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SUMMARY 

The study is devoted on the disk shaped Magneto-Hydro-Dynamic 

generators werking with hot argon or helium gas seeded with cesium. The 

research includes three major parts: 

i) experiments; 

11) analysis of the experimental results; 

lil) disk generator model. 

The experiments have been performed using a shock tube as the 

plasma source. The facility provides about Sxl0-3 s duration of the 

power generation and a control over the eperating conditlens such as 

the inlet stagnation pressure, inlet stagnation temperature, magnetic 

induction and seed fraction. An absorption measurement diagnostic has 

been used for determination of the seed concentration. 

Three disk generator designs have been examined. Time 

resolved measurements of the static pressure radial d i stribution, 

plasma voltage radial distribution and radial component of the 

generated current have been carried out. To measure the azimuthal 

current component a Rogowski coil diagnostic has been applied. 

Information about the flow veloei ty has been obtained by means of 

streak photographs. The plasma nonuniformities have been visualized by 

fast f r aming photographs. Fast sampling rate detection of the plasma 

optica! emission has been applied for the purposes of the e lectron 

density and electron temperature determination. 

Quasi-stationary values of the electrical and gasdynamical 

quantities have been found by average of the time resolved measurements 

over a test interval of l Xl0-3 s for expe riments wi th cesium-seeded 

argon and 0 . 6xl0-3 s for experiments with cesium- s eeded helium. 

Strongly nonuniform plasma has been observed at all different eperating 

conditions applied. 

In the analysis of the experimental results the plasma 

effec tive Hall parameter and effec tive electrical conductivity have 

been obtained as functions of the radius for each experimenta l run . The 

analysis is based on the solution of the quasi one-dimens i onal 
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gasdynamical equations lncluding the magnetic interaction, friction 

with the walls and heat losses. The inlet stagnation pressure and 

temperature, radial voltage distribution, radlal current, magnetlc 

induction and generator geometry comprlse the numerical input for the 

calculations. The calculated static pressure, azimuthal current and 

radlal component of the flow velocity are fitted to the corresponding 

measured counterparts. For the fitting, the values of the effective 

Hall parameter are used . 

Dependencies have been determined between the obtalned values 

of the effective electrical conductlvlty and effectlve Hall parameter 

on one side and the physlcal conditlens in the generator (gas denslty, 

current densi ty) and the parameters influencing the generator 

performance (stagnation temperature, magnetic induction, seed 

fraction), on the other slde . The effectlve Hall parameter has been 

approximated by a functlon of the gas densl ty only. For both worklng 

media values in the range 1 + 3 . 5 have been found. Relatlonshlps for 

the effectlve electrical conductivity have been found in the range 

10 + 95 S/m for helium seeded with cesium and in the range of 

10 + 280 S/m for argon seeded with cesium. The analytica! expresslons 

have been defined as semiempirical relationships. 

A quasi one-dimenslonal disk generator model has been 

formulated which incorporates the derlved semiempirlcal relatlonships. 

The model has been tested for conslstency wlth the experiments in the 

cases of the helium-cesium and argon-cesium working media. The 

argon-cesium version of the model has been applied for calculations of 

the performance of a mlddie si ze 040 MW thermal input) and a large 

slze ( 1200 MW thermal input) disk generators. The results of the 

calculations show that the mlddle size disk generator has better 

efficiency characteristics as compared wlth the large slze disk 

generator. For the mlddie slze disk generator the calculated enthalpie 

efficiency is of practical interest (more than 32 %) and is cernparabie 

with that of a large size disk generator calculated by application of 

the quasl-llnear instablllty theory expresslons (Solbes reduction 

formulae) for the effective electrlcal conductivity and effective Hall 

parameter. 
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1. INTRODUCTION 

1.1. Background 

The conversion of energy from one form to another has been 

controlled traditionally by a broad field of research and engineering 

activities. At present the production of electrical energy requires the 

exploration of both new energy sourees and alternative conversion 

processes. The alternatives are compared with the most widespread 

process of industrial electrical energy production - the steam turbine 

cycle, which is responsible for about 95 % of the available electrical 

power today [ref.1]. Inthesteam cycle the heat obtained from burning 

fossil fuels or from uranium nuclear reactors is utillzed wlth an 

overall efficiency of approximately 35% [ref. 2]. 

Two approaches can be considered for the improvement of the 

mentioned rather small efficiency: reduction of the thermal and 

mechanica! losses and increase of the thermodynamic cycle efficiency. 

