , B ff is smaller than g.

Experimental results suggest [7] that for large values of 6, B ,,

approaches a constant value of about 2.

From equations (VI1.3) and (VI I.4) and from the definition of

6 i t fol lows that
app

" 9

eff 1 + g3

where g is defined as <j >/<j >.
x y

In deducting the values of the effective Hall parameter from the

apparent values, the direction of the discharge current has to be de-

fined. According to the information from image convertor pictures as

well as for numerical calculations (see chapter VI1.3-4), it is chosen

as g = l/h where 1 is the electrode pitch and h the distance between

opposite electrodes.

To calculate 6 , the quantities <E >, <E >, v, and B arepapp' H x y

measured. These measurements are performed at generator electrode

pairs 8 and 14. <E > is determined from potential probes fitted in



the coreflow. In runs of series A, <E > is observed at the. electrodes,

whereas in runs of series B it was possible to detect <E > in the core-
x

flow as well as at the anodes and at the cathodes. Observed values at

electrode pair 8 are listed in table VII.1.

Table VII. 1. Observed values for the Hall field in the
ooveflow and at the electrodes.

Run

920

921

922

B

(T)

0.78

1.08

1.21

x,anode
(V/m)

x,cathode
(V/m)

"x.bulk
(V/m)

336

550

366

Ikl

675

218

357

3*4 it

In run 920 and 922 the observed values at the anode and cathode

are higher than the values determined in the bulk. For calculating

6 for the runs of series B the value <E > is taken from the bulk,
app x

because this value is least influenced by voltage drops, axial

leakages, etc.

Another difficulty is caused by the voltage drops, by which the

coreflow is loaded considerably. The load factor K is about 0.8, which

means E = 0.8 vB. For the determination of 8 , E has to be subtrac-
y app y

ted from vB. As E and VB are of the same order of magnitude, these
y

quantities have to be known accurately. However, as has already been

shown the determination of the velocity is not very accurate. There-

fore, the determination of $ is rather unsatisfactory.
app

In figure VII.13 the apparent as v/ell as the effective Hall

parameter are given for generator electrode pair 8 and 1̂ ». This

measurement has been performed for runs 921, 922, 925, and 929. In

the figure is also shown the microscopic Hall parameter in dependence

of the magnetic induction. It is clearly demonstrated that the
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measuring points are all in the region where 8 > 8 . . The figure

yields for electrode pair 8 a 6 . of about 2.1 and for electrode pair

]h about 1.1. The decrease in the observed 6 . along the channel can
cri t a

be caused by the fact that pre-ionization has been applied and the

plasma is recombining in the entrance region of the MHD channel. In

ref. [8] it is mentioned that 3 ff will be higher in a recombining

piasma.
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The currents observed at electrode pairs 8, 14, 30, and 40 show

the recombining effects in the MHD channel. These currents, as well

as the pre-ionization currents, are presented in table VI 1.2.

Run

920

921

922

925

929

Table VII. 2.

'8
(A)

3.62

3.56

4.08

2.15

1.70

Currents observed at the

(A)

2.10

3.84

4.99

1.48

1.28

'30
(A)

1.00

1.59

3.72

0.53

0.20

'40
(A)

0.65

0.56

1.05

0.10

0.10

electrodes.

pre-ioni zat ion
(A)

75
101

117

80

10

A detailed comparison of the currents at electrode pairs 8 and

14 for runs 920, 925, and 929 shows recombination effects at the en-

trance region of the channel. In runs 921 and 922, where the total

pre-ioni^ation current is high in comparison with the other runs, the

currents at electrode pair 8 are influenced by the pre-ion i zat ion

currents. The highest 3 has been observed for these two runs.
app

VI I .3.3. Potential distribution

The potential distribution in the generator, under the conditions

where all electrodes are loaded with 1 £1, has been measured during run

771, series A, with the potential probes mentioned and is represented

in figure VII.14. If figure VII.14 and figure VII.6 are compared, a

first point of interest is the difference in slope of the equipotential

lines with respect to the x-axis. For open conditions E = 0 and the

equipotential lines are parallel to the x-direction. Under loaded

conditions E is finite and in the -x-di rect ion. A second point of

interest is that the slope of the equipotential lines along the

cathode plane changes direction at about electrode pair 36. From

figure VI 1.7 it can be concluded that downstream from electrode pair

36 the magnetic induction decreases. Calculations have been performed
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Pr p - ionizer MHD generator

Fin. VII.11. Measured equipotential distribution under the
condition all electrodes loaded with 1 fi for
run 771.

[3] with the magnetic induction configuration of the experiment. These

calculations have shown that near the end of the MHD generator, where

the magnetic induction starts decreasing, the axial electric field is

reversed along the cathode plane. At the anode plane no reversal is

found in the calculation, nor in the experiment. A third point of in-

terest is that the equipotential lines are reasonably straight, indi-

cating that no large-scale internal current loops exist in the core of

the flow [10].

Close to the electrode walls the actual potential distribution

is different from that showing in figure VI I.\k owing to electrode

voltage drops. However, in this section we are mainly interested in

the potential distribution in the coreflow because this yields

information about internal shorting.

