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SUMMARY 

A study has been made of the generator performance during a series 

of power runs of the 5 MWth blow-down facility, which has been built in 

order to achieve realistic c losed cycle MHO power generating experiments 

from a fossil fuel operation for longer test times. The analysis is 

directed towards an understanding of the overall generator performance 

in relation with the experimentally observed discharge structures. 

To study the plasma composition, discharge structures and 

eiectrical generator performance a number of diagnostic tools have been 

developed. Recombination radiation measurements, absorption 

measurements, line intensity measurements, high speed photography, mass

spectrometry, laser Mie Bcattering measurements and both high frequency 

resolved and time averaged electrical measurements are performed. 

The experiments with the blow-down facility up to now have shown 

the generation of a substantial electric power of 362 kWe . A constricted 

discharge structure (in the form of streamers) is always observed in 

these experiments, having a substantial degree of ionization of the seed 

material and a large current density (up to 10 6 A/m 2). 

A streamer model has been developed to analyse the flow field in

and outside the discharge structure. The results show the existence of a 

pronounced vortex flow inside the streamer. From this the solid body 

concept of the streamer is introduced in a new generator model, 

describing the major interaction terms of the streamer and the 

background gas. 

A reasonable agreement has been found between the predicted 

generator performance and the measured generator performance in the 

first half of the generator. A substantial deviation from the theory has 

been found in the experiment for the last part of the generator, due to 

Hall shorting phenomena that occur in this part of the generator. 
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CRAPTER I 

INT R 0 D U C T ION 

1.1. GENERAL INTROOUCTION 

In the last 20 years a tremendous progress has been achieverl in the 

development of MBD power generation systems. The MBD research and 

technology has advanced from laboratory scale experiments to the stage 

of engineering development and design of large scale central power 

stations (ref. 1). 

MBD power generators are typically working at high electrical power 

density levels (30 MW/m 3), using a (partially) ionized fluid as working 

medium. Heat is converted directly into electrical energy by expanding 

the electrically conducting fluid in the presence of a magnetic field. 

In this way the mechanical rotor of the conventional turbine generator 

has been eliminated. lnstead the accelerated electrically conducting 

fluid interacts with the transverse magnetic field (see fig. 1), giving 

rise to an induced electric field within the fluid. When electrodes are 

instalied to collect the current the electric power can be supplied to 

an external load. 

In contrast to the conventional turbine, now the energy convers ion 

can start at the temperature of the heat souree. This opens the 

possibility to increase the Carnot efficiency of the conversion process 

by increasing the ratio of inlet to out let temperature of the thermo

dynamic cycle. The increase of the inlet temperature can be realised by 

introducing the MBD generator as a topping cycle above the conventional 

steam cycle. The potential offered by, for lnstance, the fossil fuel 

fired combined MBD steam cycle has been demonstrated by several studies 

(ref. 2). Using coal as a primary sou ree a coal to bus-bar conversion 

efficiency over 50 % has been calculated at a competitive cost of 

electricity to the conventional system. 
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Fig 1 The principle of a 
segmented Faraday gene
rator u is the velocity 
ot the plasma, B the 
magnetic induction, I the 
induced current through a 
segment and RL the load 
of this segment 

Fig 2 Scheme ot a fossil fuel 
fired closed cycle MHD steam 
plant 

Gi ven the high power dens it les, high energy conversion efficiences 

and the broad applicability of the MHD convers ion technique to various 

primary heat sources (chemical, nuclear, fusion, solar energy), t-fHO 

power generation manifests itself for future central power generation 

systems. Given the present status of ~IO-technology, a direct 

application for the near future is possible. 

~n{o power systemR can be divlded in two general types: open cycle 

and closed cycle HHO. 

In open cycle HHD the working fluid consists of combusted fossil 

fuels seeded wlth an alkali metal and heated to about 2700 K, in order 

to provide for a sufficiently high conductlvity. Large effort has been 

put in the development of this cycle especially in the USSR and the USA, 

merely stimulated by its potentialof direct use of the large foss1l 

fuel reserves in these countries. The last 10 years developments in the 

USA are more specifically directed towards the direct use of coal, 

whereas the development in the USSR has concentrated on early 

cOlDmercialisation of l1HO power plants using natural gas and/or oi1. At 

present the work in open cycle HHO in both countries has reached the 

stage of design, constructlon and operation of large scale facilities. 

Mainly based upon the results obtained wlth the U-25, a fully integrated 

pilot system in operation near Hoscow (ref. 3), the constructlon of the 

flrst 'commercial' MHD steam power plant in Ryazan, 200 km outside of 

Moscow, now has been inltiated in the USSR. 
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This so-called U-SOO facility consists of a 250 ~Me ~lliD topping and a 

250 MWe bottoming cycle (ref. 1). 

In closed cycle ~D the thermal energy is transferred to the 

working fluid of a closed loop (seeded inert gas or liquid metal vapour 

mixture), by means of a heat exchanger. Fig. 2 shows a scheme of an 

inert gas closed cycle ~D steam bottoming plant. Via the high 

temperature heat exchanger heat of the primary source is transferred to 

the working medium of the ~D generator, followed by a second heat 

exchanger coupled to a steam cycle. A compressor is needed to return the 

fluid to the high temperature heat exchanger. 

In principle the liquid metal ~D generator converts kinetic energy 

into eleetrical energy. The proeess to eonvert heat lnto kinetlc energy 

limits the efficiency of these systems and makes lt less attractive for 

large seale power generation. However for spaee-travel applications 

(ref. 4) and small scale applications in combination with solar energy 

(ref. 5) this system exhibits promising possibilitles due to a high 

power output per unit mass. 

In closed cycle ~D generators using seeded inert gas as a working 

medium, a non-equilibrium ionization is built up at a relatively low 

souree temperature (T = 1700-2000 K). From the first indication of the 

usefulness of electron temperature elevation by Kerrebrock in 1962 (ref. 

6) until the large enthalpy extractions (20-25 %) reported in 1975 by 

Blom (ref. 7) and Marston (ref. 8), most results in closed cycle ~D 

were obtained from shock-tube experiments. Until 1972 work in closed 

cycle ~D especially in Western Europe, was stimulated by the 

development of an ultra high temperature nuclear reactor. In 1972 it 

turned out to be unlikely that an out let temperature of such a type of 

reactor up to 2000 K at a working pressure of 10 bar would come 

available within 15 years. Therefore the main effort put in the 

development of closed cycle ~D drastically decreased. 

From this time on the developments in the field of elosed cycle MHD 

power plants have been oriented on foss!l fuels as the heat source. 

A key element in the development of this ~D concept is given by the 

availability and performance of regenerative heat exehangers, needed to 

transfer the heat to the seeded inert gas fluid (see fig. 2). Associated 

with th is the convers ion in elosed eycle MHD has to take place at much 

lower stagnation temperature then reported earl ier in the large enthalpy 

extraetion experiments of Blom and Marston. There a stagnation 
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temperature of 3000 K is used instead of the 2000 K, being the maximum 

operating temperature of a regenerative heat exchanger. Along this line 

Veefkind (ref. 9) reported in 1978, 10% enthalpy extraction in a 

shocktube facility at a stagnation temperature of 2000 K, using a 

magnetic field of 3 T. 

A second important feature in the performance of closed cycle ~1D 

generators is the molecular impurity level associated with the use of 

regenerative heat exchangers. Along this line 7.1atanovic reported 

allowable N2 and CO 2 contaminations of typica1ly 2000 and 100 ppm 

respectlvely; these results are obtained in shocktube experiments at 

2000 K and a magnetic field of 3 T (ref. 10). Promising results have 

been obtained from fossil tue1 fired regenerative heat exchanger 

experlments by Cooke (ref. 11) and Flinsenberg (ref. 12), indicating 

that impurity levels lower than 50 ppm can be realised at stagnation 

temperatures of 2000 K. 

In 1980 the first power generating experiments with a closed cycle 

~D generator using a fossil tuel as a primary heat source, were 

obtained in a blow-down type faci1ity at the Eindhoven University of 

Technology. These experiments were carried out with a segmented Faraday 

type of generator (see fig. 1). Up to now a maximum electrical output 

has been generated of 362 kWe, which is equivalent to an enthalpy 

extraction of 7.1 % (ref. 12, 13 and 14). 

At a relatively low stagnation temperature of 1870 K still a 

substantia1 power is generated (see chapter IV). Based upon this result 

a further dec rea se in stagnation temperature to 1700 K can be 

considered. This willopen the possibility for recuperative heat 

exchangers and a reduction in power plant complexity and cost of 

electrictiy will result. 

1.2. PRESENT WORK 

In this thesis the experimenta1 results of the first fossi1 fuel 

fired closed cycle ~D experiments obtained with the blow-down facility 

are presented and analysed in detail. The analysis is directed towards 

an understanding of the overall generator performance in relation with 

the experimentally observed discharge structures. Much attention has 

been given to the development of diagnostic tools in order to determine 

the plasma composition, discharge structures and electrical behaviour 
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with a high resolution both in space and in time (chapter 111). 

Spectroscopic techniques are applied to study the ionization processes 

and to analyse the thermodynamic equilibrium situation in the 

discharges. Both high frequency resolved and time- averaged electrical 

measurements are used to determine the electrical performance of the 

generator. Impurities in the flow are determined using a laser Mie 

scattering technique and an on-line mass-spectrometric analysis of the 

hot argon flow. 

From the experiment a pronounced discharge structure is always 

observed, exhibiting a high local value of the current density 

(up to 10 6 A/m 2) and a substantial degree of ionization (see chapter 

IV). 

With the experimentally obtained value of the current density, the 

flow field in- and outside the discharge structure is calculated with a 

local streamer model (chapter V). This model predicts the on-set of a 

vortex flow inslde the streamer. An aerodynamic streamer body can be 

defined representing the aerodynamic blocking area of the streamer in 

the flow. 

With this the solid body concept of the streamers at fully ionized 

seed is lntroduced in a new generator model (chapter VI). This generator 

model is introduced as an attempt to descripe the experimentally 

observed non-unlformities in arealistlc way In contrast to earl ier non

uniformlty generator models. 

The theoretical results of the generator model are confronted with 

the generator performance of the blow-down facl1ity in chapter VII. 
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CHAPTER 11 

BLOW-DOWN FACILITY 

11.1. lNTRODUCTION 

In the mid eighties shocktunnel experiments have demonstrated 

enthalpy extractions over 20 % at power densities exceeding 100 MW/m 3 in 

small scale alkali seeded noble gas MHD generators (ref. I, 2 and 3). 

Ta advance in the development of alkali seeded noble gas MHD generators, 

a logical step was the investigation of the performance of these 

generators at langer test times. Therefore it was decided in 1975 to 

built a blow-down type facility at THE with a test time of 10 s. It was 

feIt that this experimental time is sufficient for the development of a 

quasi-stationary situation for the plasma physical and gas dynamic 

processes occuring in the generator. Further a clean gas fired ceramic 

regenerative heat exchanger is used as a primary heat source, ln order 

to demonstrate the product ion of electrical energy from a fossil fuel. 

To enable a comparison with the shocktunnel experiments mentioned 

above, the general design parameters of the blow-down facility are the 

same as of the THE shocktunnel facility. The generator is of the 

segmented Faraday type, designed for an enthalpy extraction of 20 %, 

corresponding to an electrical power output of 1 MW. The generator 

volume is typically 10.10- 3 m3 so that high power density experiments 

(up to 100 MW/m3) are intended. The working medium is argon seeded with 

typically 1 0/00 cesium. The stagnation temperature is 1900-2000 K at a 

stagnation pressure of 7 - 10 bar. A mass flow of 5 kg/s is used, which 

corresponds to athermal input power of 5 MW. The magnetic field is 

lncreased from 3.6 to 5 T in order to reduce the relaxation lengths 

observed at stagnation temperatures of 2000 K (ref. 4). 

11.2. DESCRIPTlON OF THE FACILlTY 

Fig. 1 shows a line diagram of the facility. The maln components 
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following the flow direction are respectively the argon supply systern, 

the regeoerative heat exchanger together with the high temperature gate 

valve, the cesium injection system, the nozzle, the MHD generator 

channel with the diffuser system and the cryogenic magnet. The heater is 

fired by propane and air. Af ter the desired temperature profile over the 

bed of the heat exchanger has been reached, the heater is evacuated by a 

500 m3/hr vacuum system to approximately 1 - 10 torr. Af ter evacuation 

COMBUSTION 
SYSTEM 

HEAT 
EXeHANGER 

CRYOGENIC 
CHANNEl 

VACUUM SY$TEM 

EXHAUST 

DI FFUSER 

ARGON SYSTEM 

SMW BLOW DOWN FACILITY 
TH EINDHOVEN 

Fig . l Line diagram ot the Eindhoven 5 Mwth blow-down tacility 

the heater is filled with argon up to 1.2 bar until a negligible 

pressure difference is obtained with the argon pressurized generator 

channel. Then the ceramic lined high temperature gate valve (inner 

diameter of 10") cao be opened. Af ter this a programmabie logic 

controller completely handles the timing sequence of the run. The ball

valve in the supersonic diffuser is opened and an argon bleed is 

supplied from the cesium injection system. The flow 1s started with the 

valve V-I upstream of the heat exchanger. A pressure control valve 

supplies the argon flow at a nominal stagnation pressure of 7-10 bar. 

The gaseous argon for one blow-down run is contained in a 4 00 3 sphere at 
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a pressure of 100 bar, which is connected to the llquid argon storage 

system. Af ter leaving the heater the argon plasma enters the cesium 

module, where an aerosol of cesium droplets is injected. The hot flow 

train hereafter consists of a H = 1.6 nozzle, accelerating the flow to 

approximately 1000 mis, the generator duct and a supersonic and subsonic 

diffuser system. In the diffuser system the pressure is recovered before 

the argon cesium mixture exhausts into the scrubber tank and staek. 

Af ter 30 - 60 s the run is stopped by closing the valve V-I, while an 

argon bleed through the cesium injection system is maintained, 

preventing oxidation effects in the generator channel. Hereafter the 

ball-valve is closed and the run is terminated. For a proper generator 

performance it is essential to prevent shortening of the Hall field that 

is being built up during the power extract ion experiments. Therefore 

the complete flow train downstream of the grounded nozzle, and the 

complete mass spectrometer set-up is electrically insulated with respect 

to ground. The generated power is delivered to adjustable load 

resistances dumped In oil bassins, designed for a maximum 

oil-temperature increase, due to the power dumping, of a few degrees K. 

Regenerative heat exchanger 

The ceramlc regenerative heat exchanger has been designed for an 

argon mass flow of 5 kg/s, at outlet pressure of 7 bar and an out let 

temperature of 2000 K, during 60 s. The outlet pressure can be increased 

to 10 bar with a corresponding mass flow of 7 kg/s, while the pressure 

drop across the bed remains below the half flotation value. The bed is 

made out of alumina co red bricks and has a diameter of 0.68 mand a 

heigth of 4 m. Only three insulation layers are used to minimize pump 

down time and the vessel diameter amounts 1.14 m. The top of bed 

temperature is measured with a two colour pyrometer, the temperature 

profile across the bed is measured with thermocouples located at the 

inside of the insulator brick walls. A special scheme is used during the 

34 hr heat up phase from room temperature to operating conditions, where 

the total mass flow of the combusted gases is devided over the bed and 

over the bypass heat exchanger. In this way a proper temperature profile 

over the bed of the heater is obtained, which ensures a minimum 

temperature difference between the top of bed (maximum 2100 K) and the 

argon gas of typically 15 - 30 K. 
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The stagnation temperature of the argon gas is measured with a 

radiation shielded thermocouple situated just downstream of the high 

temperature gate valve, having an estimated accuracy of 1 - 2 % (see 

ref. 5). Fig. 2 shows the stagnation temperature and stagnation pressure 

for the conditions of run 107. It is seen from the stagnation pressure 

that a steady state condition is reached during 30 s. The relatively 

slow rise of the stagnation temperature Is caused by the time constant 

of the radiation shielded thermocouple. 

2000 
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;< 

O.8~ 

0.6 r (200 
T I 
'1iI!/'> 

BOD 0 .4 

400 0.2 

10 20 30 SO t Is i 60 

Fig 2 Stagnation temperature 
and stagnation pressure 
versus time tor run 107 

~3 

'" c 
0 

Ü 
0 
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20 4() SO-tls) 80 

Fig 3 Seed percentage during run 
302, measured trom the in
jected amount ot cesium 

It is observed that there is no temperature drop during the experimental 

time. The mass flow is derived from the measured stagnation temperature 

and -pressure according to (see ref. 6): 

y+l 

{y ( 2 ) y-l }'!i Pstagn 
An R y+1 IT 

stagn 

where A is the cross-section of the throat of the nozzle. 
n 

(1) 

To ensure a heater performance below a contamination level of 100 

20 



ppm, the heater vessel and the ceramic bricks are heated before the 

start of the burner to a temperature above the dew point of water 

vapour. 

Cesium injection system 

Af ter the high temperature gate valve the argon gas enters the 

cesium module, which consists of a saffil backed molybdenum lining. The 

cesium seeding is realised through injection of tiny liquid cesium 

droplets by means of a Hartmann whistle modified 1nto an ultrasonic 

atomizer. The liquid cesium is provided at a typical flow rate of 15 gIs 

with a temperature of 320 K. The flow time related to the distance from 

the injector to the inlet of the generator is sufficient for evaporation 

of the cesium droplets. The behaviour of the plume of droplets inside 

the cesium module depends strongly on the velocity distribution in the 

duet. In order to improve the poor mixing of the standard atomizer a 

perforated plate is introduced, providing enough turbulence for a 

reasonable mixing (see ref. 7). During the run the amount of injected 

cesium is determined from the measured decay of the liquid cesium level 

in the storage system, using ultrasonic detectors placed along the 

height of the cesium vessel. In th is way the time averaged injected 

amount of cesium is obtained. Fig. 3 shows a typical result of the 

amount of cesium injected during a run. It can be stated that a nearly 

constant mean seed injection in time is obtained. 

The magnetic field is supplied by a cryogenic magnet, cooled with 

liquid nitrogen. The magnetic field of B ~ 5 ± .25 T is supplied 

within a working volume of .2 x .2 x 1 m3 . The warm bore cross section 

amounts .35 x .35 m2 , with a 'diagnostical' port of 6 ~ .15 mat the 

magnet centre. The magnet is energized using a 5.6 HW six phase diode 

rectifier power supply, at a nominal current of 5000 A and 1050 V full 

load voltage. During a 60 s run the coils will be heated from 77 to 170 

K, resulting in an increasing ohmic resistance and so a decreasing 

magnetic field. Fig. 6 shows a typical result of the magnetic induction 

for a 30 s powered run, as measured in the cent re of the warm bore using 

a Hall probe. 
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Hot flow train 

Fig. 4 shows a top view of the hot flow train, with respectively 

the nozzle, generator duct and first part of the supersonic diffuser 

placed in the warm bore of the magnet cryostat, and the second part of 

the supersonic diffuser with the balI valve and the subsonic diffuser. 

Also the places where the mass-spectrometer and Mie scat tering 

measurements have been performed are indicated. 

Generator duct 

The generator geometry has been designed using a quasi one

dimensional generator model (see ref. 7) for an enthalpy extraction of 

20 %. The channel has an inlet cross section of .05 x .15 m2 and 

diverges over a length of .8 m to .18 x .15 m2. The electrode walls are 

parallel having an electrode pitch of .25 m. The mechanical design has 

been made for an operation in the heat-sink mode. It is beyond the scope 

of this work to present details on the mechanical design of the three 

succesive channels used in the series of measurements presented herein. 

Therefore only the construction of the first channel will be discussed. 

The most important constraints of the other channels on the experiments 

are presented under "experimental program", chapter IV. 

Fig. 5 shows a construction detail of the generator channel. The 

insulating inner wall consists of segmented 10 mm thick boron nitride 

plates, having a good thermal shock resistance. The boron nitride is 

backed by a 10 mm bubbled alumina plate, which serves as a support and 

as a thermal insulator. The thermal expanslon is absorbed by a 5 mm 

layer of saffil. The pressure shell consists of glass fiber reinforced 

epoxy of 20 mm thick, provided with cooling channels to prevent a 

destruction of the walls due to the increase in temperature af ter the 

run. The stainless steel, water cooled electrodes hold the construction 

together. The electrode shape is semi-cylindrical with a diameter of 4 

mm protuding 2 mm in the flow. Gasdynamic experiments indicated that the 

protuding electrodes do not cause substantial friction (see ref. 5). 

To facilitate optical diagnostics 4 windows are instalied (at the 

4th and 17th electrode pair) for the generators 1 and 2, whereas only 2 

windows (at the l7th electrode pair) are present in generator 3. 

Saphire windows have been used, placed approximately 20 mm from the 
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Fig 5 Construction detail 
of the generator inlet 
sec tion 

Fig 6 Time sequence tor stag
nation pressure, 
magnetic induction and 
cesium injection during 
measurement series 3 

inner wall and a hot argon purge is provided for. 

The pressure taps in the generator are located in the electrodes. 

Nozzle and diffuser system 

B(T) 

The nozzle is designed in such a way that the nozzle walls are 

smoothy aligned with the generator walls in order to prevent possible 

Mach waves at the ent rance of the generator. Therefore one set of nozzle 

walls has a diverging contour, where the other walls are parallel. 

Because the nozzle throat sets an upper-limit to the mass flow, the 

subsonic part of the nozzle is made out of stainless steel in order to 

obtain maximum mechanical integrity. To prevent electrical shorting of 

the generator entrance, the supersonic part of the nozzle is made out of 

boron nitride. 

Because the blow-down facility requires an exhaust against ambient 

pressure, much care has been given to the diffuser sytem. The supersonic 

diffuser has a constant cross-section equal to the generator exit area; 

an abrupt change in the flow direction at the diffuser ent rance with a 

turning angle of 0 = 4.65°, was inevitable. The subsonic diffuser has a 
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two dimensional diverging rectangular shape, with a divergence half 

angle of 2.3 0 and an area ratio of 2.2. From gasdynamic experiments it 

was observed that the flow train is started at a stagnation pressure of 

5.6 bar (see ref. S). From this it is concluded that an efficiency of 

56 % for stagnation pressure recovery is obtained for the total 

diffuser system, scrubber tank and stack. The super and subsonic 

diffuser are made out of stainless steel and are water cooled. 

Programmabie logic controller 

The facility is automatically controlled durinB the 1 minute run, 

using a programmabie l'ogic controller. Fig. 6 shows a typical timing 

sequence for the stagnation pressure, magnetic field and cesium 

injection as used in measurement series 3. As can be observed the cesium 

is injected before powering the magnet, in order to prevent possible 

high Hall voltage generation, for the condition of high B- field and low 

cesium level that will occur at the start of injection. 
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CHAPTER IH 

D I A G NOS TIC S 

lIl. I. SURVEY 

For a proper understanrling of the working of a foss11 fuel fired 

closed cycle HHD generator, a large number of microscopic and 

macroscopic quantities must be determined. Three main aspects of the MIlD 

energy convers ion process should be recognized in developing 

rliagnostical tools. 

The plasma physical processes occurring in the generator: 

the ionization and excitation processes leading to the on-set of 

the typical non-equilibrium plasma, have to be studied in 

relation with various parameters of the system i.e. impurity 

level, magnetic field, cesium injection rate, stagnation 

temperature, external loading of the generator etc. 

The electrical performance of the generator: 

the externally generated Faraday and Hall voltages are of 

interest together with internal losses, occuring at for instance 

the electrode regions. 

The gasdynamic performance of the flow-train: 

the gasdynamic interaction of the flow and the net breaking force 

working on the flow, has to be studied together with the on-set 

of boundary layers. 

A number of phenomena occuring in the generator severely complicate 

the measurements. The strongly inhomogeneous structure of the plasma in 

the form of constr1cted discharges, the relaxation processes and the 

electrode effects coupled with the discharge structures, make the 

rliagnostical system one has to develop rat her complex. The discharge 

structures move with a supersonic velocity through the plane of 

observation, show a complex structure and are irregularly distributed. 

Therefore time and spatially resolved measurements must be carried out. 
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Diagnostic tooI Measured parameter 

Spectroscopic measurements: 

recombination radiation n 
e' T e 

line i ntensit ies n p' T 
P 

absorption technique in the n 
p' nCso 

far wing of the resonance 

lines 

overall intensity fluctuations u, discharge structure 

high speed photography u, discharge structure 

Impurity level measurements: 

Mie scat tering n particles' d 
particles 

mass spectrometry '\J 0' nCO' ~2 2 2 

electrical measurements: 

electrode voltage/current mea- VL, VH, IV 
surements discharge structure 

potential probe measurements E y' VDR 

gasdynamic measurements: 

static pressure measurements p-distribution 

time of flight measurements of 

spectroscopic and/or elec-

tri cal signals u 

Tab1e 1. Diagnostics ot the blow-down taci1ity. 
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Table 1 gives a survey of the diagnostic techniques used at the 

blow-down facility, together with the experimental parameters th at can 

be determined. To determine the various plasma physical parameters i.e. 

electron density and temperature, cesium density in the ground state and 

several excited states (and Argon density in the excited states), 

various more or less straight forward spectroscopic techniques have been 

used. More 'advanced' diagnostic techniques are subject to strong 

restrictions given the composition and character of the plasma (see 

table 2). 

Methods based on the dispersion of electro-magnetic radiation by 

the plasma, to determine ne demand far infrared techniques, given 

the much larger neut ral density in the plasma. Due to the limited 

optical access (see chapter 11) and the strong vibrational 

effects occuring during the experiment, only a Faraday -

rotation method using for instance a HCN laser can be applied, 

with a limited dynamic response and spatial resolution (see also 

ref. and 2). 

The Thomson scat tering technique does not appear to be a 

promising technique due to two effects. 

First the low electron temperatures involved give rise to small 

frequency shifts and therefore the scattered Thomson signal can 

hardly be detected against the much stronger cent ral peak of the 

Rayleigh and Mie scattered signals and the false light. Second 

the large laser power required to perform time-resolved 

measurements will heat up the plasma (see also ref. 3 and 4). 

Laser fluorescence scat tering in colliss10n dominated plasma's 

implies pumping of the transition in question to a saturated 

level, demanding a powerfull pulsed laser-source. The fast 

radiative decay implies an advanced data-handling system. 

Together with the coincidence circuits that are needed to hit 

the passing streamer, this will result in a rather 

complicated experimental procedure. Compared to the former 

'alternatives' laser fluorescence seems a promising technique, 

giving local data (see a1so ref. 5). 

The Langmuir probe in atmospheric plasma flows at supersonic 

velocities and with more or less frozen discharge structures, is 

very unlikely to be a succesfull diagnostical technique. 

