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SUMMARY 

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

MHO 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 reglons, 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 I I. In this model 

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

MHO generator. To investigate the physical processes responslble for the 

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

chapter I I I 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 MHO generator is calcu

lated numerically. lt is shown that rod ele~trodes 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 MHO 

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

and the seed ratio sxlo- 5• 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: 

electrostatle probes, spectroscopy, microwaves, hotfilms, piezo-electric 

··crystals, and anemometry. They are described in chapter Vl. In chapter VIl 

experimental results are discussed and compared with theoretica! 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 plasmaan electron density and an electron temperature profile 

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

profi les. 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 
Jffi 

b width of a segment of the generator 

b. Boltzmann's distribution function 
Jffi 

8 magnetic induction 

Bv specific black body radlation intensity at the frequency v 

c velocity of sound 

C specific heat at constant pressure 
p 

c6 van der Waals constant 

d width of the MHD generator 

D diffusion constant 

e charge of the electron 

Ê electric field 

E* electric field in moving co-ordinate system 

Ei ionization energy of cesium 

Ej 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) 

fij oscillatorstrengthof the transition i+ j 

F electron distribution function 

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

current in the channel 

gj weight factor of the excited state 
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h distance between opposite electrodes, Planck's constant, 

polynomial (Appendix A) 

polynomial (Appendix A) 

electric current, number of ionizations per unit volume per 

unit time 

I reference value for the current 
5 

j current density 

Jv specific radiation intensity at frequency v 

k Boltzmann's constant 

kf coefficient of ionization rate, thermal conductivity of the 

fluid 

k coefficient of recombination rate 
r 

K load factor 

Ka. probability of de-excitation by collision with an argon 
mJ 

at om 

Ke. probability of de-excitation by collision with an electron 
mJ 

I Jength of a segment of the generator = electrode pitch 

lw lengthof the wire of the anemometer 

Le relaxation length (Equation (IV.13)) 

L re I axa t ion I ength (Equat ion (IV. 12)) 
r 

m coefficient of the velocity profile 

m mass of electron 
e 

m mass of atom 
a 

m. mass of ion 
I 

M Mach number 

M shock Mach number 
s 

"a atomdensity 
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n er 

n e 

n e,o 

n. 
I 

n 
m 

Nu 

p 

Pr 

R 

critica! electron density 

electron density 

electron density inSahaequilibrium 

ion density 

popuiatien of excited state m 

Nusselt number 

pressure 

pressure in the test section befere the shock starts 

electron pressure 

coefficient from current potentlal equation (IV.11) 

power density 

maximum external power 

Prandtl number 

heat released by conduction cooling 

Joule heating 

heat flux vector 

heat released by forced conveetien 

heat released by radlation cooling 

coefficient from current potentlal equation (IV.ll) 

rate of photon emission per wavelength interval due to 

radiative recombination into state j, cellision cross

sectien 

resistance, number of recombination per unit volume per 

unit time 

R anode res is tance 
a 

Re Reynolds number 

Rk cathode resistance 
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R xw 

R • 
VIS 

R yw 

R yao 

s 

t 

T 

T 
e 

T e,o 

T 
p 

T 
r 

T ree 

T 
s 

T 
sr 

T 
w 

u 

.~ 
V 

e 

V 

V drop 

vfl 

V •• 
J I 

load resistance 

electrode wall boundary layer resistance 

wall resistance in x-direction 

insuiator wall boundary layer resistance 

wall resist'ance in y-direction 

internal resistance of the coreflow 

position along the cathode plane 

time 

temperature of the plasma 

temperature of the electrans 

temperature of the electrans inSahaequilibrium 

population temperature 

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

recovery temperature 

black body radiation temperature of the reference souree 

reversal temperature 

wire temperature 

partitition function of the atomie state 

velocity of the heavy particles 

velocity of the electrans 

potent ia], volume 

voltage drops at the anode and the cathode 

floating potential 

coefficient indicating the optica] thickness of the 

transition observed (Equation (VI. 11)) 

terminal voltage 
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vpl plasma potential 

x, y, z Cartesian co-ordinates 

B microscopie Hall parameter 

Bapp apparent Hall parameter 

Seff effective Hall parameter 

Bcrit critica! Hall parameter 

y specific heat ratio, angle between current streamline and 

y-direction 

y* attainable angle between current streaml ine and y-direction 

o aerodynamlcal boundary layer thickness 

6* displacement thickness 

e emissivity of the wire material 

e0 permittivity of vacuum 

ne electrical efficiency 

K
0 

absorption coefficient in the centre of the line 

Kv line absorption coefficient 

À wavelength, thermal conductivity of the wire material 
+ 
À thermal conductivity tensor of electrans 

v frequency 

vc total electron elastic collision frequency 

Av half width of the speetral line 

Avr half width due to resonance broadening 

Avw half width due to van der Waals broadening 

p mass density 

pis loss parameter 

pw loss parameter 

px loss parameter 
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p-;J: 
IS 

p* x 

p* y 

Joss parameter 

optimum attainable loss parameter 

optimum attainable loss parameter 

optimum attainable loss parameter 

microscopie electrical conductivity 

electrical conductivity in the coreflow in the presence of 

loss mechanisms 

oei electrical conductivi ty of the boundary layers 

a. cross-section for radiative recombination 
J 

4> potent i al of the electric field Ê, work function 

potent i al of the electric field E* 
potent i al of the current j 

angular freqnency of microwaves 

Subeal'ipte and eupersaripte 

ar argon 

es cesium 

el electrode 

interna I 

in parameter at the entrance 

ind induced 

is insuiator 

L Joad 

out parameter at the exit 

u external 

w walls 
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x, y, z 

0 

< > 

Carthesian co-ordinates 

stagnation conditions 

bulk properties 

time or spatial averaged quantity 
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I. INPRODUCTION 

I. 1. GeneraL introduetion 

In 1972 the growth of electrica1 power consumption in the 

Netherlands was approximately 10%. Th is wi 11 lead toa doub1 ing of 

electrical power production within 8 years. Prognoses made in various 

countries indicate that the growth rate of e1ectrical power generation 

is unlikely to decrease substantially before the end of the present 

century and that thermal power stations wiJl contribute considerably 

to the i nc re a se. These prognoses show a sharp r i se in the u se 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 

essentia1 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 40%. MHD steam cycle systems deliver 

a gain in efficiency up to 57% yielding a substantia1 decrease in 

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

heat released to the environment per kilowatt of electrical power 

produced, wiJl 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. 
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I. 2. Principle of the MilD generator 

Already in 1832 the principle of an MHO 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 I. 1 shows this principlefora segmented Faraday generator. 

Fig. I.l. The principle of an MHD f!..enera.tor. i) is the 
veloai~ of the pJasma, B the magnetia indua
tion, Éind = i) x B the induced field, I the 
aurrent through the generator section, and 
Ru the load of each segment. 

In MHO generators suitable for the production of electrical energy on 

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

flows at a velocity ~ through a magnetJe field with a magnetic in

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

charged particles, there is an induced electrical field Ê ~~x B 
resulting in a current through the loads Ru. The maximum external 

power P that can bedelivered is equal to the decrease in enthalpy 
ma x 

of the plasma flow [1}. 

20 



p 
ma x pvA {(C T +..!. /). - (C T + -

2
1 /) t} p 2 1n p OU 

(I .1) 

where 

pvA the mass flow of the plasma, and 

1 2 (C T + -
2 

V ) • p 1n, out 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 operatien of the 

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

b, electrode di stance h, and internal resistance R1, the electrical 

conductivity cr is defined as 

cr = (I .2) 

The induced voltage Vind is equal to 

vBh • I (R. + R ) 
I U 

(I. 3) 

The terminal voltage Vk is equal to 

vBh - IRi KvBh ( 1.4) 

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

In the generator there is an electrical field E equivalent to 

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

the generator 1/lb can be written as 

jy - cr(l - K)vB 

Because of the current in the plasma, there is a Lorentz force r 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 



j vB 
y lbh 

Per unit volume the power dissipated in the load is 

- j E y y 
2 2 o(l - K)Kv B 

(I .5) 

(I .6) 

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 wi 11 be laid on this principle. 

I.3. Qpen-qycle MBD generators 

In open-cycle MHD generators fossil fuels such as natura! 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 K2so4 or Cs 2co
3 

is added. When the plasma leaves the MHD 

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

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

The seed is reecvered from the medium befere 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 operatien [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 near 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. 
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STACK 

Fig. I.2. The open-cyate MHD generator. 

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

4 MW, and is expected to reach maximum power in 1974. 

I.4. Ctosed-qyale MYD generators 

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

gases seeded with an easily ionizab\e alkali metal as potasslum 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 decreased 

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 1.3. 

Closed-cycle MHD generators were originally intended to convert 

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

energy. Of considerable interest in this respect are results obtained 

by various groups werking with gas-cocled high-temperature reactors. 

23 



COOUNG WA f(-fl 

Pig. I.3. The closed-eyale MBD generator. 

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

and on the reactor of the Nuclear researchestablishment 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 souree [4]. ln the future a fusion 

reactor may act as souree of ene rgy . Research in c losed-cycle p 1 as ma 

MHO has been performed in Canada, France, Germany, ltaly, 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 arealso 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 consistsof 

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

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

are in eperation in France, Germany, the USA, and the USSR [2]. 

24 



I.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 calci:flated loss mechanisms: 

the electrical insulation of the plasma with respect to ground, radlation 

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

ionization instabilities, finiteness of segmentation, electrode losses, 

gasdynamic boundary layers, walt 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 theoretica] basis [11-18). In this thesis 

loss mechanisms appearing at the boundaries of the MHD generator will 

be accent ua ted. 

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]. Todetermine 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 lil. 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 distrîbution along the insuiator wall of an MHD generator ana

logously. 

1.5.2. 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 thîs model (see chap

ter 11). 

1.5.3. The experimental set-up 

To verify results of theoretica! work and to study further as

pects of MHD 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 cm2 to 

10 x 9 cm2 and has a length of 40 cm. Rod type electredes are in

stal led in the generator. lt 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 

instal led at General 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 independentand 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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1'abZe 1. Closed-eyale MHD e:x:periments 

Ref. i Type T Medi urn M T Po B Observed [)i agnost i es Locat ion 
experiment 

0 loss effects g (K) (bar) (T) 

[6] c losed loop Faraday Ar + K o. 5 2000 1.2 5. D electrode Josses image convertor Garehing 
33 elect rode segmentatlon effects potent ia l probes Germany 

pairs ion i zat ion ins tab i l i t î es spectrum ana lys î s 
ground looo leakages voltages 

currents 

[7) closed loop F~raday Ar' + Cs 0. 72 1870 lt. 0 lt. 0 wal J leakage current voltages Jül i eh 
90 electrode ground 1ooo leakages currents Germany 

;· pairs 

[8] blow-down 1: Fa raday He + Cs 0. 70 17lt0 1.1 3.8 electrode losses vol tag es Frascat i 
30 electrode segmentation effects currents I tal y 

pairs wall 'eakages 
g round loop leakages 

i on i zat i on instabilities 
end effects 

relaxation effects 
at the in let 

(9] shocktunne 1 Faraday Ar + Cs I .6·3. 0 2000 2.6 l.lt electrode losses potent i a 1 probes King of Prussla 
37 electrode segmentat i on effects vo 1 tages USA 

pairs end effects currents 
i on i zat i on instabil i ties conti nu urn radietion 

photog raphs 

[ 10 J b low·down Faraday He + Cs 2. 2 2000 5. 0 l.lt electrode losses conti nuum rad i at ion Bos ton 
24 eI eet rode segmentation effects USA 

pairs i on i zat i on instabil i ties 
relaxation effects 

at the in let 

th is shock tunne 1 Faraday Ar + Cs 2.0·2.5 3300 7. 0 z. 0 electrode 1 os ses image convertor Eindhoven 
thesis 56 electrode segmentation effects 1 ine reversa l Netherlands 

pairs i on i zat i on instab i I i ties conti nuum radlation 
re laxat i on effects microwaves 

at the in Jet potent i a 1 probes 
wal I leakages 

end effects 

*In a blow-down experiment energy îs stored in a heat souree duringa long time before the experiment starts. 

Ouring a relativeiy short time this energy is released in the medium running the MHO generator. 



1.5.4. The diagnostics 

A distinct feature of table 1.1 is the Jack of variatien in 

diagnostics. In almest all the experiments conclusions cor.~cerning 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 the work 

presented here great attention has been given to develop methods of 

measuring plasma parameters inside the channel under shocktunnel 

eperation (see chapter VI). -The velocity and gas temperature profiles 

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

using piezo-electric pressure transducers. The Mach number of the 

incident shock in the shocktunnel is obtained by hotfi !ms. The elec

tron density is measured using continuurn radiation intensity and 

microwaves, and the electron temperature is measured with continuurn 

radiation intensity and I ine reversal of non-resananee lines of cesium. 

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

potential distribution in the channel is recorded by electrastatic 

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 eperating 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 VIl experimental results are reported. These are 

compared with theoretica! ones described in preceeding chapters; 

lieferences 

[1] Sutton, G.W. and Sherman, A., "Engineering Magnetohydrodynamics" 

McGraw-Hill, New Vork, 1965. 

28 



[2] "MHD Electrical Power Generation 1972 Status Report", Atomie 

Energy Review, Vol. 10, No. 13, 1972. 

[3] Gray, P.S. and Watts, C., "Advanced and High Temperature Gas

Caoled Reactors", Proceedings Symp. Jül i eh, IAEA, Vienna, 1969. 

[4] Haas at MIT Research Congress, Massachusetts, April 1972. 

[5] Houben, J.W.M.A. and Massee, P., "MHD Power Conversion Employing 

Liquid Metals", TH-Report 69-E-06, 1969, Eindhoven University of 

Technology, Eindhoven. 

[6] Brederlow, G. et al., "Performance of the IPP Nobie-Gas Alkali 

MHD Generator and lnvestigation of the Streamers in the 

Generator Duet", 

[7] Bohn, Th. et al., "Measurements withArgas 11", Proceedings of 

the 5th Int. Conf. on MHD, Vol. 2, 1971, pp. 403-414. 

[8] Gasparotto, M. et al., "Constant Velocity Subsonic Experiments 

with Closed-Cycle MHD Generators", Proceedings of the 5th Int. 

Conf. on MHD, Vol. 2, 1971, pp. 415-430. 