VI 1. 3.k• MHD generator plasma properties

The potential distribution around pre-ionizer electrode pair 7

under the conditions that all electrodes are loaded with 1 fi has been

measured during run 811. For the position of the potential probes and

the electrodes see figure VII.15. It is possible to construct from

the potential distribution mentioned the current density profile in

the way described below. From Ohm's law it can be derived that the

angle between E* and j is equal to arctan 6 /-.. After E* and 6 rf
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3̂ 3̂ 3̂ 3̂ 3̂ 3̂ 3̂ 3̂ 3̂ 3̂ 3̂ 9̂

Cathodes

O Electrostatic probes

Fig. VII. IS. The position of the potential probes and the
electrodes in the pre-ionrzer section is
shown, v is the velocity of the plasma flow.

have been determined the direction of the current density can be con-

structed. Measurements similar to those presented in section VI 1.3.3,

have been performed in the pre-ionizer, and have shown that in the

bulk region the Hall parameter g .- does not exceed the value one [11],

For the construction of the current density B ,. is chosen equal to

one.

Equation (I 11.11) shows the relation between E and t* ss

t* = ï + v x !

In our case two electric potentials can be defined: t = - V<f> and

É» = - V<(>", and equation (111.11) can be rewritten in the following

form

4 > * = vB ] dy

o
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The quantities <\>, v, and B are measured and thus <f>* can be determined.

For run 811 the distribution of <$>* has been constructed and is given in

figure VII.16. From this figure it can be concluded that the equi-

]•

Cathodes

o o V " V oAnodes

'"/.-• expcvi'mentally observed distribution
of the potential <i>* (dotted lines) and
of the current density ~$ {arrows) around
pr>>"~ionizer electrode pair 7 for run 311.
. he liffcrc 'me in value between succeed-
?'>: 7 eauipotentials is 5 V.

potential lines are concentrated near the cathode. Because the elec-

trodes are not heated, the relatively large voltage drops appear near

the cathode. Next, given the potential distribution $* and the value

of the Hall parameter 3 rr =1 , the direction of the current density

can be constructed and is shown in figure VI 1.16. As the electrostatic

probes are all positioned in the coreflow, it is impossible to measure

the potential distribution close to the electrode walls. Therefore,

conclusions from that area fail to come. From the distribution in the

core it can be concluded that there is a current pattern in the bulk

with currents directing from the anode of electrode pair 6 to the

cathode of electrode pair 8. The return path of these currents to

cathode 6 have to be in the electrode regions.

To compare the observed current distribution with theory, two-

dimensional calculations have been performed in the geometry of the
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experiment and with a velocity profile given in figure IV.1, curve 2,

and the parameters of run 811. These parameters are: a current through

the load of 6 A, a seed ratio of 5 x 10 and a local Mach number of

0.9- The calculations show that the current flows from the anode of

electrode pair 6 partly to the cathode of electrode pair 7 and partly

to the cathode of electrode pair 8.

Using two particle recombination radiation, the profile of the

electron density and the electron temperature has been observed in a

plane perpendicular to the flow direction of the plasma between pre-

ionizer electrode pairs 6 and 7. A cross-section of the pre-ionizer

positioned in the hole of the magnet is given in figure VI 1.17- It is

shown that to consolidate the construction of the pre-ionizer and to

fix the glass windows on the pre-ionizer body, a stainless steel flange

is used. The optical accessibility of the pre-ionizer is limited by

this flange as well as by the configuration of the magnet. With the

two particle recombination radiation detection system, which is also

Fig. VII.17. The ttio particles recombination
radiation measurement.
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shown in figure VI 1.17, it is possible to ob s e r v e nearly the whole

pre-ionizer c r o s s - s e c t i o n . For this purpose the sensor element can be

adjusted very precisely in the desired direction by mean s of a b a l l -

joint and a creddle m o v a b l e in the y-z direc t i o n . Hoxvever, it is not

possible to observe the w h o l e cross-section with equal plasma d i m e n -

sions along the optical a x i s . In what follows it is shown that this

leads to difficulties in calibrating the electron density m e a s u r e m e n t s .

Before the me a s u r e m e n t s are discussed it will be shown that it is

possible to separate the cesium recombination continuum from the line

radiation of a r g o n , h e l i u m , and possible i m p u r i t i e s . Figure V I I . 1 8

shows the detected radiation intensity for a run wit h pure argon as

test g a s . This intensity can be neglected in comp a r i s o n w i t h the d e -

tected radiation intensity for a run w h e r e cesium is added to the test

g a s , which is also shown in figure V I I . 1 8 .

cc
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m 10
a.
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6'

4

2 -

* % • *

* * • • • •

* *

•» • » ^ l -

3 4
T I M E ( m s )

ffVVtW** i

VII.IS. The observed radiation intensity from the cesium

recombination continuum in the wavelength inter-

val of filter 1 (see chapter VI.S.I) in relation

to time for a typical run. ^ 'pure argon as test

gas. * cesium-seeded argon used as test gas.
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Further, by comparing figure VII.18 and figure VII.I9 it can be

concluded that during the same time the presence of cesium in the run

has been detected by the line reversal as well as by the cont i n u u m

radiation. Figure V I I . 1 9 shows the result o f a me a s u r e m e n t by the

line reversal m e t h o d . S represents the signal o f the plasma intensity

and the intensity of the reference source in interaction w i t h the

plasma a l t e r n a t e l y , w h e r e a s B is the signal of the refe r e n c e p u l s e .

The observed transition is 6 D^ - 6 P , i.e. 8761 8 .

Fig. VII.19. A typical result of the measurements by the
line reversal method. S represents the
signal of the plasma intensity and the in-
tensity of the reference source in inter-
action with the plasma. B represents the
signal of the reference pulse.
Horizontal 1 ms/div.