29 



medium 

densities 

temperatures 

pressures 

velocity 

B-fteld 

expo c:luration 

therma1 power 

Ar + 1 0/00 Cs 

5 * 1024 -3 
m 

T 
e 

5 * 1021 m-3 

0.5-5 * 1021 

3000-6000 K 

T = 1000 K 

T stagn 2000 K 

p = 0.5 * 105 N/m2 

-3 
m 

p - 7 * 105 N/m2 
stagn 

u = 1000 m/ s 

B 3-5 T 

10-30 s 

5 HW 

Table 2. Typical data ot the blow-down tacility. 

This illustrates why the spectroscopic techniques have been 

developed to some extend, although possibilities are also limited due to 

the complexity of various phenomena i.e. complex line broadening 

mechanisms, complex radiation transport equation for the case of 

subsequent cold and hot layers, complex discharge structures and lack of 

local thermodynamic equilibrium throughout the plasma. For these 

measurements an integrated value over the line of sight is always 

ohtained and therefore the data only yield a mean value of the 

parameters over the arc structure or channe1 width. 

To study the discharge structure besides high frequency resolved 

spectroscopic and electrical measurements also high speed photography is 

applied . 

To study the impurity level in the system both the dust loading and 

the molecular impurities are determined. The dust loading is originated 

in corrosion effects occurring in the regenerative heat exchanger during 

the heat-up cycle. To have a monitor function on the behaviour of this 

vital component in closed cycle MHD development and to study the 

influence of its dust loading on the energy convers ion process, an in

situ laser Mie scat tering technique is developed. Both particle 

concentration aod diameter distributioo are determined. The molecular 
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resldues of the eombustion process in the gas flow have to be termined 

because of lts cruclal influence on the working of closed cycle MHD 

generators (ref. 6 and 7). Given the experience on a simular type of 

heat exchanger (ref. 8) a lower detection limit of 50 ppm is required. 

Therefore an on-line time-resolved mass-spectrometric analysis of the 

gas flow is performed. 

Hore or less trivial measurements, as to the external voltages and 

currents, are performed to monitor power generation and Hall-field 

development throughout the generator. To measure the potential 

distribution in the generator also electrostatic probes are used. 

To study gasdynamic proeesses, the measurements reported here are 

restricted to static pressure measurements over the flow-train. From 

time of flight measurements of high frequency resolved spectroscopie and 

electrical measurements, the velocities of the discharge structures are 

obtained. 

111.2. SPECTROSCOPY 

111.2.1. Recombination radiation method 

Radiative recombination oecurs when a free electron recombines with 

an ion to form a neutral atom in a speeifie state j. The kinetie energy 

of the free electron and the binding energy of the atomie state j 

is earried away in the form of photon with a eorresponding wavelength. 

As a consequence the reeombination radiation spectrum shows a di~tinct 

eontinuum spectrum, with bandheads corresponding to the binding energy 

of the various excited states. The theory has been described in detail 

elsewhere (ref. 9 and 10). 

The radlative energy per unit time, volume and solid angle over a 

wavelength interval dÀ can be expressed as 

c( À)d À (1) 

for the condition that 

(2) 
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Here Qj(ve ) is the eross seetion for radiative reeombination to the 

atomie state j and f(ve ) is the electron veloeity distribution. For the 

analysis of the recombination radiation spectrum in the visible, only 

reeombination to the 6 P, 5 D, 7 Pand 6 D-level (see cesium energy 

level diagram fig. 2) has been taken into account. 90 % of the 

reeombination radiation energy originates from recombination to the 6 P 

and 5 D-level (ref. 9). The bandheads for these transitions are 5010, 

5825, 10552 and 11135 A respectively. Values for the eross-sections 

Qj(ve ) are given in literature (ref. 9, 11, 12 and 13), showing a 

scatter of 30 %. In this work data of ref. 11 are used. With the basic 

assumption of a Maxwellian veloeity distribution for the electrons, 

equations (1) yields 

with 

~ Q .(v )} exp (~-1.) 
J Jee kTe Àj 

(3 ) 

When measuring at two different wavelengths satisfying condition (2), 

the following quantities ean be directly obtained: 

(4) 

and 

(5) 

In the experimental arrangement \ and "2 have been chosen so that 

the measured continuum intensities are not affected by line radiation: 

\ ~ 4093 A and "2 ~ 4900 A with d \ ~ d "2 ~ 50 A 

For this ease the functional dependency on Te of relation (4) and (5) 

have been plotted in fig. 1. 
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Fig 2 The ces ium energy level 
diagram 

Because the pl~sma is optically thin Eor the recombination radlation, 

the total raJiative energy per unit time, volume and solid angle over 

the wavelength interval dÀ (E(À)d\) can be directly obtained Erom the 

measure~ detector signais, when an appropriate calibration is 

perEormed. As can be observed from fig. I the product n n is 
e n + 

\..5 

insensitive to Te for a large Te-interval and is directly determined 

Erom the absolut e measureJ lntensity. It is also seen that the accuracy 

of the electron temperature ,letermination becomes worse Eor higher 

electron temperatures For Te > 6000 K only a lower level Eor Te can be 

derived, given the experimental accuracy with which the signals can be 

determined . For this situation the recomhinatlon radiation spectrum has 

almost become independent oE the wavelength for the interval considered. 

For the condition that 

n 
e 
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one can see from fig. 1 that the electron density can be accurately 

determined. 

Deviations from the Maxwellian shape of the velocity distribution 

of the free electrons can only occur for electron energies larger than 

1.432 eV. This corresponds to wavelengths smaller than À = 3477 A for 

the 6 Pand 5 D recomhioation radi~tion contribution. Also it can be 

stated that equation (6) is valid for a wide range of (non-)equilibrium 

plasma's. This illustrates that the recomhination radiation method is a 

powerfull and straight forward technique to determine ne and Te' 

provided that the only contribution to the continuum spectrum is given 

by the radiative recombination of cesium. Order of magnitude 

considerations of the contributions of radiative recombination of argon 

and the band structures of CS2 (À = 4800 A) have confirmed that these 

contributions can be neglected for the parameter range of interest to 

the MHD expertments reported herein. 

11I.2.2. Line intensity method 

To study the ion1zation aod excltation processes in the generator 

the densities of excited cesium and argon atoms are determined, by 

measuring thc absolute and/or relative line intensities. The radiant 

power per unit wavelength, per unit of solld angle, per unit volume, 

emitted by the plasma with np particles in the excited state p by 

spontaneous emission to a lower level q is (neglecting stimulated 

emission) 

(7) 

where Apq is the Einstein transition probability, vpq the frequency of 

thc emitted radiation and Pv the line profile of the transition. For 

optically th in transitions, the line profile integrated measurements 

directly yield the population density 

e: 
pq 

hv 
----ES n A 

411 P pq 

II : 
p 

(8) 

To check the condition that absorption effects can be neglected, 

34 



the maximum absorption coefficients (and so the maximum optical depths) 

for the undisturbed wavelength vare calculated for various cesium 
pq 

lines. 

K 
max 

hv 
--2..9. n B P 

c q qp v=vpq 

with the Einstein transition probability for absorption 

B 
qp 

(9) 

(10) 

For the ~rnD parameters the important broadening mechanisms for non

resonant lines are Stark- and van der Waals broadening, both giving a 

Lorentzian dis pers ion profile: 

2 1 
1I11V 2( \>-v ) 2 

1+( --!!- 1 
(11 ) 

The resulting line broarlening is found by simply adrling thc separate 

half-widths: 

l1V 
t 

l1V + l1V 
s w 

For v v it is found that 
pq 

Pv=V 
pq 

-L 
UllV 

t 

(12) 

(13) 

The Stark broadening is calculated using the theory of Rennet and 

Griem (ref. \4). The van der Waals broadening is calcualted according to 

the impact theory, usinB the van der Waals constant C6 according to 

Hahan (reL 15). 

Fig. 3 shows the calculated absorption coefficients of various 

transitions (see energy level diagram fig. 2), in relation with the 

electron temperature (using Sa ha-equilibrium) for the typical plasma 

parameters: 

n ar 5 * m 
-3 

5 * 2000 K. 
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For optically thin transitions the condition that 

K d« 1 v (14) 
pq 

must hold, where d is the appropriate plasma dimension, which equals the 

arc dimension for non-resonant transitions. For the case that d = 2 * 
10-2m (compare chapter IV) the line where K d = I, is indicated in the 

v 
pq 

figure. One can see that for Te > 4000 K the fol10wing non-resonant 

transitions lead to absorption effects: 7S 1/2 - 8P3/2' 1/2' 8S 112 -

6P 1I2 , 6D 3/2 - 6P l/2 ' 7D 5/2 - 6P 3/2 , 7D 3/2 - 6P l/2 and 5F 5/2 -6D 3/2 • 

From this it is understood that in the experiment the lines 

suitable for diagnostical pur pose originate 

excitation energy and so a small ionization 

from levels that have a high 

energy: lIEf < 0.6 eV. 
p 

Coup led with this the accuracy of the relative line-intensity method, 

using two spectral lines, is limited. The 'relative' population 

temperature, related to the population densities according to the 

Boltzmann distribution follows from the re1ative line radiations by 

E hv A g E - E 
--E.i = -E!l --E.i .::..F. exp (- ~kT r ) 
E: rs hvrs Ars gr pr 

(15) 

With the uncertainties in the Einstein transition probabilities of 

30 %, It follows that the popu1ation temperature according to (15) shows 

a poor accuracy as E -E - kT Therefore it is tried in the 
p r pr 

experiment to construct a Boltzmann plot over a substantial number of 

transitions. With this the accuracy of the relative measurements 

substantially increases. Equation (15) can be written as 

E 

[ pg 1 
In hv A 

pq pqgp 

E 
- ~ + C 

kT 
p 

(16) 

and when this is plotted against Ep' the well-known Boltzmann plot is 

obtained. 

When the population density is measured in an absolute way and 

compared to the density in the ground state, the 'absolute' population 
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temperature can be defined Eor an LTE plasma: 

T 
P 

En" 
~ [ (a op ) ]-1 
k In n Z(T ) 

P e 
(17) 

where Z(T e ) is the partition Eunction. For thls purpose the 61' - 5D 5 12. 

(X = 7280 Ä), 61'5/2 - SD 3 / 2 (À = 7229 Ä) and 81' - SD S / 2 (À = 6629 Ä) 

transltions have been used in the experiment. In the analysis the energy 

levels are taken Erom Moore (ref. 16) and the oscillator strengths Erom 

Fabry (reE. 17). The partition function is taken from reE. 18. 

Via a coupling with the measured electron density according to 

Saha's equation, the Eollowing population temperature can be 

determined: 

2 
n 

e 
n 

p 
3.4489 * 1020 T3/ 2 exp ps (l8) 

For the case oE complete local thermodynamic equilibrium (CLTE) the 

temperatures definen in equations (15) - (18) are equal to the electron 

temperature. For the simple case where the on-set of local thermodynamic 

equilihrium between two excited states is depending only on collis,;lonal 

and radiative processes the LTE criterion can be wrttten as (ref. 19): 

n 
e 

where 0 21 and A21 are respectively the excitation cross section and the 

transition probabi1ity of the transit ion in question. From this the 

following approximate criterion can be derived: 

where 6 E is the energy diEEerence oE the state in question and any 

neighbouring state. The criterium is most difEicult to satisfy for low 

lying states. For the on-set of CLTE this implies for an Ar-Cs plasma 
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(4 E 2.33 * 10- 19 J) with an electron temperature of 5000 K, that 

n 
e 

» 3.5 1020 -3 
m 

From this it Is understood that CLTE throughout the generator Is not 

likely to occur, especially outside the constricted discharges. From the 

LTE condition it is se en that the on-set of LTE for higher excited 

levels (PLTE), is much easier and therefore it can be expected that the 

population of the high lying levels is dominated by the electron 

temperature. In fact the methods described above will indicate to what 

extend (P)LTE is established in the generator. 

111.2.3. Absorption method 

To study the time dependent cesium concentration in the MHD 

generator the density of the cesium ground state is measured, using an 

absorption technique in the near wing of a resonance transition. The 

results are compared with the mean injection values, obtained from the 

measured decay of the height of the cesium level in the liquid cesium 

storage system. 

The radiation Iv(b) as observed at z = b from a plasmacolumn, with 

a background intensity Iv(o)(see fig. 4), is obtained from the radiation 

transport equation. 

b b b 
I (o)exp(- J K (z)dz) + J e; (z) exp (- J KV(Z' )dz' )dz (18) 

v v v 
o 0 z 

For the condition that 

(19) 
o 

the plasma emissivity contribution can be neglected. Bv(z) represents 

the plasma source function, which is equal to Planck's radiation 

at the population temperature. The condition (19) is satisfied outside 

the arcs in the 'cold' gas flow and/or by chosing the background black

body temperature much larger than the plasma source temperature. 
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One then obtains from (18) 

with 

T 
\) 

~ ...J.J.. 

,,3/2 

- JO 
c" 
~ 

:t 
-< 
~10t..5 

It6 
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Fig . 5- Reduced absorption 
coefficient for the red 
wing of the 8944 ~ 
Cs-resonance line in Cs-Ar 
mixtures-

(20) 

(21 ) 

where T\) represents the optical depth. In measuring I\)(b) and 1\)(0) the 

optical depth and so the meao absorption coeffici~ot can be determined. 

Accordiog to (9) aod (11) the density in the lower (excited) state can 

be obtained if the shape of the lioe-profile is known. 

The relative accuracies that can be obtained in determining I\)(b) 

and 1\)(0) (5 %) plaee an upper and lower limit to the allowable optical 

depth. The experimental accuracy in T\) that can be obtained amounts ~T\) 

- 0.1. Therefore the optical depth must fulf!ll the following 
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condition: 

0.3 < T < 3 
v 

From fig. 3 it is seen that besides resonant also non-resonant 

transitions fullfill this requirement. 

(22) 

Because of the complex line profiles of the non-resonant 

transitions, due to the van der Waals broadening, Stark broadening and 

Zeemann splitting, the spectral resolved absorption method applied to 

these transitions is very complicated and therefore not considered 

(compare cesium determination with line-reversal method aceording to 

Houben (ref. 10)). A substantial improvement is obtained by eonsidering 

the resonanee transitions. For the resonanee transitions the line-

broadening is dominated by the van der Waals broadening. Beeause of 

optieal depth eonsiderations now the measurements must be earried out in 

the wings of the line-profiles and so the Zeemann-splitting (8Àmax ~ 1 -

2 A) ean be negleeted. 

The ahsorption measurements in the wings of the resonanee lines are 

appreeiably eomplieated by the broadening meehanism that determines the 

shape of the wings. The impact theory na langer holds for the wings and 

the quasistatie theory has to be applied (ref. 20 and ref. 21). Two 

different wing regions ean be distinguished: 

the near wing where the spectrum is exclusively determined by the 

inter-atomie differenee potential VCR) of the radiating and 

perturbing atom. For a van der Waals interaction potential (V(R) 

- R- 6) the spectrum shows a À-I.S dependeney, which has been 

observed in the red wings of many foreign gas broadened lines. 

the far wings where the spectrum depends in general on the 

gas temperarature. An increasing far red-wing intensity is 

observed in cesium gases for inereasing gas temperatures (ref. 

20), whereas an opposite temperature dependeney is observed for 

the blue wing. This can be explained by the attractive 

respectively repulsive inter-atomie potentialof the alkali-noble 

gas molecule. 

From these considerations it is evident that for diagnostieal 

purpose the near wing measurements are preferred. From the argon 

broadened cesium resonanee proEiles, measured byehen and Phelps (ref. 

22) it follows that therefore only the red wings of the 8944 and 8521 A 
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lines can be applied. Fig. 5 shows the reduced absorption coefficient 

y (23) 

as determined by Chen and Phelps for the red wing of the 8944 A 
resonance line. It is observed that for 6À > 20 - 25 A a bending of the 

absorption profile occurs, indicating the on-set of the far-wing region. 

Measurements are therefore preferred for 6À < 20 A. In the experiment 6À 

= 16 and 27 A have been applied. For 6À = 27 A a small temperature 

effect will he present, but this is chosen to have an optimum in 

absorption ( - 50 %). 

The seed percentage is derived from the optical depth according to 

T 
V 

K 1 
v 

SER n 2 Y 1 
ar (24) 

It is seen that the value of nar ann the plasma column dimension are 

neederl. In the experiment nar is taken from gasdynamic calculations, 

which holds before power extract ion is initiated. During power 

extract ion quasi one-dimensional calculations (see chapter VI) at a 

high interaction level (ne = 14.8 %), show an increase in nar at the 

middle of the channel of (6nar /nar ) = 33 %. This is neglected in the 

analysis of the absorption data. The plasma dimension is taken equal to 

the channelwidth. 

111.2.4. Optical lay-out 

Fig. 6 shows the optical lay-out of the spectroscopie set-up as 

applied in measurement series 2. Table 3 gives a speclfication of the 

apparatus used. Both emission and absorption measurements are performed 

a~ the location of the 17th electrode pair. The cathode spot of a high 

pressure Xe-discharge is focussen to the heart of the channel and then 

focussed on a diaphragm D2. By applying a long pass filter F3 in front 

of the Xe-discharge both emission and absorption can be measured 

simultaneously. A high frequency chopper (2000 Hz) is introduced to 

check the contribution of the plasma emissivity in the absorption 

measurement. Emission measurements in the ent rance region of the 

generator (at the 4th electrode pair) are performed by using a fiber 

optic guide coupled to the same detection opties with a low frequency 
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chopper (40 Hz). For this purpose small lenses have been installed in 

the casing of the windows in the ent rance region, in order to get a 

proper focus on the fiber optie guide. Measurements are obtained 

originating from the same plasma area, by splitting the main optical 

axis in the 5 required beams. Two low resolution 1/4 m-monochromators 

(M l and H2) at a fixed wavelength, are used for a line intensity 

measurment and for the absorption method. Two interference filter Fl and 

F2' preceded by collimators, are used Eor the recombination radiation 

method and are mounted direct in front of the photomultipliers. A 

programmahle high resolution 1 m scanning monochromator is used for low 

frequency scanning purposes (vmax = 125 Als), in order to determine the 

total visihle spectrum (3500 < À < 7500 A) or details of the spectrum 

(line profiles, series limit). Via fiber optie guides (± 2 m long) the 

monochromators and the recombination radiation telescope are coupled to 

the photomultipliers, that have been shielded against the magnetic 

field. 

The spatial resolution of the set-up is defined by diaphragm D2 for 

the middle of the channel, whieh has been varied for successive series 

of measurements. The angle of observation is determined by D3 and D4' 

Tab1e 4 shows the most important data of the spectroscopie set-up for 

the various series of measurements. 

The spectroscopic set-up has been calibrated before and af ter each 

run, using a tungsten ribbon-Iamp as an absolute light SOu ree (ref. 23). 

For th is purpose the lamp is placed in the focus of L4' The losses of 

the opties until the middle of the channel have been estimated for all 

wavelengths used in the experiment. 

To determine the contamination of the windows during the 

experiment, a transmission measurement using a He-Ne laser and a pin

diode has been performed at the middle of the channel. 

Between the various series of measurements several modifications 

have been applied to the set-up of fig. 6. For measurement series 4 and 

5 only measurements at the 17th electrode pair are performed (no window 

in the ent rance region) and so the coupling with the low frequeney 

chopper is cancelled. In series 4 and 5 the spatial resolution of the 

absorption methad is modified in such a way that the complete Xe-spot in 

the channel is focussed in the entrance-slit of the monochormator Ml . 

For this purpose the absorption beam has been splitted out before D2. 

Beeause of limited photon statisties in series 4 the splitting is again 
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modified for series 5, in order to arrive at an bet ter situation for 

all methods used. 

In series 5 the local discharge velocity has been determined. To do 

so the total radiation as observed by photomultiphers (S-20 cathode), 

has been measured at two locations through the window at the l7th 

electrode pair, with a spacing of 9.09 mm and a spatial resolution of 

0.23 mmo From the correlation in time of the two radiation signais, the 

local discharge velocity is obtained in a straight forward way. 

111.3. HIGH SPEED PHOTOGRAPHY 

Framing pictures of the discharge structures are obtained from 

measurement series 5, using an image converter camera (I~~CON 790). Two 

plug-in modules are used with respectively an exposure time of 1 ~ and 

an inter framing time of 5 ~s, and an exposure time of 200 ns and an 

inter framing time of 1 ~. With this 14 frames are obtained, using a 

black and white polaroid film. Fig. 7 shows the camera optics. The total 

magnificat ion amounts 0.57 and the focal ratio of the optics amounts 

f/33.6. 

' .. 
" .... 

Fig7- Camera opties 
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111.4. MIE SCATTERING 

In order to understand the heat exchanger performance and to 

determine the influence of the dustloading of the plasma on the ~fD 

energy convers ion process, an in-situ laser Mie scat tering technique has 

been developed. The alumina part iele eoncentration in the flow and the 

time resolved part iele àiameter distribution are measured 

simultaneously. 

Beeause of a limited access to the plasma due to the chemically 

agressive cesium, the high temperatures, mass flow and veloclties (200 

to 1000 mis) present, an in-situ Mie scattering technique is applied 

instead of the oEten used sample techniques in comhination with 

commercial avallable partlcle sizing instruments. Por Mie scattering 

measurements in hot flow systems it is essential to use a monochromatic 

ll1umination souree coupled with spectral filtering of the scattered 

signal to eliminate thermal background radiation. To achieve a high 

dynamic range In both concentratlon (10 5 - 10 10 m- 3) and particle 

diameter (0.5 - 50 ~) only single part iele counting technlques can be 

applied. Recent approaches in th is field are concerned wlth the analysis 

of the shape of the laser Doppier dual be am anometer signals (ref. 24). 

This is a hlghly eomplicated technique to develop for the experimental 

conditions mentioned. Also some foreknowledge of the part iele size is 

needed. Therefore a new, relatively simple laser Mie scat tering 

technique is developed, based on the detection of the absolute scattered 

signal amplitudes of single particles. 

Scat tering geometry. 

In order to introduce acontrolled scattering volume an off-axis 

scattering geometry must be applied. Because of the 11mited optical 

access and the demand of relatively simple opties in a vibrating 

envirement, a 90· scattering set-up has been chosen. The lower sensivity 

of the 90· set-up is compensated for by using a powerful laser. The 

sensivlty to the refractive index of the particles characteristic for 

the 90· set-up (ref. 25) is of no importance because in the experiment 

only A1 20 3 partieles originating from the hed of the heat exchanger are 

present. A second disadvantage of the 90· set-up compared to the forward 

scat tering technique is found in the enhanced resonanees, that occur in 



the cross-sections in the Hie regime (À ~ lid), as has been calculated 

for ideal spherical particles (see for instance ref. 25). As an example 

fig. 8 shows the calculated gain In relation with the size parameter a = 

lid/À, for a 90· scat tering geometry using a monochromatic, parallel 

polarized illumination source, for part ic les with a refractive index m = 

1.60 (the refractive index of alumina partieles amounts m = 1.77 for À 

0.5145 A (ref. 26». Here the gain is defined as 

G (25) 

where OM is the tUe cross-section for scattering. The observed 

oscillations in the calculated Mie scattering cross-section are largely 

averaged by two effects: 

when applying a detection angie 80, the scattered signal is 
80 lid 

averaged over 180 •. ~ maxima and minima, because the distance 

between two consecutive maxima or minima amounts 180· ;d 

the origin of the particles is found in the corrosion of the 

alumina bricks, during one heating cycle. As a consequence the 

alumina partieles have very irregular shapes. Together with the 

turbulence present in the flow, this largely ave rages the 

oscillations in the Mie calculations. Also this puts an upper 

limit to the accuracy one can achieve. A resolution of a factor 2 

is aimed at for particles sizing from 50 ~ down to the submicron 

range (0.5 lfll). Within this resolution the resonance that occur 

in the Mie calculations near the 1 ~ are tolerabie. 

Scattering volume. 

The ma ximum concentration of partieles that can he measured depends 

on the validity of the single particle condition. To prevent coincidence 

effects it can be stated to the maximum !3.ttainable concentration is 

given by 

n ~ Vol- 1 
max 

The maximum concentration designed for is 10 10 m- 3. Due to the limiterl 
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time of the experiment one must assure a high data rate for part iele 

sizing. These considerations result in an optimum scat tering volume that 

depends on the exhibited particle emission. Therefore a scat tering 

volume is chosen with adjustable dimensions. In the experiment a 

scat tering volume Vol = 10- 8 m 3 is used so that n = 10 8 m- 3. 
max 

Part iele trajectorie. 

A problem related with in-situ laser Mie scattering measurements 

based on the detection of absolute scattereu signal amplitudes, is the 

non-controlled particle trajectory through the laser beam. The 

intensity distribution across a laser beam has a Gaussian shape, 

therefore the peak scattered intensity will depend on the specific 

trajectory of the partiele. Large partieles traversing the edge of the 

heam may give signals comparable to small particles going through the 

cent re of the beam. Therefore a unique relationship between the partlcle 

diameter and the scattered signal does not exist. The pulse height 

spectrum of a monodispersion will look like fig. 9a. If one is able to 

cut the far wings of the Gaussian shape th is will look like fig. 9b. 
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plotted against Ct 

(taken from ref 24) 
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Fig.9, Pulse height spectrum o f a mono
dispersion ot a counte r us i ng a 
pure Gaussian laser beam (a) and 
a Gaussian laser beam wi th 
truncated wings (b) . 
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As a consequence the spectrum of a real polydispersion using a Gaussian 

laser beam wil1 look like fig. 10a. A continuous increasing count-rate 

is observed for smaller pulse-heights. To be able to derive the diameter 

distribution from such a pulse-height spectrum a special deconvolution 

technique is needed. Theoretical calculations show that it is possible 

to perform a deconvolution, using the monodispersion curve of fig. 9b. 

Because the monodispersion curve shows a sharp bandhead, one is ab1e to 

'scan' the spectrum from maximum to minimum voltage in order to derive 

the diameter distribution (see also ref. 27). However it is easi1y 

understood that small experimental uncertainties in the pulse-height 

spectrum at large pulse-heights, give rise to large interpretation 

faults for small diameters. Therefore a proper deconvolution technique 

is not possible in the case of a pure Gaussian beam. 

Extensive tests have been performed using both a Gaussian shape and 

truncated wings. Polydispersions of alumina particles and glass beads, 

ranging from 40 - 120 ~, were injected in an air stream. A typical 

example 15 shown in fig. 10a. A real maximum was never found. The 

curves all show a maximum count-rate at the detection threshold. 

Therefore it is felt that particle-sizlng of a real polydispersion with 

a Gaussian beam is only possible in theory. So the use of a triggering 

beam is attempted, in order to define the particle trajectory through 

the laser beam. 

Experimental set-up. 