[9] Zauderer, B. and Tate, E., "Electrode Effects and Gasdynamic 

Characteristics of a large Non-Equilibrium MHD Generator with 

Cesium seeded Noble Gases", 12th Symp. on Eng. Asp. of MHD, 

1972, pp. 1.6.1.-1.6.10. 

[10] Decher, R. et al., "Behaviour of a large Non-Equilibrium MHD 

Generator", AIAA Journal, Vol. 9, No. 3, 1971, pp. 357-364. 

[11] lutz, M.A., "Radiation and its Effects on the Nonequilibrium 

Properties of a Seeded Plasma", AIAA Journal, Vol. 5, No. 8, 

pp. 1416-1423. 

29 



[12] Blom, J.H. and Houben, J.W.M.A., "Relaxation Length Calculations 

in Ar-Cs Mixtures for One- and Two-Dimensional Preionizer Geo

metries", Proceedings of the 5th Int. Conf. on MHD, Vol. 2, 1971 

pp. 65-80. 

[13] Solbes, A., "lnstabilities in Non-Equilibrium MHD Plasmas, A 

Review", AIAA 8th Aerospace Sciences Meeting, 1970, Paper 70-40. 

[14] Kerrebrock, J.L., "Segmented Electrode Losses in MHD Generators 

with Nonequilibrium ionisation", AIAA Journal, Vol. 4, No. 11, 

1966, pp. 1938-1947. 

[15] Rubin, E.S. and Eustis, R.H., "Effects of Electrode Size on the 

Performance of a .Combustion-Driven MHD Generator", AIAA Journal, 

Vol. 9, Nó. 6, 1971, pp. 1162-1169. 

[16] High, M.D. and Felderman, E.J., "Compressible, Turbulent 

Boundary Layers with MHD Effects and Electron Thermal Non

equi 1 ibrium", 9th Symp. on Eng. Asp. of MHD, 1968, pp. 51-53. 

[17] Hoffman, M.A., "Nonequilibrium MHD Generator Losses due to Wal! 

and Insuiator Boundary Layer Leakages", Proc. IEEE, Vol. 56, 

No. 9, 1960. 

[18] Houben, J.W.M.A. et al., "End Effects in Faraday Type MHD 

Generators wi th Non-Equi 1 ibrium Plasmas", A IAA Journal, Vol. 10, 

No. 11, 1972, pp. 1513-1517. 

[19] Cutting, J.C. and Eustis, R.H., "Axial Current Leakage in Seg

mented MHD Generators", Proceedings of the 5th Int. Conf. on 

MHD, Vol. 1, 1971, pp. 289-301. 

[20] Eustis, R.H. and Kessler, R., "Measurement of Current Distribu

tions and the Effect of Electrode Configuration in MHD Generator 

Performance", Proceedings of the 5th Int. C~nf. on MHD, Vol. 1, 

1971' pp. 281-292. 

30 



[21] Oliver, D.A., "Nonuniform Electrical Conduction in Magneto

hydrodynamic Channels", SU-IPR-163, 1967, lnst. for Plasma 

Research Stanford University, Stanford, California. 

[22] Argyropoulos, G.S. et al., "Current Distribution in Non

equilibrium J x B Devices", Journalof Appl. Physics, Vol. 38, 

No. 13, 1967, pp. 5233-5239. 

[23] Lengyel, L.L., "Two-Dimensional Current Distributions in 

Faraday Type MHD Energy Convertors Operating in the Non

equi J ibri um Conducting Mode", Energy Convers ion, Vol. 9, 

1969, pp. 13-23. 

31 



II. LOSS MECHANISMS 

II.l. Introduetion 

The efficiency an~ 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 fol lowing effects cause a substantial performance 

de te riorat i on: 

1. wall leakage currents, 

2. leakage currents through the plasma to ground, 

3. insulator-wall boundary layer leakage currents, 

4. electrode losses, 

S. segmentation losses, 

6. radlation losses, 

]. end losses, 

8. inlet relaxation, and 

9. non-uniformities such as electrothermal fluctuations. 

The electrothermal fluctuations existsin the bulk region of all sizes 

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

generators. 

Usual ly 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] studled the influence of 

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

of gcneralized characteristics. Hoffman [3] determined the influence 
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of boundary layers along electrode and insuiator 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 netwerk using non-dimensional parameters. lt 

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

experimentally observe"d Faraday voltage, Faraday cu.rrent, and Hall 

voltage in addition to gasdynamic eperating conditlens and the ob

served electrode voltage drops. 

The equivalent resistance network is postulated in sectien I I .2" 

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

insuiator boundary layers are introduced as leads for the completely 

uniform coreflow. The loss parameters mentloned are calculated in 

sectien I 1.3 from the experimentally observed conditions. Optimum 

attainable values for the loss parameters are investigated in sectien 

I 1.4 where also a procedure is introduced to obtain information on the 

dominant Toss mechanism under the observed eperating conditions. A 

way to describe the effects of s~aling the generator to larger sizes 

is shown in sectien I 1.5. 

II.2. E~uivalent 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 conditlens are constant in time and uniform in 

space in both parts of the flow, and 

- no electrothermal fluctuatlons 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 

ties of the coreflow are characterized by subscript oo) 

E xco 

E 
Y"' 

.2 
J .. 

. s . 
Jx.., .,.Jv.., 
-- +--'-
0 0 
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- V B ~-
"' a a 
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n a, CS«~ 
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21!m kT j 3/2 e B"' 
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2 n e 
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- T..) + Rad 
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exp -

the proper-

( I I • 1 ) 

( 11 .2) 

(I I • 3) 

( 11 • 4) 

( 11 • S) 

( 11. 6) 

where o.., is the microscopie conductivity and S
00 

the Hall parameter. 

Rad are the radlation 1osses emitted by the plasma. The other symbols 

have their usual meaning (see nomenclature, page 11). Equations (11.1) 

and (11.2) represent Ohm's law in the x- and y-directions, (11.3) is 

the electron energy equation, and (I 1.4) the Saha equation. These 

cquations wi 11 be dlscussed in chapter I I I. 

To include the currents in the axial and transverse direction 

for each segment, Ohm's law can be written in the fol1owing way (cam

pare figure 11. 1) 

V 
)( 

12 
- E I =-1 - R. - S - I R. 

X-" X-" h 2 I y 00 h Y"' I y 
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E h - V Bh I R. - _! I R ( 11 • 8) 
Y"' "' Y"' IY f3." h X"' iy 

where 

R. h 
'Y a ... 

. lb 

Figures 11.1 and I I .2 show the total set-up of the various Joss 

mechanisms in the boundary layers represented by resistances in the 

Fig. II.l. The totaLset-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 

RL and internally loaded by RY"'' Ryis' Ra' Rk, Ryw' Rxw' and Rxel' 
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V 
Vet) 

Fig. II.2. The various toss meehanisms represented 
as loads for an MYD generator segment. 

representing internal resistance of the coreflow, insuiator waii 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 Vl and Vx 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 insuiator wall 

boundary layer R . should be connected to the coreflow elements. y1s 
The boundary layer resistances R

8 
and Rk include the effects of 

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

the electrlcal resistance of the aerodynamical boundary iayer. 

Following Eustis [4] and lengyel [5] it is assumed that the insuiator 

wal I boundary layer wiJl not extend to the electrode wal I. 

The first loss parameter is now defined as 

( 11 .9) 

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

Faraday generator requires 

where 

and 

1xel 

I xw 

V 
x 

-R-
xel 

V x 
= R 

xw 

0 (I I • 1 0) 

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

- e l .. h 

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

where 

E h - v Bh • I R 
y<» oo yoo yoo 

R yoo 

e:, 
2 JR. h 'Y 

p - + 1 
x 12 

( 11.11) 

( 11 • 12) 

( 11. 13) 

The introduetion of the effective transverse resistance R offers the 
Y"" 

possibil ity of considering the transverse direction separately. 

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

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

including the insuiator wall boundary layer and the impedance of a 

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

of the generator including boundary layer resistance (Ra, Rk) and 

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

lR 
2 yis (11.14) 

l R + R 
2 yi s Y"" 

(11.15) 

The fourth loss parameter for the leakage resistance of the insuiator 

wal Js is defined as 

l R 
2 yw ( 11. 16) 

l R + p R 
2 yw y Y"" 

The load factor for the resistance RL in which the generator power is 

dissipated, is 

( 11.17) 

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

arrive, aftersome calculation, at the following set of equations (VL 

is the load voltage} 

( 11. 18) 

1 + -p-:-:;:--+-r 
x 12 

( 11.19) 

V 
x 

-v..,Bh ( 11 .20) 

38 



where 

I s 

- V Bh 
QO 

(11.21) 

(11.22) 

and n2 /n ,a , and B are given in the equations (I 1.4) to \1 I .6). eoo a,cs 00 OI) 

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

- v .. Bh and Is 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 

p 
e 

IL\ 
- I V Bh 

Y'"' '"' 

II.3. Calaulations 

cr..,v!B
2

(1 - KL)Klp~spw 
py 

( 11 .23) 

( 11 • 24) 

To express the generator performance by means of the defined loss 

parameters, the following data are required (compare figure I 1.2): V1, 

Vx, 11, v..,, B, Ra+ Rk' h, 1, and b. Solving thesetof 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. , p , cr , B , n , 
X y IS W 00 '"' eoo 

and T A way to solve the equations is to substitute the ideal value eoo 
of the leakage resistance of the insuiator walls, i.e. pw = 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 insuiator 

walls is high in comparison with the effective transverse resistance. 

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

the third and fourth degrees 

0 ( 11. 25) 

0 ( 11 .26) 

h(p ' p. ) 
X IS 

0 (11.27) 

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

of the first degree 

0 ( 11 .28) 

The detai led expresslons are given in appendix A. lt is not easy to 

obtain an analytica] salution to this algebrale set of equations. 

Therefore, it is preferabie to praeeed along the methad of partlal 

differentlal equations 

( 11 .29) 

(I I .30) 

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

chosen to be the integration variable. The integration starts with 

py = pis and goes on unti I 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 
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and electrical efficiency with respect to the loss parameters are 

calculated. In this calculation the interdependence of the Joss para

meters has to be taken into account: 

variatien of p with p. and p constant, see equation (11.15), gives 
y IS X 

the influence of voltage drops {R + Rk) on n and P ; 
a e e 

- variatien of p. with p - p. ,and p constant shows the influence of 
IS y IS X 

the boundary layer flow along the insuiator wal! on ne and Pe; and 

- varlation of px with p and p. variabie demonstrates the influence y IS 

of axial losses on ne and Pe. 

Considering the above, the derivatives of interest are 

[ :::t. =C 
IS 

Px .. c 

[::~slp -p ... c 
y IS 

dn e 
dpx 

p .. c 
x 

( 11. 31) 

( 11 . 32) 

( 11.33) 

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

pressions are given in appendix B. 

II.4. Qptimum attainab~e vaZues of the Zoss parameters 

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

meter wiJl never reach its ideal value because the processes respons

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

investigate the generator performance achieved, the optimum attainable 

values of the parameters are estimated. 
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p~ 
IS 

lt follows from the definition that the optimum value of pis is 

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

shows that the aerodynamical 

cause of the voltage drops. 

boundary layer resistance is the major 

In the model a coreflow and one laye'r 

near each electrode wal 1 can be distinguished. These layers are 

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

the boundary layer velocity profile 

0 

IS* I ( 1 - _v_)dz d 
V T+ïii 

0 
ma x 

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

v(z) v (~) 1 /m 
max .IS ( 11.34) 

In the preceeding expressions, o stands for the aerodynamical boundary 

layer thickness. The exponent m as well as ó 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 < Rex< 10 , 

m = 7 and o = 0.32 x Re -o. 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 

o* o* 
ael lb- abulklb 

( 11 • 35) 

where 

(J 

"" 

being the electrical conductivity of the coreflow in the presence of 

loss mechanisms, and 
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cr .. 
0 el ---2 

1 + fl.., 

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

short-circuited Hall fi.eld in the vicinity of the electrodes. 

Substitution of the derived expresslons in equation (I I .15) 

yields for the optimum value of p 
y 

p* - pi: 2ó* rbulk - 1) 
y IS 

-h-. 0el 
( 11. 36) 

Because p>; the optimum value of py becomes 
IS 

p* 2ê* [''bulk_ 1] + 1 
y -h-

crel 
\ I I. 37) 

Finally, the optimum attainable value for px 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 (I 1.11) as 

tan y 
1 

p +-
x h2 

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 

J~ 1 
tan Y* • ~ • Th 

'F' 
( 11. 38) 



Fig. II.3. The optimum attainable level of segmentation loss. 
The straight line represents the realistic aurrent 
streamline. The dotted line represents the ideal 
streamline. 

Putting this result in equation (11.11) leads to 

P* x 
2 l 8 

h ~ 

2 
( 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 pj and 

the estimated p~ values of the loss parameters multiplied by the 
J 

respective partial derivatives lead to the following expressions for the 

mentioned increase in power density and efficiency. 
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wnere x, is, and y, respectively. 

II.5. Effects of sealing the generator to targer sizes 

(I I .110) 

(11.41) 

Tne partial derivatives describing the sealing of a generator to 

larger sizes can be divided into two parts: 

1. tnat in whicn tbe loss parameters are fixed, and 

2. tbat in whicb tbe loss parameters are scaled, according to the 

physical modelsof tne preceeding sections. 

For instance, tne derivative of tne electrical efficiency with respect 

to the electrode pitch is 

wi tb 

dn e 
dl 

t 

( 11. 42) 

The secend term of the righthand si de of equation (I I .42) represents 

the influence of tne axial plasma resistance. Similar derivatives 
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exist with respect toother channel parameters as well as for the power 

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

toR. , t, and the loss parameters are scaled using the equations (I 1.31) 
IY 

to ( 11. 33). 

The total derivative of the electrical efficiency with respect 

to the volume of a periadie channel element is given by 

(I I • 4 3) 

A similar expression exists for the power density. 