Special care is given to adjust the sensor element (figure

VI 1.17) in the desired direction and at specific height in the plane

between electrode pairs 6 and 7. In this procedure use is made of a

laser beam, which is focused at the end of the lightpipe. Through

the optical system an image is created in the pre-ionizer in the

plane between electrode pairs 6 and 7- This image is created near
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the location of the object distance in the case where recombination

radiation is observed.

Experiments have been carried out for two different types of

runs: (i) runs in series A without pre-ion i zat i on,

(ii) runs in series B with pre-ionization.

Further, the runs are distinguished by the fact that in the runs of

series A a large number of electrostatic probes were inserted along

one insulator plane, whereas in series B the number of probes was

strongly \ imited.

As has been derived in chapter VI, the determination of the

electron temperature occurs in comparative way and is independent of

the plasma dimensions along the optical axis, whereas in the calcula-

tion of the electron density the plasma dimensions along the optical

axis must be known. The lengths of the optical axis used in the

calculations are given in figure VII.20. In table VII.3 results are

/•Y;/. V'l.V.O. The optical lengths which have been used in the
calculations. Lj is 47.7 mm, 1*2 is 75 mm, and
f.fi is 90 mm. L2 has been employed in runs of
series A and Lt, in runs of series B, whereas
for both types"of runs Lj has been used. The
shaded area represents the probe region for
runs of scries A.



Table VII.3. Observed parameters.

series Al

series Bl

run

802

803
804

805
810

811

895
896

897
898

899
900

902

903
904

location

anode

anode

bulk

bulk

cathode

cathode

bulk

bulk

anode

anode

anode

cathode

cathode

cathode

cathode

ne x 10
20

(m"3)

2,80

2.80

2.33

2.33

2.70

2.66

1.99

1.19

1.65

1.48

1.16

1.48

1.40

1.37

0.91

Te

(K)

2860

2880

2870

2880

2883

2851

3000

2627

2340

2290

2511

2821

2684

2583

3000

B

(T)

1.01

0.98

1.00

1.02

1.01

1.01

1.08

-

1.07

1.07
-

1.07

1.05

1.09
-

M

3.53

3.66

3.68

3.67

3.67

3.53

3.51

3.60

3.60

3.57

3.52

3.57

3.51

3.39

<l>*.7
(A)

8.1

8.6

7.4

7.4

7.8

6.7

0.9
-

1.4

1.3
-

1.4

1.1

0.9
-

pre-ionization
current

(A)

-

-

-

-

-

76.0

71.4

78.0

75.3

68.1

78.0

74.0

74.0

64.4



presented for six runs: 802, 803, 804, 805, 810, and 811. During two

runs measurements have been performed at the anode, during two at the

cathode and during two in the centre. The current flowing through the

electrodes is almost constant for the runs mentioned and the observed

seed ratio is (h ± 2) x 10 . By taking into account the optica!

lengths mentioned, the electron densities observed at the electrodes

and in the centre vary about 20? and the electron temperatures are

equa1 within 2%.

For run 811 comparative calculations have been performed. The

calculated electron temperature and electron density in relation to the

10

10
.19

•3200

3000

2800

2600

2400

.2200

2000

'10 20 30 40 50 60' '70
DISTANCE ALONG GENERATOR HEIGHT Imm)

.;. VII. "1. The upper line represents the calculated electron
density in relation to the generator height and
the lower line represents the calculated electron
temperature in relation to the generator height.
The experimental data are given in the figure:
* = ne>
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distance along the channel height is given in figure VI1.21. It can

be concluded that the variation of n along the height of the channel

is within 30% and for T less than 10?, Furthermore, the observed

and calculated values for T agree within 5% arid for n within 25%.

For runs of series A, as will be shown below, the observed n is
e

in agreement with Saha values. As the determination of the seed ratio

is not very accurate, for several seed ratios the theoretical depend-

ence of n on the current density is shown in figure VI 1.22, in Saha

equilibrium for the current densities observed and for the gasdynamic

Fig. VII.22. The electron density in Såha equilibrium is given as
a function of current density for the experimental
conditions.
curve 1 : series A runs, seed ratio 10~5,
curve 2 : series A runsy seed ratio 5 x 10~*> >
curve 3 : series 3 runs, seed ratio 5 x 10~tJ.
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conditions of the experiment. The observed current densities range

from 1.2 x 10 A/m 2 to 1.5 x 10 A/m2. For a seed ratio of 10~ 5 (see

figure VI 1.22 curve 1) the calculations show that, as the cesium is

fully ionized and the argon will not ionize yet, variations in elec-

tron density within 5% are possible. For a seed ratio of 5 x 10

figure VII.22 curve 2 indicates that in the regime of experimental con-

ditions, variations in n of 15% have to be detected. Because the

observed T is too low to fully ionize the cesium, the seed ratio
e -5

must be higher than 10 which is in agreement with experiments where

it is found to be 3 x 10 . The line reversal detects only atomic

states of cesium; therefore the realistic number of cesium atoms has

to be taken equal to the detected number to which the observed elec-

tron density is added. For this reason, in comparative calculations

the seed ratio is taken to be 5 x 10 . It has to be noted that, as

no pre-ionization is applied to series A measurements, the detected

electron density is close to Saha values, indicating non-equlibrium

ionization is of less importance.