The experimental set-up is shown in fig. 11, the electronic 

circuitry is given in fig. 12. The beam of a 2 W argon-ion laser (À = 

5145 A) is focussed to a walst of 3 mm o The scat tering volume is located 

in the subsonic diffuser with a duct diameter of 23 cm. Brewster windows 

are used to the minimize stray-light. The local particle velocities 

range from 200 to 500 mis. The 90° scattered laser light is focussed on 

slit S2 by a collection lens wlth a f-number of f/7.5. The distance of 

the collection lens to the scattering volume is 0.6 m. The slit S2 has 

an adjustable height in order to limit the detection volume to ensure 

single partic1e counting. Durlng the blow-down experiments a slit height 

of 3 mm is used. Af ter passing an interference filter (óÀ = 1.5 A) the 

scattered light is detected by a photomultiplier. 
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An on-line pulse height analyses of the photomultiplier signal is made 

by a multi-channel analyser (MCA-Le Croy qVT 3001). The photomultiplier 

signal is matched to the MCA by a specially built amplifier with high 

dynamic range (1 mV - 10 V) and large bandpass (0 - 500 kHz). The 

arnplification is linear but changes by a factor 10 passing a 

decade transition. The MCA is interfaced to a computer by a CAMAC-module 

(Le Croy model 2301). Every 0.8 s a spectrum is written on disk-file and 

af ter 4.8 s the MCA-memory is cleared, which causes a 0.2 s time-out. 

Trigger-beam. 

A trlgger be am with a beam waist of 0 . 5 mm is located just in 

front of the sizing beam. The 90 o -scattered trigger light is detected 

through the same optics and guided via a separation prism to a second 

photomultiplier. From this signal a delayed gate signal is derived for 

the MCA with a duration of 6 IJS. In this way only particles passing 

through the center of the sizing beam are accepted. The variatlon in the 

scattered signal due to varlations in laser intensity along the Gaussian 

profile is now less than 20 %. Due to velocity variations and trigger 

moment uncertainties the gate signal sometimes does not occur 

simultaneously with the maximum of the sizing signal. This results in 

peaks around the decade transitions of the amplifier. This effect 

becomes smaller with smaller distance between the laser beams. Therefore 

slit Sl serves to shape the sizing beam into a semi-cylinder. From 

anal08 tape recordings it was concluded that only a small fraction of 

mismatches occur. From the Gaussian shape of the two laser beams and the 

given geometry it is seen that the scat tering volume depends slightly on 

the part iele diameter. Therefore a correct ion is applled on the measured 

spectra which is less than a factor two in the count-rate for the 

smallest partieles relative to the count-rate for the largest partieles. 

An example of a measured pulsheight spectrum is given in fig. lOb where 

a polydispersion of glass beads was injected in an air stream. It is 

observed that a distinct maximum now is found. The erroneous peak at the 

detection limit results from the trigger uncertainties mentioned 

before. 

The experimental set-up has been calibrated with sieved A1 20 3 

partieles injected in an air stream. Six sieve sizes between 40 and 100 

~ were used. Aquadratic relatlon 
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V scat 0.8 1010 * d 2 * 0.5 P laser 

is found. Due to the experimental uncertainties invo1ved with injecting 

the partieles and in the interpretation of the spectra, the tot al 

experimental uncertainty in the particle diameter is estimated at a 

factor 2. Within this uncertainty an extrapo1ation of the ca1ibration 

found 1n the geomet r1cal regime (40 - 100 IJII) to the Nie regime (1 \lll), 

seems valid for the experimenta1 conditions. 

111.5. MASS SPECTROMETRY 

The molecular impurities in the flow are determined by an on-line 

time-reso1ved mass spectrometric analysis of the argon gas in the 

supersonic diffuser, just upstream of the balI valve. A line-diagram of 

the set-up is given in fig. 13. 

The gas is samp1ed in an ultr3 high vacuum recipient, with a 

minimum pressure of 2.10- 9 torr, applying a non-demixing gas inlet 

system (Ba1zers GES 010). It consists of a capi1lary tube of 4 m leng th 

at 3 temperature above 100 0 C, inserterl in a water coo1ed, stain1ess 

steel stagnation probe, protuding 20 mm in the gasflow. The nomina1 

working pressure in the recipient is 10- 6 to 10- 5 torr. This set-up 

gives a laminar flow through the capi1lary tube and a molecular flow 

into the recipi~nt. The time-response obtained with this system Eor a 

step-wise increase in pressure of the gas flow amounts 2 s. The analysis 

of the molecular contaminants of the gas is performed using a quadrupole 

mass spectrometer (Ba1zers QNG 101) with a QNA 141 analyser with 

secundary electron multiplier (SEV). With the programmab1e unit QPG 101 

four mass numbers are samp1erl with a frequency of 1 Hz. From the ion 

contribution at m/e-numbers 17, 28, 36 and 44 the concentrations of H20, 

N2 and CO 2 are determined. Af ter passing sample and hold, and isolation 

amplifiers the signa1s are digitized (4 Hz) and stored on disk. 

The mass spectrometric method to determine combustion residues in 

an argon flow is complicated by the fol1owing effects: 

The H20 contamination is normally measured at m/e-number 18. In 

an argon flow this is however impossible due to the 36Ar~ 

isotope. Therefore the 170u+ fraction with mie number 17 is 

measured, using a high resolution of the quadrupole system. Fig. 

14 shows a typica1 scan of the residue gas in the high vacuum 
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reciptent illustrating the m/e-resolut10n used in the experiment. 

At mIe = 20 a resolution ~ = 55 1s ohtained. 

Fig.l3. Line diagram ot the mass 
spectrometer diagnostic. 

",0 

", 

Fig.l4. Typical scan ot the 
residues in the high 
vacuum recipient ot 
the mass spectrometer 
set-up. 

Because the lower detection limit of the system should reach the 

50 ppm-level the 40Ar+ peak cannot be measured directly in the 

experiment, due to the limited dynamic range of the amplifier. 

Therefore the 3 6Ar+ isotope signal is measured. 

In this context 1t should be mentioned that the 2~2+ signal 

(m/e-number 28) will in general also show a 28CO+ contribution. 

However for the conditions used during the heat up cycle in the 

blow-down experiment (under stochiometric cond1t10ns, Tflame < 

2150 K) th1s can be neglected. 

From th1s it is clear that a calibrat10n of the mass spectrometer 

set-up is needed. Besides the relat1ve transmission of the quadrupole 

system at high resolution, the absolute ratios of 170~/H20 and 36Ar+/ Ar 

are determined in numerous pre-experiments. The following ratios have 

been found for the adjustment of the apparatus used: 

resulting in a 5 times larger detection limit for the H20 contamination 

compared to the N2 and CO z contamination. 
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In the blow-down experiment the lower detection limits are 

determined by the residual impurities in the high vacuum recipient. The 

following lower detection limits are obtained: 

50 pprn, N2 10 ppm, CO 2 10 ppm. 

111.6. ELECTRICAL MEASUREMENTS 

Low frequency measurements (4 Hz) have been performed of the 

electrode voltages and of the floating potentialof the electrostatic 

probes. These probes have been rnounted flush to one of the insulator 

walis, at the location of the 19th and 32th electrode pair. At each 

location there are 5 probes at equal distance from each other. From the 

measured voltages of the pro bes and of the cathode with respect to the 

anode, the anode and cathode drop are derived by extrapolating the line 

drawn through the 3 central probe voltages. 

The Hall voltages are measured between the 1 and 8, Rand 16, 16 

and 24, and 24 and 32th electrode pair. 

In measurement series 2 the analog bandwith of the 1s01at10n 

amplifiers was limited to 400 Hz, to avoid an influence of the sample 

frequency of the low-frequency data-acquisition system (see section 

111.8). Because a mismatch of the sample rate and the filtering 

frequency was clearly identified during the measurements, the analog 

bandwith has been set to 2 Hz. 

Besides the low frequency measurements high frequency measurements 

of the electrode currents and electrode voltages have heen made. 

Therefore isolation amplifiers have been developed with an analog 

bandwidth of 500 kHz (3 dB-point) and a common mode rejection bet ter 

than 90 dB. The Faraday voltages of 4 electrodes (V 4 , Vs' V17 , . V31), the 

total Hall voltage to ground (VH32 ) and the current of electrode 17 

(shunt R : 19.65 mn) have been measured. 

111.7. STATIC PRESSURE MEASUREMENTS 

The static pressure is measured at 5 locations both in the channel 

and in the diffusers (see fig. IV-14 and ref. 29). Low frequency 

measurements are performed Eor all pressure taps. High frequency 

measurements (1 kHz-frequency respons) are performed in series 5 for the 
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diffuser pressure tap PO 5, and for 2 generator pressures PG 3 and PG 5, 

using piezo resistive pressure transducers (Kistler 4043 A5 or ALO). 

III.8. DATA-ACQUISltION 

Fig. 15 shows the overall lay-out of the data-acquisition system. 

For the on-line analysis of the low-frequency measurements a multiplexed 

176 channels high level analog input system is used, with a cycle 

frequency of 4 Hz (except for series 2 where 10 Hz is used). The data 

are stored on the 'central' process computer (DATA GENERAL NOVA 3). For 

the on-line analysis of the high-frequency signais, the time- integrated 

optical signals and the MCA puls-height distributions (see 111.4.) a 

CAI1AC-interface system is used. For the low frequency analysis of the 

optical signals the analog signals are digitized using voltage to 

frequency converters (VFC) , in combination with scalers that are read 

and cleared every 0.25 s. From the two choppers in the spectroscopie 

set-up the gate signals for the scalers ace nerived, enabling 

data-acquisition both in the ent rance region and at the 17th electrode 

pair. For the on-line high frequency analysis a multichannel waveform 

digitizer is used, in combin.tion with a 32 K buEfered memory. Maximum 8 

input channels can be digitized multiplexed, witb a digitizer frequency 

of 4 MHz. In the experiment only 4 input channels are usen, resulting in 

a digital handwith of 1 HHz. Every second the 32 K memory can be read 

and cleared, using a 'stand-alone' POP 11/04 mini-computer. 

The high frequency pressure measurements are digitized using a 

datalogger with a digitizing frequeucy of 1 kHz. The data are read and 

cleared every 8 s. For aD ofE-line high-frequency analysis an analog 

tape recorder is used, with 14 input channels and a bandwith of 500 

kHz. 
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CHAPTER IV 

EXPERIMENTAL RESULTS 

IV.l. EXPERIr1ENTAL PROGRAM 

The technological abilities and constraints of a closed cycle MHD 

blow-down facility have played a decisive role in the generator 

performance of earl ier experiments (ref. I, 2, 3 and 4), as well as in 

the performance of the THE blow-down facUity. Therefore flrst an 

overall presentatlon will be given of tbe experimental program and the 

technologieal performance of the THE blow-down facility up to no". 

The fiest series of runs "ere intended to test the heat exchanger 

performance up to lts nominal conditions, ~nd perform a thermal and 

gasdynamie test of the MHD generator V/tth up- and doV/nstream flow train. 

No magnetie interaction experiments were planned and therefore na cesium 

injection was applied. The designed values of mass flow, stagnation 

temperature and pressure were fully reached (see tab Ie 1). The heat-sink 

type generator channel with BN inner walls could sustain the thermal 

shock experienced in the blow-down facility (see also ref. 5). Therefore 

the same channel could a1so be used Eor series 2. 

The aim of the experiments of series 2 was to test the complete 

f~cility up to nominal conditions and to achieve a substantlal enthalpy 

extraction. The hot argon flow time was increased Erom 34 to 44 s. Run 

201 served as a calibration run in thc absence oE cesium. In the flrst 

power run (202) a loading of 6 n was app1ied. An electrlcal power level 

of 190 kW was reached. A misconnectlon of two anode cables oE electrode 

pairs 16 and 30 was observed. A reversed lIall voltage was measured 

between electrode 16 and 24. In run 203 the cesium injection falled, due 

to a disconnected valve actuator. In run 204 the same condittons as for 

run 202 were applled, now with the proper connection. An electrical 

power of 270 kW was obtatned. In run 205 the generator was loaded with 4 

n. A maximum electrical power of 286 kW was generated, which is 

equivalent to an enthalpy extraction of 5.8 %. Inspections of the 

59 



channel between succesive runs showed a loss of some RN strips located 

between the electrodes, due to mechanical forces caused by bending of 

the stainless steel electrodes. Af ter run 205 it was observed that one 

of the ceramic plates of the supersonic diffuser was missing and that 

the expoxy casing had been attacked. 

In the experiments of series 3 a channel was tested with an inner 

wall material of reaction bonded silicon nitride (5i 3N4), with the same 

geometry, electrode material and construction as the first channel. In 

order to decrease the thermal stresses in the Si 3N4 walis, the time from 

zero to 100 % argon flow was incr~ased Erom 4 to 16 s (compare fig . 

11.2 and fig. 11.6). In run 301 the open circuit performance has been 

determined. Af ter 39 s the first four electrodes were short circuited in 

order to achievc an extra ionlzation in the inlet region. For run 302 

and 303 a generator loading has heen applied of 9 and 6 n respectively. 

The flrst four electrode pairs were short circuited in an attempt to 

produce extra ionlzation. During both runs A smooth electrical 

performance has be en realized. A maximum electrical power output of 

respectively 230 and 162 kW has heen achieved. The maximum enthalpy 

extraction under a 6 n loading condition increased to 7.1 %. In run 303 

the magnet has been switched off because of a Hall shorting to ground 

that occurred in the wiring. Inspection of the channel aEter these runs 

showed severely damaged electrode pairs three and four due to electrical 

currents in excess of 200 A, caused by the short circulting of the Eirst 

four electrode pairs. The walls around these electrodes were severely 

damaged, due to the arcing phenomena. The other electrodes showed a 

similar attack as observed in series 2. Also one of the ceramic 

supersonic diffuser plates was cracked and as a consequence the expoxy 

casing had heen attacked hy the hot gas flow. 

Experiments in series 4 were intended to study the working of the 

MHD generator with preheated walls in a joint program of the USA and the 

Netherlands (ref. 7). The geometry of the US channel is the same as of 

generator 1 with the exception that the electrodes protude 3.5 mlO 

instead of 2 mm in the flow. The channel inner "alis were of BN and the 

electrode material was molybdenum. During preheat exper[ments a 

malfunction in one of the cooling panels of the channel resulted in a 

water leakage, which prevented the experiments from being carried out in 

the preheat mode. It was dec ided to dry the hot flow train with air of 

393 K and to perform a test series using the channel in the heat sink 

mode. Durfne the runs a very high moisture level and dust loading was 
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measured due to a severe spalling that occurred of the BN material. The 

cause of this spalling was found in separate experiments, where a 

reaction of water with BN at a temperature of S23 K (BN-temperature at 

the moment of the water leakage) was observed. As a consequence the mean 

power production remained very low. Time resolved measurements however 

showed a comparable interaction level to previous experiments for short 

time intervals (O.S ms), which is probably related to a momentarily low 

impurity level. 

In series 5 the rebuilt US channel was instalied for experiments in 

the preheat mode, with the same materials and geometry as used in the 

channel of series 4. Because of a generation of impurities by the 

preheat loop, observed in pre-experiments, the experiments of series S 

were also carried out in the heat sink mode. In run 501 a 6 n loading 

was applied, to enable a comparison with run 303. A limited pre

ionization is applied by loading the first four electrodes with 2, 3, 4 

and 5 n respectively. At t ~ 42 s in the run the tantalum lining of the 

out let flapper valve of the us preheat loop, situated in the supersonic 

diffuser, was destroyed. Therefore run 502 was performed at the same 

parameter setting, now with a restored diffuser lining. In run 502 the 

ceramic supersonic diffuser plates cracked. The maximum power during run 

501 and 502 was limited to respectively 20 and 56 kW, which was related 

to a malfunction of the cesium injection system. 

IV.2. OVERALL GENERATOR PERFORMANCE 

IV.2.1. Electrical performance 

IV.2.1.1. Generated power levels 

A survey of the ~ost important parameters of runs 101 through 502 

is given in table 1. Indicated are the mean values over the run of the 

stagnation conditions, thermal input power, load resistance and seed 

fraction, as obtained from the injected amount of cesium, together with 

the maximum obtained va lues of magnetic field, generated power and 

enthalpy extraction. The electrical power has been calculated from the 

time averaged voltages, measured over the load resistances. The 

internally dissipated power, for instance in the voltage drops, is not 

included in the tabulated power levels. 
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RUN T Pstagn m B l). Cs Pth P 1) stagn max e, max e 

(K) (105N/m2 ) (kg/s) (T) ( n) (%) (kW) (kW) (%) 

102 1730 7.2 5.3 - - - 4768 - -
105 1810 7.2 5.2 - - - 4894 - -
106 1890 7.2 5.0 - - - 4914 - -

107 1970 7.0 4.8 - - - 4917 - -
201 1900 7.3 5.1 5.2 - - 5030 - -

202 1900 7.2 5.0 5.2 6 0.05 4930 190 3.9 

203 1910 7.1 4.9 5.1 6 - 4860 - -
204 1870 7.2 5.0 5.3 6 0.04 4850 270 5.6 

205 1910 7.2 5.0 5.3 4 0.05 4960 286 5.8 

301 1900 7.4 5.1 5.25 - 0.09 5030 - -
302 1910 7.4 5.2 4.7 9 0.10 5155 230 4.5 

303 1900 7.4 5.1 5.1 6 0.14 5030 362 7.1 

401 1910 7.1 4.9 4.9 6 0.13 4860 0.8 -
402 1910 7.0 4.9 5.0 6 0.15 4800 0.7 -
501 1890 7.4 5.1 5.0 6 0.12 5010 20 0.4 

502 1960 7.4 5.0 5.2 6 0.12 5120 56 1.1 

Tab1e 1. Typical data tor the various runs . 

The experiments carried out so Ear cover a variation in applied load 

resistance from 9,6 to 4 n and a variation in seed fraction Erom 0.4 to 

1.4 0/00, whereas the stagnation conditions and B-field remain 

approximately constant. It is observed that a maximum generated power 

level of 362 kW is reached under the conditions of run 303, which is 

equivalent to an entha1py extraction of 7.1 %. 

Fig. la-f show the electrica1 power output in time obtained in runs 

202, 204, 205, 303, 402 and 502 respective1y. Fig. 2a shows the power 

Olltput obtained in run 302. The power output obtained in run 401 and 501 

are approximately the same as ln run 402 and 502 respectively. It is 
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observed that a wildly fluctuating power output is obtained under the 

conditions of run 202, 205, 402 (and 401) and 502 (and 501), whereas tor 

the conditions of 204, 302 and 303 a smooth power generation is 

realized. It is also observed from the generated power in runs 303, 401, 

402, 501 and 502, having the same parameter setting, that 

reproducihility is bad. This illustrates the influence of the 

technological performance of the facility as will be discussed more in 

detail later on in th is chapter. 

por a discussion about the generator performance the results of run 

302 are taken as most representative. 

IV.2.l.2. Ign1t10n conditions, current distributions and current 

fluctuat10ns in relation with streamer structure 

Fig. 2a and b show the electrical power output, magnetic induction 

and current of the Bth, l7th and 31th electrode pair. When the magnetic 

induction exceeds a level of 3.5 T the generator ignites. The electrical 

power increases more than proportional to B2 with increasing B-field. 

Power generation is stopped when the magnetic induction is below the 

level of 2.7 T. Por all load resistances used an ignition level larger 

than 3.5 T is found. 

BIT) 

Fig.2a . clectrical power output and 
magnetic induction during 
run 302. 

(A) 

'0 

l0 l-- - H-

.0 

Fig.2b. Current at the 8th, l7th and 
3lth electrode pair during 
run 302. 

It is observed that the relation between the generated currents (as 

derived Erom the measured voltages over the loadresistances) and the B

field, strongly depends on the distance in the generator. For the middle 
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of the channel (1 17) a linear relation is approximately found, whereas 

for the inlet reg ion (Ia) a much stronger dependency is observed. At the 

end of the generator (1 31 ) the B-field dependency is very weak. 

I~ 

{Al 

-~---.------------

I--+k------------ , .. -

Fig.3. Current distribution in the 
generator dur i ng run 302 at 
a magnetic induction ot 4 . 7 
and J . 5 T respectively. 

Fig. 3 shows the typical current dtstributions found at B = 4.7 Tand 

B = 3.5 T. At , B-field of 4.7 T a very short current relaxatlon length 

of 0.05 m occurs, whereas at B 3.5 T a current relaxation length 

(defined from the point where the current reaches half the maximum 

value) of 0.3 m is ohserved. It should be noted that a very large 

current at the 4th electrode pair is measured during this run as a 

result of shorting the first four electrode pairs: 14 > 200 A. 

The ignltion phenomena and current distributions described above 

are bet ter understood when the inhomogeneous character of the plasma in 

the bulk of the generator and the coupled electrode fluctuations are 

taken into account. Fig. 4 shows typical results of the recombination 

radiation signal during run 302. It can be seen that the plasma in the 

bulk of the generator is highly non-homogeneous. A pronounced current 

carrying streamer structure is observed similar to the structure found 

in shock-tube experiments (ref . 8). The mean half-width of the main 

structllre of the radiation signals range from 3 to 26 IJS, independent of 

the B-field. With a propagation velocity of the streamers of 1050 mis 

(see section IV.2.2.2.), a width of the main streamer structure between 

3 and 26 mrn is obtained. Within the maln structure the strearners show a 

substructure, which wil1 be discussed later (see sectton IV.3.2.). 

Coupled wlth the streamer structure the Faraday and Hall voltages show 

fluctuations, which depend strongly on the parameter setting of the 

generator. Fig. Sa-e show typica! traces at low magnetic induction 
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Fig.6. Production rate ot streamers 
during run 302 as observed at 
the 17th (a) and 4th (b) 
electrode pair. 

Fig.7. Production rate ot streamers 
during run 205 as observed at 
the 17th electrode pair. 
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(8 = 3.5 T) of the Faraday voltage as observed at the 8th, 17th and 31th 

electrode pair, the total Hall voltage with respect to ground and a 

recombination radiation signal from the window at the 17th electrode 

pair. One can see that the fluctuations in the electrical signals have a 

lower frequency than the radiation signais. The difference is explained 

by the time ~t that a streamer is attached to an electrode. For 

electrode 17 ~t is 100 to 200 ~. This is large compared to the 

electrode pitch transit time of astreamer (25 ~s). As a result a bunch 

of streamers gives rise to one current peak. It is observed that once a 

streamer is ignited in the inlet region, the streamer propagates through 

the channel ~ith a velocity which is close to the gas velocity: Us = 
1050 ± ISO mis is always observed from clearly correlated electrode 

fluctuations. Neu streamers are ignited around an initial streamer and 

as a re sult streamers occur in bunches. From this it is understood that 

the electrical signals from the latter part of the generator are more 

stabie than from the first part. At low magnetic Eield a non-continuous 

power genera tion results. A typical time-out for power generation 

occurs, varying from one half to several times the generator transit 

time depending on the magnetic field. 

With increasing magnetic induction the product ton rate oE streamers 

strongly increases. Fig. 6 show the product ion rate oE streamers at the 

17th and 4th electrode pair. The product ion rate of streamers is 

determined off-line Erom the recombination radigtlon signal, which has 

been filtered to 100 kHz, so that the substructure is not seen. A direct 

relation exlsts for all the runs between the external generated power 

and the product ion rate of streamers. To illustrate this the production 

rate of streamers at the 17th e lectrode pair is also given for the 

wildly fluctuating power level during run 205 (see fig. 7). It is 

observed that a good correlation is found between the power level and 

the production rate of streamers. One can observe from fig. 6 that at 

the 17th electrode pair the product ion rate of streamers is 

approximately proportional to 8 2, whereas the relation at the 4th 

electrode pair is different. Here a steeper increase with B-field is 

observed due to the on-set of streamers between the 4th and 17th 

electrode pair. It is observed that for B > 4.5 T more than 70 % of the 

streamers is igniten before the 4th electrode pair. The current 

relaxation reg ion is short: ~ < 10.10-2 m. For B < 4.5 T an 
r 

67 



V8 

87.SV/div 

V17 

144V1div. 

VI 
>-
Z 
:::> 
>-
0: 

'" 0: 
>-
iii 

. . ! . . 
-~' --_~~ __ +'--t--l---'-- --l 

:- ~---' --+-----

~o~41g;;;.:jJlU;~:;il!:+tq±::;tll;I;;jh:t:l 

V31 

55V/div. 

VH32 

30ov/div. 

o 

4 • (msl 8 

Fig.5a-e. Typical traces ot the 
electrode voltage ot the 
Bth (a), 17th (b) and 
Jlth (d) electrode pair, 
the total Hall voltage 
VH~2 (e) and the 
emlssion ot the plasma 
observed at the 17th 
electrode pair (c), tor 
B = 3.5 T (t = 55 5) 

in run 302. 

-

o --
I 

. • I ..... 

I 

1 

\J\~ 

i 

I. 345. B=4.1 T 

'.365, B= 4.5 T 

'.385. B=4.7T 

' . 435. B=4.6 T 

' . 46 5 . B = 4.3 T 

' . 49 5 , B= 4.0 T 

•• 53 5 . B= 3.6 T 

t.56 5. B= 3.5 T 

Fig.Ba. Typical traces ot the electrode 
current at the l7th electrode 
pair at ditferent times in run 
J02. The zero level of each 
trace is indicated on the lett 
hand side ot the tigure. 

68 



increasing number of streamers is ignited dowstream of the 4th electrode 

pair, illustrating the strong depenrlency of relaxation length with B

field. 

At R = 3.8 T only 20 % of the streamers is ignited before the 4th 

electrode pair. 

Fig. 8a shows the current 1 17 at various values of the magnetic 

field. It is observed that for aB-field l a rger than 4.5 T a continuous 

current generation is obtained and no time-out in power generation 

occurs. Fig. Sb shows some more details for run 303 a t maximum B-field. 

The current has obtained a DC-character showlng a limited fluctuation 

level. This situation is realized at lower magnetic field for down

stream electrodes. 
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Fig.8b. Typical trace of the electrode vol tage 1 7 at maximum B-field 
in run 303. 

Continuous current generation as observed above is also realized under 

the conditlons of run 303 and approximately for run 204. For the other 

runs the currents at maximum B-field still drop to zero, indicating 

still ignition prohlems of streamers at maximum B-field. For the runs of 

serie 4 the high molsture level gives a sufficlent explanation (see 

section IV.4.1.). For series 5 the cesium injection system did not 

function properly, which coulrl also explain a non-continuous streamer 

performance. For the runs in series 2 however the explanation must be 

found in the ahsence of shorting the first four electrode pairs and/or 

in the lower seed fractlon, which both result in a lower initial 

electron density in the inlet region. This implies that the intial 

electron denslty, resulting from the recombining plasma from the 
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stagnation region, is near the critical value for initial streamer 

ignition. It is therefore believed that a further decrease in stagnation 

temperature will only be possible if an effective way oE pre-ionization 

is introduced. 