II.6. Conelusions 

lt 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 sealing the generator to larger 

sizes is described. Regarding the shocktunnel experiment of the 

Eindhoven University of Technology, the results are given in chapter 

Vil, 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 appeáring in an MHD generator. Tostart this calculation, it 

is essential to know the equations governing the physical processes. 
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III. BASIC EQUATIONS 

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, 

macroscopie 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 simpl i fying assumptions are made: 

- the distribut ion function of each species is assumed to be Maxwell ian, 

- the veloeities and temperatures for the positive ions and neutrals 

are equa l, 

- 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

cribed, 

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

- the collision frequencies for momenturn transfer are equal to those 

for the transfer of thermal energy [1], 

- the contribution of inelastic collisions to the momenturn transfer as 

wel I as to the transfer of thermal energy is neglected in comparison 

with that due toelastic col! isions [1]. 
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The behaviour of the electron gas is dictated by the equations of 

conservation of mass, momenturn and energy as wel I as by the Maxwell 

equations [2]. 

In the right-hand side of the continuity equation (111.1) 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 [4]. 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 momenturn equation, the ion momenturn equation, and the overall 

momemtum equation. 

term is neglected. 

is ignored. 

In the momenturn equation for electrons the inertia 

In the equation for the total current the ion slip 

In the electron energy equation (I 11 .3) the influx of energy is 

balanced by Joule heating, elastic losses to heavy particles, expansion 
2 effects, and radlation losses. Terms of the order of meve are neglect-

ed with respect to terms of the order of kT • Furthermore, pure 
e '* thermal conduction effects have not been taken into account (ÀVT 0) 

e 
The electron-atom collision cross-section for argon and cesium has been 

taken as 0.5 x 10-20 m2 and 0.5 x 1o-17 m2, respectively [6]. The 

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

lt is assumed that radlation losses are mainly caused by two cesium 

resonance lines (8943 ~ and 8521 ~) [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 
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j 1, 2, or 3 denotes argon atoms, cesium atoms, and cesium ions, 

respect i vel y; 

B (T ) v e black bodyradiation intensity at temperature 

line broadening coefficient;and 

absorption coefficient in the centre of the line. 
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I V. CALCULATIONS 

IV.l. Introduation 

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

to calculate the physical processes governing the Jasses mentioned in 

chapter 11. Dependent on the problem studied, a one-, two- or three

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

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

MHD generators, tagether with the complicated boundary conditions to 

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

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

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

dimensional approximation, Bertolini et al. [1] 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 ne by a 

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

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 periadie segments. 

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

structure of the electrical conductivity in a slanted electrode wal! 

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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IV.2. Two-dimensionat model 

In 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. 
oZ Z Z Z ez 

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(y),O,O). 

This yields 

~w~ = 0. 

With this equation and equations (111.4), (111.12) and (111.13) it is 

possible to write the electron continuity and electron energy equations 

(111.1) and (111.3) in the following way 

-~ =knn -kn2n. v.yne fea,cs ret - R ( I V. 1) 

~.vn (Àr +E.) =i- 3n m k(T -T) ~ J 
e 2 e 1 a e e e j=1m. 

J 
(IV. 2) 

Together with the equations 

• L) 
J =--

x 1 + s2 r 
opel 

E + -x en ox , e , 
(IV. 3) 

. S('l (E + _1_ ilpe] + _cr __ (E -vB+-1- ope) 
JY ~2 x ene <lx 1 + 92 y ene ay 

( IV.4) 

(IV. S) 

(IV .6) 
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there is a system of six non-linear partial differentiel equations 

including six parameters dependent on x and y: ne, , jx' jy, Ex' and 

Ey. In these equations the quantities pe' vex' and vey are known from 

the following algebraic equations 

J• = en (v - v ) x e ex (IV. 7) 

-en v e ey (IV. 8) 

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

In the equations the velocity t(y) and temperature T(x,y) are postu

lated. Because current densities are calculated up to 0.5 A/cm2 , gp /en e e 
can be neglected with respect to Ê*, and the heat flux vector 

q = ( 22kT + E.)J/e is neglected in comparison with theelastic losses. e e 1 

By substituting equation(IV.5) in equations (IV.3) and (IV.4) the com-

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

equat i ons is 

where 

Cln e vax I - R 

aT 
3kvn _e = 
2 e:lx cr 

3 .....J.v. 
- 3n m k(T - T) r 

e e e j=l mj 

- Rad - (I - R) (E. + 23kT ) 
1 e 

a· a· 
~+_:y_=O 
dX :Jy 

ajx aj 
- - ...:...:t.. + P(x,y)j - Q(x,y)jy = 0 ax ay x 

Q(x,y) =o( 

IV. 3. Methad of sol-ution 

An investigation of the character of the set of equations 
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(IV.10-IV.13) by a methad given by Courant [4], which has also been 

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

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

equations is usually divided into two parts: 

(a) Fora given current distribution a salution 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 methad [7]. Boundary conditions for the 

electron density and the electron temperature must be given at 

the plane x=O 

(b) When ne and Te are known, the current distribution is found from 

equations (IV.12) and (IV.13) which ferm an elliptlc set. The current 

distribution is computed using the stream function ~(0,0,~) defined by 

f 
. • a~ d • a~ 

means o the equat1ons Jx"' -:;;;• an Jy= -ax· 

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

a 2~ a 2 ~ <l'l' <l'l' 
- +- + P(x,y)ax + Q(x,y)ay = o 
::Jx

2 a/ 
The boundary conditlans for this equation are: 

periodicity conditions, 

jy -~~ = 0 on the insuiator sections, and 

E ~- B a~ 0 on the electrode sections. x ay äX = 

With the boundary conditions given it is possible to solve this 

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

To accelerate the convergence of the solution, a methad of 

successive overrelaxation with determination of the optimum 

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

bution, the new "e and profiles are determined by integrating 

again the continuity and energy equations. The càlculations 

(IV.14) 



are repeated until the accuracy of the calculated stream function is 

better than 5% [9]. 

IV.4. Cataulations 

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 lengthof this 
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Fig. IV.l. Curves 1, 2 and 3 are the veloaity profiles 

used in the aalaulations for rod eleatrodes. 

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-insuiator length 

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

comparative calculations are performed between rod electrades in the 

flow of a Faraday generatorand flat electrades flush to the walls [10]. 

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

convergent solutions, or results whose interpretation may involve 

speculation, are avoided (see IV.S.S.). Fortheflat electrode configu

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

be defined using the experimental and theoretica! results given by Merck 

[11], whereas for rod electrades these profilescan 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. 5. Resu~ts of the numeriaal oaloulations 

Results of comparative calculations between flat electrades 

flush to the walls and rod electrades 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. lt then follows directly that spatial variations in the Joule 

heating wil! lead tospatlal variations in the electron temperature. 

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

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

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

and there is a current of 100 A through the electrode. lt can be con

cluded that nearly all the current is concentrated in the downstream 
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B 

Fig. IV. 2. Typiaat aurrent flow pattem for the fiush 

eleatrode aonfiguration. Streamtine interval 

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

0.1 m. Eteatrode tength 0.05 m. 

I 

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

tration is caused by the finite segmentation of the electrodes, and 

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

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

determines the angle between j and Ê>~: arctan 13. In this way, 

depending on the value of the Hall parameter 13, a slope is created 
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1.0 

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 l. 

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

u 

near the insulating segment of the electrode wal!, it is imposed that 

jy • 0. Therefore, the current streamlines which will reach an 

insuiator segment, given their direction in the coreflow, are bent to

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

current streaml i nes are concentrated at the electrode edges. In conse

quence of this concentratien there is increased ohmic heating resulting 

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

~higher electrical conductivity. In figure IV.3 the dependenee of the 

calculated quantities on the position along the electrode wal! is 

presented. Because of relaxation effects the location of maximum 
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1. ANODE 

2:CATHODE 

B 

Fig. IV.4. Current flow pattem for the veloeity profile 

of figure IV.l, eurve 2. StreamZine interval 

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

0.1 m. 

electron tempersture and maximum electron density do not coincide. 

I 

The current distributions for the rod electrode configurations 

with the different velocity profiles mentioned arealso calculated. The 

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

IV.l is presented in figure IV.4. The centre of the rod electrode is 

0.0175 mout of the walls. lts radius is 0.0095 m. The typical ratio of 

the local current density to average current density at the cathodes 
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in dependenee on the positipn along that electrode is shown in figure 

IV.S. For rod electrades 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 S = 1 to 

s/1 < 0.28 for ~ >1. The current distri bution a long the wall of a rod 

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

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

the rad electrode 70% of the current is emitted by 50% of the electrode 

surface. In coróparison with flat electrades this .wil! leadtoa 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 MHD 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 [14] have propounded a theory that accounts for the 

coupling between cond~ctivity and the local disslpation. In this theory, 

depending on the ratio between the electrical conductivi.ty in the 

boundary region and in the bulk, two modes of operatlon 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 desirabie 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 investlgated 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~. 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 profi les, the 

electrical conductivity between adjacent electrodes wi 11 or wil! not 

exceed lts value in the coreflow. From flgure IV.6 it can be concluded 

that for zero velocity between adjacent electredes the shorted mode and 
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Fig. IV.6. The aalaulated aonductivity for ro;0.1 in dependenee 
on y for the different electrode configurations: 

1. the flush eZeatrode aonfiguration; y=O.O is the 
aathode plane; 

2. rod eleatrode aonfigurations; veloaity profile 
curve 3, defined infigure IV.1; 

3. rod eleatrode configuration; veloaity profile 
aurve 2; 

4. rod electrode aonfiguration; veloaity profile 
aurve 1. · 

a is the electrode region of the rod eleatrodes. 
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Fig. IV.?. Current ftow pattem for the rod eteetrode 

eonfiguration of the experiment. Segment 

height 70 mm. Segment tength 7 mm. The stream

tine intervat for opposite eteetrodes is 10 A/m 

and the streamtine intervat for adJacent 

eteetrodes 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 periadie 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 13 was approximately 1 in the 

plane where the calculations were performed. This calculation shows 

that for the electrode configuration mentioned axial current Jeakage 

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

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

figure IV.]. lt shows that the cathode as wel I as the anode have a 

part which collects current and a part which emi ts current. The axial 

leàkage 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 x 10-5 has.been performed for the geometry given in figure IV.]. 

In the calculation an axial current Jeakage appears extended over four 

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

the seed ratio of 3 x 10-5 , in comparison with a seed ratio of 3 x 10-3, 

-the number of electron-cesium atom collislons is reduced. Thls results 

in the region between adjacent electrades in a higher electron tempera

ture elevation which is accompagnied by a higher electron density and 

a higher conduct i v i ty. In t he buIk reg i on, the reduced number of 

electron-cesium atom collislons yields again a higher electron tempera

ture, however, for the given plasma parameters the electron denslty 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 c~aracteristic Jengths Lr and Leas the dis

tances over which the electron continuity and electron energy equation 

(IV.7) and (IV.8) can allow a change in ne and Te by a factor;. 

Lackner [16] introduced L by assuming that the electron temperature 
r 

drops immediately tothe value T , and the change in ne is determined e,o 
by three-body recombination. Then Le is defined under the assumptlon 

of instantaneous Saha equilibrium at Te' while the varlation in Te is 

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

derived 

L 
e 

0.433 V 

k (T ) 2 
r e,o ne,o 

2 
1 E.v { 
=-r~ In 

v k T 
c 

2kTTe o 2kT} 
(l + E.(T - T))- r:-· 

1 e,o 1 

( IV.15) 

( IV.16) 

When both Lr and Le are much smaller than the electrode period I, 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 Jarger 

than I, the existence of non-uniformities in the current pattern wiJl 

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

tions L is of the order of 6 x 10-2 m, and L of the order of _
1 

r e 
9X10 m. They are nearly constant in the region where the calcula-

tions are performed. The ratlos 1/Lr and l/Le show that, consequently, 

non-uniformities in the flow direction are small. 

IV.5.4. Potentlal 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 theseparate contributions of surface and sheath impedan1ce are 

difficult to assess theoretica] ly, 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 ~(x, y) as a salution of equation 

( IV.14). Then the potent i al distribut ion <j>(x, y) is found by a 

numerical integration of Ohm's law 

E -
x 

E -y 

.!. {Cl~ 
cr Cly 

vB +.!. {- ~ 
cr Clx 

fl ~} 
3y 

(I V. 17) 

(IV. 18) 

Then, the electrode voltage drops are determined by extrapolating the 

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

the difference between the extrapolated value and the experimental value 

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

chapter VI I observed voltage drops are compared with the calculated 

ones obtained by using the method described in this section. 

IV.5.5. lnstabilities 

In regionsof the MHD generator where the Hall parameter exceeds 

a certain critica] value flcrit ionization instabil i ties occur. 

Numerical problems appear at Hall parameters above the critica] value 

[2, 18]. OI i ver [8] and Lengyel [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 fl > fl . . In the region fl > fl . Lengyel [5] performed a crot crot 
stationary salution of a periadie generator segment, whereas Blom [6] 
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made an attempt to calculate a pre-ionizer with flat electrades in the 

wal!, In the latter calculations no physical instabi I i ties have been ob

served. Todetermine the plasma regime in which no instabilities occur 

the critica! Hall parameter has been calculated in a periodical segment 

of an MHD generator fol lowing the method of Massee [19]. lt is possible 

to calculate the electrical conductivity as a function of 8/8crit 

in the regime where B > Bcrit' 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 S< Bcrit in the periodic 

part of the generator. lf by camparing experimental and theoretica! 

results B turns out to be larger than Bcrit a critica] Hall parameter 

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

owing to instabilities, the microscopie electrical conductivity is 

reduced by a factor 2/B. 

IV.6. Conalusions 

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. lt 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

trades yield a decrease in axial losses: homogeneaus current distribu

tion at the electrode surface and reduced influence of relaxation 

effects in the interelectrode region. To draw concluslons about 

voltage drops, accurate temperature 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 VI I. 

69 



Referenaes 

[1] Bertol ini, E. et al., "Relaxation Phenomena in MPD Generators", 

Proceedings of the 4th Int. Conf. on MHD, Vol. 1, 1966, 

pp. 533-545. 

[2] Nelson, A.H. and Uncles, R.J., "Numerical Experiments in Closed 

Cycle MHD Power Generation", Proceedings of the 5th Int. Conf. 

on MHD, Vol. 2, 1971, pp. 191-206. 

[3] Oliver, O.A. and Lowenstein, A.I., "The Three-Dimensional 

Electrical Conduction Field in a Slanted Electrode Wall MHO 

Generator", Proceedings of the 5th Int. Conf. on MHO, Vol. 2, 

1971, pp. 225-243. 

[4] Courant, R., "Methods of Mathematica] Physics", Vol. 2, John 

Wiley and Sens, New Vork, 1962. 