The possibilities of the former approach are almost exhausted. The 

latter approach meets a principle restrietion due to the turbine 

material limitation of the steam temperature in the range of 800 K. The 

ideal thermodynamic cycle, the Carnot cycle, with such an upper 

temperature of the working body and a cooling temperature of 300 K has 

an efficiency of 62.5 %. This value represents the maximum efficiency 

of a conventional steam cycle power plant. However, the temperature 

capabilities of the most common heat souree - the fossil fuels, are of 

the order of 2X103 K. Potentlal Carnot efficiency of up to 85 % is not 

accessible for the conventional steam power plants. 

A beneficia! method for the employment of the mentioned 

higher temperature and corresponding higher maximum efficiency is the 

magnetohydrodynamic conversion of heat to electrical energy. The method 

is based on the induction of electromotive force in a conducting fluid 

when it passes through a magnetic field across its lines of force - a 
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phenomenon pointed out by M. Faraday already in 1832. 

In the MHD conversion the working medium is, in genera!, a 

hot compressible fluid with enhanced electrical conductivity obtained 

by actdition of a small amount of easily ionlzable materlal. An 

expansion of the working fluid through a duet wi th approprlate cross 

section provides lts translational motion, the interaction with moving 

mechanica! parts being avolded in contrast with the steam turbine case. 

The magnetic field perpendicular to the flow direction yields a Lorentz 

force to act on the charged particles present in the flow. This leads 

to an induced electric field normal both to the magnetic field and flow 

velocity. The electromotive force results from the balance between the 

induced electric field and the field controlled by the power extracting 

circuitry (fig.1). The corresponding current results, however, from the 

collisionally dlsrupted drift motion of the charged particles in the 

crossed electric and magnetic fields. Consequently the current is not 

parallel to the electric field, i.e. the Hall effect inherently takes 

place in the considered conversion process. 

cathodes 

Figure 1.1. Scheme of a Faraday- type segmented linear MHD 

generator. 

It is the working medium which determines the major speelfles 

of the power generation systems required for an industrial scale 

application of the MHD energy conversion. Of greatest practical 

importance are the open cycle and the closed cycle MHD power generation 
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systems. The open cycle systems are in the most advanced stage of 

development up to a pilot power plant. The werking medium in the open 

cycle is a low temperature thermal plasma consisting of fossil fuel 

combustion gases with a temperature of about 2700 K, directly 

introduced in the generator volume. Sufficient plasma conductivity at 

that temperature is achieved by seeding with about one weight per cent 

alkali metal compound. After leaving the MHD generator the gases are 

still hot enough to be used for air preheating on the behalf of the 

combustlon in the MHD cycle and for production of steam applied in a 

conventional steam turbine cycle. Finally the combustion gases are 

exhausted in the atmosphere. 

In the closed cycle MHD power generation systems the working 

medium is a noble gas seeded with alkali metal. The main thermodynamic 

phases in the closed cycle are similar to those present in the open 

cycle but the heating of the working medium is performed indirectly by 

means of a heat exchanger . After the cooling phase the working medium 

is recompressed and fed back for a new heatlng, thus providing i ts 

circulation in a closed cycle. Two important features distinguish the 

closed cycle MHD systems. The first one is the possibility to work at a 

lower gas temperature of about 2000 K due to the effect of the 

nonequilibrium electron temperature elevation [ref . 3) . This effect 

results in a reasonable plasma conductivity determined by the high 

temperature of the electrens rather than by the temperature of the ions 

and neutral atoms. The secend feature is the independenee of the closed 

cycle MHD systems on the nature of the primary heat souree because of 

the indirect heating of the werking medium. 

1.2. The disk shaped MHD generator 

Independent of the working medium, they are the shape of the 

flow duet and the electrode arrangement which determine the relation of 

the Hall effect to the generator performance . In MHD generators with a 

linear duet the Hall effect is responsible for an axial current 

component (Hall current), which reduces the extracted electrical power 

per unit volume of the generator. The Hall current can be suppressed by 

segmentatlon of the electrodes, or can be made to contribute to the 
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output power by a combination of electrode segmentatlon and approprlate 

dlagonal conneetion of the electrode segments. In llnear Hall 

generators only the axlal current component is used by short clrcultlng 

of each pair of opposl te electrodes. Therefore, the mul ti electrode 

structure is the maln characterlstlc of the llnear MHD generators . 