IV.2.1.3. Current related to the main streamer structure 

Tahle 2 shows the typical data Eor the streamer performance during 

runs 302, 204 and 205, at different values of the magnetic field. 

Indicated are the magnetic induction, time averaged current at the 17th 

electrode pair, time averaged pOHer level, the number of streamers (main 

structure) per second at the 17th electrode pair and the following 

characteristic quantities: 

Ï (x = 0.4) representing the current contribution oE each 
s,m 

streamer to the external current. 

For the condition of continuous current generation the following 

relation can be definerl: 

I (x 
s,m 

0.4) 

N S 
S,m 

Oere the streamer velocity Us is taken equal to 1200 mIs and the 

electrode pitch S = 2.5 * 10- 2 m. 

The time averaged total power divided by the number of streamers 

per second: P IN 
e s,m 

The number of streamers per second divided by B2• 

It is observed from runs 302 and 204 that the current per streamer 

Is,m varies only slightly with the B-field, whereas astrong dependency 

is obtained with the load resistance used (provided that the condition 

oE continuous current generation is valid). For the number of streamers 

per second divided by 8 2 and P IN ,the same behaviour is Eound. The 
e s,rn 

influence of the time-out in power generation on I 
s,m 

clearly seen. 

and on N IB 2 is 
s,m 

For the conditions of run 205 a very pronounced discrepency is 

found with respect to the other runs. At maximum B-field a drop is 

observed in the number of streamers (see also fig. 7). (It must be 

stated in this context that the determination of the absolute number of 

streamers Eor run 205, has a limited accuracy due to a contamination of 
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the windows that occurred during the run:!JN /N " 50 % is 
s,m s,m 

estimated. However the very different shape of the number of streamers 

in time with respect to the other runs can not be attrlbuted to this 

inaccuracy). 

RUN ~ Cs B 117 P N I P /N N /B2 Power e s,m s,m e s,m s,m time 
(l03 W) 103s-1 -1 -2 

( n) 0/00 (T) (A) (A) (W.S) (s T out 

302 9 1 4.7 37.5 227 17.93 100 12.7 812 -
4.33 34.9 197 15.78 106 12.5 841 -

3.87 29.1 150 12.50 112 12 . 0 834 -
3.49 20.7 91 8.28 120 11.0 679 + 

204 6 0.4 5.28 57 250 11.60 236 21.6 416 -

4.5 44 170 9.00 235 18.9 444 -
3.75 31 130 5.20 286 25.0 370 + 
3.62 30 80 4.00 360 20.0 305 + 

205 4 0.5 5.25 65 259 7.50 416 34.5 272 -

5.25 50 108 3.56 674 30.3 129 + 
3.9 60.5 204 6.00 484 34.0 394 + 
3.7 53.5 178 5.43 473 32.8 397 + 

- no time-out in power product ion 

+ time-out in power product ion is present 

Table 2. Typical d a ta for the streamer performance. 

IV.2.1.4. Hall field development 

Fig. 9 shows the lIall voltages VII 1-8' VII 8-16' VH 16-24' and 

VH 24-32 for run 302. It is clearly seen that a strongly different 

behaviour with B-field occurs for the different parts of the generator. 

Before power generation the first part of the generator develops a large 

Hall field up to 1000 Vlm, whereas at the last part of the generator 

even a negative "Hall" field is observed. This sltuation is governed by 

the recombining plasma that is present in the generator, with a limlted 

nUlnber of charge carriers. Leak currents dominate the on-set of electric 

potential distribution in the channel. In the inlet reg ion enough 

charge carriers are available to bullt up the Hall field. In the second 
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part of the generator no Hall field can be generated anymore, due to the 

low number of charge carriers. In the last part of the generator a 

negative "Hall" field is observed, due to the capacitive coupling of the 

down-stream electrodes to ground. 

The Hall field development is different when power generation takes 

place. Then plenty charge carriers are available and the capacitive 

coupling has no influence on the performance of the generator. The Hall 

fields are directly coup led with the discharge phenomena in the 

generator. Fig. S shows the correlation between the total Hall voltage 

and the streamer structure. One can see that only a Hall field is 

generated when streamers are present in the generator. The total Hall 

field decreases when in the inlet region streamer ignltion is stopped. 

When the last streamer passes the 32th electrode pair the total Hall 

voltage drops to zero. From this it Is evident that a suhstantial Hall 

field is built up only .in the regions where streamers are present. 
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Fig.9. Hal l voltages in cu~ 30 2 

B u 

t: 

Fig.10. Sketch o t the streame r 
connec t i on to the 
electrodes. 

For the situation of continuous streamer generation a De Hall field 

is obtained. For the situatio n of a single streamer at electrode pair 32 

(see fig. Sd, t ; t l ), also a Hall field is seen. For the last part of 

the channel, where the situation of continuous streamer performance is 
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first realized, one can see that for B > 4 T the local Hall voltage 

(VH 24-32) reaches a maximum of 1125 Vlm, and the local Hall field 

becomes independent of the B-field. For the other parts of the generator 

the local Hall field remains astrong function of the U-field. 

The above described phenomena can be attributed to inter-electrode 

shorting through streamers. The long time that a streamer is attached to 

an electrode compared to the electrode pitch transit time, indicates 

that one streamer is connected to a number of electrodes. From fig. 5 it 

is observed that for astreamer repitition time of 100 ~s the electrode 

current remains approximately constant, indicating that the streamer is 

connected to more than 4 electrodes. Fig. 10 shows a sketch of this 

situation, where it is assumed that the streamers are connected to the 

electrodes through the electrode boundary layer. The bended streamers 

represent an effective shorting of the Hall field. The maximum 

attainahle Hall field is related to the electric field coupled with arc. 

From this it follows that when a channel section is completely filled 

with streamers a maximum in the Hall field is obtained. However when the 

channel section is not completely filled with streamers, astrong 

increase will result with the on-set of new streamers. 

Experimental evidence of shorting effects in the Hall direction 

connected with streamers, is sometlmes found from the shape of the high 

frequency resolved electrical signais. Fig. 11 shows the Faraday current 

at the 31th electrode pair and the total Hall voltage. It is observed 

that a jump in the Hall voltage occurs approximately 100 ~ before the 

Faraday voltage rises. During this time the streamer is connected only 

to one of the electrodes. 

IV.2.1.5. Open circuit experiments 

In run 101 the open circuit performance has been determined. Fig. 

12a shows the Faraday voltage distribution before and fig. 12b af ter the 

ftrst four electrode pairs have been short-circuited. It is observed 

that without shorting, the open circuit voltage is extremely low: V 

0.25 uBh has been measured close to the entrance, falling down to zero 

at roughly the middle of the channel. These measurements indicate a 

partial loading of the ent rance region of the generator. If the first 

four electrodes are short-circuited the open circuit voltage in the 

first half of the generator can be elevated to V ~ 0.75 uBh, whereas 
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Fig.ll. Traces ot the Faraday current 
at the Jlth electrode pair 
and the total Hall voltage 
as sometimes observed during 
run 502. 
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Fig.12. Open circuit Faraday 
voltage distribution 
betore (a) and atter the 
tirst tour electrode 
pairs are short 
circuited (b). 

this drops to a value of V ~ 0.3 uBh at the end of the generator. This 

indicates a partial loading also for the last part of the generator. A 

possible explanation of this partial loading under open circuit 

conditions is given by the resistance of the hot walls and the demi

water cooling system, which amounts approximately 25 kno The extreme low 

open circuit voltage hefore the first four electrode pairs are short

circuited indlcates that the initial electron density in the ent rance 

region is very small. The estimated electron density at the ent rance of 

the generator from the recombining plasma in the stagnation region (see 

for instance reL 9) amounts: n ~ 10 19 -3 This value cannot explain m . 
eo 

the low open circuit voltage, when only a part ial loading of 25 kn is 

present. Therefore it is concluded that in this part of the generator a 

severe loss of charge carrièrs is present. 

IV.2.l.6. Voltage drops and arcing effects 

The voltage drops for run 303, as measured at the location of the 

19th electrode pair, are shown in fig. 13. Ouring power product ion it is 

observed that the voltage drop at the anode is larger than at the 

cathode. Both voltage drops increase with increasing B-field. At B 5.1 T. 
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a total voltage drop of 141 V is obtained. For run 302 a total voltage 

drop of 98 V is found at maximum B-field (4.7 T). The large values of 

the voltage drops are not only attrihuted to the arcing phenomena at the 

electrodes but are to a larger extent caused by the cold bouodary layers 

and the streamer structure near the electrodes. 
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Fig.l3. Voltage drops during run 303 
measured at the 19th 
electrode pair. 

From microscope observations of the eroded cathodes from generator 

(af ter measurement series 2) many micro-arc BpotS are clearly 

observed. A tiialneter of the micro-arc spots of a few tenths of 

micrometers is found. The fact that the stainless steel surface has heen 

locally 'lttaeked by the ares, indieates that taany strearoers are 

eonnected to the S'lrne spot. Only in this way enough heat is produced 

loeally to melt the stainless steel electrodes. This phenornenon will 

contribute to the hysteresls observed in power product ion with respect 

to B-field. Po~er production is still found at a U-field lower than the 

igoition value, once the generator has been ignited. 

IV.2.2. Gasdynarnic performance 

IV.2.2.1. Statie pressure distribution 

The statie pressure is measured at Slocations in the channel and 

in the diffusers. The pressure distribution along the hot flow train for 

run 302 is shown in fig. 14 for inereasing values of the magnetic 

ioduction. Curve a shows the st'ltie pressure distribution before power 

extraction, representing the gasdynamic expansion in the channel. The 

statie pressures in the generator channel are close to the value for 
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isentropie expansion (see ref. 5), especially for the down stream 

pressure taps. This indicates that the semi cylindrical electrodes do 

not cause substantial friction. It is obscrved that a shock is initiated 

at the ent rance of the subsonic diffuser. It should be noted that the 

10ss of several BN strips located between the electrodes had no 

noticable influenee on the static pressures. This illustrates that the 

protuding electrodes represent an artificial wall for the gasflow. 

\fuen power extract ion is initiated a drastie change in the static 

pressure distribution is observed. The statie pressure in the last part 

of the generator suddenly increases. This is observed for all the runs 

at various interaction levels. The pressure distribution in the last 

part of the generator is considerably higher than follows from 

quasi one-dimensional calculations. The fact that the pressure suddenly 

.~ 

Fig.14. Statie pressure distribution in 
the hot flow train at inereasing 
B-field during run 302; 
aJ B ~ 0 T, bJ B ~ 3.6 T, 
e) B ~ 4.1 T, d) B ~ 4 .6 T 
and e) B = 4.7 T. 

increases and remains at a high level in the supersonic diffuser, 

indicates the presence of a pseudo-shock or the on-set of large boundary 

layers. The relation with normal boundary layer development ls analysed 

in ref. 10 (inclurling MBD effects in the bounrlary layer). This analysis 

shows that a severe discrepancy is found between the experiment and the 

theory. It is believed that the observed pressure distribution at the 

wall is strongly influenced by the streamer structure near the 

electrodes. The presence of large currents parallel to the flow, gives 

rise to pressure gradients in the y-direction. Also astrong growth of 

the boundary layers can result from the inter electrode shorting, 

described before (section IV 2.1.5.). 
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The presence of a normal shock in the generator is not likely, as 

this would drastically reduce the power output above a critical 

interaction level and so above a critical B-field. This is not observed 

as is clearly seen from fig. 2a and b. In contrast to the smooth 

performance of run 302, is the performance of run 205 where above a 

critical B-field the power suddenly collapses and a very unstable 

generator performance remains. The gasdynamic performance of this run is 

analyzed more in detail in ref. lO, where it is concluded that the 

gasdynamic hehaviour has limited the elect dcal performance of run 205. 

IV.2.2.2. Velocity measurements 

The velocity in the channel is measured from clearly correlated 

electrode signais. From the time of flight measurements a mean streamer 

velocity over the generator length is ohtained. An example is given in 

fig. 15. A velocity of 1150 ± 150 mIs is obtained for all the runs 

(including run 205), provided that the signals are clearly correlated, 

which means that astreamer structure must be visible in the electric 

signais. This method is therefore not applicable to the situation of 

conti~uous current generation. 

Fig.15. Faraday vo ltage measured at the 
Bth an d 31th electrode pair 
during run 501. From the time 
delay ot the two signals a mean 
streamer velocity ot 1150 mis 
is tound. 

77 

r-r- f---
12 ...... 

A ..... r---
~ - ...... l1 

I--'" ..... 
~ 
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the window at the 17th 
electrode pair during 
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The streamer velocity is also determtned from the emission of the 

plasma, measured at 2 locations through the ~indow at the 17th electrode 

pair in runs 501 and 502 (see section 111.2.4.). Fig. 16 shows a typical 

result. A velocity ~ = 1050 ± 100 mis is found, which is close to the 
s 

gas velocity calculated from isentropic expansion: u 
gas 

1210 mis. This 

indlcates that a small difference velocity between the streamer and the 

real gas velocity is found: ~s - ub < 160 mis. 

lV.2.2.3. Stat ic pressure fluctuations 

The high frequency resolved pressure measurements show strong 

fluctuations in the static pressure, which are related with the streamer 

structure. Fig. 17 shows a typical result of the static pressure in the 

supersonic diffuser and the current at the 17th electrode pair for run 

502. It is observed that ~ith the oscillating behaviour of the 

electrical power output, oscillations in the pressure respons are 

obtained of approximately 0.2 bar. This probably is the main cause of 

the limited mechanical performance of the generator channel up to now. 

When a smooth electrical generator performance is obtained, the stat ic 

pressures also show a smooth gasdynamic performance. 

lV.3 SPECTROSCOPY. 

lV.3.1. Absorption measure'nents 

From the absorption technique in the near red wing of the cesium 

resonance line (À = 8944 A), applied at the middle of the channel, a 

time resolved value is ohtained of the optical depth (see section 

111.2.3.). Fig. 18 sho~s a typical time-reso1ved absorption trace for 

run 202. Astrong fluctuation in the absorption signal is ohserved, ~ith 

a typical frequency of about 1 kHz, resulting 1n a variation of the 

optical depth between 0.2 and 1. Thls fluctuation is found for all the 

power runs and also in the open circuit run 301. For run 301 a similar 

fluctuation is also found in the open circuit Farauay voltages. In the 

power runs the same f1uctuation is found duriog power extraction and 

before power extract1oo, indicating that there is no correlation with 

power generat1on. The observed fluctuation is attributed to a non

uniform cesium distribution in the channel. It Is expected that the 
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seeding is non-uniform and that mixing in front of the nozzle is 

inefficlent. 

Fig. 19 shows the tlme-avaraged absorption signals for run 302 and 

402. It is observed from run 402 that the cesium injection during a run 

is constant. ~rom the time-avaraged absorption signal an optical depth 

is determined and from th is the cesium concentration is found when the 

argon density is known. The cesium concentratlon has been determined 

just before power interaction. The argon density Is derlved trom 

gasdynamic calculations: nar = 3.75 * 10 24 10- 3. Table 3 gives a survey 

of the cesium concentration obtained from the absorption measurements 

together with the injected values. It is observed that a large absolute 

discrepancy is obtained between the injected value and the absorption 

measurements. For instance for run 401 and 402 the cesium concentration 

obtained from the absorption measurement is a factor 3 larger than the 

injection value. The lOuch larger cesium concentration derived from the 

absorption measurement cannot be attributed to an Inhomogeneous seeding 

or a boundary layer influence, but must be attributed to the inaccuracy 

with which the argon density is known. 

* 
RUN Injection Absorptlon 

nAr --
nArt isentropic 

rate measurement 

202 0.5 0/00 3.5 0/00 2.6 

301 0.9 0/00 2.2 0/00 1.6 

302 1.1 0/00 4.7 0/00 2.0 

401 1.3 0/00 4.0 0/00 1.7 

402 1.5 0/00 4.5 0/00 1.7 

501 1.2 0/00 4.1 0/00 1.9 

502 1.2 0/00 4.4 0/00 1.9 

Table 3. Cesium concentration measurement data. 
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Fig.l7. Measured statie pressure 
tluctuations in the super
sonie dittuser during run 
502. The eurrent at the 
l7th electrode pair is 
given tor comparison. 

Fig.l9. Time averaged absorption 
signals G'ur ing runs 302 
and 402. 
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Fig.18. Typical result tor the time 
resolved absorption measure
ment tor run 202. The 'zero' 
level indicates the contri
bution ot the plasma 
emissivity tor times when 
the high trequency chopper 
is closed. 
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Fig.20. Absorption trace during 
run 202. The contribution 
ot the streamer emission ean 
be clearly observed when the 
chopper is closed (5 x in
ereased sensitivity, middle 
traee). A recombination 
radiation signal is given 
tor comparison. 



The argon density can differ substantially from the isentropic expansion 

value due to friction effects. For the case that the seed fraction 

obtained from the injection value is representative for the mean seed 

concentratton in the channel, the argon density can be calculated from 

* the measured optical depths (nAr in table 3). It is observed that the 

argon density at the middle of the channel obtained in this way is (with 

the exception of run 202) 60 - 100 % larger than the isentropic 

expansion value. 

It is observed from fig. 19 that the absorption signal during run 

302 shows only a small increase in optical depth, with increasing MHD 

interaction. From this an increase of 8 % in argon density at the middle 

of the channel is calculated from zero to maximum power extraction if a 

constant cesium percentage 1s assumed. Th19 illustrates that the large 

increase in stat ic pressure at the 17th electrode pair is not followed 

by the same increase in bulk density. 

These results show that the absolute cesium determination in the 

bulk of the flow depends strongly on the gasdynamic situation. 

Therefore the method gives less reliable results for the absolute cesium 

concentration, whereas a good qualitative picture of the cesium 

concentration fluctuations is obtained. 

The effect of streamer performance on the absorption measurement is 

illustrated in fig. 20. The contrihution of the emission of astreamer 

is clearly seen, for the condition that the high frequency chopper is 

closed. For th is pur pose the upper absorption trace has heen displayed 

with a ten times larger sensitivity than the lower ahsorption trace. It 

is ohserved that the decrease in ahsorption, when a streamer passes, is 

much larger (> 5x) than the contribution of the em1ssion of the streamer 

and background plasma. From this it is concluded that the cesium ground 

state concentration in the streamer is much lower, illustrating the 

substant1al degree of 10nization in the streamer. The reduction in 

absorption shown in fig. 20 can be explained by a streamer performance 

characterized by fully ionized seed (FIS) and an effective streamer 

dimension over the line of sight of 25 % of the seeded gas flow 

dimension over the line of sight. The influence of streamers on the 

absorption measurement is on the ave rage less pronounced than is shown 

in fig. 20 and sornetimes this effect is completely absent. This is 

explained by the inhomogeneous ~eed distribution in the channel. 
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Dependinc on the ratio of streamer dimension to seeded gas flow 

dimension the streamereffect on the absorpt ion measurement will be 'Dore 

or less pronounced. 

IV.3.2. Streamer structure 

To determine the electron and population densities from the 

absolute va lues of the spectroscopie signais, information is needed of 

the streamer structure. In order to determine the streamer structure 

from the emission signais, the spatial resolution has been increased 

Erom 3.5 mm in series 2 to 0.9 mm in series 3 and 4. From the emission 

meRs~rement in series 2 a mean half ~idth of the emission signals of 15 

to 20 IJS i .s observed, indicatine that the main streamer dimension 

perpendicular to the line of slght amounts 15 to 20 mmo However a 

substructure is observed with a wldth smaller than 5 mmo lncreaslne the 

spatial resolution to 0.9 mm shows a typical substructure sloaller than 

1.5 mrn (see fig. 21a). The distance between the substructure may became 

smaller than I mm, so that they na langer can be abserved 
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Fig.21a. Streamer structure trom the recombination radiation signals 
in run 302. 
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Fig.21b. Framing picture of the discharge structure in run 501. 
The successive frames are displayed from right to left with 
an interframing time of 5 ~s 
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Fig . 22a. Time integrated recombi
nation radiation signals 
during run J02. 
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Fig.22b. Time-averaged electron 
temperature during run J02. 
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individually. In fact the fluctuation pattern within the main structure 

is strongly different for different streamers. A frequency analysis of 

the spectroscopie signals shows no characteristic repetition frequency 

connected with this substructure. These observations agree qualitatively 

weIl with the high-speed stereo framing plctures obtained in shock-tube 

experiments (ref. 8), where a thread like twisted configuration is 

observed. Depending on the orientatlon of the substructure with respect 

to the line of observation, the substructure can be more in line (fig. 

21a-a) or more perpendicular to the line of observation (fig. 21a-b). 

Fig. 2Ib shows a framing picture obtained in run 501. The structure 

in the bulk of the plasma at the 17th electrode pair can be clearly 

seen, showing a constricted discharge structure (fig. b). It is 

observed, that the dimenslon of the main structure can he larger than 

the wind ow dimension (~ = 15 mm). As the exposure time amounts 1 ~ the 

substructure is not clearly resolved. 

From these observations a mean streamer diameter over the line of 

sight, needed in the analysis of the spectroscopic signals of 15 mm is 

taken. The results of the spectroscopie signals then are interpreted as 

mean values over the main structure of the streamer. 

IV.3.3. Recombination radiation 

IV.3.3.1. Time integrated measurements 

From the time integrated data (0.25 s, see section 111.8) a mean 

electron temperature can be derived in a straight forward way. The 

electron temperature is determined from the relative intensities and 

therefore no informatlon on the streamer structure is needed. Fig. 22a 

shows a typical result for the time-integrated recombination radiation 

signals for run 302, at the middle of the channel. The electron 

temperature derived from this is shown in fig. 22b. It is observed that 

the electron temperature is approximately constant throughout the run 

and as a consequence independent of the magnetic field. The electron 

temperatures in excess of 4000 K indicate fully ionization of the seed 

in the streamers. 

The same analysis for measurements in the ent rance reg ion of the 

generator shows also a constant electron temperature in time. The 

electron temperature here is low: Te,relax ~ 2900 K. This is however to 

a large extend influenced by a calibration uncertainty that is connected 
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with this measurement, due to contaminations of the windows in the 

ent rance reg ion as weIl as to an uncertain calibration procedure, 

connected with the use of the fiber opties. Therefore no accuracy can be 

given for this number, and measurements trom the ent rance region 

therefore have been interpreted in a qualitative manner. 

IV.3.3.2. Time-resolved measurements 

For the time resolved measurements a computer program has been 

developed in order to determine the streamer quantities from the top 

intensities of the radiation signais. The possibility is apened to 

ave rage each signalover a few samples around the maximum value, in 

order to avoid possible influence of photon statistics (which influenced 

the data of series 3 and especially series 4). A streamer is identified 

as such, when a certain discrimination level is reached. In the analysis 

a constant streamer diameter of 15 mm is introduced independent of the 

shape of the signais. 

Fig. 23a shows a typical result af the electron temperature 

distribution, obtained during run 502. It is observed that a large 

spread in electron temperature occurs with 95 % of the streamers showing 

an electron temperature in excess of 4000 K (temperatures in excess of 

6000 K are not indicated in this figure). A possible source of error for 

the high electron temperatures is the insensitive temperature 

determination by the recombination radiation method for the condition of 

fully ionized seed. No influence of the magnetic field is found on the 

shape of the electron temperature distribution. Fig. 23a and b represent 

mean distribution functions found over the entire run. 

Fig. 23b shows the electron density distribution. The lower level 

(n = 2.4 * 10 21 m- 3) corresponds to the discrimination level, used in 
e 

the analysis. A mean electron density of 3.5 * 10 21 m- 3 is found, 

indicating a substantial degree of ionization of the streamer. Depending 

on the exact value of the local cesium density in the streamer, an 

ionization degree of 30 - 100 % is found. One can expect that the 

relative large spread in the electron density will become less, when a 

detailed account is given of the diameter per streamer, coupled with the 

shape of the signais. 

The electron temperature and density distributions found in run 502 

are representative for the results found in the other runs. For the runs 

in series 5 the distribution is insensitive to avaraging over a few 
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during run 502. 
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samples, whereas in series 3 and 4 an effect is observed. Here a larger 

spread in Te occurs, whereas a small influence is seen in the 

n -distribution. Table 4 shows the mean values of the time resolved data 
e 

for the various runs. 

IV.3.4. Line intensity mcasurements. 

IV.3.4.l. Boltzmann plot 

During run 501 and 502 the emisslon spectrum between 7384 A and 

5400 A is scanned. The scanning speed is 125 Als and aspectral 

resolution of the programmabie scanning monochromator amounts: 

ÓÀ 
app 

20 A. The line intenslty signal is on-line integrated over 

0.25 s. From the scaler output the total line intensity of single lines 

can be determined in this way. For a smaller distance between the 
125 

spectral lines than -4- ~ 31.25 A the signal is not uniquely 

corresponding to one atomie transition, and is therefore in first 

instance disregarded in the analysis. To determine the characteristic 

Boltzmann plot of the streamers, the time integrated signal is corrected 

for the relative number of streamers at different times in the run. 

Further only a relative calibration is neederl for the spectral 
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sensitivity of the set-up. It must be stated that th is method to 

construct the Boltzmann plot is only appropriate when the streamers 

exhibit constant properties throughout the run. From the time-resolved 

measurements it is shown that this is valid. 

Fig. 24 shows the Rolt7.mann plot obtained in run 502. The error 

bars indicate the total experimental uncertainty. It is observed that 

the F levels and 9D-Ievel are all on a line and the line drawn through 

these points gives a population temperature of T 
p 

3844 K. The 8n level 

is abave thls line. but is subject to large experimental lnaccuracy. The 

population temperature found in th is way is used to estimate the 

individual contributions of atomie transitions in the lines composed of 

two transitions. The relative population densities of the 95 1/ 2, 105 1/ 2, 

and 8F S/ 2 level obtained in this way are 31so indieated in the 

Roltzmann plot. It is ohserved that the populations of these levels are 

in very good agreement with thrée ather population densities. For more 

detalled informatian on the Rolczmann plot ohtained in this way. the 

reader is referred to ref. 11. 
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Fig.24. Boltzmann plot obtained in run 502. 
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1V.3.4.2. Time resolved measurements 

The analysis of the time-resolverl line intensity measurements is 

equivalent to the analysis of the recombination radiation measurements. 

Fig. 25 shows the popu1ation nensity of the 8F level during runs 202 and 

302. Each point in the figure represents the mean value over 5 to 10 

streamers. It is observed that the population density shows a small 

increasing tendency with increasing B-field. However the variation in 

population nensity is smaller than the statistical scat ter of the 

points. 