[5] Lengyel, L.L., "On Current and P9tential Distributions in Non

equilibrium MHO Plasmas at high Magnetic Field Strengths", 

Proceedings of the Sth Int. Conf. on MHO, Vol. 2~. 1971, 

pp. 207-222. 

[6] !llom, J.H. et al., "Current and Potent i al Distributions in MHO 

Entrance Flows", 12th Symp. on Eng. Asp. of MHD, 1972, 

pp. 1.10.1 1.10.6. 

[7] Jansen, J.K.M., "Een numerieke integratie methode voor een 

stijf stelsel differentiaalvergel ijkingen", Engineering thesis, 

Eindhoven University of Technology, Eindhoven, 1972. 

[8] Oliver. O.A., "Nonuniform Electrical Conduction in Magneto

hydrodynamic Channels", SU-IPR-163, 1967, lnst. for Plasma 

Research, Stanford University, Stanford, Cal. 

70 



[9] Carré, B.A., '~he Determination of the Optimum Accelerating 

Factor for Successive Over-Relaxation", Computer Journal, 

Vol. 4, 1961, pp. 73-78. 

[10] Houben, J.W.M.A. et al., '~he Effects of Electrode Configuration 

on the Performance of a Faraday Type MHD Generator", 12th Symp. 

on Eng. Asp. of MHD, 1972, pp. 1.3.1-1 .3.6. 

[11] Merck, W.F.H., "On the Fully Developed Turbulent Compressible 

Flow in an MHD Generator", Thesis, Eindhoven Univarsity of 

Technology, Eindhoven, 1971. 

[12] Blom, J.H. and Pels, H.J., "Experimental lnvestigation of 

Electron Emission of a Tungsten Cathode in a Cesium Plasma", 

Appl. Phys. Lett., Vol. 21, 1972, pp. 283-285. 

[13] Kerrebrock, J.L., "Segmented Electrode Losses in MHD 

Generators with Nonequilibrium Jonization", AIAA Journal, 

Vol. 4, No. 11, 1966, pp. 1938-1947. 

[14] Hoffman, M.A., "Simp! ified Model of Segmented Electrode Losses 

in Nonequilibrium MHD Generators", CSRTR-66-7, 1966, MIT, 

Cambridge, Mass. 

[15] Cutting, J.C. and Eustis, R.H., "Axial Current Leakage in 

Segmented MHD Generators, Proceedings of the 5th Int. Conf. 

on MHD, Vol. 1, 1971, pp. 289-305. 

[16] Lackner, K. et al., "Re1axation Effects in J x B Devices", 

AIAA Journal, Vol. 6, No. 5, May 1968, pp. 949-951. 

[17] Rubin, E.S. and Eustis, R.H., "Effects of Electrode Si ze on 

the Performance of a Combustion-Driven MHD Generator", AIAA 

Journal, Vol. 9, No. 6, June 1971, pp. 1162-1169. 

71 



[18] Lengyel, L.L., Rapporteurs Statement on "Flow Processes and 

Discharge Structure", Proceedings of the 5th Int. Conf. on HHD, 

1971, p. 234. 

[19] Massee, P., "Stabilisation on Nonequilibrium MHD Plasmas by 

means of Metastable Nitrogen", Proceedings of the 5th Int. Conf. 

on MHD, Vol. 2, 1971, pp. 175-290. 

[20] Vel ikhov, E.P. and Dykhne, A.M., "Plasma Turbulence Due to the 

Ion i zation Instab i 1 i ty in a Strong Magnet ie Field", 6th Int. 

Conf. on Ion i zation Phenomena in Gases, Vol. 4, 1963, 

pp, 511-512. 

72 



V. I N T R 0 D U C T I 0 N 

V.l. 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 eperating continuously are very expensive, particularly in 

the Megawatt region. A cernpromise 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 Mega~att 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 sectien with a length of 4 m is separated from the 

test sectien of 8 m by a double diaphragm (see figure V.l). 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 

7 x~ cm
2

, behind which a converging-diverging nozzle is fitted. Measure

ments have indicated that the reduction in the strengthof the reflected 

shockwave SR is smal! 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 supersen ie 

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

time the shocktunnel operatas normallyin 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 distanae diagram of the wave proaesses in a shoak

tunnel for taiZored interfaae aonditions. 
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the arrival 

S: inaident shoak, G: aontaat surfaae, F: head of the 

expansion wave, FR: refleated head, E: overexpansion shoak, 

and SR: inaident shoak. 

is lirnited by one of the following three processes: 

at the end-plate of the reflected head FR of the expansion 

driver (test time tl), 

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 tl, t2 and t3 are 

7 ms, 15 ms and 19 ms, respectively. 

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

For details concerning the technica! 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 inthetest sectien is 0.1 bar. The shock Mach num

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

pressure of 7 bar and a stagnati6n temperature of 3300 K which are sta

tionary during 5 ms ( campare chapter VIl ). 

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

Fig. V.~. The Eindhoven shocktunne~ experiment. 

V.;(, Cetrlwn secding 

There are two methods described in the literature for seeding the 

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

al kal i metal is suspendedas an aerosol in a carrier gas. The aerosol is 

prepared by blowinga caoled inert gas over a pool of liquid alkali metal. 

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

I iquid particles ar aerosols of the alkali metal, whicli are carried by 

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

particles and creates a test region which wil! rf;\ach the desired therma

dynamie conditlans by the interaction with the reflected shock. 
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An alternative method of seeding the gas in the shocktunnel has been 

developed by Haught [4], Alkali metal vapour is injected into the carrier 

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

toa temperature above the correspondlng temperature of saturated vapour 

pressure existing inthetest gas. For this purpose at the Battelle 

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

1500 K [S]. 

In the following a description wil 1 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-S 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 conditlens the value of D is equal 

to 3.0x10-S m2/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 ration In is preferably 10-3. a,cs a,ar 
- The vapour pressure at the surface of a cesium pool determines the 

number of cesium atoms convected per second fora given pool area and 

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

- These rates are adversely influenced by the 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.1}, initially evacuated to 10-S torrand 

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 475 K. lt 

takes ISO s before the test section is filled to the desired 0.1 bar. 
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During this time 1.5x1o24 argon atoms have passed the oven. In the 150 

mentioned and at a temperature of 475 K the evaporation from 1 cm2 of 

cesium contains l.5xlo21 atoms. The conclusion is that without losses 

seconds 

liquid 

under the required experimental conditlans 

evaparate enough cesium atoms to reach the 

In the furnace there is a cesium pool with 

and 

a liquid cesium area of 1 cm2 

seed ratio of 10-3 mentioned. 

a surface of at least 10 cm2• 

can 

In flgure V.4 a view of the cesium seeding equipment is given. The results 

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

Fig. V.4. The cesium-seeded argon gas enters the shocktunnel 

near the baZZ vaZve. A view of the seeding equtpment 

is presented. 

V.4. 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 

Josses are small compared with the induced voltages and aerodynamical 

boundary layers have only reduced influences [8]. 

The lengthof the channel should beat least four times lts 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 electrades are positioned away from the colder partsof the boundary 

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

electrades are surrounded by plasma of enough electrical conductlvity 

to prevent excessive electrode voltage drops. 

The walls of the channel have to be transparant because radlation 

measurements have to be performed. 

The walls of the channel are electrically insulating to hold electrical 

fields. 

The walls and the boundary layers are piereed by metal probes to 

measure locally the electrit potential. 

Using arguments described above the generator dlverges from 7 x 9 cm2 

to 10 x 9 cm2 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 cm2 and a lengthof 10 cm. Pre-ionizer 

and generator have rod type electrades with a diameter of 4 mm and a pitch 

MHO generator 
Pre- ionizer 

••••••••••••• ·····••t•••••:•••••••t•······~·····~·· •• . . . . . . . ê 
: : :: : : : á! . . . . . . . )( 

I'! 

electrode 

probe 

E 
• E 
·&"! x 
·~ 

J----'1,_"2,_"0"-'m!Lm"---+----------~401!l.!!m!!'mm ___ --·····------..; 

Fig. V.5. Cross seation of the generatorand pre-ioniser 

seation, ~ith the position of eZeatrodes and 

potential. probes. 

of 7 mm. The position of electrades and potentlal 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-ionizer can be heated up to 

1500 K. These electrades consist of a tungsten foil wrapped around an aJu-
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Fig. V.6. The MHD genePatoP installed behind the ahoaktunneZ. 

The position of the Pod type eleatPodes and of the 

potential pPobes aPe aleaPZy ahown. 

mina tube which is heated by a tungsten spiral at the inside of the 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 electredes in the pre-ionizer act as generator electrodes. The 

gene;ator is ~onstructed 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.5 The magnet 

The magnetic induction is produced by a pulsed, air-core, sàddle 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 MHO 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 40 cm3, and is given (in figure V.7) in 

dependenee on distance along the generator. 
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Pre-iooizer MHD .. genefator 
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Fig. V.7. The magnetie induetion in relation to distanee along 

the pre-ionizer and MHD generator. 

V. 6. DatahandZing 

All 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 timefora 

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

recorded on oscilloscopes. 
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VI. D I A G N 0 S T I C S 

VI.l.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 

Vl.l. Figure Vl.l showshow the several diagnostics are lined up around 

the MHD generator. 

Fig.VI.l The qiagnoatics ~ Zined up around the generator duet. 
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I 

Nature of the measurement 

Gasdynamic measurements 

Potentlal measurements 

Microwave measurements 

Spectroscopie measurements 

Load measurements 

Pho tog raphy 

TabZe VI.l. The diagnostics used in the ea:periment 

Measured parameter 

pressures 

gas velocity 

gas temperature 

potentials 

electron density 

electron density 

electron temperature 

seed ratio 

vo I tage 

current 

time-resolved photographs 

Diagnostic tooi 

piezo-electric probes 

anemometer 

anemometer 

electrostati~ potentlal probe 

138 GHz interferometer 

two partiele recombination 

two partiele recombination 

line reversal method 

line reversal method 

voltage meter 

ampere meter 

image convertor 



VI. 2. Gasdynamie measurements 

Vl.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-ionlzer 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 inthetest ~ection at a distance of 0.2 m from each 

other. These probes consist ofa quartzcylinder of 2 cm in diameter covered 

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

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

tempersture resistance coefficient of the platinum, the resistance of the 

hot film risesabout 0.2 n. 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. 

Vl.Z.J.Gas tempersture and velocity of the gas 

As is shown theoretically in chapter IV, the current distribution in 

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

of the heavy particles. Particularly, the velocity and tempersture 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 

tempersture has been chosen [1 ,2]. 

Using the hot-wire anemometry a short lengthof 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. lt 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 lts heat balance are detected. 

The heat balanceis influenced by the following mechanisms: 

qe Joule heating 12R; 

qfc heat released by forced convection Nu kf 271'1 (T -T ) w ree w 

qr heat released by radlation coollng e(T4-r4) · w • 

conduction cooling :n 
qc heat released by to the supports - p,a); 

where 

current through the wire; 

R wire resistance; 

Nu Nusselt number; 

kf thermal conductivity of the fluid; 

Tree recovery temperature; 

Tw wire temperature; 

T temperature of the surroundings; 

Iw lengthof the wire; 

E emissivity of the wire material; and 

À thermal conductivity of the wire material. 

The hot-wlre determines the recovery temperature Tree of the plasma 

which is defined as [31 

T ,; r(l + M2 } Pr1 
ree f J (VI .1) 

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 equatlon (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 reststance R of the 

wire in dependenee on the temperature in lts centre (see figure Vl.2) 

2000 

~ 
! 

l 
1100 

,_ 

,. .. 

R ane mom eter(O} 

Fig. VI, 2 The temperature in the centre of the hot~ire 

in reZ.ation to the wi:l'e resistance. 

This measurement was carried out in vacuum. The reststance and temperature 

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

it. The temperature of the wi re was measured by pyromet ry. 

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

In vacuum the heat balance of the hot-wire element is qe + qr + qc • 0 

whereas in plasma this balance is qe + qr + qc + qfc = 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 radlation. In plasma the power dissipated balances the mechanisms 

mentloned and the forced convection •. However, if the mean wire temperature 

equals the recovery temperature, the power supplled to the wlre must only 

balance end conduction and radiation. The criterion that the convection 

heat transfer equals zero, requires in plasma the condition Tw • Tree. 

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

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

are interpolated to obtain a point of intersection (see figure V1.3). 
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Fig. VI.J. The JouZe heating neeessary to maintain the 

resistance of the anemometer. ~ in vacuum~ 

(~ in pZasma. 

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

equal wire temperature, which, however îs 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 în both condltîons, 

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

supposed to be equal, leads to the following equation 

( I 2
2 - I 21 ) R = Nu k f 21T 1 ( T - T ) 

w ree w 
(VI. 2) 

where 

Nu 0.24 + 0.56 Re0 · 45 ; 

Re Reynolds number; 

12 current through the wi re in vacuum; and ,, current through the wi re in plasma. 
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In this equation 1
1 

and 1
2 

have been measured, whereas T , T and R 
w ree 

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. EZectrostatic probe measurements 

The electrical potentlal in the plasma is determined from the obser

ved floating potentlal 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 .4. Because we are not interested 

SIEUCTOR AMPliFIER 1 PttOTO COUPLED PAifl AMPUFtERZ 

IN 

Fig.VI.4. The eZectricaZ circuit todetermine eZectrostatic 

probe measurements. The eZectricaZ insulation with 

respect to ground is obtained by using the photo 

coupled pair. By means of an opto insuZator the 

plasma ia separated jrom the measuring circuit and 

from ground. The ineulation reaiatanee is 1 Mn. 

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 potentlal and the plasma potentlal can be taken from Huddlestone [4] 
as 



kT 
e 

vfl + 2e in [!.me} 
2 m.J 

I 

(V1.4) 

For a survey of electrostatle probe theory see ref. [4]. Zauderer [5 J 
states that in order to obtain correct floating potentials, the electron 

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

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

plasma wil! be appreciably perturbed. Tomeet these requirements, 

electron densities have to be in excessof 1019 m3. 

VI.1. Microwave measurements 

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

interferometer [6]. The interferometer {see figure VI.S) consistsof a 

primary transmission path through the plasmaandan auxiliary transmission 

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

balanced in absence of plasma. The output signa! 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 densify exceeds a critica! value. The critica! 

value for ne is given by 

where 

n er 

s 0 permittivity of vacuum; and 

w ~ angular frequency of the microwaves. 