From figure VI 1.21 it can be seen that at the electrodes and in

the bulk there is good agreement between observed and calculated

values of electron density and electron temperature. There is a small

discrepancy between the observed and calculated values for n at the

anode. At the moment it is not clear whether this discrepancy is

caused by the inaccurate value of optical length L. .

Next, the investigations in series B runs are presented. The

measurements have been performed during runs 895 to 90*K As can be

seen from table VI 1.3, there are two observations in the centre of

the channel, three at the anode plane, and four at the cathode plane.

The results obtained are presented in table VI1.3. For the gas-

dynamic parameters observed and the currents detected, in Saha equi-

librium the electron density in dependence of the current density is

shown in figure VII.22 curve 3. The current densities observed range
ij 2 ^ 2

from 0.18 x 10 A/m to 0.22 x 10 A/m . An important feature of
these runs is that the detected electron density exceeds the Saha
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values by the factor 2.b. This electron density elevation is attri-

buted to the pre-ionization.

Comparing runs 895, 897, and 900, it is concluded that in runs

with B unequal to zero, the electron density in the centre of the

channel exceeds the value at the electrodes. Moreover, this fact is

interesting because in runs 897 and 900 the pre-ionizer current as

well as the load current are higher than in run 895. These results

are in agreement with the fact that the internal resistance of a

generator segment decreases when pre-ionization is applied, while the

resistance of the boundary layers remains constant. Besides this, the

measurements mentioned before show an electron density elevation from

Saha values in the case of pre-ionization.

VII.4. Equivalent resistance network

In chapter II it is explained how to calculate loss parameters

of an MHD generator by means of an equivalent resistance network.

The following data are required to perform this calculation: V., V ,

I. , væ, B, V, , h, 1, and b. For a number of runs these data are

observed and used as input data for these calculations. The observed

loss parameters are listed in table VI I.k. Runs 713, 815, 816, 817,

818, and 829 are runs of series A, whereas the other runs are of

series B. In runs 815, 816, 817, and 818 the data have been obtained

in the pre-ionizer section where in runs 816, 817, and 818 the elec-

trodes are heated to approximately 1100 K. During the runs 920, 921,

922, and 925 the magnetic induction has been increased from 0.8 T to

1.h T, regularly. To compare our results with those obtained in

other equipments, data from the Frascati and the Jiilich experiments

are presented [12, 13]. The analysis in chapter M shows that the

losses are low if p. = 1, p is equal to p. , and the value of p
I S Y IS X

is as high as possible.

In table Vil.*» it is shown that in our experiment the value of

p. is constant within 10% and that it is close to 1. Further it can
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run

713

815
816

817

818

829

920

921

922

925

Frascati

Jüüch

Table

0

1

0

0

0

0

0

0

0

0

0

0

VII. 4.

px

.26

• 73

.33

• 32

• 32

.07

.25

.08

04

06

20

01

P

0

0

0

0

0

0

0

0

0

0

0

0

Observed

i s

97

.73
• 90

.89

.90

.96

.99

.90

.86

96

93
40 1

loss

py

3.94

2.69

2.34

?.32

2.42

4.15

5.55

4.04

3.09

4.50

1 .40

/ . UU

parameters.

P
e

(MW/m3)

0.39

1.80

3.14

2.90

2.70

0.26

0.16

0.30

0.40

0.10

14.00

0.06

0.09

0.18

0.17

0.17

0.02

0.05

0.04

0.03

0.02

0.33

be concluded that p is by far not equal to p. . In the pre-ionizer

section, owing to the higher gas temperature, the differences between

the observed p and p. are reduced in comparison with the differences

in the generator section. By heating the electrodes, these differences

decrease still further. Concerning the values of p it is shown that,

depending on the run number, there are differences of about one order

of magnitude. The optimum attainable values of p , defined as p* in
x x

chapter II, have been calculated as about 0.45 for the runs presented.

This value is only approximated in a few runs. The average electrical

efficiency and average power density are J>% and 0.4 MW/m in the

generator and 18% and 3 MW'/m in the pre-ionizer section respectively.

The comparison with the Frascati generator shows that the value

of p approximates the value of p. . This means that in the Frascati

generator voltage drops have a reduced influence, which is confirmed

by the power density and efficiency observed. The data of the Julich

generator show that there are a great number of losses in that generator.
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Table VII. 5. Eindhoven shoaktunnel performance and analysis.

Run 818 P re - i on i ze r e lec t rode pa i r 7

a = 78.5 mho/m v = 827 m/s B = 0.99 T

vL = - 9 .8 v

h = 5.6 x 10~2 m I = 7 x 10~3

- 9 .8 A V, 19.7 V
drop

b = 9 x 1 0 " 2 m

j

pj

OP
e

3PJ

aPj

PJ

AP .
e,J

An .
e,j

X

0.32

0.14

0.02

0.48

0.02

0.00

is

0.90

0.42 x 107

0.52

0.10 x 101

0.40 x 106

0.05

y

0.24 x 101

- 0.17 x 107

- 0.07

0.12 x 101

0.20 x 107

0.08

n = 0 . 1 7 P = 0.27 x 107 w/m"3

dV

dPe
dV

3.8 x 103 (m~3)

3.6 x 1010 (W/m6)
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'l'al-lv V'. . C. Fi'n.ihoVc>: ,ihojktunnci pcrj'oi'tnanoe and analysis.