When the population densities are coupled to the free electron 

clensity, the 

value of T 
ps 

ann the mean 

Saha temperature Tps Is obtained (see section 111.2.2). The 

found from the mean population density (~8F 1.4 10 17 m- 3 ) 

electron density (~ = 3.5 10 21 m- 3 ) during run 502, 
e 

amounts: T = 5400 K. Table 4 shows the mean values of Tand n for 
ps ps p 

the various runs. It is observecl that fully ionized seed is confirmed by 

the Saha temperatures, although the accuracy of this temperature 

determination is limited. The low temperature found in run 302 is caused 

by the inaccuracy of the population density determination in that run. 

-
RUN n nSF T e ps 

(m- 3 ) (m- 3) (K) 

202 3.2 * 10 21 1. 7 * 10 17 4500 

302 2.9 * 10 21 2.7 * 10 17 3300 

401 3.5 * 10 21 - -

402 4.0 * 10 21 - -

501 4.0 * 10 21 - -
502 3.5 * 10 21 1.4 * 10 17 5400 

Table 4. The mean values t or ne' n 8F and Tps t or various runs. 

As the measuren electron density is in the order of the total 

expected cesium density, the absolute population temperature (coupled 

88 



with ground state density) cannot be derived with areasonabie accuracy. 

It follows however from a 'worst case' estimation that th is temperature 

also indicates fully ionization of the seed. For a total cesium 

concentration of 2 times the electron density (which is equivalent to a 

seed fraction of 1.9 0/00 for run 502 with n = 3.7 * 10 24 m- 3), the 
ar 

absolute population temperature is larger than 3550 K. 

IV.3.4.3. Argon excitation 

During the first part of run 502 the argon 2P 3 - lS4 (Paschen) line 

(À = 7384 A) has been measured. The emission is on the ave rage 

negligible small. However for some streamers a smal I argon line is 

observed. The maximum 2P3 population density determined amounts 

-3 m . 

With the total argon density nar = 0.375 10 25 m- 3 a maximum population 

temperature is derived: T 
p,max 

6456 K. Using Saha equilibrium an upper 

value of the argon ionization is obtained, from the population 

temperature found above. From this it follows that n = 7.10 9 m- 3 
+ 

Ar ,max 
and it is observed that the contribution of the argon ionization to the 

electron density is negligible small. 

VI.4. Impurities 

Iv.4.l. Molecular impurities 

The molecular impurities in the flow are determined by the on-line 

time-resolved mass spectrometric analysis of the argon gas in the 

supersonic diffuser, just upstream of the balI valve (see section 

111.5). A typical re sult of the H20, N2 and CO 2 contamination obtained 

during the initial gasdynamic tests (series 1), is shown in fig. 26a and 

b. When the flow is started at to a sharp decrease in N2 and CO 2 

contamination appears. The moment to is determined from the drop of the 

statie pressure as measured by the pressure probe opposite to the 

capillary tube. The initial impurity level corresponds weil with the 

evacuation pressure of 15 torr before blow-down. It is observed that the 

residual combustion produets are immediately carried away. A maximum in 
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Fig 25 The population density ot the 8 F 
level observed at the 17th electrode 
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Fig.26a. The N2 concentration 
during run 106. The 
static pressure is 
given tor comparison. 

Fig.26b. The H20 and C02 
concentrations during 
run 106 . 
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all impurities (e.g. Xmax for Hp ) occurs 3 s af ter the stationary flo\<l 

cond it ion (t t stat ) 1s reached. This can be explained Erom the 

degassing of the ceramics. If a constant degassing rate is assumed the 

impurity level will be inversely proportlonal to the mass flow . The mass 

flow through the bed during pressurisation can be derived from 6Pbed and 

Pbed : mbed = const. 1(6Pbed Pbed)' From the measured values of 6Pbed 

an Pbed a maxi~um in mbed of 33 % above the nomina 1 value is found. At 

the same time the minimum in the impurity levels is observed. The same 

phenomenon explains the increase of the lmpurity level that is observed 

when the run is termlnaterl. 

Table 5 shows the impurity levels for successive runs. It is 

observed that due to the degassing of the ceramics of the heat 

exchanger, the lmpurity level in the flrst gasdynamic runs decreased 

substantially. During run 204 it is observed that the remalning 

impuritles durlng power extract ion have become acceptably low. Typical 

values of 100 - 200 ppm for N 2 and smaller than 50 ppm for H 20 and CO 2 

are measured for the runs following 204, with the exception of runs 401 

and 402. Fig. 27 shows a typical example of the N2 contamination during 

~,---~---,----.---__ ----r---, 
-i 1 --

i 
'0 60 80 t(s) 100 

Fig.2? The N2 concentration 
dIlring run 302. 

run 302. It is observed that the lmpueity level is almost determined by 

the c1etection limit. Tt ~hould be noted tbat the N2 contaminatlon durlng 

run 203 is very high. Thls 1s caused by the N2 cooling system of the 

channel outer shell. This was probably also the case in run 202 and 

therefore the power extract ion during run 202 is promising. During 303 a 

small lncrease in N2 contamination is observed during power generation. 

This is caused by the attack of the Si 3N4 inner walis by arcs at the 
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electrode pairs 3 and 4. 

RUN H20 (ppm) N2 (ppm) CO 2 (ppm) particles 

(*10 6 m- 3 ) 

max. det. max. deL max. det. 

lim. lim. lim. max. min. 

102 8250 850 317 200 150 120 2 1 

105 3770 850 299 200 120 120 2 2 

106 2260 850 325 200 125 120 8 1 

201 - - - - - - > 320 20 

202 - - - - - - > 320 30 

203 40 40 1200 20 30 20 260 20 

204 60 40 25 20 30 20 > 140 10 

205 60 40 60 20 20 20 > 160 30 

301 - - - - - - 50 15 

302 50 40 80 20 - - 260 35 

303 50 40 200 20 - - 240 200 

401 > 3500 40 > 2000 20 - - > 200 > 200 

402 > 3500 40 - 20 - - > 200 > 200 

501 - - - - - - - -

502 40 40 125 20 - - - -

Table 5. Impurities. 

No correlation of these contamination levels during the run has 

been found with power extraction. In contrast with the runs of series 2, 

3 and 5 are the runs 401 and 402, where the contamination level has been 

a dominating factor. When the flow is started the concentrations in 

these runs increase to a level of more than 3500 ppm for 11 20 and 2000 

ppm for N2 during the time that the magnet is energized. 

This results from the spalling of the BN inner walls of the generator 

channel. The H20 level is far above the value where power generation can 

be expected. Therefore the mean power gene ration during 401 and 402 was 

restricted to a level of 0.8 kW. From the high frequency analysis of 

electrode currents and radiation signals, it is observed that during 

92 



short time intervals (~0.5 ms) a good power generation is obtained. 

Peak currents up to 60 A (1 17) have been measured and the temperature in 

the streamer is equivalent to earlier results: Te = 4800 K. The 

explanation for this momentarily high power generation level probably is 

a momentarily low impurity level, which can not be identified with the 

mass-spectrometer set-up used. 

lV.4.2. Dust loading 

The most important results of the dust loading measurement during 

first blow-down experiments (series 1) are presented in fig. 28-a en b, 

which show the typical concentration in time and the typical diameter 

distribution function of the partieles at a stationary flow condition. 

Fig. 28a shows astrong increase in concentration when the flow starts, 

followed by a sharp dec rea se even before a stationary flow Is reacherl. A 

rather constant level of about 2 * 10 6 particles/m3 is reached af ter 3s 

of stationary flow, which corresponds to one heat exchanger transit 

time. When the run is terminated a sharp peak appears again due to the 

rlepressurisation of the heat exchanger. These results agree weIL with 

previous experiments of Cooke (ref. 12), where a different technique is 

applied to a similar kind of heat exchanger. From analog tape recordings 

during series 1 it is concluderl that the single part iele conrlition (see 

sectlon 111.4) is valid in every run, with the exception of the begin 

and end of the run. Oue to pulse pi Ie-up a signal with a distinct DC

level is then measured, which is also identified in the obtained 

spectra. This results in a distortion of the peaks at the start and 

termination of the runs, for concentrations exceeding 30 * 10 6 partieles 

per -3 m • 

Because the diameter distribution shows a maximum near 2 ~, where 

the lower detectlon limit amounts 1.5 ~ (0.7 ~n for run 107), the 

detection limit has been decreased for the followtng runs together with 

the scat tering volume. Fig. 28b shows the diameter distribution during 

the stationary part of the flow of run 107. It is observed that a mean 

part iele diameter of 1 - 2 ~ is obtained. 

In table 5 the part iele concentration during stationary flow for 

various runs is given. It is observed that the part iele concentration 

strongly varies from run to run mainly dependlng on the corrosion 
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effects of the generator. During the runs 205, 302, 303, 401 and 402 the 

partic1e concentrations are very large. Thes e are dominated by 

destructive effects occurring in the generator. During several runs a 

variation in particle concentration is observed larger than a factor 8. 

It can be stated that for particle concentration up to 300 particles per 

cm3 no correlation with power extract ion has been found. 
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CHAPTER V 

STREAMER MODEL 

V.l. INTRODUCTION 

From experiments it is seen that the plasma of a Faraday type MIlD 

generator using an Ar-Cs gas, is strongly non-uniform (see chapter IV). 

In realistic power generating experiments a pronounced streamer 

structure occurs. The streamer structure as observed in the blow-down 

experiment is studied in this chapter and in chapter VI, in order to 

arrive at an engineering type of model which describes the working of 

the non-equilibrium MilD generator. In this chapter the local flow field 

in and outside the streamer will be analysed, where the experimentally 

observed arc currents and arc dimensions are used to define the arc. 

The results of this local arc model will be used in an overall generator 

model, described in chapter Vl. 

To study the interactions of the arc plasma with magnetic field and 

gas flow a theoretical model has been evaluated for the conditions of an 

MIlD generator as used in the blow-down facility. In the case of a 

Faraday type MIlD generator the flow and the magnetic field are 

perpendicular to the arc axis. The static pressure in the arc is 

typically atmospheric and high current densities occur: 10 5 - 10 6 A/m 2. 

The problern has rnuch resernblance to the situation of a free burning arc 

which is rnaintained steady by rnutually orthogonal transverse flow and 

rnagnetic field. This problem is studied extensively in literature (see 

for instance ref. land 2). Up to now this work has been restricted to 

LTE arcs, whereas the arc in a closed cycle MIlD generator is in 

principle a non-equilibrium type of arc. For the case of a relative 

long, free burning arc the nature of the flow in- and outside the arc is 

strongly related to the type of gas, the strength of the applied flow, 

the magnetic field, the arc current and the arc geornetry. The flow 

conditions and rnagnetic fields treated up to now in arc physics are 
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very different from the ~rnD generator case. 

V.2. BASIC EQUATIONS AND TRANSPORT PROPERTIES 

For the conditions of a non-equilibrium ~D plasma the two fluid 

model, consisting of an electron gas and a heavy particle gas, can be 

applied (ref. 3 and 4). The governing set of equations is given by the 

balance equations of energy, momentum, mass and electrical charge, the 

equation of state for a perfect gas, and by Haxwell's equations. 

The heavy gas equations read as follows: 

op 
mass balance: ~ + '7. (p ;;) 

Ot m 
o 

+ 
oC Pmu) + 

momentum balance: ---O-t-- + '7.(Pm~ u) 

where T is the stress tensor with 

+* 
with E 

+ + + 
E + u x B 

- '7p + '7. ~ + j x B 

-+ -+ +* ..... 
-'7.q - p'7.u + <I> + E .j 

<I> energy dissipation through internal friction. 

+ 
q 

equation of state: p 

with R 

p RT 
m 

(l ) 

(2) 

(3) 

(4) 

(5) 

(6 ) 

(7) 

In the temperature range of interest in closed cycle ~D the following 
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formulas tor n and À can be given for an argon gas: 

1.1 * (2~00) 3/2 * ~~i~o 10-4 kg/ms (Sutherland formula) (8) 

and (see ref. 5) 

À = 1.0247 10-3 * (T - 1.234 * 10-2)°.5488 W/mK (9 ) 

For the description of the balance equations of the electrons and the 

field equatlons the usual ~rnD approxlmation is followed (ref. 3 and 4): 

the magnetic Reynolds number ls small i.e. the magnetic inductlon 

assoclated with the current density is negliglble compared to the 

applied magnetic induction; 

charge neutrality can be assumed for the calculation of the 

densitles; 

the phenomena of interest are restrlcted to frequencles small 

compared to the plasma frequency. 

The balance equatlons for the electron gas are: 

on 
contlnu!ty: ___ e + 9.(n ~ ) 

.st e e 
K n n - K n n2 + 

fCs e Cs,a rCs Cs+ e 
(10) 

K n n - K n n2 
f Ar e Ar,a rAr Ar+ e 

and tor a steady state, collision dominated plasma wlth a negligible 

diffusion term, Saha equilibrium follows: 

n = n + + n + e Cs Ar 

nenCs+ = ZCs+ 2n m kT 
e)3/2 

Ei 

2 ( 
e (- ~) (11 ) n SCs Z-

h2 
exp kT 

Cs,a Cs e 

nenAr+ = ZAr+ 2n m kT 
e) ,/2 

Ei 

SAr ~ 2 ( 
e (- ~) 

nAr,a ZAr h2 
exp kT 

e 

where Zx is the partition function of the component x. The partition 
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function can be approximated by (see ref. 6) 

and 

T 

0.021875(10~0 - 2)3 + 2 

5.474 and ZAr 

for 2000 < T < 6500 K e 

for T < 6500 K 
e 

- 'lPe + en or + ~ x 8) - M e e e (12) 

Here the shear stress terms in the pressure tensor are neglected and the 

interaction term Me represents the average rate of momentum lost per 

unit volume by the electron fluid as a result of collisions between 

electrons and other particles. In ref. 3 it is shown that with the 

assumptions mentioned before and with a negligible ion slip, the well

known Ohm's law is obtained from this, by adding the momentum equations 

of the electrons and the 10ns : 

where 0 ; 

n e 
e 

2 

... 
o(E + en 

e 

is the scalar electrical conductivity and 

is the scalar electron Hall parameter. 

(l2a) 

(12b) 

(l2c) 

For the momentum transfer collision frequency between electrons and 

h-type heavy partieles, the following expression can be given 

8kT ,t __ e 
nh Qeh l!1Il 

e 
(12d) 
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with respectively the fol10wing momentum transfer cross-sections: 

e- l . 1 * 10-3(Te-1250) + 18 -2 
Q = (5.4 1 .85) * 10- m 

ees 
(12e) 

QeAr 
1 (10-6 T2 + 6.5 * 10-3 T + 3) * 10-21 -2 
"3 m e e (12f) 

4 

Qei 
e In A 

24n E: 2k2T2 
(12g) 

0 e 

where A = 1.24 * 107 (12h) 

(see respectively ref. 7, 8 and 9). 

i 2m 
E + + +* e 3 

-V·(qe- -e j) + j.E - L - v n - keT -T) - R (13) h mh eh e 2 e 

where R is the radiation 10ss term. 

For a uniform and steady state plasma the fol10wing frequently used 

form, is obtained: 

.. .. * 2m 
j.E L ~ v n 1 keT -T) + R 

h mh eh e 2 e 
(13a) 

With the assumptions mentioned above, Maxwell's equations read as 

follows: 

.. + 
V x B lJoj 

.. 
V R 0 

.. 
V x 

+ óB 
E -Tt 

+ 
ph V E e 0 

lal 

(14) 



with 

+ 
v . j o (14a) 

V.3. SIMPLIFIED ARC EQUATIONS 

In general a st rong coupling between energy and momentum balance 

exists and an exact solution of the set of coupled partial differential 

equations, given above, is hard to obtain due to the non-linear 

character of these equations. To study the flow across the arc a number 

of simplifications are introduced. From experiments in free burning arcs 

it is known that the temperature profile in an arc depends strongly on 

the convection velocities (ref. 10). On the other hand small changes in 

the temperature distribution will hardly affect the flow field. 

This effect will even be weaker for a non-equilibrium HHO arc, due to 

the relative low gas temperature gradients involved. Therefore it is 

possible to calculate the flow field Eor an estimated temperature 

distribution. In this way a decoupling oE momentum and energy equation 

is obtained. This gives the possibility of a straight forward analysis 

of the flow field problem and leads to good results, compared to the 

..... _------

FL - 7T: V --
-------J. --------

Fig.1. Streamer in the moving frame of 
reference. 

more complicated salut ion of the coupled equations as has been shown Eor 

free burning arcs by Uhlenbusch (reE. 10). 
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For the analysis the MHO arc is approximated by a circular cylinder 

of radius r o ' with the axis along the y-direction (see fig. 1). 

The current is in the negative y-direction. The velocity of the incoming 

gas has only O'rthogO'nal cO'mpO'nents with respect tO' the arc axis. The 

prO'blem is treated in the mO'ving frame O'f the ~10 arc, with velO'city Us 

in the x-direction. The electr1c field experienced by the plasma then is 

* E and the velO'city u is transformed thrO'ugh v = u - Us (see fO'r 

instance ref. 11). 

The mO'mentum equatiO'n O'f the heavy gas now reads: 

-V'p + V'.1- + JXB (15) 

and the mass conservatiO'n equation: 

o (16) 

13ecause nO' relativ1stic effects are considered Haxwell's equatiO'ns read 

as in (14). 

In Ohm's law the VPe-term can be neglected. Further the Hall effect is 

neglected. Then the general1zed Ohm's law reduces tO': 

+ 
j 

+* 
oE ( 17) 

TO' simplify the analysis O'f the arc dynamics further, It is assumed that 

the viscO'sity n is independent of the arc cO'ördinates. A mean viscO'sity 

is intrO'duced which depends O'n the mean gas temperature O'nly. 

With n = cO'nstant and by eliminatiO'n O'f the pressure gradient over the 

arc 1n taking the curl of equation (15), the following 'momentum' 

equation is obtained: 

where ó' represents the Laplace-operatO'r. 

Equation (18) can be transformed in: 

(18) 

(19) 

Together with the continuity equation this 'momentum' equation describes 
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the dynamlc behavlour of the arc. The coupling with the energy balance 

only concerns the x and z-dependency of the current and mass density in 

the arc. 

For this analysis it is further assumed that the flow insided the 

arc is dominated by viscous effects, j x B-force and the pressure 

gradients over the arc, so that inertlal forces can be neglected. From 

the momentum equation (15) it is seen that this implies that the 

lnertial term in thls equation is much smaller then the magnetic body 

force, and therefore the relative convection velocities must not be to 

large. Equation (19) then reduces to: 

+ + + 
(B. 'J')j - T)'J'x( 'J'x( 'J'xv)) o 

V.4. FLOW FIELD 

The flow field function ~ can be introduced as: 

+ 
P v 
m 

or 
+ 
v 

+ 
( 'J' ~ x ey ) 

Pm 

(19a) 

(20) 

For the MHD arc under consideration the arc height is large compared to 

tts dimensions in the x-z plane. 

Therefore the flow field function ~ can be written as 

g(y) ~O (21) 

g(y) gives the velocity profile in the y-direction, which is not 

affected by the arc. Without the introduction of this velocity profile 

in the y-direction a solution of the differential equations is not 

found. ~O ts the flow field function in the x-z plane: 

~O ~O(x,z) 

which is strongly influenced by the interaction of the arc with the 
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gas flow. To obtain an expression for g(y) the weIl known velocity 

profiles in the laboratory system are introduced, taking into account a 

finite channe1 height h: 

with m = 1/7 for a turbulent flow condition. 

In the moving frame one obtains for a stable streamer structure: 

2 
u (0) (1 - --Î---)m -u (0) + vx(O) 

x (h/2)2 x 

and with g(y) 

g(y) 

v (y) 
x 

v (0) it follows that 
x 

with the basic properties: 

g(O) 

g(O) 0 

2m 
u (0) 

'g(O) x 

- (h/2)2 v (0) 
x 

T(O) 0 

(22) 

(22a) 

In the following we will restrict the ana1ysis to the plane of symmetry 

(y 0), so that from (20) and (21) it follows that 

with 

+ + 
w x e 

y 
(23) 
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.. 
w (24) 

By introducing the flow field function as is done above, a more handy 

form of equation (19a) can he obtained. I~ taking three times the .. 
rotation of v and using equations (22a), the 'rnornentum' equation (19a) 

reduces to: 

.. .. .. 
'1'·;+'8(0) 

.. .. 
(B. '1') j -nV'xV'xe n e '1' .w y y 

(25 ) 

Introducing: 

+ 
V'1jI 

X - '1' .w '1'.(_0) 
p 

(26) 
m 

one ohtains: 

B ö' .. .. 
t.' X +'g(O)x ~~= ~ 

n oz' n 
(27) 

with 

'3(0) < ° 

The flow field according to equations (26) and (27) is most easily 

described by introducing cylindrical coördinates, Onc then obtains for 

equation 23: 

v 
r (23a) 

As the self magnetic field can be neglected , the rnagnetic field rcads 

as: 

.. 
B (28) 
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We will eonsider eylindrieal symmetrie ares with the following 

properties: 

a = 

and introduee the following dimensionless parameters: 

P r/r 
e 

Pm Pml Pm oo 

cr = al a 
0 

-* * * E E IEyo Y y 

(29) 

(30) 

(31) 

In eylindrieal eoördinates one now ean probe the total flow field with 

the following solution: 

with the boundary eondition that 

ter) .. -1 for r .. 00 

expressing that the flow field is undisturbed far outside the are. 

The funetion F(r) is introdueed aeeording to: 

x = F(r) sin~ 

whieh is consistent with (32) and (26), with the boundary eondition 

, 
F( r) .. 0 for r .. 00 and F( r) .. 0 for r .. 0 
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Introducing 

2 
ux(O) 2 

r 
2m _e __ * 

Cl -
(h/2)2 v (0) 

x 

* 2 

fl2 
2BOE;t0 cr r e - n v «> 

* 2B E cr r 
V = _ [ 0 yO ej-1 0 F 

P n 

one obtains with equations (31) the following set of ordinary 

differential equations: 

3 iS 0 Pm f 
f + (- - Am)f - ~ - = VOPm 

P Pm Pm P 

with V = dV and f = df 
dp dp 

and the boundary conditions: 

f (0)) 1 --;;z 

f(O) 0 

V( «» 0 
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(40) 
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V.S. SOLUTION OF THE FLOW FIELD FOR A elVEN TEMPERATURE AND CONDUCTIVITY 

PROFILE FOR A CHANNEL OF INFINITE WlOTH 

Ta solve the set ot coupled differential equations (40) and (41) 

governing the flow field, the profiles in current- and mass density have 

to be calculated from the coup led energy equation and the 

electromagnetic field equations. lnstead of this complicated procedure 

the conductivity and temperature profiles are postulated in order to 

arrive at a salut ion for the flow field in an MHD generator. 

For the right-hand side of equation (40) the following profile is 

introduced, according to the idea of channel modelling. 

1 d - *-I P dp (Ey a) 
1 déi I P dp = -1 for 0 < P < 

= 0 tor p > 1 
~ (44) 

which is equivalent to a profile in the conductivity according to 

Ö l_p2 for 0 < p < 

ö 0 for p > 1 

The conductivity profile defined according to (45) dtffers slightly 
_p2 

(only in the 'far field') from the well-known e conductivity 

profiles, which are found in various free burning arc experiments 

(see fig. 2). 

A 

o 

\ _p2 
""e 

O~----------4---"~---
p~l --p 

Fig.2. Conductivity profile 
over t he arc. 
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One can see that a flat conductivity profile is obtained, 

corresponding to a flat profile in the current density. 

A solution of V(p) now can be obtained by separating V(p) in the 

inner part of the arc (Vi(p) for 0 ~ p ~ 1) and the outer part 

(Va(p) for p> 1). From equation (40) it then follows that 

and 

o 

with the jump conditions 

For the right-hand side of equation (41) a density profile is 

introduced, likewise to the channel moddeling: 

for 0 < p < 

for p > 

From equation (41) it is seen that: 

and 

f + 1 f i i P 

f 
a 

v p > 1 

with the continuity conditions 

stating that ~O(l) is continuous and 
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(47) 

(48) 

(49) 

(SOa) 



stating that the mass flow is continuous. 

The set of ordinary differential equations (46) are of the morlifierl 

Bessel type and the solutions of ViCP) and Va(p) are modified 

Bessel functions In and Kn of order n (ref. 12). 

The following solution for the function V is found: 

(50b) 

(51) 

(52) 

With this the solution of the set of orrlinary differential equations 

(49) is obtained: 

and 

For <l « 1 

and for ap « 

Pm 2 11 (ap) a2 
-2- [LS - K2(a) -- + ---
a <lp ~ 82 

Pm 

1 Pm 2 4 1 - - - TI (p - f-) + -
82 B~ 
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with 

(ln(ia) + y IJ (54b) 

and y Euler's constant 0.5772. 

This solution of the function fep) determines the stream lines of the 

flow field according to (32) and with equation (20) the flow field is 

obtained. 

For a better understanding of the flow field the function 

F = -f- ~, which is independent of B, is plotted against p for various 
B 

values of a (see fig. 3). 

It is 

a. .. l Il._O.S a_O.'~ a .. G.1 
0.04 

02 

020 

a. .. O.O~ 

1 ,,~, ------------ ------------- -- -----r ~'-,,--

4 5 6 1 6 9 10 n 12 13 14 Ij 

~.f 

Fig 3" Function F = - (f + ~) versus p for different a. 
82 

For a = 0.1 the critica1 8 va1ue is indicated. 

observed that dependlng on the parameters a and B, values of pare 

found where the 
1 

function F = - ~ or f(PO) = 0, so that the flow field 
fl 

function f becomes positive (changes sign) for small p. For a given a, 

which is determined by the MBD channel geometry, streamer dimension and 

the flow condition (see equation (36», th is reversed flow is only found 

for B values larger than a critical value flc. By putting equatlons (53) 

and (54) equal to zero values of Po are obtalned (PO ~ 1), where the 

radial component of the stream lines is equal to zero, so that no radial 

velocity exists (see also equations (23a) and (32). From the condition 
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o the c rit ical 13 value 8 fo llows: 
c 

1 

7 
12( a)Ko( a) 

2 + "4-
c 

(55) 

For 8 < 8c no solution for f(pO) = 0 can be found. For this situation 

the incoming gas streams into the streamer and the stream lines are 

curved in such a way that the mass flow through the streamer is 

reducerl. In case 8 > 8c the flow circulates around the streamer in the 

regime P > PO' For P < Po the function f and so the stream lines change 

sign and the flow is opposite to the external flow. Two stagnation 

points are thus produced (see also fig. 5) . The arc acts as a body 

having an impervious wall with a diameter PO' which strongly depends on 

the parameter 82 and weakly on P . The parameter 82 can be seen as 
m 

related to the weIl known Hartmann number (H 2 = magnetic body 
a 

force/viscous force): 

Thus the on-set of a back-flow in the arc occurs above a critical 

Hartmann number, and astrong magnetic pumping effect occurs in the 

inner part of the arc. Depending on the exact value of the Hartmann 

(56) 

number 

larger 

an aerodynamic radius rO can be found, which can be substantially 

than the electrical radius r 
e 

For 8 = 8 a bifurcation of the solution occurs. This is 
c 

illustrated in fig. 4, where Po is plotted against 8/8c for different 

a values. If s/sc < 1 the aerodynamic radius is identical zero. At 8 = 
8 the curve starts with an infinite slope and reaches a nearly linear 

c 
behaviour for 8> 8c ' To obtain more handy formulas the general 

solutions can be developed for small arguments: ap « 1 (see equations 

(53a), 54a) and (54b)). 