(VI .5) 

To be able to detect high electron densities, the frequency of the micro~ 
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Fig. VI.5, The miarowave interferometer. 

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

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

direational aoupler; G: vane attenuator; Hl,2: hom 

atenna's; I: matahingwaveguide; J: phase shifter; 

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

M: matahing 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 2.4x1o20 m- 3 and 5.2xJo 18 m-3,respectively. 

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

the magnetic coils the auxiliary path has a considerable length. As smal! 

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.5. Spectroscopie measurements 

Vl.5.1. Continuurn recombination radlation measurement 

Radiative recombination occurs when a free electron recombines with 

an ion to ferm a neutral atom in a specific state j [8]. 

(VI .6) 

The energy of the initia! free electron is carried off by a photon having 

the wavelength according to the relation 

where 

~=he+ !mi 
À À. e e 

J 

he 
À 

he 
I:" 

J 2 
'm v ~ e e 

the energy of the released photon; 

the binding energy of atomie state j; and 

the kinetic energy of the free electron. 

(VI. 7) 

Fora specific atomie state j the energy of the emitted photons varles 

between he/À. and infinity. In consequence of this, the emitted spectrum 
J 

is a continuurn with a wavelength À<À .. In our case the continuurn radlation 
- J 

of cesium has been observed.The cesium energy level dlagram is given in 

figure VI .6. Agnew and Summers [8] indicate that 90 %of the energy in the 

recombination radlation originates from free to 6P and free to 50 radiative 

recombinations. In our calculations the recombination radiation from free 

to 6P, 50, 60, and 7P is taken account of. The bandheads forthese transi

tions are 5010 R, 5825 R, 11135 R, and 10552 ~. respectively. Therefore 

measuring cesium free-bound recombination means measuring with wavelengths 

smaller than 5010 ~. For practical reasens the lower limit of the wavelength 

is chosen as 4000 ~. 

lt is interesting to realize that the two partiele recombinations, 

although they do not contribute to the continuity and energy equation of 
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Fig. VI.6. The aesium erw.rgy level diagram. 

the electrons, can be used for measuring purposes. The plasma is optically 

thin for this radiation. Therefore, information can be obtained from the 

bulk of the plasma. 

where 

The equation which describes the radiative recomblnation is 

Q.(À)dÀ n n.v a.(v )F(v )dv 
J e 1 e J e e e 

(VI. 8) 

a. ( v ) 
J e 

the rate of photon emission in the wavelength interval dÀ 

corresponding to the velocity range dve due to radiative 

recombination into state j; 

the cross-section for radiative recombination by electrens 

of velocity V to the state j; e 
the density of electrons; 

the density of i ons; and 
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F(v )dv 
e e 

the fraction of electrans in the velocity range dve. 

Va lues for the cross-seet ion o.(v) are given in the 1 iterature [ 8,9, 10, 
J e 

and 11]. These values are listed in table Vl.2. 

Table VI. 2. C1'oss-seation fOT' 1'adiative 1'eaorribination of an elee

t1'on of veloaity v (om/s) into the final state j. 
e 

Reference 2 
o6P (cm ) 

2 
oSD (cm ) 

[8] -6 2 3.74x1Q /v 
e 

-6 2 
8.3x10 /ve 

[9] 2.]9X10- 6;l -6 2 
e 7.3x10 /ve 

[ 1 0] 3. 11x1o-6;v2 -6 2 
e 7.3x10 /ve 

[ 11] -6 2 6.8x1o-6;v2 
2.9]xJQ /ve 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 sol id angle associated with free to state j transition is 

Es.dÀ 
J 

l;n ~c Qj (À) dÀ 

2 me 3/2 '1 he 2 1 E.(À) 
n n.o.v ( -2 kT ) -(À) À exp(_J__kT )dÀ 
e 1 J e 'lf e me e 

The total photon energy becomes 

Es dÀ 

(V I. 9) 

(V I. 1 0) 

(VJ.11) 

By determining the total photon energy in a wavelength interval dÀ 1 and 

dÀ 2 at two different wavelengthes Àl and À2 ,Es(À
1
)dÀl/ Es(À 2)dÀ2 is only 

dependent on the electron temperature. For given À1, À2 , dÀ
1 

and dÀ2 the 

relation between Es(À
1

)dÀ
1
/Es(À

2
)dÀ

2 
and Te can be calculated. When geo

metrical parameters are calibrated and the obtained electron temperature 

is used, the electron density ne 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 
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temperature, is determined by absolute measurement of the continuurn 

radiation. Therefore, the optica] system is calibrated by theemission 

of a tungsten ribbon band. 

The experimental set-up for the determinat ion of electron tempe

rature and electron density for the Ar-Cs plasma using continuurn radla

tion intensity is schematically given in figure Vl.]. The sensor element 

sènsor etement 

magnehc fd!ld ~hields 

plasma 

Fig. VI.?. The schematic experimentat set-up for the deter

mination of etectron temrer•ature and eleatron den

sity using two particlc,c; r>eé:orribination radiation. 

focuses the radlation recieved from the plasma into the common end of a 

Y-shaped light tube. Each part of the tube transmits the radlation 

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 continuurn from the line radlation of argon, cesium, and possible 

impurities. Consequently two narrow band interference filters were chosen. 

Filter 1: 4893 ~; ~À=46 R, peaktransmission 39%; filter 2: 4102 R; 
~À=52 ~. peaktransmission 42%. 

The detected plasma radiation originates from a cone-shaped volume 

which is shown shaded in figure Vl.]. lt can be proved that the detected 

radiation intensity is proportional to the plasma dimension along the 

optica] axis. 
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Calculations have shown that due to the uncertainty in the cross

sections a a maximum inaccuracy of Te of 5% and of ne of 6% exists. 

Figure VI.B shows that for increasing Te the point of intersectien 

between the observed Es(À
2

)dÀ
2

/Es(À
1
)dÀ

1 
and the given curve can less 

accurately be determined than for Jow Te. For largervalues ·of Te, 

40 

30 

20 

Es(l2)dl
2 

EsTl1) dX
1 10 

5 

4 

3 

2 

I I I 

2000 
! l I I I I I I I 

2500 3000 3500 4000 
Te (K) 

"e is preferabie determined at a wavelength for which Es(l)dÀ has a 

small dependenee on the electron temperature. For our plasma conditions 

this occurs for À=4456 R .. Vitshas et al. [12] report for an electron 

temperature of 5000 K an accuracy of 35% for Te and 10% for n
6

. 
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Vl.5.2. The line reversal method 

In case that a speetral line of a plasma is optically thick, the 

line reversal method can be applied to measure plasma temperatures 

directly. Absorption or emission of a speetral line is measured using 

the line reversal method. To effect this, an independent light souree 

is placed behind the plasma. At the same frequency the specific 

radlation intensity of the plasma, and the total specific radlation 

intensity when the independent souree is situated behind the plasma 

are determined alternately. In the case that the souree behind the 

plasma emits black body radlation of a temperature higher than the 

plasma temperature, an absorption line will appear, where at a lower 

temperature of the souree an emission line appears. lf l ight-source 

and plasma have the sàme radlation intensity, it can be proved that 

the black body tempersture of the independent souree is equal to the 

population tempersture of the plasma [13]. Stringent requirements 

have to be fulfilled to be sure that the population tempersture is 

equal the electron temperature. RiedmUller et al. [14] 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 RiedmUller's experiment this problem is 

solved by injecting a hot argon flow along the Windows. Fora shock

tunnel experiment this solution cannot be used. Jeanmaire [15] has 

investigated how to overcome these problems in a shocktunnel by using 

suitable non-resananee 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-resananee lines of cesium. 

A third problem is that, owing to the way our plasma is produced, 

the conditions at various runs may be sl ightly 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 todetermine 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 probabilitles and line shapes, the population 

temperature can be determined. 

The theory of the line reversal method is given elsewhere [14). 

In this chapter the conditions wil I be determined under which the ob

served populatlon temperature T equals the electron temperature T • 
p e 

The processes governing the population and depopulatlon of an atomie 

level are consldered. The production per unit volume of an excited 

species in level j is 

Î n {neK~J· + narK~J· + b. (T )A. } + Î n {neK~J· + narK~J· +A .} m<j m Jm r Jm m> j m mJ 

The depopulation of a level j is given by 

n. Î {neKJ7m + n K . + A. } + Î {n K7 + n KA [ 

. A 

J m<j ar mJ Jm m<j e Jm ar jm 

(VI. 12) 

+ bjm(Tr)Amj}J 

(Vl. 13) 

lnduced emission has been neglected. lt is assumed that the electrons 

have a Maxwelllan velocity dlstributlon. nm is the population density 

of level mof cesium, Ke is the rate coefficient for (de-)excitation 

by collislons with an electron, KA is the rate coefflclent for (de-) 

excitation by col! is ion with an argon atom, A the transition 

probability for spontaneous emlssion, whereas b(T )A is the contribu-
r 

ti on by radlation absorption. Compare equation (VI.·15). 

The population temperature T is defined in relation to the 
p 

densities of the levels i and j (j > i) as 

n. 
....1. 
n. 

I 

g. hv 
.:J.. exp{- -} 
gi kTe 

(VI.14) 

where gj is the statistica] weight of level j. The electron temperature 

and the temperature of the heavy particles are de.fined from eq,uatlons 

(V1.12) and (V1.13) using the principle of detailed balancing as 
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Ke. 
~ -hv/kTe 

_!!!.1. s e - b(T ) 
K: gm e (VI.15) 

Jm 

KA. 
~ e-hv/kT _!!!.1. - b(T) 

K~ gm 
Jm 

(VI. 16) 

The re lation between T and T is given by [14] as r p 

b •. (T ) s b j i (T p) VJ i J 1 r (V1.17) 

in whlch V .. indicates the optica! thickness of the transition con-
J I 

sidered. lf no radlation losses occur, Vji s 1, otherwise Vji < 1. 

For MHD plasmas Riedmüller has shown that the contribution of argon

alkali coll isions to the population of anatomie level of the alkali 

atom can be neglected in comparison with the contribution of electron

alkali collisions. The contribution to the population of anatomie 

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 (V1.15) the relatlon 

between population temperature and electron temperature is given by 

b .. (T ) 
J I p 

• b .. (T ) 
Jl e 

1 + I 
m<j 

(VI .18) 
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The electron temperature equals the popuiatien temperature if 

Th is 

or 

( 1 - V. )A. 
;m Jm < I 

m<j 

can be 

V. 
Jm 

A. 
-!.!!!..:.. 

e 
neKji 

e 
neKji 

real i zed 

<< 

by 

+ I 
m<j 

either 

(V1.19) 

To lnvestigate if it is possible to satisfy the condition V. 
Jm 

the absorption coefficient at the centre of the line K
0 

has been cal-

culated in relation to the temperature by consiclering the broadening 

mechanisms in the cesium seeded argon plasma. K is given by [17] 
0 

K 
0 

(VI.20) 

in which f .. is the oscillatorstrengthof the transition, E. is the 
IJ . I 

energy of level i, U is the equipartition function of cesium, and 6v 

the half width of the speetral I ine. In equation (VI.18) al I 

quantities are known except the half width. In the calculations of 

the half width, it is possible to neglect natura! broadening, Doppier 

broadening, and Stark broadening in comparison with resonance 

broadening 6vR and van der Waals broadening 6vW. Griem [18] gives 

the following expression for 6vR 

1 e 2 3 g. 1/2 
(.2.) ~ -m c r- H.IJ'na,cs ""t:o e '111 g j 

(VI.21) 

Lindholm [19] has calculated for 6vw 
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{VI .22) 

where c
6 

is the van der Waals constant which can be derived from 

Mahan [20]. Because resonance broadening as wellas van der lolaais 

broadening causes a dispersion {Lorentz) profile, it can be stated 

that 

{VI.23) 

K
0 

has been calculated in relation toT and Te. The results of these 

calculations are given in the figures V1.9 and VI .10. 

3 
H 7F - 50 5/2 

9S 1/2 - 6P 3/2 

-2 2 J 80 3/2 - 6P 3/2 0'1 o. 
2 G 8S 1/2 - 6P 1/2 

F 5F - 50 3/2 

c 50 5/2 - 6P 3/2 

·o 0 70 3/2 - 6P 1/2 

K 7P 1/2 - 6S 1/2 

A 60 5/2 - 6P 3/2 
-1 

E 60 312 - 6P 3/2 

B 60 312 - 6P 1/2 

1.5 2D 2.5 3.0 L 6P 1/2 - 65 1/2 
T(..a1K) 

M 6P 3/2 - 65 1/2 

Fig. VI.9. The caZcutated abeorption coeffiaient K0 as a function of 
the gas temperature Tg for the cesium Zines Zisted above. 
In the catcutatione is used Tp T. 
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Fig. VI. JO. For the transitions Usted in fit]U1'e VI.B 
the absorption aoefficrlent ~~:0 as a funation 
of the population temperature Tp• 
T = 2000 K. 

lt can be concluded that: 

- resonance lines of cesium are not suited for measuring the popula

tion temperat~r~ of the HHD plasma. Thesè lines are.optically thick 

in the coreflow as wel\ as in the boundary \ayer. 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 foll.owing 

cesium I ines 
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T transition wavelength e 
(K) (~) 

1800 - 2100 60 3/2 - 6P 1/2 8761 

2100 - 2500 70 5/2 - 6P 3/2 6973 

2200 - 2600 70 3/2 - 6P 1/2 6723 

2300 - 2700 60 3/2 - 6P 3/2 9208 

2500 - 3000 5F - 50 5/2 8079 

> 3000 ss 1/2 - 6P 1/2 7609 

In the shocktunnel experiment it is impossible todetermine the 

reversal temperature Tsr in the conventional way, because of the 

Jimited measuring time of 5 ms. In general the adjusted temperature 

of the reference souree Ts wiJl be unequal to the reversal tempera

ture. Moutet (16] introduced the following relation between the 

temperature of the reference souree and the reversal temperature 

where 

the specific radiation intensity of the plasma at the 

frequency v, 

(VI.24) 

the specific radiation intensity of the reference souree 

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 Vl.11. 

In the experiment, intensities insteadof 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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TEKTRONIX $56 PROCES COMPUTER 

Fig. VI.ll. Set-up of the measu:ring equipment. 