Run 713 Gene ra to r e l e c t r o d e p a i r \k

o = 38.2 mho/m v = 899 m/s B = 0.95 T

VL = - 3 . 5 V I L - - 3 . 5 A V d r o p - 3 U V

h = 7 x 1 0 " 2 m 1 = 7 x 1 0 " 3 m b = 9 x 10~ 2 m

eff
= 2 .0

j

p •

3P
e

DP.

an
e

Dp.

p-V

AP .
e,J

0

0

0

0

0

0

.26

.16

.90

• 39

.21

. 11

X

X

X

X

X

IQ'1

IQ"2

IQ'2

IQ'2

0

0

0

0

0

0

.97

.60

.24

.98

.60

.Ik

is

X

X

X

.-6
IU

,.*

10"2

0.

- 0.

- 0.

0.

0.

0.

39

18

06

12

16

y

X

X

X

X

X

X

101

10"1

101

io6

IQ"1

' ' e = 0 .06 P = 0 .38 x 10 é W/m'3

e

dV

dP
e

dV

1

7

.2

.0

X

X

103

109

(m"3)

(W/m6)

\k2

1



Table VII.7. Fvasaati blow-down facility,
performance and analysis.

= 5.1 mho/m

V
L = - 95.5 V

h = 5 x 10" 2

v = 1470 m/s B = 3.57

l L = " 1.91 A V j

drop
I = 9 x ]Q~3

 m b = ,

e f f = 1.2

.0 V

p j

e

»i

p]
i

AP .

An .e, i

0.20

0.12

4

0.69

*~

0.59 x 10"1

—

0.12

= 0.3294 P = 0.1*. v
e

0.93

0.17 x 10

0.66

0.10 x 10

0.12 x 107

0.50 x 10 -1

0.14 x 101

- 0 .12 x 10C

- 0.17

0.10 x 10 1

0.48 x 10'

0.68 x 10 -1

dV

dPe
d\y

1.45 x \Qk (m-3)

3.05 x 10 1 1 (W/m6)
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To make conclusions about dominant loss mechanisms for the

typical runs 818 and 713, the observed loss parameters p , p. , and
X I J

p and their estimated optimum attainable values p*, pv , and p» are

presented in tables VI 1.5 and VI 1.6, as well as the derivatives for

the power density and the electrical efficiency with respect to the

loss parameters. The.tables show that for both runs the maximum gain

in power density and in efficiency can be obtained by reducing voltage

drops. Although there is a difference between p and p* for both
X X

runs, limiting axial losses will not contribute notably to the im-

provement of the operation of the generator as far as efficiency and

power density are concerned. For the operation of the MHD generator

using cold electrodes, e.g. run 713, voltage drops are by far dominant.

For the operation of the MHD generator using heated electrodes, e.g.

run 818, both voltage drops as well as insulator wall boundary layer

losses reduce the operation of the generator. Limiting the insulator

losses yields an increase in power density of 15%. From the data of

the Frascati generator presented in table VI 1.7 it can be concluded

that in addition to voltage drops, insulator wall leakages influence

the operation of that machine.

The effects of scaling the generator are also presented in the

tables. Scaling up the volume of the generator by the factor 2 yields

an increase in power density as well as in efficiency of approximately

the factor 2. The numbers show that this increase mainly results from

the effects included in the first terms of equation (11.43), showing a

reduced Influence of loss mechanisms at higher generator volumes.

VII.5. Overall MHD generator performance

The observed Hall voltages and Faraday currents are presented in

figure VI 1.23 in relation to electrode number for typical runs of

series A and series B respectively. It is shown that in run 732 at the

entrance of the generator the current decreases sharply. After elec- '

trode pair 30 no current has been detected. However, in run 916

currents have been detected as far as electrode pair 55. Probably the



100-

-20-

Pre-Ionizer MHD generator

Fig. VII. 23. The observed Ha?-l voltages and Faraday currents
are given in relation to electrode number for
runs 732 and 916.
•: Faraday current, run 732,
Q: Hall voltage, run 732,
x: Faraday current, run 916,
®; Hall voltage, run. 916.

different current profiles are to be explained by pointing out the

gasdynamic conditions for both types of runs. The generator operates

for runs of series B supersonically whereas for runs of series A no

definite statement can be made since the generator operates at a Mach

number of about 1.

Concerning the Hall voltage it has already been mentioned that

at the end of the generator the Hall voltage reverses its sign. At

the entrance of the generator the Hall field is 1*0 V/m for runs of

series A and 200 V/m for runs of series B.



Supposing j = 0, the following formula can be derived from Ohm's

law:

n = -f-
e eE

x

Using the observed values for n and j , E can be calculated, whicha e y x '
results in E = 259 V/m for run 732 and E = *t29 V/m for run 916. The

X X

conclusion is that the observed values of the Hall voltage are lower

than the calculated ones, indicating that there are currents in the

x-direction. In figure VII.2k the Hall voltage between entrance and

exit of the MHD generator is presented against time. There are runs

0 upper beam

0 lower bean

Fig. VII. 24. The lower trace shows the Hall voltage between
entrance and exit of the MED generator against
time. The upper trace shows the Hall voltage
between generator electrode pairs 1 and 30.
Vertical 20 V/div; Horizontal: 0.5 ms/div;
run 9Z4.

in series B for which there is a sudden jump in the observed Hall

potential. An example of such a run is given in figure VI I.25. As

it is possible that this jump is created by aerodynamical as well as

by electrical effects, no statement about its origin is made.