One then obtains: 

o + Po [ 64 1 1 l} 1 I 3-3/{1- - -(- - -) 
3 • 82 82 

Pm c 

(57) 
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with Sc according to (54b). 

2.8 
f. 

1: 
16 

12 

()8 

04 

0 

I{-
2 

1 
2 - 3" Pm 

2 _11.+ 1 ln(-) -
apo S2 

---=--=--~---) 
2y) 

a= 0.075 0.025 0.015 

Fig.4 Normalized aerodynamic radius versus B/Bc. 

(58) 

As an example we will analyse the flow field around an ~iD arc, 

which is equivalent with the streamer as defined in chapter IV. 

The basic assumption of th is analysis is that the substructure within 

this streamer (see chapter IV), aerodynamically does not behave 

independently, but gives rise to one common magnetic pumping effect. In 

the foregoing analysis we then have to replace (37) by: 

* 2 
2BO Ey 0 0 re 

wich 1 
I).V 00 1T s,m 

where N is the number of streamers per electrode pair. Typical values 
s,m 

are given for run 302: 

v ., 100 mis, Us 1000 mis, re = 10-2 m, h = 0.15 m, I) = 10-4 kg/ms, 

Pm 0.5 (see chapter VI). From these data and with m = 1/7 an 
typ 
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a = 0.24 is obtained. From (54b) it then follows that 62 = 8.3 or 
c 

(I B) = 0.13. For an MHO arc I B is much larger, so that in the arc 
s,m c s,m 

a strong back- flow is developed. The flow field corresponding to (53) 

and (54) is drawn in fig. 5 for the case of intermediate 62 : 62 = 34. 

14 

10 

2 j J. 5 1 8 9 10 11 12 13 11. 

---x 

Fig.5 . Flow tield in and outside the streamer located at x 
The lines ot constant ~ are drawn tor z > o. 

z o. 

The lines of constant stream function ~o are indicated. One can observe 

that two stagnation points A and Bare created in the flow due to the 

strong magnetic pumping of the arc. The flow is forced to go around the 

impervious arc with an effective blocking diameter Po' The flow inside 

the aerodynamic arc, shows strong resemblance to the flow pattern of a 

wall stabilized arc, with aB-field orthogonal to the discharge axis 

(ref. 13). In order to satisfy the condition that the arc acts as a 

solid body and that the aerodynamic radius of the arc is larger than the 

electrical radius, it is seen from (56) that for Pm 

62 > 9.36 
1 

or (Is mB) p >1 > 0.15 
, 0 

0 . 5 and a = 0.24: 

For a rea 1 situation in an MHD generator at high magnetic 

interaction, with much larger values of 62, the development of the 
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Bessel functions for small arguments no longer is valid. Therefore 

formula (54) has to be used to determine the value of PO. With the 

typ1cal values for run 302, B = 5 T, I = 40 A, N 
Y s,m 

= 0.5 one obtains: 

= 80 A and a2 = 2.5 104 . With equation (54) the flow field function I 
s,m 

fa(P) follows: 

and the aerodynamic radius is found from fa(po ) o which yields 

233. 

It is seen that due to the large value of a (relative to a ) an 
c 

extreme strong MHD pumping is observed and a very large aerodynamic 

radius 1s obtained. The aerodynamic radius even exceeds the channel 

d1mensions in contrast to the experience. Thus for the MHD generator 

application the theory must be 1mproved. taking into account the finite 

generator walls. This is done in the following section. 

v.6. SOLUTION OF THE FLOW FIELD FOR A CHANNEL OF FINITE WIDTH WITH MANY 

STREAMERS 

The aerodynamic radius is a st rong function of the Hartmann number 

and as shown before for realist1c conditions raer reaches too large 

values if only one streamer in an infinitely extended channel is 

considered. Two effects may reduce the streamer size: 

the channel geometry has a finite width in the z-direction (= b) 

more than one streamer is present in the channel. 

In this section it 15 assumed that 2~~1 subsequent streamers are present 

in the channel, which are positioned at a distance ~ along the x-axis 

(see fig. 6). 
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Fig.6. Positioning in the calculations 
of the different streamers in 
the x-z plane with res pect to 
the channel walls at z = + b/2. 

To simulate the effect of the channel walion the flow field, N 

streamers are introduced both in the positive and negative z-direction 

at a regular distance b. All streamers are assumed to have the same 

velocity and are transformed at rest in the same way as deseribed in 

seetion V.3. In section V.S a solution of the flow field according to 

equation (26) and (27) is presented, describing the flow field for a 

streamer at the position x = 0, z = O. One now can introduee streamers 

shifted to a position xm' zn' where m, nare integers from -M to +M and 

-N to +N. The streamers do not overlap and satisfy the condition: 

(b,E) » re. Por th is case it ean be shown that a solution of equations 

(26) and (27), for the regions where Pm = Pm ro and jy = 0, can be written 

as: 

1/Io(X, z, xm' zn) 

Pmcov 00 

where f (p ) follows from equation (54) with: 
a mn 

(X-x )2 
m 

-"""'2:=-- + 
r 

e 

(z-z ) 2 
n 

2 
r 

e 

Because the equations (26) and (27) with jy 

117 

(59) 
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o and Pm = Pm ... are linear, 



a superposltlon of solutlons (59) also satlsfies the diEferentia1 

equations. 50 it is expected that a general solutlon results from a 

superposltion of several individual streamers: 

ljIo N M 
L L Cn",(z-zn)fa ( Pmn) 

n=-N m=-M 
(61) 

where Cnm are weight factors. Because all streamers are assumed to have 

the same properties, it follows that 

C nm 
1 

(2H+l) 

The calculations have been done for 8 ~ 99 Eor variable N and M. 

(62) 

The results are shown in fig. 7a-f. Fig. 7a shows the flow field of one 

single streamer Eor the situation without wall effects. It is observed 

that the aerodynamic streamer size is larger than the channel width. 

From fig. 7b-d it is observed that with one streamer present in the 

channel, the effect of the wall can he sufficiently simulated by the 

superposition of 5 to 15 extra streamers in both z-directions. An 

equipotential stream line is created at the plaee were the wall is 

situated. With an increasing number of streamers the streamer size is 

redueed until with 15 streamers in both z-directions the ae rodynamic 

radius fills approximately 70 % of the channel width. The stream lines 

between the streamer and the wall are severely compressed as is 

expeeted. This reduces the size of the streamer eonsiderably. It is 

observed that increasiog the number M from 10 to 15 does not have a 

significant effect. With more than one streamer in the x-direetion 

present in the channel, qualitatively the same effect is observed (see 

fig. 7e-f). With increasing number of streamers in the x-direction a 

decreasing streamer-size is found. ,or a situation of 21 streamers 

present in the channel at a distance of E = 25 mm, an aerodynamic 

streamer dimension is found whieh is approximately 2 to 3 times larger 

than the eleetric streamer dimension. 

From this it can he concluded that the streamers reduce the Eree 

stream area of the ~rnD channel. 

The lnfluenee of the walls and the mutual influence of the subsequent 

streamers on the aerodynamic blocking aerea of the streamers is very 

large. 
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Astrong reduction of the aerodynamic blocking area of the streamer in 

the flow isfound with respect to the case of ft single streamer in a 

channel of infinite width. 

For the situation that one streamer per electrode pair is present, a 

ratio of r Ir of 2 to 3 is found. 
aer e 
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CHAPTER VI 

GENERATOR MODEL 

VI.l. FULLY IONIZED SEED CONDITION 

In power generating experiments under realistic conditions at a 

substantial power level ( > 100 kW), a very pronounced inhomogeneous 

structure always is observed in the generator (see chapter IV). This is 

caused by the well-known fact that non-equilibrium alkali seeded noble 

gas plasmas are subject to ionization instability (ref. 1, 2 and 3). 

From the instability theory, concerning the electrothermal instahility, 

it can he shown that such a plasma is unstahle if the Hall parameter 

exceeds a critical value: 

where 

K o 

2 I[(K +1) (K +r )] 
o 0 0 

(1 ) 

The critical Hall parameter and the microscopie conductivity cr are 

plotted against the c urrent density in fig. 1 for an Ar-Cs plasma at a 

gas temperature of 2000 K and pressure of 1 bar for various seed 

fraction. A maximum in cr is ohtained for the condition of fully ionized 

seed. With increasing current density the argon ionization is iniated 

and cr again increases. Coupled with the condition of fully ionized seed 

a sharp maximum in eer occurs . This Ser can he much Iarger than the 

microscopie Hall parameter, which is typically in the order of 5 for the 

conditions of the blow-down experiment. From this it can he understood 

that for low seed fractions a sta bIe and possihly a homogeneous 

generator performance, at relatively low current densities, has heen 
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Fig.l . Critica l Hall parameter and 
electrical conductivity versus 
current density tor various seed 
tractions calculated tor argon
cesium plasma (taken trom ret 4). 

suggested (ref. 4 and 5). However for realistic power generating 

experiments it is believed that a high seed fraction (typically 

is ne eded and as a consequence the plasma will be unstable. 

0/00) 

Non linear instability theory (ref. 6) has shown that for thls 

situation a fast growth towards a final structure occurs, which is 

characterized by locally fully ionization of the seed. Coupled with this 

a high local value of the current density occurs. The typical time

constant for this process is small compared to the transit-time of the 
-5 ' 

gas flow: ~tr ~ 10 s. From this it is understood that astrong 

contraction of the current carrying layers in the generator will 

develop, which are identified as streamers in th is work. These 

calcu1ations ag ree quite weIl with the experimentally observed genera tor 

performance. A stable streamer structure is observed already close to 

the ent rance of the generator. The streamers are moving approximately 

with the gas velocity downstream the generator. From spectroscopie 
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observations the fully 10nization of the seed, inside the streamers, is 

confirmed by the measured values of the electron temperature (see 

chapter IV). 

From this it is concluded that the streamer structure 15 

established at the conditlon of fully ionized seed. As will be discussed 

later in this chapter the value of the electron temperature then is a 

unique function of the gas composition. 

VI.2. NON-UNIFORMITY GENERATOR MODEL 

Attemps have been made in the past t o describe the working of a 

non-equilibrium MHD generator, including the experimentally observed 

non-uniformities. Rosa establisheo the flat layer model with layers of 

increased conductiv1ty making an angie ~ with the eurrent (ref. 7). A 

great disadvantage of this mooel is that at ~ = 0° no reduction of the 

generator performance is predicteo whereas experimentally the layer 

structure ano direction of the current coincide, and a reduction is 

observed. 

nykne proposed a two dimensional isotropic mooel, where the local 

transpo r t properties cr and ~in the plane perpendicular to the magnetic 

induction vary statistically (ref. 8), whereas in the generator a very 

pronounced and stabie structure is onserveo in the plane parallel to the 

magnetic indllction. It is experimentally confirmed that both models are 

in bad agreement with the electrical and plasma physical behaviour of 

the generator (see for instance ref. 9). Also a gasdynamic interaction 

of the non-uniformities with the gas flow 1s not included. 

Therefore a new non-unformity model is proposed, with a more 

phenomenological approach. The experimentally observed streamer-like 

structure is introduced, having a cylindrical or elliptical shape. An 

aerodynamic streamermodel is proposed, based on the well-known 

properties of high current ares, under the influence of mutual 

orthogonal magnetic field and external gas flow. Deta1led parameter 

distributions over the inner part of the arc like the internal backflow 

and the related pre ssure and temperature distribut10ns, are not 

considered here (see chapter V). The arc is character1zed by lts mean 

values. 
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VI.3. BASIC PROPERTIES CONCERNING THE INTERACTION OF THE HIGH CURRENT 

ARC AND THE GAS FLOW 

VI.:l.l. Drag 

Calculations of the flow-field in chapter V have shown that for the 

conditions valid for an arc in an MIlD generator astrong magnetic 

pumping effect inside the arc is initiated. The internal plasma flow 

allows at best only a partial penetration of the surrounding gas into 

the arc column. Consequently when such an arc is exposed to an external 

gas flow, the arc's influence upon the flow is analogue to that of a 

heated solid body. This 'aerodynamic' model of the arc has at first 

experimentally been confirmed by the work of Roman and Neyers (reL 10) 

who probed the wake of the arc and found it simular to the wake behind a 

solid cylinder. Analogue to the solid cylinder a drag coefficient can 

be defined by the total drag force acting on the arc, divided by the 

free stream dynamic pressure times the dimension of the arc transverse 

to the flow. For an arc maintained stationary by a balance between 

magnetic and flow induced forces, this leads to the fol10wing definition 

of the drag coefficient (ref. 11): 

(2) 

The drag coefficient thus obtained is simular to that of asolid 

cylinder and gives the same dependency on the Reynolds number, as has 

been found in numerous experiments both for small and large Reynolds 

numbers up to the supersonic flow condition (ref. 12), for open jet type 

facilities and for closed channel flows, for discharges orthogonal to 

the flow and magnetic field, and for slanted discharges (ref. 12). 

For a review on this the reader is referred to ref. 11 and ref. 13. 

Fig. 2 shows the drag coefficient in relation with the Reynolds 

number (Pm~v~d/n) as given by Nicolai and Kuethe (ref. 12). The drag 

coefficient varies only slightly with the flow velocity and appears to 

be insensitive to the arc currents for a large velocity and current 

interval, confirming the solid body theory. 

It should be noted that this simple model can be applied if the 

behaviour of the arc is mainly governed by the physical properties of 

the plasma column, rather then by the electrode regions. For the large 
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leng th to width ratio typically for an MBD generator arc, this is 

fuHi lled. 

Vl. 3.2. Heat transfer between streamer and gas flow 

Heat transfer between the arc and the gas flow has been described 

by a number of authors. They have succesfully shown the applicability of 

free convectlve heat transfer ideas of asolid heated cylinder to an arc 

(ref. 10 and 14). The effective Nusselt number, characteristic for solid 

heated cylinders can, as shown by Nicolai (ref. 14), also be used for 

the arc column. Further Roman and Meyers showed a reasonably good 

agreement between the Nusselt number of an Ar-arc and a solid cylinder 

(ref. 10). There the measured heat transfer ag reed within a factor 2 to 

4 for a Reynolds number in the order of 10 3• 

This 'boundary-layer' model is consistent with the flow-field 

calculations in chapter V, where it is also concluded that an impervious 

wall can be found for the arc, with the basic property that no net mass 

exchange occurs at the arc boundary (zero radial velocity). Ta obtain a 

bet ter accuracy for the solution of the energy transfer, the local set 

of differential equations V.I-V.14 has to be solved simultaneously over 

the arc, which could lead to the formulation of the exact expression of 

a Nusselt number, appropriate for the MBD-arc. Up to now this rigorous 

problem has not been treated. Therefore the free convective heat 

transfer ideas are applied. Heat transfer through radiation is small 

compared to the free-convective heat transfer and is thus neglected. 

To describe the free convective heat transfer use is made of the 
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Reynolds analogy between friction and heat transfer, which can be 

applied succesfully to laminar and turbulent compressible boundary 

layers for a prandtl-number close to unity(ref. 15). The heat-flux at 

the arc boundary can be expressed as 

q K (T -T) 
aw w cn 

and it is seen that the heat flux is governed by the difference in wall 

temperature and adiabatic wall temperature: 

T aw 

where the recovery factorll is given by 

1\ = (pr)l/3 

y for an ideal gas is taken equal to 5/3. 

M' represents the local Mach number of the gas flow relative to the 

streamer: 

2 
v", 

yRT", 

The film coefficient of heat transfer K, is given by 

where St f is the Stanton number, which can be expressed as: 

PrfReYf 

(4) 

(S) 

(6) 

(7) 

(8) 

Nu is the dimensionless Nusselt number and Rey the dimensionless 

Reynolds number. A useful expression for the effective Nusselt number of 

asolid heated cylinder perpendicular to the gas flow is given by 

reL 16: 

Nu 
2 

0.3 + I(Nu l (9 ) 
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with 

(l0) 

and 

7 0.8 
0.03 Rey Pr 

(11) -0.1 2/3 
1+2.443 Rey (pr -1 

where 

Rey (12) 

Expression (9) is valid for 1 < Rey < 10 7 and 0.6 < Pr < 1000. 

For Pr ~ 1 there is no influence of the direct ion of heat transfer (see 

ref. 16). To evaluate an expression of the heat flux Pr = 1 has been 

assumed and the viscosity n is calculated with the Sutherland formula 

(V.S) ~t the ~ean film temperature: 

(13) 

where it is implicitely recognized that 

12 . 2 
2 (M) «1 

and that the wa11 temperature equals the mean streamer temperature Ts 

VI.3.3. Arc diameter and pressure halance 

The arc can be characterized by two major geometrical quantities 

i.e. onc concerning the electrical behaviour and one concerning the 

aerodynamic behaviour of the arc. 

The electrical diameter can be defined with the following 

equation: 

for d < d 
e 
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and 

j = 0 
y 

for d > d 
e 

(14) 

stating that the current transport is restricted to the arc. 

The aerodynamic streamer diameter can be defined with equation 

(15) expressing that the total mass inside a streamer is 

preserved: 

(15) 

where h is the streamer length. 

The relation between the electrical and aerodynamic streamer diameter is 

based on the calculations in chapter V. 

Due to expansion effects the variation of the exact streamer 

diameter depends on the variation in mean streamer density, and so 

depends on the internal heating of the arc and on the gasdynamic 

expansion in the generator. In the model a pressure balance between bulk 

and the streamer is introduced: 

(16) 

One can see from (15) and (16) that as aresuit the streamer diameters 

will grow in an expanding gas flow. 

VI.4. GENERATOR MODEL 

In this section the basic equations are derived for a generator 

model, that describes a two component flow: (1) the streamers in the 

flow and (2) the bulk flow. Two sets of equations are presented. One 

describing the streamer development throughout the generator, and one 

describing the development of the bulk flow. The momentum and energy 

transfer from the bulk to the streamers will be described quasi one

dimensional, in order to arrive at a fast engineering type generator 

model which describes the major performance characteristics of the MBD 

generator. 

Fig. 3 shows the situation of astreamer with surrounding bulk 

flow. The directions of the current and of the electric fields are 
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Fig . 3. Streamer with surrounding gas t10>l 

in the laboratory trame. 

indi~ated. The following assumptions are made: 

all deviations from the main stru~tur~ in the entranee and exit 

regions ean be negleeted. This means th~t a stabl~ streamer 

strueture is al ready observed at the first èleetrode pair 

(typieally lIt r = 10 IJS or lIx r = 10.10- 3 m according to reE. 6). 

a stationary situation is assumed and all quantities are averaged 

over the generdtor cross seetion. Therefore all time derivates 

are negleeted. 

the only significant components of the velocity are in the x

direction. 

the streamers are perpendicular to the bulk flow; there is no 

Hall current flowing in the ~enerator. 

the pressure is assumed to be uniform over the channel eross

seetion, 50 that an ideal momenturn coupling bet ween streamer and 

bulk is introdueed. 

For a eomparison of these assumptions with the normal quasi one

dimensional approximations the reader is referred to ref. 17. 
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Energy equations 

In the MMD generator the direetion of the energy flux is from the 

bulk flow to the streamers, and from the streamers to the external load. 

The energy equations of the streamer is found starting Erom the flrst 

law of thermodynamies. The inerease of energy per time-unit oE a fixed 

amount of fluid moving with the streamer veloelty, is given by 

where 

J 
2 

1 ~ dV + J 2" Pm Dt J 
.... 

(E.j)dV + ~s + 
Vol 

s,aer 

J 
Dp 
---1!! dV 
Dt 

Vol 
s,aer 

Vol 
s,e 

<t>bs 

J 
.. .. 
u.f ds 

o 

Vol s,aer Vol s,e 
.. .. 

J u.f ds 
S 

S,aer 

input of eleetromagnetie energy in the 

streamer system. 

heat-flux Erom the bulk to the streamer, which 

is negative when the streamer temperature is 

larger than the bulk temperature. 

work done hy forces aeting on the streamer. 
S s,aer 

The force t ean be thought of as eonsisting of two parts. 

1) The force due to the variation in the isotropie pressure component Pb 

aeting on the fluidium. This ean vary substantially in an expanding 

channel flow. With the theorem of Gauss it follows that the re1ated 

term in the energy equation can be written as 

J 
.. .. 

J 
+ 

u. (p n)ds 'J. (p u)dV 
S Vol 

s,aer s,aer 

J 'J. (p 
.. 
u)dV 

Vol 
s,aer 

1 3 0 



2) The dynamic momentum drain exerted on the streamer by the bulk flow, 

which is forced to flow around the streamer. This term ls represented 

by the drag force of the bulk on the streamer. The related term in 

the energy equation is: 

+ F 1 P }d hu 
us' D = cn "2 m, b '" aer s (17) 

which is finite if a distinct difference velocity of the streamer and 

the bulk is present. 

For the stationary situation (~= ~.V) the following energy Dt 
equation results: 

f 
Vol s,aer 

1 .. 2 
IPmu.VudV+ f 

Vol s,aer 

and with 

one obtains 

f 
Vol s,aer 

P ~.V(p/p ) 
m m 

P ;. Ve dV 
m 

f 
Vol 

s,e 

f 

f 
Vol 

s,aer 

lor dV + <Pbs -

(18) 

With the introduction of the mean streamer quantities and the quasi one

dimensional approximations one obtains 

where 

m u c s s p 

d(Tstagn,s) 
dx 

is the tot al streamer enthalpy 

(19 ) 
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and 

is the total Lorentz force on the streamer where 

Vol s,e 

is the 'electric' streamer volume and 

m 
s 

Vol p 
s,aer m,s 

is the total streamer mass. 

(20) 

(21) 

(22) 

The energy equation governing the bulk flow follows directly from 

the energy flux from the bulk to the streamers. For the situation th~t a 

mean number of Ns is present per generator segment with a pitch S, the 

total energy flux from the bulk to the streamers equals the decrease of 

the total bulk enthalpy: 

(23 ) 

with 

(24) 

Heat losses at the wall are neg1ected. 

From equation (23) one can see that the major term in the energy 

convers Ion process is through the braking of the bulk flow by streamers: 

FD • us' From the consideratlon that FD - FL « FD it is seen that the 

braking force is approximate1y equal to the total Lorentz force. Only a 

small amount of energy is lost by internal Ohmic heating of the streamer 

body. 

Momentum equations 

For the streamer the following momentum equation holds: 
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with 

.. 
f f ds 

S 
s,aer 

f { ds + f (jxB)dV 
S Vol 
s,aer s,e 

f 
.. 

Vol 
s,aer 

'l . (p)dV + FD 

the following equation is obtained with the quasi one-dimensional 

approximation: 

-Vol ddxP + (FD-FL) s,aer 

(25) 

(26) 

(27 ) 

For the bulk the following momentum equation is obtained for Ns 

streamers per segment present, when friction effects at the walls are 

neglected: 

- QR Vol - N FD dx b s (28) 

One can see from equations (27) and (28) that the total change per unit 

time of the momentum of streamers and bulk equals the Lorentz force. 

Continuïty eguations and equation of state 

The continuïty equation for the streamers is found from the solid 

body consideration that the total streamer mass is preserved: 

(29) 

The continuïty equation o f the bulk then follows from equation (29) 

and the continulty equation concerning to total mass flow: 

d 
N u 
( ~ S) (30) 

with 
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A -
ch 

N Vol 
s s,aer 

S 
(31) 

For the case that all streamers are igntted at the ent rance of the 

channel, it fo110w5 from (31) that 

o (32) 

The equation of state reads as V.7, both for the streamer system 

and for the bulk. No demixing effects are considered and 50 the seed 

fraction is constant throughout the channel. The seed ratio defined as 

SER 

is introduced as an experimental parameter. 

Kirchhoff's la", 

Ktrchhoff's la", is given for the case that all streamers are 

perpendlcular to the bulk flow and no Hall current will flow. 

For the case of Ns streamers per segment, Kirchhoff's law reads: 

-* hE + N Y s 

with 

-* E j Jó 
y y 

(33) 

(34) 

In equation (34) a total voltage drop at the electrodes is introduced as 

a parameter following from the experiment. The total voltage drop 

accounts for various 10ss meachanisms, occuring at the electrodes, i.e. 

cathode- and anode fall, cold boundary layers, jumping of the arc-roots 

Erom one electrode to another. 
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Electron energy equation 

All electrical quantities in the equations (18) until (34) can be 

derived if the local va lues of the current density and the electrical 

conductivity are known. In Saha equilibrium both the current density and 

the conductivity are a function of the gas composition and the electron 

temperature only. The electron temperature follows from the fully 

ionized seed consideration and so the electron temperature is a unique 

function of the gas composition in the streamer. From the Saha equations 

governing the Cs and Ar ionizatlon (V.II) and stating that 

n 
e 0.97 nCs,s (35) 

one obtains the electron temperature by solving a third order algebraic 

equation in ne: 

- S S (n +n ) 
Ar,s Cs,s Ar,s es,s o (36) 

The 97 % ionizatlon degree is chosen in order to ensure that Bcr > Be for 

the largest densities considered here. 

VI . 6. NUMERICAL PROCEDURE 

For the case that the number of streamers is constant for the 

generator segment under consideratlon, the set of equations given in 

table 1 can be rewritten in a set of algebraic equations concerning the 

equations of the electron gas, and a coupled set of hydrodynamic 

equations. These consist of four independent differential equations and 

a set of coup led algebraic equations. As the four unknowns in the 

independent differential equations the streamer velocity us' the 

streamer density p ,the pressure pand the bulk velocity ub have been 
m,s 

chosen. They are calculated in relation to the distance covered in the 

generator using a Runge-Kutta method. 

From the electron gas equations the following microscopic 
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VI.S. SURVEY OF THE FULL SET OF EQUATIONS GOVERNING THE MHD ENERGY 

CONVERS ION PROCESS, INCLUDING THE OBSERVED STREAMER STRUCTURE. 