With the intens i ties measured with the equipment of figure Vl.ll, 

one can ca1culate the·absorption coefficient of the 1 i nes considered. 

Given the theory of the 1ine-broadening from this coefficient the seed 

ratio can be determined in the following way. From the equation of 

radlation transfer 

(VI.25) 

where 

Ev emission coefficient for photons of energy hv, per unit length 

interval, and 

Kv absorption coefficient for photons of energy hV, 

and from Kirchhoff's law fol1ows 

(V I .26) 

Because the I inewidth of the cesium 1 i nes is about 1 ~. in equatlon 

(VI.24) K can be replaced by K , when using a monochromator with a 
V o 

resolution of 0.3 ~- Combining equations (V1.18) to (VI .21) the 

following expression for the seed ratio can be fqund 
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n 
x=~= 

n a,ar 

c6 2/5 {8kT 1 1 }3/10 
2.]1 (-) - (- + -) h 11 m m 

ar es 

1 2 {g . E • 3 g . 1 /2 } 
411e:o ~ flj f exp(- -k'f-> - 1iir Ko CfJ À ij 

~c P J 

(VI .27) 

In this expressionall quantities are known either by measurement or 

by calculation. 

With ..:
0 

known it is possible to investigate the numerical rela

tion betweenT and T • lf V .. < 1 the contribution of a given 
p e J 1 

transition to 

I 
m<j 

1 - V. 
__ ......... Jm"' A. 

n K~. Jm 
e J 1 

can be calculated. Ke is obtained from Zapesochnyi [2j], and A. from 
Jm 

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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VII. EXPERIMENTAL RESULTS AND 

DISCUSSION 

VII.l. Gas4Ynamic 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 ms. 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-Machnumber Ms in the following way: 

po (5M2 - 1) (6M2 - 2) 
s s 

pl 4(M2 
+ 3) s 

(VII.l) 

T (2M2 + 2)(6M2 - 2) 
0 s s 

T, 16M2 (VII.2) 

s 

where 

p
0 

stagnation pressure, 

T
0 

stagnation temperature, 

· p1 pressure in the test sectien befere the shock , 

T1 temperature in the test sectien befere the shock, and 

M 
s 

Mach number of the shock defined as 

velocity of the shock and the speed 

the ratio between the 

[
c ) 1 12 

of sound c-: RT 

In our experiment T1 is room temperature and p1 is about 0.1 bar. 

The determination of Ms by means of hot films has been discussed 

in chapter Vl.2.2. The position of the measuring stations is presented 

in figure VI I. 1. The observed va lues of Ms range from Ms = 3.4 to 
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Fig. VII.1. Position of the measuring stations of the 
pressure p and the shoek Maeh number Ms. 
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Fig. VII.2. The pressure at the end of the test seetion 
during the test time for a typieat run. 
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M 
s 

4. 0. From equations (VII.1) and (VII.Z) it can be calculated 

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 VI I .2 

this pressure is given in relation to time. During the runs the ob

served value of p
0 

was maximally 8% lower than the value calculated 

from equation (VIl .1) using the observed M . The discrepancy is due 
s 

to the shock deceleration in the region between the position of the 

hot film probe and the end of the test section (see figure VIl .1). 

Figure VI I .2 shows that the stagnation pressure var i es within 10% 

during the 5 ms test time. 

In order to influence the gasdynamic conditions in the MHD 

generator, runs have been performed with nozzle geometriesof 
2 z 47.6 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 todetermine gasdynamic flow conditions. To avoid the possibi lity of 

disturbing the channel flow, no electrastatic probes were employed in this 

channe I. 

Using constant-temperature hot wi res, the temperature and the 

velocity of the plasma were determined in the region between two ad

jacent electrades (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 

•~as positioned in the careflow it survived only a few runs. Therefore, 

in the careflow 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 

Tree = 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 prof i Ie is observed wh i eh is presented in f i gure V 11.3. 

' I 
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4.10 I 
I 
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~ I 
-<J I 
~ I .... 
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3 I 
I 

w I 
a: I :;, 

I .... 
~ I 
ffi 3 .f ~ 2.10 
w • I I. 
.... 

I•· I > a: I 
w 1 > 
8 1.10

3 

w 
a: 

Fig. VII. 3. The reaovery temperature as a funetion 
of the distanee a~ong the ahanneZ height; 
a is the eZeatrode region. 

• 

lt has to be notleed that in the region between the rod electredes 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

tredes are clearly demonstrated, 
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Fig. VII.6. Measured open voltage as a function of the generator 
electrode number for run 668. A comparison is made 
with the calculated value not taking into account 
aerodynamiaal boundary effects. 
• observed value, 

calaulated value. 

Pre- ionizer MHO generator 

...... . ... .... ; .......•.. ······· .. ; ..... ; ..... ;. 
Fig. VII.?. Measured potential àistribution at open-circuit 

conditions for series B run 867. Pre-ionization 
was applied at 3 electrades in the pre-ionizer. 
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Zauderer [11] states that if internal shorting exists in 

open-circuit conditions, the equipotential lines in the generator are 

slanted about an angle of 45° with respect to the x-axis. The open-

circuit experiments were performed with pre-ionization at the channel 

entrance. Pre-ionizer electrode pairs 3, 4 and 5 are used for this 

purpose. Pre-ionization is necessary because a minimum ne in excess 

of 10 13 cm-3is required (see- chapter Vl.3). 

VII.J. Loaded Faraday generator e;periments 

VI 1.3.1. 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 

potentlal is built up regularly. Between the electrades a potentlal 

difference is observed equal to the value obtained from the extra

polation of the core potentlal distribution to the electrodes. Under 

similar plasma conditlans and with an external load of 500 0 (run 858 

of series B) the probe potentials are approximately on a straight 

line. The angle between this line and the normal to the anode wall 

is smaller in comparison with the unloaded condition. However, the 

observed potentlal difference between the electrades is not equal to 

the values obtained from the extrapolation of the core potentlal 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 VI 1.8 the potentlal distribution is also given for 

run 921 of series B where an external load of 1 0 is inserted. Through 

this resistance the current is 3.5 A. The anode drop is 23.5 V and the 
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cathode 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 wil I contribute to the voltage drops observed. 

Ov;ing tothese drops, under the present condition~, more than 90% of 

the power generated is dissipated in the electrode boundary layers. 
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In the following runs of series A, 732, 735, 741, 747, 748, 749 

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 14. From this figure it 
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Fig. VII.9. The voltage drop as a funetion of the aurrent 
through the load. 
* : aathode generator pair 8 
x anode generator pair 8 
® eathode generator pair 14 
• anode generator pair 14. 
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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 electredes 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 electredes 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 14 the current conduction occurs through arcs. 

Another feature of figure Vll.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 bulkunder open con

ditions a voltage gain of 4 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, 14, and 22 have 

been determined in dependenee of the magnetic induction in runs 791 up 

to 800. The resul ts are presented in figure Vll.10. I t shows that 

independent of the electrode number the total voltage drop is linearly 

dependent on the magnet ie induction appl i ed. Th is is in agreement 

with results reported in ref. [4]. 

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 ln chapter IV aerodynamical profiles have 

been taken from Merck and owing to instabilities, a reduction in the 

electrical conductivity fol lowing Vel ikhov have been used. Figure 

V11.11 shm-1s a camparisen of the calculated potentlal 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 

app 1 i ed the anode drop is 13 V and the cathode drop 22 V. In the ca 1-

culations an anode voltage drop of 14.0 V and a cathode voltage drop 

of 14.0 V appear. These calculated numbers show that the observed 
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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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In the pre-ionizer section in front of the MHD channel experi

ments have been conducted to inves.tigate the effects of heating the 

electredes on the voltage drops. In the pre-ionizer the electredes 

have a surface of tungsten and can be heated up to 1500 K. The effect 

of increased electrode temperature to 1000 Kis shown in figure VIJ.12. 

The cathode resistance and the anode resistance are decreasing with 

electrode temperàture, whereas the internal core .reslstance remains 

constant. The decrease in resistance may originate from emission 
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effects as well as from effects related to heating aerodynamical 

boundary layers. From ref. [5] it is concluded that under the given 

experimental conditions first theemission of the cathode is increased 

and secondly the heated boundary layer plays a role. This is in 

agreement wlth the results of figure Vll.12, where the cathode re

sistance, to be influenced by aerodynamical and emission effects, 

changes 0.73 n, whereas the anode resistance, only influenced by aero

dynamical effects, changes 0.22 n. 

VI 1.3.2. The Hall parameter 

Experimentally it is difficult to cbserve locally the microscopie 

Hall parameter 8. The experimentally determined Hall parameter B is app 
defined as [6] <E >/<E* > and can accordingly be measured. 

X"' Y"' 
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Averaging Ohm's law over the bulk part of the volume of a 

generator segment yields (assuming constant va lues for Beff and aeff) [8] 

(VIl. 3) 

<j > + B ff <j > x e y 
(VIl .4) 

where Beff is defined as <Eloo>/<EI loo>, the ratio of the componentsof 

the average electric field in the bulk, being perpendicular and parallel 

to the average current direction. From both expertmental and theoretic

a! results it is known that there exists a critica! Hall parameter 

Bcrit' such that for 6 < Bcrit the plasma is uniform and Beff equals 

the microscopie value B, whereas for B > Bcrit' Beff is smaller than 6. 

Expertmental results suggest [7] that for large values of B, Beff 

approaches a constant value of about 2. 

From equations (VI 1.3) and (VI 1.4) and from the definition of 
0 it follows that "app 

Bapp - g 
1 + gB app 

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 bede

fined. According to the information from image convertor pictures as 

welt as for numerical calculations (see chapter Vll.3.4), i t is chosen 

as g = 1/h where 1 is the electrode pitch and h the distance between 

opposite electrodes. 

To calculate S , the quantities <E >, <E >, v, and B are app x y 
measured. These measurements are performed at generator electrode 

pairs 8 and 14. <E > is determined from potential probes fitted in 
y 
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the coreflow. In runs of series A, <Ex> is observed at the electrodes, 

whereas in runs of series B it was possible to detect <Ex> in the core

flow as wel! as at the anodes and at the cathodes. Observed values at 

electrode pair 8 are listed in table Vll.1. 

TabZe VII.l. Observed vaZ.ues for the HaZ.Z. fiel.d in the 
aorefl.O'IJ) and at the eZeatrodes_. 

Run B E x,anode Ex,cathode E x,bulk 
(T) (V/m) (V/m) (V/m) 

920 0.78 336 366 218 

921 1. 08 340 242 357 
922 1.21 550 675 344 

In run 920 and 922 the observed values at the anode and cathode 

are higher than the values determined in the bulk. For calculating 

B for the runs of series B the value <Ex> is taken from the bulk, app 
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 determinat ion of B , E has to be subtrac-
y app Y 

ted from vB. As Ey and vB are of the sameorder of magnitude, these 

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 B is rather unsatisfactory. app 

In figure VI I .13 the apparent as well as the effective Hall 

parameter are given for generator electrode pair 8 and 14. This 

measurement has been performed for runs 921, 922, 925, and 929. In 

the figure is also shown the microscopie Hall parameter in dependenee 

of the magnetic induction. lt is clearly demonstrated that the 
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measuring points are all in the region where S > Scrit' The figure 

yields for electrode pair BaScritof about 2.1 and for electrode pair 

14 about 1. 1. The decrease in the observed Bcrit along the channel can 

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 Beff will be higher in a recombining 

plasma. 

126 



The currents observed at electrode pairs 8, 14, 30, and 40 show 

the recombining effects in the MHD channe1. These currents, as wel I 

as the pre-ionization currents, are presented in table VIl .2. 

Table VII.2. Currents observed at th~ eleatrodes. 

Run 

920 

921 

922 

925 

929 

'8 
(A) 

3.62 

3.56 

4.08 

2.15 

1. 70 

2.10 

3.84 

4.99 

1. 48 

1.28 

1.00 

1. 59 

3.72 

0.53 

0.20 

0.65 

0.56 

1.05 

0.10 

0.10 

I . . . pre-•on1zat1on 
(A) 

75 
101 

117 

80 

10 

A detai led compadson 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-ionization current is high in comparison with the other runs, the 

currents at electrode pair 8 are influenced by the pre-ionization 

currents. The highest B has been observed for these two runs. app 

V11.3.3. Potential distribut ion 

The potential distribution in the generator, under the conditions 

where all electrodes are loaded with 1 n, has been measured during run 

771, series A, with the potent ia! probes mentioned and is represented 

in figure V11.14. lf figure Vll.14 and figure Vll.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 Ex= 0 and the 

equipotential lines are parallel to the x-direction. Under loaded 

conditions Ex is finite and in the-x-direction. 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 VIl.] it can be concluded that downstream from electrode pair 

36 the magnetic induction decreases. Calculations have been performed 
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Fig. VII.14. Measured equipotential distribution under the 
aandition all eleatrodes loaded with 1 n for 
run 771. 

[9] 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 reasonablv straight, indi

cating that no large-scale internal current loops exlst in the core of 

the flow [ 1 O]. 

Close to the electrode walls the actual potentlal distribution 

is different from that showing in figure VIl .14 owing to electrode 

voltage drops. However, in this section we are mainly interested In 

the potentlal distribution in the coreflow because this yields 

information about internal shorting •. 

VI 1.3.4. MHD generator plasma properties 

The potentlal distribution around pre-ionizer electrode pair 7 

under the conditions that all electredes are loaded with 1 n has been 

measured during run 811. For the position of the potentlal probes and 

the electredes see figure Vll.15. lt is possible to construct from 

the potentlal distribution mentioned the current density profile in 

the way described below. From Ohm's· law it can be derived that the 

angle between and j is equal to arctan aeff' After E* and 8eff 
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Fig. VII.l5. The position of the potentiat probes and the 
eleatrodes in the pre-ionizer seation is 
shown. V is the veloaity of the plasma flow. 

have been determined the direction of the current density can be con

structed. Measurements similar to those presented insection VIl .3.3, 

have been performed in the pre-ionizer, and have shown that in the 

bulk region the Hall parameter Seff does not exceed the value one [11]. 

For the construction of the current density Seff is chosen equal to 

one. 

Equation (I I I .11) shows the relation between E and E* as 

In our case two electric potentials can be defined: E = - ~$ and 

E* - ~$*, and equation (111.11) can be rewritten in the following 

form 

YI ~* ~ + vB dy 

0 
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The quantities ~. v, and Bare measured and thus ~* can be determined. 