0 upper beam

0 lower beam

Fig. VII. 25. The observed Hall potential against time for
run 931. In the Hall voltage between entrance
and exit of the generatov there is a sudden
jump (lower beam).
Vertical 20 V/div; Horizontal:0.5 ms/div.

To obtain an independent way of detecting the electron density,

a 138 GHz microwave interferometer has been installed near generator

electrode pair 35. Because the magnetic induction causes interference

with the measurement mentioned, it was only possible to determine the

electron density for runs with reduced magnetic induction. For all

these runs the plasma was not transparant, indicating that the electron
20 -3density is above 10 m .

Finally, some remarks concerning power extraction from the MHD

generator are made . For runs of series B the mass flow was l.k kg/s

and the enthalpy input 3.82 MW/s. The maximum energy obtained in the

loads was 5 kW, indicating an enthalpy extraction Of 0.1%. This has

been observed in run 88^. As we have seen, 90% of the power produced

is dissipated in electrode boundary layers. Further, it must be re-

membered that the maximum magnetic induction obtained during runs of

series B was only 1.66T,and that the power output is proportional to



T

B . From these numbers it can be expected that for future runs in

which the generator electrodes are heated and where magnetic inductions

up to k T are applied, higher power outputs will be realized.
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VIII. CONCLUSIONS

In the investigations described in this thesis, the understand-

ing of the physical processes which occur near the boundaries of an

MHD generator and whi'ch influence adversely the operation of that

generator, have been emphasized. For this purpose an equivalent

resistance model of an MHD generator has been developed and numerical

two-dimensional calculations have been performed. To verify the

theoretical results and to study the operation of an MHD generator as

a power source, the shocktunnel experiment of the Eindhoven University

of Technology has successfully put into operation. The greater part

of the experimental results obtained so far can be explained with the

theoretical models developed. The following detailed conclusions

concerning loss mechanisms in an MHD generator can be drawn:

1. Two-dimensionai numerical calculations of a periodical segment

of an MHD generator show the importance of electrode configuration

and the influence of plasma properties on electrode effects such

as current concentrations at the edges, short-circuiting between

adjacent electrodes, and voltage drops. The cilculations of the

rod electrodes show that independently of electrode geometry there

ic a homogeneous current distribution along the electrode surface.

Concerning the axial leakages it can be stated that for a seg-

mentation ratio where the velocity in the region between adjacent

electrodes is reduced in comparison with the velocity of the bulk,

and where the current the current density between adjacent elec-

trodes will not exceed that in the coreflow, rod electrodes yield

a decrease in axial losses. The calculations also show that in-

creasing the seed ratio will decrease the influence of axial

losses. Further, the segmentation ratio turns out to be an im-

portant parameter. To draw conclusions about voltage drops,

accurate temperature profiles must be introduced into the cal-

culations .
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2. A shocktunnel is an appropriate plasma source to study the MHD ge-

nerator performance with large enthalpy input. In our shocktunnel

experiment stationary conditions of 5 ms duration are realized.

3. The experimentally observed potential distribution in the MHD ge-

nerator in open-circuit conditions show that the equipotential

planes are approximately horizontal, indicating that there is no

serious current sho-t-circuiting. The observed potential distribu-

tion under the conditions that all electrodes are loaded with 1 U,

indicates that no large-scale internal current loops exist in the

core of the flow and that owing to end effects the slope of the

equipotential lines changes direction at electrode pair 39.

h. The value of the cathode drop exceeds that of the anode drop. It

is demonstrated that for the generator electrodes the current con-

duction occurs through arcs. A comparison of the experimentally

observed voltage drops with the results of two-dimensional calcula-

tions shows that the observed drops are roughly equal to the ones

expected for cold emitting electrodes.

5. The value of the observed effective Hall parameter for electrode

pair 8 is about 2.1 and for electrode pair 14 about 1.1. It is

clearly demonstrated that all the measuring points are in the

region where 8 > B .t, which indicates the presence of ionization

instabi1 i ties.

6. A comparison of a calculated and an observed current density

pattern for pre-ionizer electrode pair 7 shows a qualitative

agreement. From the distribution in the core it can be concluded

that there is a current pattern in the bulk with currents from the

anode of electrode pair 6 to the cathode of electrode pair 8.

The return path has to be in the electrode region. The observed

and calculated electron density and electron temperature profile

obtained in a plane perpendicular to the flow direction show good

agreement. The influence of pre-ionization in the profile

mentioned is demonstrated.
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7. It is shown that in an equivalent resistance model using non-

dimensional parameters the loss mechanisms in a periodic segment

of a linear segmented Faraday generator can be investigated.

From the data it is seen that for all types of runs the maximum

gain in power density and in efficiency can be obtained by re-

ducing the voltage drops. For the operation of the generator

with heated electrodes, next to voltage drops insulator wall

boundary layers reduce its operation. The data indicate that,

although there is a difference between the observed value of p

and the optimum attainable one, limiting axial losses will not

contribute notably to the improvement of the operation of the

generator. Scaling up the generator shows a reduced influence

of loss mechanisms at higher generator volumes.

The results presented in this thesis have to be considered as

a first step to a detailed understanding of the processes occurring

in an MHD generator acting as a power source. In the generator the

total enthalpy extraction is about 0.1%. Measurements of the Hall

potential indicate that there are leakage currents in the x-direction.