Streamer 

m = p Vol 
s m,s s,aer 

- - dus d 
[p u -+~lvol 

m,s s dx dx s,aer 

- Vol ~ c ~ (T ) = 
Pm,s s,aer s p dx stagn,s 

-* Vol E j +, + (F - FL)~S s,e y y bs D 

-
Pm,s = nAr,s(mAr+ SER mcs) 

n (-S ; - Scs,socs,s+ e Ar,s Ar,s 

SS) - S S (; + 
Ar,s Cs,s Ar,s Cs,s Ar,s 

2 -
e n -o = 

e 

m L v h e h e 

- -* 2m 
L e-

jy E = 
h ~ veh Y 

n = F.LS. 
e 

3 -
n - keT - Ts ) e 2 e 
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quantities are obtained: 

From the hydrodynamic equations the following quantities are obtained: 

The following set of experiment al parameters is introduced: 

channel geometry: h, Ach(x), S 

RL' B, SER 

VnR 

19nition of streamers 

Af ter one integration step the possibtlity is opened for the 

Lgnttion or extinguishing of streamers. 

The criterium for this is found from Kirchhoff's law. To do so the 

numher of streamers is discretisized and equation (34) is used to check 

if at a given value of the current density, electrical conductivity and 

electrical streamer diameter, the number of streamers can be increased 

by a discrete number larger or equal than one. The possibility that no 

new streamers can be ignited throughout the generator is also treated. 

Then Kirchhoff's law, the electron energy balance and the Saha equations 

determine all quantities of the electron gas and the coup led current 

density anrl the fully ionized seed consideration (35) are only needed as 

starting conditions. The condition in the streamer that 8.< Scr along 

the generator can be checked using equations (1) and 

s = . eB 

lnlet conditions 

The gasdynamic inlet conditions follow from the stagnation 

pressure, stagnation temperature and Mach number of the nozzle, assuming 

adiabatic expansion over the nozzle: 
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T 
~ 
1~ 2 

3 ~ 

p 
stagn 

u = K,_ (y R T )1/2 
b,o ~ b,o 

Here the T , P and Hare introduced as experiment al 
stagn stagn ~ 

parameters. 

(38) 

(39) 

(40) 

As a starting condition for the streamers the initia1 difference 

velocity (ub-ug)o has to be postulated because of unknown drag at 

ignition. The initial difference velocity can be introduced as a 

parameter or can be calculated from an initial balance of drag- and 

Lorentz force. The results obtained with the extremes of the initia1 

streamer velocity between zero and the balancing value of drag and 

Lorentz force are treated. 

Further at the inlet the mean density inside the streamer is taken 

equa1 to the bulk density: 

(41 ) 

The initial electrical streamer diameter is introduced based on a 

s01ution of the simplified local energy equation at the inlet (see 

appendix Vl.I). 

At the inlet an ignition condition is introduced, according to 

which the number of streamers calculated must be larger than one. If not 

free expansion of the flow is introduced over the following 

integrationstep and the ignition condition is again checked (etc.). 

VI.7. NUMERICAL RESULTS 

The numerical results wi11 be presented according to the three main 

situations in the generator that have been treated: 

in the first situation all streamers are ignited at the first 

electrode pair. No new streamers are ignited downstream of the 
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generator. The electrical streamer diameter is equal to the 

aerodynamic streamer diameter. 

in the second situation the number of streamers is calculated. 

The on-set of new streamers is allowed. Also here electrical and 

aerodynamic streamer diameter are the same. 

in the third situation the number of streamers is also calculated 

and the two characteristic streamer diameters are introduced. 

VI.7.1. Constant number of streamers throughout the generator. 

VI.7.1.1. Standard case 

The generator performance is presented for the standard conditions 

given in table 1. The generator dimensions are equal to the dimenslons 

in the blow-down facillty (see chapter 11). 

The value of the drag coefficient, taken from ref. 18, is valid for a 

cylindrical solid body. The total voltage drop Is taken from the 

experiment. A mean voltage drop throughout the generator is introduced. 

l).=6n 
SER = 1 0/00 

T 2000 K 
stagn 5 2 

Pstagn = 7.10 N/m 

HN = 1.6 

B = 3 or 5 T 

VDR = 100 V 

cD = 1.2 

d =1.lO-3 m 
eo 

(ub-us)o = 100 mis 

n 
(_e_) 

ncs 0 

0.5 

rab1e 1. Standard case 1. 

The initial conditions of the streamers have to be interpreted as order 

of magnitude values. Therefore the influence of these parameters has 

also been checked. The initial degree of ionization is 50 %. Two 

characteristic va lues of the magnetic field are considered. 
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Microscopic parameters along the channel 

Fig. 4a-c show the calculated temperature distrlbutions in the 

generator. For the case of 5 T the electron temperature initially 

increases slowly. This corresponds to an increase in ionization degree 

of the seed material from 50 % to at maximum 95 %. The Ar-ionization 

remains negligible small. Due to the internal energy dissipation in the 

streamer and the inefficient heat transport mechanism from the streamer 

to the bulk, the neutral gas temperature substantially increases in the 

streamer with respect to the bulk. Up to now this effect has not been 

acknowledged in closed cycle MHD modelling as weIl as in the 

interpretation of various plasma measurements, for instance in the 

interpretation of spectroscopic measurements. 

From fig. 4c it is understood that the stagnation temperature of 

the streamer can increase, due to the internal dissipation in an MHD 

generator, which is located in the streamer. The total streamer enthalpy 

remains small compared to the total bulk enthalpy. 

For the case of 3 Tastrong increase in internal dissipation is 

found. The electron temperature rapidly increases to a value of 7700 K, 

where the seed material is completely ionized and the argon ionization 

contributes substantially to the electron density: nCS+/nAr+ is in the 

range from 1-4 depending in the tot al density. Astrong increase in 

neutral temperature results. A maximum value of 2200 K is reached 

approximately in the middle of the generator. It should be noted that if 

the initial streamer diameter is increased, this temperature effect 

increases as the heat transport to the bulk becomes weaker. IE an 

initial streamer diameter of 5.10- 3 m is assumed, a maximum neutral gas 

temperature in the streamer of 2550 is observed at the end of the 

generator. 

Fig. 4d shows the electron density distributlon along the 

generator. The electron density in the middle oE the channel is 

typically 2.10 21 m- 3 . A small decrease is observed with decreasing B

fi e ld despite the fact that the neutral density in the streamer changes 

substantlally with B-field (compare the neutral temperature distributlon 

fig. 4b). Coupled wlth this a larger current density is observed at 

smaller B-field. Fig. 4e shows the streamer diameter along the 
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generator. A gradually increasing diameter is observed, due to the 

expansion of the flow and an increase in the neutral temperature 

difference between bulk and streamers. The same effects give rise to a 

larger streamer diameter for lower B-fields. As a consequence of the 

larger streamer diameter and current density a larger current per 

streamer is obtained for a lower B-field. 

The total number of streamers at 5 T however equals 93 whereas at 

3 T a number of 14 is formed. 

Gasdynamic performance along the channel 

Fig. 4f shows the drag force and difference between drag and 

Lorentz force. It is seen that already at the first integration step the 

momentum balance equation of the streamer stabilizes at a situation 

where drag force and Lorentz force are approximately equal. Hence the 

breaking force of the flow almost equals the Lorentz force working on 

the streamer. This is found f o r all initial difference velocities. As a 

consequence of the larger current per streamer, a larger Lorentz force 

per streamer is obtained at lower B-field and so a larger drag force as 

can be seen from fig. 4f. Coupled with this a larger difference velocity 

is obtained at 3 T (fig. 4e). One can see from fig. 4g that the 

difference velocity is typically 100 mis for 5 Tand 150 mis for 3 T, 

and is about constant throughout the generator. 

Fig. 4h shows the stat ic pressure distribution. From this a 

gradually decreasing statie pressure is observed both at low and high 

B-field. 

Electrical performance 

Fig. 4i shows the externally generated currents in re1ation with 

the rlistance a10ng the channel. At 5 T a gradually increasing current is 

seen, which reaches a maximum at about the middle of the generator. At 3 

T a large current relaxation length occurs of about 0.15 m (defined from 

the point where the current reaches half the maximum value), and a 

gradually increasing current pattern is obtained towards the end of the 

generator. From fig. 4i it is se en that the current relaxation is 

strongly dependent on the B-field. A variation of the initia1 streamer 
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diameter Erom 1 to 5 10- 3 m, has a small effect on the current 

distributions, as can be seen from fig. 4i. 

The predicted enthalpy extractions are: 

n 
e 

0.21 at 5 Tand n 
e 

0.06 at 3 T 

VI.7.l.2. Parameter variation 

The aim of th is section is to investigate the influence on the 

generator performance of the two parameters that can be easily adjusted 

experimentally in the blow-down facility: load resistance and seed 

fraction. Only the electrical generator performance will be presented, 

as the microscopic and gasdynamic behaviour are analogue to the standard 

case. Fig. 5 shows the current distribution in the generator at 5 T for 

various load resistances. The calculations have been made for the 

conditions given in table except for: deo = 5.10- 3 m, VDR 150 V and 

RL is variable. One can see that for large load resistances the current 

distributions shift towards the end of the generator. further it can be 

seen which part of the generator is most heavily loarled. A maximum 

enthalpy extraction is obtained at ~ = 3 n + ne 0.195. For still a 

stronger loading (~ = 2 n) it is observed that the program is 

interrupted due to the fact that the flow condition in the channel is 

close to M = 1. for this condition one can state that the inlet region 

of the generator is too heavily loaded, so that in the last part of the 

generator gasdynamic shocks occur. 

Fig. 6 shows the current distributions at B = 5 T for various seed 

fractions, for the conditions of table 1, except for deo 5.10- 3 m, 

VDR = 150 V and SER is variable. It is seen that a bet ter generator 

performance is obtained at a decreasing seed fraction. 

This is caused by two facts: 

due to the fully ionized seed condition the Coulomb interactions 

strongly decrease with the seedfraction and so the internal 

losses. 

with decreasing seed fraction an increasing part of the total 

generator volume is occupied by the current carrying layers, 

until the condition of FIS throughout the whole channel would be 

obtained. It is clear that for a too large part of the generator 

volume occupied by streamers the hasic assumptions of the model 
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(streamer-bulk interaction terms) no longer hold. At a seed 

fraction of 0.5 0/00 the relative volume occupied by the 

streamers amounts 13 %, whereas at 0.1 0/00 this has increased to 

73 %. 

VI.7.1.3. Analysis of the model 

The results of the model with constant number of streamers are to a 

great extent dominated by the assumption that the number of streamers 

can not change in the generator. To illustrate this Kirchhoff's law is 

considered together with the relations of the current density and 

relaterl electric field used in the model. 

From the electron energy equation (37) it can be shown that 

c ~ (T -T )1/2 
1 e e s (42) 

and 

(43) 
cr 

The generated voltage over the load resitance can be written as: 

~ (T -T )1/2 
e e s 

(44) 

One can consider the possibility of a constant ionization degree in the 

generator. Then it is seen that the current per streamer Is is almost 

constant and for a constant number of streamers this would imply a 

constant external voltage. However in an expanding flow the left-hand 

side of Kirchhoff's law (34) increases a little at first. whereas the 

right-hand side of the equation would decrease substantially, because 

the electrical field j /~ decreases about proportional to the density. 
y 

From this it is understood that a constant degree of ionization cannot 

be maintained, when the number of streamers is constant. In fact the 

calculated current distribution in the generator reflects the degree of 

ionization. 
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From this it is understood that for a small amount of streamers, 

the increase in (j /p ) must be larger then for a large amount of 
y s 

streamers, explaining why the electron temperature increases much faster 

at lower B-fields. As a result of this the lnternal dissipation, 

electrical streamer diameter, current per streamer and the Lorentz force 

per streamer is larger for lower B-fields. 

VI.7.2. Variabie number of streamers at FIS throughout the generator. 

Because the behaviour in re1ation with the B-field of the model 

with constant number of streamers does not seem likely, a variab1e 

number of streamers is introduced. 

VI.7.2.l. Standard case 

The characteristics for th is model are presenteJ for the standard 

conditions of table 2. 

l). ; 6 n VDR ; 150 V 

SER; 1 0/00 c = D 
1.2 

T 1900 K d 1.5 10- 3 m 
stagn eo 

Pstagn 7.2 * 10 5 N/m 2 (ub - ~ ) ; 100 mis 
s 0 

~ = 1.6 
n 

B = 3 or 5 T e 
(n)x 0.97 

Cs 

Tabl e 2. Standard case 2. 

Microscopie performance along the channel 

Fig. 7a-c show the calculated temperature distributlons in the 

generator. By introducing FIS in the streamers throughout the generator 

is is seen that the electron temperature slightly decreases, both for 5 

and 3 T. Only ionization of the seed material is of importance. 

From fig. 7b it is seen that the neutral temperature increases in the 
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streamer and now the effect is more pronounced at higher B-fields. A 

substantial difference between streamer and bulk temperature remains 

throughout the generator. Fig. 7c shows that the stagnation temperature 

of the streamer increases at first and then decreases, both for 5 and 1 

T. The stagnation temperature of the bulk is plotted for comparison. 

The electron density only varies weakly with B-field, except for 

the region where the first streamer is ignited, which is indicated by 

the first dot in the curves. 

The microscopie conductivity and current density are shown in fig. 

7d. The conductivity remains nearly constant throughout the generator 

and amounts 450 - 500 mho/m, both for 5 and 3 T. The current density 

sharply drops in the first part of the generator, due to the expansion 

* of the flow. Coupled with this the electric field (Ey) drops sharply in 

the inlet region. 

Fig. 7e shows the development of the streamer diameter and the 

current per streamer. Both streamer diameter and current per streamer 

increase with increasing B-field. It is seen that one of the most 

characteristic items of the model is given by the current per streamer, 

which is about constant with the exception of the ignition region. 

Gasdynamic performance along the channel 

Fig. 7f shows the drag force, Lorentz force and the difference 

velocity. The dragt ann Lorentz force are already 'balanced' at the 

first integration step, and increase with the B-fleld. Coupled with this 

the difference veloclty increases with B-field . The difference velocity 

first decreases ln the generator and then gradually increases to the end 

of the generator. At 5 T a mean value of 140 mis is found and at 3 T a 

value is found of 105 mis. 

Fig. 7g and fig. 7h show the veloeities, Mach number and statie 

pressure dlstributions. One can observe that at 5 T the Mach number 

decreases at the end of the generator, whereas at 3 T a continuously 

increasing Mach number is obsered. 

Electrical performance 

Fig. 7i shows the externally generated currents in relatlon with 

the distance along the channel, together with the number of streamers 
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per segment. One can observe that the current distribution is almost the 

same as the distributlon of the number of strearners, due to the fact 

that the current per streamer is about constant. 

At 3 T a pronounced current relaxation effect Is obtained, which is 

caused by the on-set of streamers. At 3 T a gradually increasing current 

distribution towards the end of the generator results, whereas at 5 T a 

broad maximum is found at 0.3 m. 

The predicted enthalpy extractions are: ne = 15.8 at 5 Tand ne 

4.8 at 3 T. The predicted enthalpy extract ion in this model is only 

slightly smaller then in the model with constant number of streamers. 

There an enthalpy extraction of 16.1 % is obtained at 5 T for standard 

case 2. 

VI.7.2.2. Parameter variation 

The ca1culations presented in this section have been performed for 

the conditions in tab1e 2. 

Fig. 8 shows the current distribution at B = 5 T for various load 

resistances. One can see that for increasing 10ad resistances the 

maximum in the current distributions shifts towards the end of the 

generator until at 9 n almost a continuously lncreasing current 

dlstribution is obtained. For ~ = 1 n, M = 1 occurs and shock 

structures are lnitiated in the channel. 

Fig. 9 shows the enthalpy extraction in re1ation with load 

resistance for 3 different B-fie1ds. One can see that at 5 T a maximum 

enthalpy extract ion of 18 % is obtained with a load resistance of 3 n. 
For lower B-fields this maximum is found for lower load resistances, 

whereas the value of the maximum attainabie enthalpy extraction 

decreases to 15.2 % at 4 Tand 2 n, and to 13.3 % at 3.5 Tand 1.5 n. 
Fig. 10 shows the current distribution at E = 5 T for various seed 

fractions. With tncreasing seed fraction an increasing relaxation effect 

is calculated, and related with this the enthalpy extraction drops to 

13.3 % at SER = 2 0/00 and to 11.7 % at SER = 3 0/00. The fluctuation in 

the current distribution at SER = 3 0/00 is caused by the discretisation 

of the number of streamers, which can he avoided by increasing the 

accuracy of the numerical program. 
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VI.7.2.3. Resumé of the model with variabie number of streamers at FIS 

The results of this model show a remarkably different microscopie 

behaviour with respect to the model with constant number of streamers, 

whereas the current distributions are alike. Characteristic for the 

streamer performance is that the current per streamer is roughly 

constant throughout the generator. Current relaxation is caused by the 

on-set of streamers and the current distribution directly reflects the 

distribution of the total number of streamers. 

Now the microscopic phenomena (internal dissipation, drag force 

etc.) show an increasing tendency with increasing B-field, which is more 

in agreement with observed phenomena then the processes derived in 

VI. 7.1. 

VI.7.3. Variabie number of streamers with two characteristic streamer 

diameters 

VI.7.3.l. Standard case 

The calculations presented in this section are intended to 

illustrate the influence of the larger aerodynamic diameter, compared to 

the electrical diameter, on the generator performance. The 

characteristics of this model are presented Eor the standard conditions 
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of table 2. A fixed relation of the aerodynamic diameter to the 

electrical diameter is introduced with 

d 
aer 

-d-
e 

2.5 

The most characteristic results compared to the results of the 

model with one streamer diameter (see VI.7.2) are given in fig. 11 a-co 

One can observe that the neutral streamer temperature increase is 

limited. This is caused by the fact that the attainable temperature 

increase in the streamer is determined by the energy input that is 

required to heat up the total streamer mass. For the attainable streamer 

temperature the heat loss to the bulk is of minor importance for the 

conditions calculated here. One can observe that an appreciable 

temperature (and thus density) difference is still present at the middle 

of the channel. 

Coupled with the larger aerodynamic diameter a smaller difference 

velocity is obtained: ub-us = 90 - 100 mis. The difference between drag 

and Lorentz force has increased, due to the increased pressure-ratio of 

the expanding flow over the streamerbody. This causes an extra 

momentum-drain to the streamerbody, that together with the drag force 

'balances' the Lorentz force. 

The static pres su re distribution is the same as for the case of one 

streamer diameter, due to the fact that the net Lorentz force acting on 

the bulk flow is the same. Therefore the gasdynamlc performance of the 

generator is hardly influenced by the introduction of two characteristic 

streamer diameters. The microscopic quantities (T , ~ , j , ä, d and 
e e y e 

Is) are comparable to the results presented in VI.7.2.1., and can be 

scaled in accordance with the increase of the streamer density. For the 

middle of the channel this results in 

2.93 * 1021 m 
-3 

T e 
-3 

5103 K, de ~ 2.75 10 m 

525 mho/m, Is 2.94 A 

As a consequence the electrical performance is also comparable to 

the one streamer diameter model. 

Fig. ttc is given for comparison, showing the current distribution and 

the number of streamers in the channel. 
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It is observed that the influence of a larger aerodynamic streamer 

diameter compared to the electrical streamer diameter is mainly 

restricted to the neutral temperature increase in the streamer and the 

difference velocity between streamer and bulk, whereas the gasdynamic 

performance of the bulk and the electrical performance 1s hardly 

influenced. 
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In practice two fundamental processes have to be introduced to 

arrive at a more realist ic gasdynamic performance: 

the ratio of the aerodynamic to electrical streamer diameter will 

strongly depend on the flow conditions in the channel. This 

dependency has to be included in the calculations. 

the gasdynamic situation of the bulk will be influenced if the 

relative volume occupied by streamers becomes too large. Then 

local acceleratlon and deceleration of the flow will occur around 

a streamerbody. 

Therefore the results of the two streamer diameter model have a 

limited accuracy for the gasdynamic situation in the generator and are 

only presented here to illustrate the influence on the microscopic and 

elect ri cal behaviour. 
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CHAPT<:R VII 

COMPARISON o F THEORY AND E X PER I MEN T 

VII.I. INTROOUCTION 

From the lncal flow field calculations in chapter V the Bolid body 

theory for the streamers has been confirrned. With thls solid body theory 

a generator model has been developed wItlt two possible solutions: 

a generator model with a fixed amount of streamers and a variabie 

degree of ionization 

a generator model with a variabie number of streamers, 

characterized by fully ionized seed. 

From the analysis of the spectroscopie rneasurernents anel the high 

freqnency resolved electrical measnrel1lents, it is evielent that the first 

moel el is unlikely to occur in the gerlerator. Noreover the conditions for 

the second moelel have been found, Le. a variahle number of strearners at 

fully ionized seed: 

it is observed in the various runs that the measured electron 

temperature, electron density and popul~tion density are 

inserlsitive to the magnetic field, whereas a strong effect is 

observed in the model with constant nu~ber of streamers. 

the temperatures and densities indicate fully ionlzatlon of the 

seed: Te - 4500 K. A maximum temperature that occurs durine the 

run is identifieel from the argon population density: 

T = 6500 ~. 
e max 

It has been found that the argon ionization remains negligible 

smail in the experiment, whereas the model with constant number of 

streamers indicates a substantial contribution at low magnetic 

field. 

Erom the analysis of the number of streamers ldentified by the 

emission measurements at the ent rance reg ion aod at the rniddle of 

the channel, and from the development of the high frequency 

resolved electrical data, it is clear that an on-set of strearners 

157 



occurs in the generator. This process is strongly depend of the 

magnetic field. Coupled with this a current relaxation is found. 

For these reasons the calculations presented in this chapter have only 

been performed '18ing the generator model with a variabie number of 

streamers. 

In order to confront the generator model with variabie number of 

streamers, with the experimental results, calculations have been 

performed for the conditions of run 302 and 303. The experimental 

results of run 302 and 303 have indicated a smooth generator performance 

at maximum 13-field in contrast to the other pO\ler runs (see chapter 

IV). Oue to critical ignition conditions for the streamers in the other 

runs a non stationary generator performance is obtained there, which 

makes a confrontation with the generator model less appropriate. The 

experimental valnes obtained during runs 302 and 303 of the stagnation 

pressure, stagnation temperature, voltage drop (as obtained at the 19th 

electrode pair), magnetic field and seed percentage (as obtained from 

the injection data), are used in the calculations. The experimental 

condition that the first four electrodes are short- circuited during 

these runs, has been taken into account by a s suming gasdynamic expansion 

over the first four electrode pairs. 

Table 1 gives a survey of the parameters used in the calculatlons 

for both runs. 

RUN 302 RUN 303 

--
B~4. 7 T B~4.0 T 8=3.4 T B~5.1 T B~4.5 T 

VOR=98.4 V VOR=50.1 V VOR=37.3 V VDR=141 V VOR =101.7 V 

= 7.4 10 SN/m2 = 7.4 105 Nim 
2 

Pstagn Pstagn 
T stagn = 1910 Y. T = stagn 1900 K 

1).= 9 Q 1). = 6 Q 

SER ~ 1 * 10-3 SER = 1.4 * 10-3 

d = 1.5 10-3 m d = 1.5 10-3 m 
deo deo 

aer 
2.5 aer 2.5 -d- = -d- = 

e e 

Table 1 . Paramet ,~r sett i ng for run ] 0 2 and 303. 
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From the discussion of the absorption measurements it is clear that a 

non uniform cesium distribution is present throughout the generator (see 

section IV.3.l.). Therefore the exact ~alue of the seed fraction in the 

streamer can be different from the mean seed fraction ohtained from the 

injection data. To account for this effect the seed fraction has been 

varied for bath runs. The ca1culations ha~e been performed at a fixed 

ratio of the aerodynamic (daer ) to the electric (de) streamer diameter 

of 2.5. 

VII.2. OVERALL GENERATOR PERFORMANCE 

fig. la and 2a show the calculated and meRsured current 

distribution in the generator for maximum magnetic field in the runs 302 

and 303 at 4.7 T Rnd 5.1 T respecti~ely. It is obser~ed that for run 302 

almost a continuous increasing current dtstribution towards the end of 

the generator is calculated, whereas a sharp drop occurs in the measured 

current distribution at the second half of the generator. 

for runs 303 a maximum is found in the calculated current 

distribution, indicating according to the theory, a better 10ading 

conrlition at 6 n then at 9 n. A sharp discrepancy remains for the second 

part of the generator. 

It is however observed that for the nominal seed fraction the 

calculated current distribution in the first part of the generator 

(until x = 0.4 m) agrees within 10% for run 302 and within 25 % for run 

301. It is also observed that a better agreement is obtained especially 

in the current relaxatlon area, when the seed fraction is lncreased to 2 

0/00 for both runs. Then the calculated and measured current 

distribution in the first half of the generator agree within 25 % for 

run 302 and 303. Increaslng the seed fraction to 3 0/00 shows an 

Increasing discrepancy In the current re1axation area. 

From th is it is observed that the best agreement between 

experimental and ca1culated current distribution is obtained at a seed 

fraction of 2 0/00 for both runs. 

fig. 1b and 2b show the calcu1ated and measured current 

distribution for the minimum attained magnetic field before termination 

of the power generation in run 302 and 303. The same qualitative 

behaviour is obtained as is described at maximum magnetic field. 
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observed current distribution 
tor run JOJ at B = 4.45 T. 

nowever especlally at B ~ 3.4 T in run 302 a lOuch larger discrepancy is 

obtained between theory and experiment for the first part of the 

generator. A qualit~tive agree~ent of the long current r~laxatlon ls 

found, however an absolute dlscrepancy of the current at the middle of 

the channel remains of about 50 %. Thls larger dLscrepancy is related to 

the nOn continuous generator performance at low magnetic field. "rom the 

measured streamer and high frequency resolved data it is indeed observed 

that the time-out in power generation for this low magnetic fieLd, can 
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he in the order of SO Z, due to streamer i8nition problems (see fig. IV 

Sa-e) • 

The discrepancy between the calculated and experimental current 

dLstributions for the second half of the generator with the experiment, 

is related to the fact that especially in the last part of the generator 

the currents and the Hall field do not increase with increasing B-field 

(see fig. IV 2b and IV.IO). From this and the discussion of the Hall 

field development in section IV.2.1.5. it is understood that the 

inter-electrode shorting through streamers, manifests itself as an 

effective Hall short ing. This gives rise to substantial currents in the 

direction of the flow near the electrodes. 

Coupled with this two extra phenomena will occur: 

due to the currents in the flow direction a non uniform pressure 

distribution over the cross section will result (see for instance 

also reE. 1) 

due to the currents parallel to the flow near the electrodes, a 

strong growth of the electrode boundary layers can be expected. 