For run 811 the distribution of ~* has been constructed and is given in 

figure Vll.16. From this figure it can be concluded that the equi-

• • • 

Fig. VII.16. The experimentally observed distribution 
of the potential ~* (dotted lines) and 
of the current density j (arrows) around 
pre-ionizer electrode pair 7 for run 811. 
The difference in value between suaceed
ing equipotentials is 5 V. 

potential lines are concentrated near the cathode. Because the elec

trades are not heated, the relatively large voltage drops appear near 

the cathode. Next, given the potential distribution ~* and the value 

of the Hall parameter Seff =1, the direction of the current density 

.can be constructed and is shown in figure V11.16. As the electrastatic 

probes are al 1 positioned in the coreflow, it is impossible to measure 

the potential distribution close to the electrode wal Is. 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 pathof 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.l, 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 10-5 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._<:lf electrode pair 7 and partly 

to the cathode of electrode pair 8, 

Using two partiele 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 I .17. lt 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 optica! accessibility af the pre-ionlzer is limited by 

this flange as well as by the configuration of the magnet. With the 

two partiele recombination radlation detection system, which is also 

Fig. VII.l?. The two partiales reaombination 
radiation measurement. 
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shown in figure VI 1.17, it is possible to observe nearly the whole 

pre-ionizer cross-section. For this purpose the sensor element can be 

adjusted very precisely in the desired direction by means of a bali

joint and a creddle móvable in they-z dlrection. However, it is not 

possible to observe the whole cross-section with equal plasma dimen

sions along the optica! axis. In what follows it is shown that this 

leads to difficulties in calibrating the electron density measurements. 

Before the measurements are discussed it wil! be shown that it is 

possible to separate the cesium recombination continuurn from the line 

radlation of argon, helium, and possible impurities. Figure VIl .18 

shows the detected radlation intensity for a run with pure argon as 

test gas. This intensity can be neglected in comparison with the de

tected radlation intensity for a run where cesium is added to the test 

gas, which is also shown in figure VI 1.18. 
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Pig. VII. lB. The observed radiation intensity from the cesium 

recombination continuurn in the wavelength inter

val of filter 1 (see chapter VI.5.1) in relation 

to timefora typiaat :run. ~pure argon as test 

gas. • cesium-seeded argon used as test gas. 
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Further, by cernparing figure VII.J8 and figure Vll.19 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 continuurn 

radiation. Figure VIl .19 shows the result of a measurement by the 

line reversal method. S represents the signa! of the plasma intensity 

and the intensity of the reference souree in interaction with the 

plasma alternately, whereas B is the signa! of the reference pulse. 

The observed transition is 6 03/2 - 6 P112 , i.e. 8761 ~. 

s 

B 

Fig. VII.19. A typical resuZt of the measurements by the 
line reversal method. S represents the 
signal of the plasma intensity and the in
tensity of the reference souree in inter
action with the pLasma. B represents the 
signa! of the reference pulse. 
Horizontal 1 ms/div. 

1 

Special care is given to adjust the sensor element {figure 

V11.17) 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 I ightpipe. Through 

the optica! 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 

radlation is observed. 

Experiments have been carried out for two different types of 

runs: (i) runs in series A without pre-ionization, 

(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 electrostatle probes were inserted along 

one insuiator plane, whereas In series B the number of probes was 

strongly 1 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 optica! axis, whereas in the calcula

tion of the electron density the plasma dimensions along the optica! 

axis must be known. The lengths of the optica! axis used in the 

calculations are given in figure VI 1.20. In table VIl .3 results are 

Fit~. VTI.:CO. '.the optiaaZ Zengths uJhiah have been used in the 
calaulations. L1 is 47.7 mm, is 75 mm, and 
Lh is 90 mm. L2 has been employed in runs of 
series A and L2 in runs of series 8, uJhereas 
for bath types of runs L1 has been used. The 
shaded area represents the probe region for 
runs of series A. · 
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Tab Ze VII. 3. ObsePVed paPameters. 

run locat i on n x 1020 
T B M <l>6,7 pre-ionization e e s current 

(m-3) (K) (T) (A) (A) 

802 anode 2.80 2860 1. 01 3.53 8.1 

811:3 anode 2.80 2880 0.98 3.66 8.6 
804 bulk 2.33 2870 1.00 7.4 

series A 
2880 7.4 805 bulk 2.33 1. 02 3.68 

810 cathode 2.70 2883 1.01 3.67 7.8 
811 cathode 2.66 2851 1. 01 3.67 6.7 "' ..... 

~ 

895 bulk 1.99 3000 1.08 3.53 0.9 76.0 
896 bulk 1.19 2627 3.51 71.4 
897 anode 1.65 2340 1. 07 3.60 1.4 78.0 

series B 
898 anode 1.48 2290 1.07 3.60 1.3 75.3 
899 anode 1.16 2511 3.57 68.1 
900 cathode 1.48 2821 1. 07 3.52 1.4 78.0 
902 cathode 1.40 2684 1. 05 3.57 1 ; 1 74.0 
903 cathode 1.37 2583 1. 09 3.51 0.9 74.0 
904 cathode 0.91 3000 3.39 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 

electredes is almest constant for the runs mentioned and the observed 

seed ratio is (4 ± 2) x 10-5• By taking into account the optica! 

lengths mentioned, the electron densities observed at the electredes 

and in the centre vary about 20% and the electron temperatures are 

equal within 2%. 

For run 811 comparative calculations have been performed. The 

calculated electron temperature and electron density in relation to the 
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distance along the channel height is given in figure Vll.21. lt can 

be concluded that the varlation of ne along the height of the channel 

is within 30% and forTe Jess than 10%. Furthermore, the observed 

and calculated values for Te agree within 5% and for ne within 25%. 

For runs of series A, as wi 11 be shown below, the observed ne is 

in agreement with Saha values. As the determination of the seed ratio 

is not very accurate, for several seed ratlos the theoretica! depend

enee of neon the current density is shown in figure VI I .22, in Saha 

equilibrium for the current densities observed and for the gasdynamic 

c"' 

- +-series A. 

+-series B. 

19 

10-;----,--,-,~"~.---~--.-~~TT~---
3 s 

10 10 

Fig. VII.22. The eZeatron density inSaha equiZibrium is given as 
a funation of aurrent density for the experimentaZ 
aondi tions. 
curve 1 : series A runs. seed ratio lo-5, 
aurve 2 : series A runs. seed ratio 5 x 1o-5 
curve 3 series B runs, seed ratio 5 x 10-5: 
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conditions of the experiment. The observed current densities range 

from 1.2 x 104 A/m2 to 1.5 x 10q A/m2• Fora seed ratio of 10-5 (see 

figure Vll.22 curve 1) the calculations show that, as the cesium is 

fully ionized and the argon wiJl not ionize yet, variations in elec

tron density within 5% are possible. For a seed ratio of 5 x 10-5 

figure VI 1.22 curve 2 indicates that in the regime of experimental con

ditions, variations in ne of 15% have to be detected. Because the 

observed Te is too low to fully ionize the cesium, the seed ratio 

must be higher than 10-5 which is in agreement with experiments where 

it is found to be 3 x 10-5. The 1 ine reversal detects only atomie 

states of cesium; therefore the realistic number of cesium atoms has 

to be taken e~ual 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 10-5 . lt has to be noted that, as 

no pre-ionization is applied to series A measurements, the detected 

electron density is closetoSaha values, indicating non-equlibrium 

ionization is of less importance. 

From figure VI I .21 it can beseen 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 smal! 

discrepancy between the observed and calculated values for ne at the 

anode. At the moment it is not clear whether this discrepancy is 

caused by the inaccurate value of optica! length L1 . 

Next, the investigations in series B runs are presented. The 

measurements have been performed during runs 895 to 90q, 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 VI 1.3. For the gas

dynamic parameters observed and the currents detected, in Saha equi

librium the electron density in dependenee of the current density is 

shown in figure VI 1.22 curve 3. The current densities observed range 

from 0.18 x 104 A/m2 to 0.22 x 104 A/m2 . An important feature of 

these runs is that the detected electron density ~xceeds the Saha 
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values by the factor 2,q, This electron density elevation is attri· 

buted to the pre·ionization. 

Camparing runs 895, 897, and 900, it is concluded that in runs 

with B unequal to zero, the electron den.sity 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 resuJts 

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 reaiatanee network 

In chapter 11 it is explained how to calculate loss parameters 

of an MHD generator by means of an equivalent resistance netwerk. 

The following data are required to perferm this calculation: VL, Vx, 

IL' v , B, Vd , h, I, and b. For a number of runs these data are 
oo rop 

observed and used as input data for these calculations. The observed 

loss parameters are listed in table Vll,q. 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 sectien where in runs 816, 817, and 818 the elec

tredes 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 

J.q T, regularly. To compare our results with these obtained in 

other equipments, data from the Frascati and the Jülich experiments 

are presented [12, 13]. The analysis in chapter 11 shows that the 

losses are low if pis= 1, py is equal to pis' and the value of px 

is as high as possible. 

In table VI I ,q it is shown that in our experiment the value of 

pis is constant within 10% and that it is close to 1. Further it can 
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Tab Ze VII. 4. Observed Zoss parameters. 

run Px Pis py p ne e 

(MW/m3) 

713 0.26 0.97 3.94 0.39 0.06 

815 1. 73 0.73 2.69 1.80 0.09 

816 0.33 0.90 2.34 3.14 0.18 

817 0.32 0.89 2.32 2;90 0.17 

818 0.32 0.90 2.42 2.70 0.17 

829 0.07 0.96 4.15 0.26 0.02 

920 0.25 0.99 5.55 0.16 0.05 

921 0.08 0.90 4.04 0.30 0.04 

922 0.04 0.86 3.09 0.40 0.03 

925 0.06 0.96 4.50 0.10 0.02 

Frascati 0.20 0.93 1.40 14.00 0.33 

Jülich 0.01 0.40 17.00 

be concluded that py is by far not equal to pis' In the pre-ionizer 

section, owing to the higher gas temperature, the differences between 

the observed py and pis are reduced in comparison with the differences 

in the generator section. By heating the electrodes, these differences 

decrease still further. Concerning the values of px it is shown that, 

depending on the run number, there are differences of about one order 

of magnitude. The optimum attainable values of px' defined as p~ in 

chapter 11, 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 3% and 0.4 MW/m3 in the 

generator and 18% and 3 MW/m3 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 
y IS 

generator voltage drops have a reduced influence, which is confirmed 

by the power density and efficiency observed. The data of the Jülich 

generator show that there are a great number of losses in that generator. 
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Table VII, 5, Eindhoven shocktunnel perfoi'IT/anae and analysis. 

Run 818 Pre-ionizer electrode pair 7 

a = 78.5 mho/m v = 827 m/s B = 0.99 T 

VL = - 9.8 V IL = - 9.8 A Vdrop = 19.7 V 

h = 5.6 x 10-2 m l = 7 x 10-3 m b = 9 x 10-2 m 

j 

pj 

aP e 
äPj 
ane 

apj 

p1; 
J 

liP e,j 

An . e,J 

n = 0.17 
e 

dne 
'dil 

dP e 
'dil 

x is y 

0.32 0.90 0.24 x 10 1 

0.14 0.42 x 107 - 0.17 x 107 

0.02 0.52 - 0.07 

0.48 0.10 x 10 1 0.12 x 10 1 

0.02 0.40 x 106 0.20 x 107 

0.00 0.05 0.08 

3.8 x 103 (m -3) 

3.6 x 10 10 (W/m6) 
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Table VII. 6. Eindhoven shocktunnel performance and analyaia. 

Run 713 Generator electrode pair 14 

o = 38.2 mho/m v = 899 m/s B = 0.95 T 

- 3.5 V ll = - 3.5 A Vd = 34.7 V rop 

7 x 10-2 m l = 7 x 10-3 m b = 9 x 10-2 m 

fieff = 2.0 

j x i 5 y 

pj 0.26 0.97 0.39 x 10 1 

0.16x10 -1 0.60 x 106 - 0.18 x 106 

<ln -2 - 0.06 x 10-1 e 0.24 
êlpj 

0.90 x 10 

p1i 
J 

0.39 0.98 0.12 x 101 

t.P e,j 
0.21 x 10-2 0.60 x 104 0.48 x 10

6 

t.n • 
e,J 

0.11 x 10-2 0.24 x 10-2 o. 16 x 1 o-1 

dne 
1.2 x 10 3 (m-3) 

dil 

dP 
].0 x 109 (Wtm6) e 

dil 
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Table VII.?. F~scati blow-down facility~ performance and analysis. 

a • 5.1 mho/m v • 1470 m/s B "' 3.57 T 

VL = - 95.5 V 
-2 

I L "' - 1. 91 A vd ·43.ov rop 

h = 5 x 10 m 1 = 9 x 10-3 m b • 3 x 10-2 m 

Beff = 1.2 

j 

pj 

<lP e 
apj 

ane 

apj 

p>'i 
J 

liP e,j 

lln • e,J 

dne 

ëiil 

dP 
e 

dV 

x is 

0.20 0.93 

0.12 0.17 x 1 o8 

0.24 0.66 

0.69 0.10 x 

0.59 x 10-l o. 12 x 

0.12 0.50 x 

P = 0.14 x 10 8 W/m- 3 
e 

1.45 x 10 
4 (m -3) 

3.05x1o
11 (W/m6) 
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10 1 

107 

10-1 

y 

0.14 x 

- 0.12 x 

- 0.17 

0.10 x 

0.48 x 

0.68 x 

10 1 

108 

10 I 

107 

10-1 



To make conclusions about dominant loss mechanisms for the 

typical runs 818 and 713, the observed loss parameters px' pis' and 

p and their estimated optimum attalnable values p*, P* , and p* are 
Y X IS y 

presented in tables Vl1.5 and VI I .6, as wel! 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 px and p~ for both 

runs, limiting axial losses will hot contribute notably to the im~ 

provement of the eperation of the generator as far as efficiency and 

power density are concerned. For the eperation of the MHD generator 

using cold electrodes, e.g. run 713, voltage drops are by far dominant. 

For the eperation of the MHD generator using heated electrodes, e.g. 

run 818, both voltage drops as well as insuiator wall boundary layer 

losses reduce the operatien of the generator. Limiting the insuiator 

losses yields an increase in power denslty 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, insuiator wal! leakages influence 

the operatien of that machine. 