However, results obtained from the equivalent resistance network prove

that these leakages are not responsible for the poor generator per-

formance. First voltage drops and secondly insulator wall boundary

layers are the dominant loss mechanisms. Besides, problems related

to aerodynamical effects have appeared in the MHD channel and may also

be responsible. It can be expected that in future runs, which will

be performed in a channel modified for aerodynamical reasons, in

which the generator electrodes are heated and where a magnetic induc-

tion up to ^ T can be applied, a higher power output and a higher

efficiency must be realized.
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APPENDIX A POLYNOMIALS f ( p . s , p ) . , g ( p x > p ) , h ( p x , p j s )

AND i ( p . p . • V . )^ y ' ^ i s ' d r o p '

By introducing the constants

V. I. V

r - L r - L " x
'1 - v Bh 2 I 3 - v 3 Bh

oo 5 oo oo

which are known from the experimentally observed data, the polynomials

can be obtained in the following form

f ( pis' Py } " pis + a1pfs + a2pis + a3Pispy

a4pïspy + a5Pispy + a6py + a
7
Py

wi th

a, - - 2C,

ai» = C ! C 2 ( ^ + 1) +

a 6 = (T
a
7 = -

 C

+ 1) - 1

C 6 C

g ( x' y} = b1pxpy + b2px + b
3
Px Py

with

b1 = C2(C2 " 1) 7
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C 2 ( C 2 " + 6 C

^ + 2 ^ + B
2 C C Ui

b ? =

2 2
h(p . p. ) = d.p p. + d„p + d.p p. + d.p + d_

x is 1 x is 2 x 3 xKis H K X 5

wi th

dc = (i + e )c
5 " 3

and from equation (II.15) it can be derived that

V
I ( p y ' P i s ' Vdrop>

dro
i s " P y

where

V . = I, (R + R. ).drop L a k

15*»



APPENDIX B PARTIAL DERIVATIVES OF THE POWER DENSITY AND

ELECTRICAL EFFICIENCY

In order to keep only R. and R fixed, the load factor K is eliminated.

The efficiency and power density have then the following forms

ne

tRitRL [ tRiy , 1 - p i s T
>. + P tR. ] 2 K + py t Riy p 2
L y iy L r ' is -J

0 „ p? R. R,2 Dz
 ri s iy Lp = a u B '

6 ~~ I

,2

wi th R = tR. and t = 1 +
yoo | y

Using these expressions, the partial derivatives are

R. t

R, + p tR.
L ^y M

pis

8t •

pvRiv 1J

R
L

P " p.s \ + PvtR|yl2 2
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3p 3t " dp I
X X |_

R L - v R i y
t (RL + P y t R . y )

\2 2"1
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.V D I X PLASMA PARAMETERS FOR THE RUNS OF SERIES A

NOZZLE = "47.6 x 90 mm2

The gasdynamic parameters are for a local Mach number of 1.0.

run

668

713

732

735

7*11

747

748

7̂ 9

750

771

791

Til

Til

Tik

795

736

797

798

799

800

802

803

805

810

811

815

816

817

818

829

P1
(Torr)

74

68

68

68

68

68

68

68

68

64

68

70

68

66

68

72

68

68

68

68

68

68

68

68

68

68

68

68

68

67

Ms

3.53

3.87

3.71

3.77

3-71

3.71

3.73

3.74

3.77

3.82

3-73

3.66

3.68

3.75

3.68

3.61

3.67

3.67

3.71

3.69

3.53

3.66

3.68

3.67

3.67

3.65

3.70

3.66

3.71

3.69

po
(bar)

7.00

8.10

7.30

7.58

7.30

7.30

7.37

7.46

7.60

7.30

7.39

7.28

7.17

7.26

7.18

7.20

7.08

7.08

7.30

7.20

6.44

7.04

7.13

7-10

7.10

7.00

7.17

7.00

7.25

7.01

o
(K)

2872

3440

3168

3264

3168

3168

3132

32," 1

3271

33^5

3192

3089

3122

3230

3120

2998

3093

3093

3168

3134

2872

3080

3112

3100

3100

3071

31l»2

3084

3169

3127

p
(bar)

3.41

3.95

3.56

3.70

3.56

3.56

3.59

3.63

3.70

3.56

3.60

3.54

3.49

3.53

3.50

3.50

3.45

3.45

3.56

3.51

3.13

3.43

3.48

3.46

3.46

3.42

3.49

3.41

3.53

3.42

T

(K)

2153

2580

2376

2448

2376

2376

2394

2416

2453

2508

2394

2317

2341

2422

2340

2248

2320

2320

2376

2351

2154

2310

2334

2325

2325

2303

2356

2312

2377

2345

V

(m/s)

864

946

908

921

908

908

911

915

922

933

911

896

901

917

901

883

897

897

908

903

864

895

900

898

898

894

904

896

908

902

observed

seed ratio

5,0 x 10

3.0 x 10~5

3.0 x 10~5

1 .0 x lo"*1

-

2.0 x 10"1*

1.1 x \V~k

3.0 x lO"*1

S.O x 10'5

1.0 x V)~h

-

-

1.0 x 10"5

-

-

-

-

1.3 x ID"5

1.2 x 10'5

2.0 x 10'5

-

1.6 x io"5

6.0 x 10'5

3-3 x io'5

3.0 x 10" 5

-

-

-

-

1.6 x 10"5

B-field

(T)

0.95

0.95

1.02

1 .02

1.03

1.04

1.02

1.00

1.03

1.00

0.99

1.04

0.47

0.75

0.73

0.99

1.06

1.01

0.58

0.85

1 .01

0.98

1.02

1.01

1.01

1.01

0.99

1 .00

1.00

0.98
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A .' '• r !l D I X C PLASMA PARAMETERS FOR THE RUNS OF SERIES B

NOZZLE = 41 x 88.5 ran2

The gasdynamic parameters are for a local Mach number of t.l.

run

856

858

867

881.