These phenomena explain qualitatively the difference that is 

obtained between the calculated and measured pressure distribution in 

the second part of the generator channel. Fig. 1 shows the calculated 
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Fig . 3. Ca1eu1ated and experimenta11y 
observed statie pressure 
distribution tor run 302 at 
B = 3.4 and 4.7 T. 

161 



and measured pressure distributions for run 302 at B = 4.7 Tand B = 3.4 

T. It is observed that in the experiment both at high and low magnetic 

field (and MHD interactlon level) the statie pressure rises 

substantially in the second half of the generator, whereas a 

continuously decreasing static pressure distribution is calculated. 

VII.3. STREAKER PERFOR~~NCE 

With the spectroscopic measurements the ionization process in the 

streamer has been studied. The electron temperature, determined by the 

recombinatlon radi~tion measurement, the population temperatureR of 

varlous cesium levels and an argon level, determined from line 

intensity measurements, and the measured electron density all indicate 

fully ionized seed. Local thermodynamic equilibrium inside the streamer 

is confirmed by these spectroscopic results. The argon ionization can be 

neglected. Table 2 gives a survey of characteristic measured and 

calculated streamer data at low and high magnetic field for run 302. 

It ls observed that the measured electron temperature agrees weIL with 

the calculated electron temperature, almoRt independent of the seed 

fraction. The best agreement between theory and experiment for the 

electron density is ohtained at a seed fraction of 1 0/00. For a seed 

fraction of 2 0/00 a discrepancy of 30 % is observed. 

The conduetivity is derived from ne and Te' uslng equations V.12b

h. The electron-cesium neutral colilsions are neglected and for the 

calculation of the electron argon collision frequency, an argon density 

of 0.375 * 10 25 m- 3 is assumed. Because the Coulomb collisions dominate 

in the expression of the total collision frequency, the uncertainty in 

the argon density has a negligabie effect on the calculated 

conductivity. It is observed that a good agreement is found between 

theory and experiment. The experimental value of the conductlvity is 10 

- 20 % below the theoretical value for a seed fraction of 2 0/00. 

The experimental current density is determlned from Kirchhoff's law 

and the measured values of B, VOR ' Iy and 0 according to 

__ 0 __ (u B h V IR) 
leff s - OR - Y L 

where leff is the effective streamer leng th between anode and cathode. 
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Here Iy is determined from the time averaged measurements and Us is 

taken equa1 to 1050 mis, independent of B (see section IV.2.2.2.). 

For the case that leff is equal to h it is observed that the 

experlmental value of the current density is in reasonable agreement 

wlth the theoretical value, given the experimental accuracies involved 

in determining us' VDR and o. The experimental value of the current 

density is always larger than the theoretical value, which is related to 

the f~ct that the streamers are bended by the flow. Coupled with this 

the effective streamer length leff increases. For a bending of the 

* streaoner over 2 electrodes, the corrected values jy are a1so indicated 

in the tabie. The values obtained in this way are in good agreement with 

the theoretical va lues at 1 and 2 0/00 seed percentage. 

{,hen the measured number of streamers and the diameter of the streamer 

are compared with the theory, a large discrepancy is observed if only 

the main structure of the streamer is taken into account. However in the 

experiment the individual streamers are clustered to a 'main structure 

streamer' (superstreamer), as observed from spectroscopie measurements. 

As the substructure is not sufficient1y known up to now, a detailed 

comparison between theory and experiment regarding to the number of 

streamers and diameter of the streamer is difficult. Therefore the 

following procedure is used. The ave rage calculated diameter of the 

streamer at x - 0.4 m for the seed percentages of 1 and 2 0/00, is used 

* in order to ca1culate the current per streamer (Is) and Ns accorrling 

to: 

and 

* I 
s 

N s 

I 
~ 

* I 
s 

N 
S,m 

N 
~S. 

u s 

At B = 4.7 Tand a seed fraction of 2 0/00, the results obtained in this 

way give a reasonable agreement between theory and experiment (see table 

2). For B = 3.4 T the number of streamers is smaller than the calculated 
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RUN measured calculated 

302 

x= 4.7 T 3.4 T 4.7 T 3.4 T 

0.4 

(m) SER= SER= SER= SER= SER= SER= SER= SER= 

10/ 00 1 0/ 00 1 0/00 2 0/ 00 3 0/ 00 1 0/ 00 2 0/ 00 3 0/ 00 

Te(K) 4000 4400 5106 5307 5469 5073 5312 5559 

n 2.9* 2.9* 2.95* 4.15* 5.36* 2.78* 4.19* 6.12* 
e 

(1ll- 3) 10 21 10 21 10 21 10 21 10 21 10 21 10 21 10 21 

cr 427 458 525 616 676 520 617 696 

(mho/m) 

jy 8.66* 10.0* 5.1* 6.6* 8.4* 4.7* 6.8* 10.0* 

(A/m 2) 10 5 10 5 10 5 10 5 10 5 lOS lOS lOS 

* 
jy 5.43* 6.16* 5.1* 6.6* 8.4* 4.7* 6.8* 10.0* 

(A/m 2) lOS lOS lOS lOS lOS lOS lOS lOS 

de (m) 2.6* 2.3* 2.49* 2.73* 2.59* 2.36* 2.29* 2.19* 

10-3 10- 3 10- 3 10- 3 10- 3 10- 3 10- 3 10- 3 

* 
Is(A) 2.88 2.56 2.1 3.9 4.43 2.1 3.3 3.8 

N 
S!!!l 0.43 0.20 - - - - - -(m ) 

Ism(A) 100 120 - - - - - -

Ns (m- 1) 14.9 9.4 25 13 10 20 11 8 

ne (%) 4.5 1.6 12.3 10.3 8.59 7.68 6.03 4.59 

Te! mean value Erom the time integrated measurement. 

ne! mean value from the ne-distribution determined with the time

resolved measurements. 

Table 2. Calculated and measured plasma physica1 and elec trical 
quantities in run J02 
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one, due to the ignition phenomena as discussed earlier. 

As a last point in the comparison between theoretical and 

experimental streamer performance it must be stated that very little is 

experimentally available on the gasdynamic interaction of the streamers 

and the bulk flow up to now. From the ve10city measurements of the 

streamers a maximum difference velocity between the bulk and the 

streamer is derived of 160 mis, which is in agreement with the theory 

where a maximum value of 115 mis is obtained. 

VII.4. DISCUSSION 

From the experimental results it is clear that the streamer 

ignition is critical especially for magnetic fields lower than 4 T. 

Below the level of 3.5 T the generator even does not ignite. When this 

ignition behaviour is compared to shock-tube observations at low 

stagnation temperatures a striklng difference is found. From ref. 2 it 

is understood that at T = 1900 K and B = 3 T a good streamer 
stagn 

ignition is obtained. The ignition behaviour of the streamers is related 

to the initial electron density in the ent rance region of the generator. 

From the discussion in section IV.2.1.5. on the open circuit behaviour, 

it was already concluded that a severe loss of charge carriers is 

present at the ent rance oE the generator. This will contribute 

substantially to the problematlc streamer ignition observed in the blow

down experiment at low magnetic fields. 

As a possible explanation for the low value of the initial electron 

density a non-Maxwellian electron velocity distribution in the entrance 

region has been suggested (ref. 3). However as this does not explain the 

difference between shock-tube and blow-down performance this is not 

likely to be the explanation. 

Another explanation could be found in the possibility of a toa high 

impurity level. However from the mass spectrometer measurements reported 

in section IV.4.1. and the calculations and experiments by Zlatanovic et 

al. (ref. 4 and 5), it is understood that the N2 and CO 2 levels are 

beyond the level where a 30 - 40 % reduction of the electrical power 

output is obtained at a magnetic field of 3 T: n = 2000-4000 ppm for N 2 

and n = 100 ppm for CO 2 have been reported. To check the influence of 

the H20 contamination calculations have been performed by Vogel (ref. 

6). From these calculations it is found that the effect of the H20 

contamination is analogue to the CO 2 contamination. A reduction of 24 % 
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in electrical power output is calculated for an H20 contamination of 40 

ppm. · From this it is understoocl that the influence of the H 20 

contamination measured in the experiment « 50 ppm) is likely to be 

tolerabie (especially as these calculations are performed for a low 

current density of 4 104 A/m 2, whereas the current clensity in the 

streamers is much larger: j • 10 6 A/m 2). However in this analysis the 
y 

influence of the two-body dissociative attachment reactlons is not taken 

into account. Most likely for the blow-down experimellt are the 

dissociative attachment reactions by CO 2 and HZO. According to ref. 7 

the dissociative attachment by H20 results in a rate-constant that is by 

a factor 10 larger than for the dissociative attachment by CO 2. From 

th is it is seen that the influence of the "20 contamination coulcl lead 

to smaller allowable concentrations than for CO 2• Therefore it is 

suggested to start e><periments in shock- tube t.fHD generators ",lth a 

controlled amount of H 20 contamination. 

As a third explanatlon apartlal loading of the generator inlet 

to ground, could lead to a severe loss of charge carriers in the inlet 

region. 

Connected with a limited streamer ignition a large distance between 

streamers occurs. It is ob~erved Erom the experiment that when streamer 

ignition is poor, that the streamers are more bended, that is longer 

connected to a certain electrode. As a consequence it is understoocl that 

a poor streamer ignition can lead to a more pronouncecl inter electrode 

shorting and 90 can contribute to the phenomena that are observecl in the 

second half of the generator. 

Prom the discussion ahove it is evident that more detailed 

information is needed on the streamer ignition. It is therefore 

suggestecl that the initial electron clensity in the ent rance region of 

the generator shoulcl he measurecl in relation to the impurity level. 
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CHAPTER VIII 

CON C LUS ION S 

The first fossil fllel fired closed cycle MBD experiments described 

in this thesis, have succesfully demonstrated the generation of 

substantial electrical power during 30 s. The results obtained up to now 

have to be considered as first steps towards the realisation of optimum 

conditions for the performance of closed cycle MHD generators in 

general, and for the performance of the MHD generator of the blow-down 

experiment in particular. 

Some detailed conclusions obtained from the analysis of the 

experimental results in th is study can be formulated as follows: 

A smooth electrical power level of 362 kWe has been achieved from an 

MBD generator using an Ar-Cs plasma, which is equivalent to an 

enthalpy extraction of 7.1 %. 

The anticipated impurity level smaller then 100 ppm, below which a 

negligible reduction of the conductivity can be expected due to non 

elastic col1isions, has been fully reallsed. 

Under the generator conditions of the blow-down experiment a 

pronounced cllrrent carrying streamer structure is observed in the bulk 

of the plasma. The streamers exhibit a high local value of the current 

density (up to 10 6 A/ro 2) and of the conductivity (up to 500 mho/m). 

The streamers are stabilized by the condition of fully ionized seed 

and it has been found that the contribution of the ionization of the 

Ar gas is negligible small, indicating lts ra Ie merely as a buffer 

gas. At a seed fraction of approximately 1 0/00 an electron density of 

typically 4 * 10 21 m- 3 and an electron temperature of 4000-5000 K have 

been observed at the middle of the channel. No significant departure 

of the local thermodynaroic equilibrium situation has been found for 

the central part of the streamer. 

The ignition of streamers at low impurity levels « 100 ppm) occurs 

above a critical magnetic field (induced voltage). This ignition level 

depends on the conditions at the inlet of the generator. At a 
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stagnation temperature of 1900 K and a seed fraction of typically 1 

0/00, streamer 19n1tion is observed for a magnetic field larger than 

3.5 T. 

Once a streamer is ignited in the inlet region the streamer 

propagates through the channel with a velocity close to the 

gas velocity. From this it is clear that astrong momentum interaction 

is present between the streamer and the gas flow. 

The on-set of new streamers around an initial streamer downstream of 

the generator, determines the current relaxation length observed in 

the generator. This process depends strongly on the magnetie field. At 

a magnetic field of 5 T the current relaxation length is in the order 

of a few centimeters and exceptable smal!. 

In the last part of the generator a saturation of the attainable Hall 

field has been observed, indicating a Hall short ing. A rise in statie 

pressure has been found in this part of the generator. Due to these 

effects astrong reduction of power production in the second half of the 

generator, in contrast to the theory, has been found. 

The limiter! streamer ignition at low magnetic field gives rise to 

substantial components of the current in the flow direction. From this 

it is understood ehat a limiter! streamer ignition will contribute 

substantially to the limited gasdynamic and electric generator 

performance, as observed in the second part of the generator of the 

blow-down facility. 

From the theoretical analysis described in this thesis information 

is obtained with respect to the local flow field in- and outside the 

streamer. Some of the conclusions can be summarized as follows: 

Calculations of the flow field in- and outside the streamer show that 

at a critical Hartmann number a bifurcation of the flow field occurrs. 

For a Hartmann number smaller than the critical value the incoming gas 

penetrates into the streamer. For a Hartmann number larger than the 

critical value the flow circulates around the streamer and a vortex 

flow is initiated inside the streamer. Then the streamer acts as a 

solid body in the gas flow. For the conditions of the blow-down 

experiment a pronounced vortex flow is calculated confirming the solid 

body character of the streamers. From this it is evident that the 

streamers reduce the free stream area of the MHD channel. For the case 

of one streamer per electrode pair, the aerodynamic blocking diameter 

is a factor 2 to 1 times larger than the diameter of the current 

path. 
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A quasi one-dimensional model is developed describing the major 

interaction terms of the streamers and the background gas, based on the 

solid body concept of the streamers. With th is engineering type of 

generator model a number of new aspects in closed cycle ~rnD modelling 

are obtained. 

Due to the internal dissipation (Joule heating) in the streamer the 

gas temperature inside the streamer can be sub8tantially larger than 

the gas temperature of the background gas. As aresult the neutral 

density and the electron density in the streamer are smaller than 

without th is effect. 

Many streamer quantities (T s ' Te' a, FL, FD) show a limited variation 

throughout the generator. Moreover the current per streamer is also 

approximately constant throughout the generator. 

The calculated current distribution shows a relaxation caused by the 

on-set of new streamers. The relaxatlon is strongly dependent on the 

U-field. lt can be concluried that, for the flrst time, current 

relaxation lengths are predicted which are in reasonable agreement 

with the experiment. 

From the momentum balance of the streamer it is observed that the 

Lorentz force is approximately balanced by the drag force on the 

streamer. The calculated difEerence velocity between the bulk and 

streamer is small compared to the bulk velocity. 

In comparing the theory with the experiment a good agreement is found 

Eor the typical streamer performance (ne' Te' a, jy' ub-us). An 

agreement within 30 % is found at maximum magnetic field for the 

calculated current distribution in the first half of the generator. At 

lower magnetic field a larger discrepancy is observed due to the non

stationary generator performance. 

A clear dlscrepancy of experiment and theory is observed in the 

eenerated Faraday currents and the statie pressures for the second 

part of the generator. This is attributed to the Hall shorting 

observed in this part of the generator. 
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APPENDIX VI.l 

The streamer diameter at the inlet of the generator is estimated 

from the simplified energy equation. For the initial conditions of the 

streamer the neutral temperature is equal to the bulk temperature. One 

then can neglect the convective heat transport term in the energy 
-+ -+ 

equation V.4. Further the pV.u(or u.Vp) term, the internal energy 

dissipation and the radiation losses are neglected, resulting in the 

following simplified energy equation for a stationary situation: 

or with grad T 0-+ 

-+ -+* 
j.E = V. {(K (T )grad T ) 

e e e 

One can define ras: 
e 

T 
2 J 

h nr (..:y) 
e cr 

From this it follows that 

According to the mean free path theory Ke is given by (ref. 19) 

K e 

BkT 
k n ( __ e) 

e 1Ime (/2+2)Vei+2 veAr 

where only Coulomb and eAr-collisions are taken into account. 

The value of re is estimated from the typical quantities at the inlet of 

the generator: 
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Te(O) = 5000 K, Te(re) = 1000 K( = Tb)' nAr = 5 * 1024 m-3 

-2 

5 * 1021 m-3 , K = K (4000 K) = 10- 2 (Watt/ooK) and ~ = 
e e 

which resu1ts in 

r 
e 

0 . 4 10-3 or d 
e 

-3 0.8 10 m. 
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NOMENCLATURE 

effective cross section for the bulk flow 

channel cross section 

cross section of the throat of the nozzle 

transition probability for spontaneous emission 

wirlth of the generator 

B magnetic induction 

transition probabilit y for absorption 

plasma source function 

c speed of hight 

rlrag coefficient 

specific heat at constant pressure 

van der Waals constant 

weigth factor 

d rliameter 

aerodynamic streamer diameter 

electric streamer diameter 

e electron charge, energy per unit mass 

unity vector 

E electric field 

electric field in the moving coördinate system 

ionization energy 

induced electric field 

excitation energy of excited state p 

energy difference between neighbouring atomic states 

ionization energy of atomie state p 

f force 

electron velocity distribution function 

1 7~ 



gp 

g(y) 

G 

h 

Ha 

1 

j 

k 

1 

m 

m 

M 

M' 

n 

drag force 

Lorentz force 

statistical weight of atomic state p 

normalized velocity profile in the y-direction 

gain of the Mie scat tering process 

Planck's constant, height of the channel 

Hartmann number 

current 

modified Bessel function of the order n 

current of the main structure streamer 

radiant power per unit solid angle per unit frequency per 
unit area 

current density 

Boltzmann's constant 

ionization rate coefficient 

modified Bessel funitions of the order n 

recomblnatlon rate coefficient 

plasma dlmenslon over the line of sight 

effective streamer length 

mass, mass number, exponent in the normalized velocity 
profile, refractive index 

mass of the streamer body 

mass flow 

mass flow through the bed of the heat exchanger 

resolution half width of mass spectrometer 

Mach number, rate of momentum lost per unit volume by the 
electron fluid 

Mach number in the moving frame 

Mach number of the nozzle 

density 
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Nu 

p 

Pstagn 

Pr 

q 

r 

r aer 

R 

R 

normal vector 

atomie density 

cesium atomie density 

population density 

number of streamers per segment 

number of main structure streamers per segment 

product ion rate of main structure streamers 

Nusselt number 

pressure 

electron fluid pressure 

stagnation pressure 

pressure drop over the bed of the heat exchanger 

electric power 

laser power 

Prandtl number 

thermal power 

line profile 

heat flux 

electron heat flux 

momentum transfer cross section of electrons with h-type of 
heavy particles 

cross section for radiative recombination into atomic state 

r-coördinate 

aerodynamic streamer radius 

electric streamer radius 

dimension of the arc 

gas constant, resistance 

radiation 10ss 

Reynolds number 
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RL load resistance 

S electrode pitch 

SER seed ratio 

St Stanton number 

t time 

btr ionization relaxation time 

T heavy particle temperature 

Taw adiabatic wall temperature 

Tb heavy particle temperature in the hulk 

Te electron temperature 

Te,relax electron temperature in the relaxation region 

Tflame flame temperature 

T p population temperature 

Tpr relative population temperature 

Tps Saha temperature of atomic state p 

Ts heavy particle temperature in the strcamer 

Tstagn stagnation temperature 

u velocity in the laboratory frame 

ugas gasdynamic expansion value of the veloeity 

v veloeity in the moving frame 

V voltage 

V(R) inter atomie differenee potential 

VDR total voltage drop 

VH Hall voltage 

VHl - 8 Hall voltage between eleetrodes 1 and 8 

VL Voltage over the external load 

Vseat scattered signal 

Vol seattering volume 

Vol s ,aer aerodynamie streamer volume 
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electric streamer volume 

x x-coärdinate 

relaxation length 

maximum concentration 

ij ij-coärdinate 

y reduced absorption coefficient 

z z-coärdinate 

Te-dependent partition function 

size parameter of solid particle 

Il constant related to the Hartmann number 

critical value of the 'Hartmann' constant 

critical value of electron Hall parameter 

y ratio of specific heats, Euler's constant 

spectral profile of dispersion apparatus 

<'0 permittivity of vacuum 

radiant power per unit volume, per unit of solid angle 

radiant power per unit volume, per unit of solid angle, per 
unit of frequency 

~ viscosity 

~e enthalpy extraction 

K film coefficient of heat transfer 

K(V) line absorption coefficient 

KV absorption coefficient at the centre of the line 
pq 

À thermal conductivity, wavelength 

Àj band he ad in the recombination radiation spectrum 

v frequency 

Veh collision frequency of electron and h-type of heavy particles 

~V full half width of aspectral line 

~Vs full half width of aspectral line due to Stark broadening 
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total full half width of aspectral line 

full half width of a spectral I tne due to van der Ivaals 
broadening 

p normalized radius 

charge density 

mass density 

normalized aerodynamic radius of the streamer 

cr electrical conductivity 

Mie scat tering cross section 

excitation cross section 

stress tensor 

optical depth 

<j>-coördinate 

energy dissipation trough internal friction 

heat flux from the bulk to the streamer 

flow field function 

Subscripts and superscripts. 

s streamer 

b bulk 

s,m main streamer structure 

a outside the electric streamer diameter 

i inside the electric streamer diameter 

f defined by the film temperature 

o inlet of the generator 

e electron 

h heavy particle 

Cs cesium 

Cs+ cesium ion 

Ar argon 
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Ar+ argon ion 

undisturbed value far away from the streamer 

spatialor time averaged 

differentiated with respect to the varlable 

normallzed parameter 

operation in the moving frame 
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SAMENVATTING 

In dit proefschrift ~ordt de analyse van het generatorgedrag 

beschreven tijdens de vermogensextractie experimenten met ~e 5 MWth 

blow-down installatie. Deze installatie is gebouwd om op een relastische 

wijze gedurende langere testtijden, een vermogensextractie te realiseren 

m.b.v. een closed cycle ~ffiD generator. Hierbij wordt uitgegaan van een 

fossiele brandstof als de primaire energiedrager. De analyse is meer in 

het bijzonder gericht op de verklaring van het globale generator gedrag 

in relatie met de experimenteel waargenomen ontladingsstructuren. 

Om de plasmasamenstelling, ontladingsstructuren en het electrische 

generatorgedrag te bestuderen, zijn een aantal diagnostieken ontwikkeld. 

Recombinatiestralings metingen, stralingsabsorptie metingen, lijn

intensiteits metingen, high-speed fotografische metingen, massaspectro

metrische metingen, laser Mie-verstrooiings metingen en zowel hoog- als 

laagfrequente elektrische metingen zijn toegepast. 

De experimenten met de blow-down installatie tot nu toe hebben een 

sustantiele vermogensopwekking opgeleverd met een maximaal gegenereerd 

vermogen van 362 kWe. Een uitgesproken inhomogene ontladingsstructuur in 

de vorm van streamers, wordt in deze experimenten altijd waargenomen. De 

streamers hebben een hoge ionisatiegraad van het inzaaimateriaal en een 

hoge stroomdichtheid (tot 10 6 A/m 2). 

Een lokaal streamermodel is ontwikkeld dat het stromingsveld in en 

om de ontladingsstructuur beschrijft. De resultaten geven een 

geprononceerde vortex-stroming te zien in de streamers. Hiermee wordt 

het 'solid body'-model van de streamer gerntroduceerd in een nieuw 

generator model, dat de voornaamste interactie-termen beschrijft tussen 

de streamer en het langs stromende gas. 

Een redelijke overeenstemming is hierbij gevonden tussen het 

berekende en gemeten generator gedrag in de eerste helft van de 

generator. Een substantieel verschil tussen de theorie en het experiment 

wordt echter waargenomen in het laatste stuk van de generator, hetgeen 

wordt veroorzaakt door een Hall-sluiting in dit stuk van de generator. 
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STELLINGEN 

-1-

De streamers in een niet-evenwicht MHD generator van het gesegmenteerde 
Faraday type hebben het karakter van een vast lichaam in het langs 
stromende gas. Binnen de streamers wordt een uitgesproken wervelstro
ming opgebouwd, welke twee stagnatiepunten veroorzaakt in de 
gasstroming. 

dit proefschrift. 

-2-

De elektronentemperatuur in een streamer van een niet-evenwicht MHD 
generator volgt uit het feit dat het inzaaimateriaal volledig 
getoniseerd is en is dus een unieke funktie van de inzaaiconcentratie 
van het plasma in de streamer. 

dit proefschrift. 

-3-

De gastemperatuur in een streamer kan aanzienlijk uitstijgen boven de 
gastemperatuur van het langs stromende gas. Met dit feit dient rekening 
te worden gehouden in bijvoorbeeld de analyse van de invloed welke 
moleculaire verontreinigingen hebben op niet-evenwicht MHD generatoren. 

zie tevens dit proefschrift. 

-4-

In de analyse betreffende de invloed die moleculaire verontreinigingen 
hebben op de werking van niet-evenwicht MHD generatoren, is tot nu toe 
voorbij gegaan aan de mogelijke effectieve reductie van het geleidings
vermogen in het inlaatgebied van de generator door associatieve 
botsingsprocessen. 

zie bijv. Zlatanovic, M. et al., Performance of 
a closed-cycle MHD generator with 
molecular impurities, 
Journ. of Energy, 3, pp. 23-29, 1979. 

-5-

In niet-evenwicht MHD generatoren van het gesegmenteerde Faraday-type 
is de stroomrelaxatie sterk afhankelijk van het magneetveld. Deze 
relaxatie is direct gerelateerd aan het ontsteken van nieuwe streamers 
stroomafwaarts van het inlaatgebied. 

dit proefschrift. 

-6-

Het plasma van een niet-evenwicht MHD generator bevindt zich nog in een 
'diagnostisch zwart gat'. 



-7-

Men doet de werkelijkheid tekort door te pretenderen deze te kunnen 
vangen door de mazen van het analytisch web fijner en fijner te maken. 

-8-

Eruditie en non-conformisme hebben een meer dan oppervlakkige relatie 
tot elkaar. 

-9-

Organiserende comité's van opvoedkundige, wetenschappelijke en culturele 
manifestaties onder het auspicien van de UNESCO, dienen met prioriteit 
ervoor te waken dat pogingen tot boycotmaatregelen tegen bij de V.N. 
aangesloten landen worden ge~limineerd. 

-10-

De aanduidingen links en rechts zijn niet eenduidig. Mensen die aangeven 
dat ze links zijn vertonen vaak een rechtse gezindheid. 

zie tevens S. Wiesenthal N.R.C .-Handelsblad 18 okt. 1982 

-11-

De recente wederopleving van op emotioneel en ideologisch appel 
berustende massabewegingen, dragen niet bij tot een vrediger wereldbeeld, 
zij het in Teheran anno 1981 of in Amsterdam anno 1981. 

-12-

Als de laatste letter is heengegaan, is het met de laatste der demonen 
gedaan. 

I.B.Singer 

Eindhoven, 1 november 1983 H.J. Flinsenberg 