The effects of sealing the generator arealso presented in the 

tables. Sealing up the volume of the generator by the factor 2 yields 

an increase in power density as wel! as in efficiency of approximately 

the factor 2. The numbers show that this increase mainly results from 

the effects included in the first termsof equation (I 1.43), showinga 

reduced influence of loss mechanisms at higher generator volumes. 

VII. 5. OVer-aU MHD gener-ator peP[OI'ITI())'lae 

The observed Hall voltages and Faraday currents are presented in 

figure VIl .23 in relation to electrode number for typical runs of 

series A and series B respectively. lt 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. Howe~er, in run 916 

currents have been detected as far as electrode pair 55. Probably the 
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x: Faraday aurrent, run 916, 
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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 Hal 1 ·field is 140 V/m for runs of 

series A and 200 V/m for runs of series B. 
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law: 

Supposing jx 

n 
e 

• B 
l 
eE 

x 

O, the following formula can be derived from Ohm's 

Using the observed values for n and.j , E can be calculated, which 
e y x 

results in E 
x 

259 V/m for run 732 and Ex = 429 V/m for run 916. The 

conclusion is that the observed values of the Hall voltage are lower 

than the calculated ~nes, indicating that there are currents in the 

x-direction. In figure V11.24 the Hall voltage between entrance and 

exit of the MHD generator is presented against time. There are runs 

0 upper beam 

0 1 ower bearn 

Fig. VII.24. The lower trace shows the Hall voltage between 
entrance and exit of the MHD 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 934. 

in series B for which there is a sudden jurnp 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. 

146 



0 upper beam 

0 lower beam 

Fig. VII. 25. The observed Ha U potential against time for 
run 931. In the Halt voltage between entrance 
and e:x:it of the generator there is a sudden 
jump (lower beam). 
Vertical 20 V/div; Horiaontal:0.5 ms/div. 

To obtain an independent way of detecting the electron density, 

a 138 GHzmicrowave interferometer has been installed near generator 

electrode pair 35. Because the magnetic induction causes interference 

with the measurement mentioned, it was only possible todetermine the 

electron density for runs with reduced magnetic induction. For all 

these runs the plasma was not transparant, indicating that the electron 

density is above 1020 m-3. 

Finally, some remarks concerning power extraction from the MHD 

generator are made. For runs of series B the mass flow was 2.4 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 884. 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 
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s2• From these numbers it can be expected that for future runs in 

which the generator electrades are heated and where magnetic lnductlons 

up to 4 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 

theoretica! 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 

theoretica! models developed. The following detailed conclusions 

concerning loss mechanisms in an MHD generator can be drawn: 

1. Two-dimensional 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 calculations of the 

rod electredes show that independently of electrode geometry there 

is a homogeneous current distribution along the electrode surface. 

Concerning the axial leakages it can be stated that fora seg

mentation ratio where the velocity in the region between adjacent 

electredes is reduced in comparison with the velocity of the bulk, 

and where the current the current density between adjacent elec

tredes wi IJ not exceed that in the coreflow, rod electredes yield 

a decrease in axial losses. T~e calculations also show that in

creasing the seed ratio wiJl decrease the influence of axial 

losses. Further, the segmentation ratio turns out to be an im

portant parameter. To draw conclusions a bout voltage drops, 

accurate temperature profiles must be introduced into the cal

culations. 
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2. A shocktunnel is an appropriate plasma souree 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 potentlal distribution in the MHD ge

nerator in open-circuit conditions show that the equipetentlal 

planes are approximately horizontal, indicating that there is no 

serious current short-circuiting. The observed potentlal distribu

tion under the conditlens that all electredes are loaded with 1 0, 

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. 

4. The value of the cathode drop exceeds that of the anode drop. lt 

is demonstrated that for the generator electredes 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. lt is 

clearly demonstrated that all the measuring points are in the 

region where e > ecrit' which indicates the presence of tonization 

instabillties. 

6. A comparison of a calculated and an observed current denslty 

pattern for pre-ionizer electrode pair 7 shows a qua I itative 

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. lt 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 insuiator wal I 

boundary layers reduce its operation. The data indicate that, 

although there is a dJfference between the observed value of px 

and the optimum attainable one, I imiting axial losses wiJl not 

contribute notably to the impravement of the operation of the 

generator. Sealing up the generator shows a reduced influence 

of loss mechanisms at higher generator volumes. 

The results presènted in this thesis have to be considered as 

a first steptoa 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 

potentlal 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 insuiator 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. lt 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 4 T can be applied, a higher power output and a higher 

efficiency must be realized. 
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A P P E N D I X A POLYNOMIALS f(p 15 , py)' g(px' py)' h(px' P15 ) 

AND i(py' Pis' Vdrop) 

By introducing the constants 

vL 
c = --1 - v Bh 

00 

which are known from the experimental ly observed data, the polynomials 

can be obtained in the following form 

with 

f (p • 1 p ) "' 
IS y 

a 1 = - 2c 1 
2 

a2 = cl 
2 2 a3 = - c2(a= + 1) - 1 

2 2 
+ a4p. p + asp. p + a6p + alp 0 

IS y IS y y y 

a4 = c1c2(a:, + 1) + 1 + c1 - ~ a!c 3 
2 

a5 = c2(a= + 1) 

h 2 
a6 = (ï a®c3 - 1)c, 

a = - c (a2 + 1) 
7 2 "" 

- 0 

with 
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with 

3 
dl = (C2- 1) ~3 

h 4 h3 
d2 c3 -:4 + 3 

I 1 
h 2 h h 

d3 = C2 Ï + C2Bro Ï - Ï 

2 h
2 

h 
d4 "' (2 + 6..)C 3 "j2 + Ï 

d
5 

= (1 + ~!Jc 3 

and from equation (11.15) it can be derived that 

where 
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APPENDIX. B PARTlAL DERIVATIVES OF THE POWE~ DENSITY AND 

ELECTRICAL EFFICIENCY 

In order to keep only Riy and RL fixed, the Joad factor KL is el iminated. 

The efficiency and power density have then the. following forms 

wi th 

n "' e 

R 
Y"" 

2 
o is 2 __ P...;i:..:s:....R..:..i .~..l...:L::.....-::-
"' "' [ + p tR. ] 2 

RL y IY 

Using these expressions, the partial derivatives are 

R, t 
I 

- 2P R + p tR. 
e L Y IY 

RL + p tRiy]2 2 
• tR. K .n 

IY L e 
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APPE:NDIX C PLASMA PARAMETERS FOR THE RUNS OF SER I ES A 

NOZZLE ~ ~7. 6 x 90 mm
2 

Ttle gasdynamic parameters arefora 1ocal Mach number of l.O. 

run 

668 

713 

732 

735 

7~1 

7~7 

7~8 

7~9 

7SO 

771 

791 

792 

793 

794 

795 

796 

797 

798 

799 

800 

802 

803 

Bos 

810 

811 

BIS 

816 

817 

818 

829 

PI 
(Torrl 

7~ 

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 

3 .S3 

3.87 

3. 71 

3. 77 

3. 71 

3. 71 

3-73 

3. 7~ 

3.77 

3.82 

3.73 

3.66 

3.68 

3. 7S 

3.68 

3.61 

3.67 

3.67 

3. 71 

3.69 

3-S3 

3.66 

3.68 

3.67 

3.67 . 

3.65 

3. 70 

3.66 

3. 71 

3.69 

Po 
(bar) 

7.410 

8. I 0 

7. 30 

7.58 

7. 30 

7. 30 

7. 37 

7.~6 

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 

2872 

3~~0 

3168 

3264 

3168 

3168 

3192 

3221 

3271 

334S 

3192 

3089 

3122 

3230 

3120 

2998 

3093 

3093 

3168 

313~ 

2872 

3080 

3112 

3100 

3100 

3071 

31~2 

3084 

3169 

3127 

(bar) 

3 .~1 

3.9S 

3. S6 

3. 70 

3.56 

3.56 

3.59 

3.63 

3. 70 

3. S6 

3.60 

3. s~ 

3.49 

3.53 

3 .so 

3. so 

3 .~s 

3-~5 

3.56 

3.51 

3.13 

3.43 

3.48 

3.46 

3.~6 

3.42 

3.49 

3.41 

3.S3 

3.42 

157 

T 

(K) 

2153 

2S80 

2376 

2~48 

2376 

2376 

2394 

2416 

2453 

2S08 

2394 

2317 

2341 

2422 

23~0 

2248 

2320 

2320 

2376 

2351 

215~ 

2310 

233~ 

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 ratro 

5.0 x 1o"4 

3.0 x 10-5 

3.0 x 10-5 

1 .o x 10 "4 

-4 
2 .o x 10 

1.1 x 10-4 

3.0 x 10-~ 

6.0 x 1o"5 

1.0 x 10"4 

1.3 x 10-5 

1.2 x 10·5 

2.0 x 10-s 

1.6 x 10·5 

6.0 x 10·5 

3.3 x IO·S 

3.0 x 10.5 

B·field 

(T) 

0. 95 

0.95 

1. 02 

I. 02 

1.03 

1. 04 

1.02 

1. 00 

1.03 

1. 00 

0.99 

1.04 

0.47 

0. 75 

o. 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 

I. 00 

0.98 



APPt:IIDIX c PLASH!\ PARAMETERS FOR THE RUNS OF SERIES B 

NOZZLE • ~I x 88.5 mm 
2 

The gasdynamic parameters are for a locat Hach number of 1.1. 

ruo PI M Pa T T observed 8-fleld 
5 0 

(Torr) (bar) (K) (bar) (K) (m/s) seed ratio (T) 

856 69 ).69 7.20 3098 2.70 2093 1022 3.7 x 10-s 1.00 

658 69 ).61 6.90 3009 2. 95 2144 9~8 1.00 

867 67 3. 57 6.60 29~5 2.80 2098 939 1.06 

88~ 65 3.6~ 6.67 3058 2.85 2179 956 2.2 x 1o-5 1.36 

895 65 3 .SJ 6.22 2880 2.66 2052 928 I .08 

896 65 3. 51 6.15 2853 2.63 2033 923 

897 65 ).60 6.50 2995 2. 78 21 3~ 9~7 1.07 

898 65 ).60 6.50 2995 2. 78 2134 947 ]. I x 10 -s 1.07 

699 65 3.57 6.40 2951 2. 73 2102 939 5.1 x 10-s 

900 65 3.52 6.20 2877 2.64 2050 927 s.s x 10-5 1.07 

901 65 J, 54 6.25 2906 2.67 2070 932 1.01 

902 66 J. 57 6.~0 2938 2. 74 209~ 938 1.~x10-S 1.05 

903 66 3.51 6. 20 2854 2.64 203~ 92~ 1.09 

904 IS J.J9 6.40 2662 2.75 1897 892 1.3x1o-5 

920 ]I 3.59 7.00 2981 3 .oo 2124 944 5.7 x 10-s o. 79 

921 71 ).59 7. 00 2981 3. 00 2114 944 1.10 

922 70 3.60 7. 00 2998 3.00 2136 946 I. 23 

925 70 ).60 ).00 2998 3. 00 206 946 t.4 x 10-s 1.39 

G29 70 3.57 6.8} 2096 2. 93 2095 938 6.1 x 10-s 1.49 

Yj1 70 3.54 6. 71 2901 2 .8) 2067 931 1.02 

1 ss 



SAMENVATTING 

In dit proefschrift wordt een Ol)derzoek naar de ver I lesmecha

nismen in een niet-evenwiehts 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 onder! inge interactie 

van de verliezen te bestuderen is in hoofdstuk I I een equivalent 

weerstandmodel opgezet. In dit model worden de verl lezen 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 

lil. Met deze vergelijkingen wordt in hoofdstuk IV de invloed van de 

elektrode configurati.e 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 elektr~den langs de wand. Experimenten 

zijn uitgevoerd met een argonplasma waaraan,om het elektrische gelei

dingsvermogen te vergroten,cesium is toegevoegd. Dit plasma wordt 

gemaakt met een schoktunnel, die werkt in tailored-interface conditie. 

De experimentele opbouw is beschreven in hoofdstuk V. 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 

S x 10-S. 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 voorspel! ingen in hoofd

stuk VIl. 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 gemeten en een berekend stroomdichtsheidspatroon in 

een periodiek segment van de machine. In een vlak loodrecht op de 

stroomrichting van het plasma is een elektronendichtheidsprofiel en 

een elektronentemperatuurprofiel gemeten in overeenstemming met be

rekende profielen. In de generator is een enthalpie-extractie van 

0.1% gerealiseerd. 
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Eindexamen HBS-b. Bisschoppelijk college te 

Sittard 

Doctoraal examen technische natuurkunde 

Afstudeergroep Experimentele Kernfysica 

Technische Hogeschool Eindhoven 

Datum van indiensttreding als" wetenschappel ijk 

medewerker aan de TH Eindhoven bij de groep 

Direkte Energie Omzetting 

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 erkentel ijk voor. 
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STELLINGEN 

1. De vermogensdichtheid 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 

elektronentemperatuur en de elektronendichtheid moge! ijk is. 

Hiervoor zal op de eerste plaats de laser-Thomson verstrooing 

in aanmerking komen. 

3. Argyropoulos lost het stelsel partiële differentiaalverge-

l ijkingen dat het gedrag van een plasma iri 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 dit een oplossing van het fysische 

probleem is. 

ArgyropouZos, G.S: and' Demetriades, S.T., J. AppZ.. Phys., 

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

4. 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. 

Atomie Energy Review, IAEA, 10, 1972. 



6. Metingen hebben aangetoond dat meerdimensionale effekten een 

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

voorionisator dan in de generator. 

BZom, J.H., pPoefsahrift, Teahnisahe HogesahooZ 

Eindhoven, 19?3. 

]. 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, V.G.H., De Ingenieur, 85, 19?3, pp. 804-614. 

8. Door de heffing van 3% op de elektriciteitstarieven wordt een 

fonds gevormd waaruit de Nederlandse bijdrage tot de bouw van 

een snelle kweekreactor bij Kalkar in de Bondsrepubl lek 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 leeftijdsgroep verkeerskunde gegeven 

moeten worden. 

11. Het Christen Democratisch Appel (CDA) moet gezien worden als 

een eerste stap om de confessionele partijen volgens de eisen 

van de 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. 

14. 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. 

Corinthiers II.3. 

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