395

896

897

898

8?9

900

»Bl

902

903

90 4

920

921

922

92S

•)?T

'HI

Pi
(Torr)

69

69

67

65

65

65

65

65

65

65

65

66

66

75

71

71

70

70

70

10

M

3.69

3.61

3-57

3.61.

3.53

3.51

3.60

3.60

3.57

3.52

3.54

3.57

3.51

3.39

3.59

3.59

3.60

3.60

3.57

3.54

Po
(bar)

7.20

6.90

6.60

6.67

6.22

6.15

6.50

6.50

6.1.0

6.20

6.25

6.1.O

6.20

6.1.0

7.00

7.00

7.00

7.00

6.83

6.71

T0

(K)

3098

3009

2945

3058

2880

2853

2995

2995
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2877

2906
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2662

2981

2981

2998

2998

2096

2901

P
(bar)

2.70

2.95

2.80

2.85

2.66

2.63

2.78

2.78

2.73

2.64

2.67

2.74

2.61)

2.75

3.00

3.00

3.00

3.00

2-93

2.87

T

(K)

2033

211)1)

2098
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2052

2033

213'.

2131)

2102

2050

2070

2094

2034
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2067

v

(ra/s)
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948

939

956

928

923

947

947

939

927

932

938

924

892

944

944

946

946

938
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observed

seed ratio

3.7 x 10"5

-

-

2.2 x 10~5

-

-

-

7.1 x 10"5

5.1 x 10~5

5.5 x 10~5

-

1.4 x 10"5

-

1 .3 x 10"5

5.7 x 10~5

-

-

1.4 x IO" 5

6.1 x 10~5

-

B-field

(T)

1.00

1 .00

1.08

1.36

1.08

0

1.07

1.07

0

1.07

1 .01

1.05

1.09

0

0.79

1.10

1.23

1.39

1.49

1 .02
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SAMENVATTING

In dit proefschrift wordt een onderzoek naar de verliesmecha-

nismen in een niet-evenwichts Faraday-type MHD-generator beschreven.

Het rendement en de vermogensdichtheid van deze machine worden ge-

reduceerd door een aantal verliezen. Aangezien de meeste verliezen

voorkomen op of nabij de wanden van de generator, worden in de

dissertatie deze verliezen benadrukt. Om de onderlinge interactie

van de verliezen te bestuderen is in hoofdstuk II een equivalent

weerstandmodel opgezet. In dit model worden de verliezen voorgesteld

door weerstanden die zich gedragen als een inwendige belasting voor

de MHD-generator. Om de fysische processen die verantwoordelijk zijn

voor de verliezen te bestuderen, moeten vergelijkingen, die genoemde

processen beschrijven, worden opgesteld. Dit gebeurt in hoofdstuk

III. Met deze vergelijkingen wordt in hoofdstuk IV de invloed van de

elektrode configuratie op de werking van een lineaire, niet-evenwichts,

Faraday-type MHD-generator numeriek berekend. De conclusie is dat een

generator met ronde elektroden in de plasmastroming beter kan werken

dan een generator met vlakke elektroden langs de wand. Experimenten

zijn uitgevoerd met een argonplasma waaraan,om het elektrische gelei-

dingsvermogen te vergroten,ces i urn is toegevoegd. Dit plasma wordt

gemaakt met een schoktunnel, die werkt in tailored-interface conditie.

De experimentele opbouw is beschreven in hoofdstuk \l. De druk in het

kanaal bedraagt enige atmosferen, de temperatuur is ongeveer 2300 K,

de snelheid van het plasma is 900 m/s en het percentage cesium

5 x 10 . Er is veel aandacht besteed aan het ontwikkelen van de

diagnostieken, waarmee het mogelijk is parameters van het plasma op

een directe manier en onafhankelijk van elkaar te meten. Hiervoor

werden gebruikt: elektrostatische probes, spectroscopie, microgolven,

hot films, piëzo-elektrische drukopnemers en hittedraad anemometrie-

Ze zijn beschreven in hoofdstuk VI. De experimentele resultaten zijn

besproken en vergeleken met de theoretische voorspellingen in hoofd-

stuk VII. Er is aangetoond dat voltage drops de werking van de

machine het meest nadelig beïnvloeden. Er Is kwalitatieve overeen-
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komst tussen een genieten en een berekend stroomdichtsheidspatroon in

een periodiek segment van de machine. In een vlak loodrecht op de

stroomrichting van het plasma is een elektronendichtheidsprofiel tn

een elektronentemperatuurprofi e 1 gemeten in overeenstemming met be-

rekende profielen. In de generator is een enthalpie-extractie van

0.1% gerea1 i seerd.
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Dit proefschrift is de weerslag van een samenwerking die al

mijn dank verdient. Elk lid van de vakgroep Direkte Energie-

Omzetting en Roterend Plasma heeft zijn eigen specifieke inbreng

bij het tot stand komen van dit proefschrift gehad. Bij het in

werking stellen en houden van het schokbuisexperiment, het reali-

seren van numerieke berekeningen en het tot stand komen van dit

proefschrift hebben een groot aantal mensen hun medewerking ver-

leend. Ik ben hen daar zeer erkentelijk voor.
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