The disk shaped flow duet is the natura! configuratlon for 

exploltatlon of the Hall effect. In the disk flow duet the gas flow is 

radlal and the transversal magnetlc field is axlal. A pair of ring 

electredes conducts the radlal current component to the external load 

(fig. 2). The azimuthal current component, perpendicular both to the 

flow direction and magnetic field, is short circuited in ltself so that 

gas input ____.. 

Figure 1. 2 . Principle of the outflow disk MHD generator . 

the device performance is essentially based on the Hall effect. 

The disk geometry applled to an MHD generator leads to a 

number of advantages when compared with the llnear one. In first place 

the break down voltage a long the radius of the disk walls is higher 

than that over an equivalent dlstance along the electrode walls of the 

linear MHD generator. Consequently the produced electric field and the 

extracted electrlc power per unit werking volume increases and the 

generator becomes more compact [ref.4]. Further, because of the reduced 

amount of electrodes, · the power take off system for the disk generator 

is much slmpier than that for the linear one. For the same Feason the 

near-electrode phenomena influence the disk generator performance less 

than in the case of the linear generator. The magnet slze and design 

are also in favor for the disk geometry in terms of compactness and 

slmplicity, especially valuable when superconductive magnets are 

considered. 

As a shortcoming specific for the disk configuration one may 
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notlee the larger surface-to-volume ratio as compared with that of a 

linear generator at glven power density . The resulting larger heat and 

friction losses reduce to a certaln extend the benefit from the disk 

generator superlori ty in the extracted power per unit volume. Other 

dlsadvantage of the disk geometry is the more compllcated design of the 

diffuser sectlon in comparison wlth the diffuser of llnear generators. 

Another dlfflculty for operatlng efflciently the 

nonequilibrium disk generators should be mentioned. Slnce the disk 

generators are essentlally based on the Hall effect, a direct 

dependenee exists of the produced electrical power per unit volume on 

the plasma microscopie electr i cal conduct! vi ty u and microscopie Hall 

parameter~ by the term u~2/(1+~2 ) [ref.S). The considered plasmas are 

generally unstable and susceptlble to nonunlformities . The result is a 

reductlon of the electrical performance of the disk generator. This 

reductlon is expressed in two ways, namely an enhancement of the plasma 

reststance characterlzed by the effective electrical conductivity uerr 

and a limltatlon of the Hall parameter quallfied by the effective Hall 

parameter ~ .. rr ' The effective electrlcal conductivity and effective 

Hall parameter have as upper limi ts the values of the corresponding 

microscopie quantl ties characterizing the uniform plasma. In the case 

of nonuniform plasmas the produced electrical power per unit volume 

depends on the effectlve electrical conductivity and effectlve Hall 

parameter by the same term u ~ 2/(1+~ 2
). Obviously, the larger 

eff eff eff 

the effective Hall parameter, the better the electrical performance of 

the disk generator. However, the nonuniform plasmas are limited in the 

sense of obtalnlng large values of the effective Hall parameter. 

1.3. Review of the closed cycle disk generator studles 

Since the late slxties the disk generators have become a 

subject of actlve expertmental and theoretica! lnvestlgatlons as 

potentlal candldates for the closed cycle MHD power genera ti on. Wi th 

respect to the characteristics of the nonequilibrium noble gas plasma 

employed as the working medium these investigations can be divided in 

two groups. The investigations of the first group deal with the working 

medium wi th properties which are governed by the presence of plasma 
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instabilities, the ionlzational instabllity being the most important 

one. The investlgatlons of the second group concern the disk generators 

with nonequilibrium noble gas plasma malntalned at special conditions 

which produce a suppresslon of the lnstabllitles at full ionlzatlon of 

the alkall seed. The second group of lnvestlgations has evolved later 

than the flrst one, after the theoretica! formulatlon of the fully 

ionized seed concept and lts experlmental realization [ref.6]. Some of 

the papers which mark the progress in the field of the closed cycle 

disk generators with unstable plasma are considered subsequently below. 

Louis has lnvestlgated both theoretically and experlmentally 

the operatien of a disk generator wlth cesium seeded argon [ref. 7]. 

According to the author, at a low degree of lonlzatlon of the seed and 

microscopie values of the Hall parameter larger than 3, isotropie 

(turbulent) electron denslty fluctuations develop as a result of . the 

ionizatlonal instability. The fluctuations are characterlzed by a 

plasma turbulence parameter S deflned as the normalized mean square 

devlation in the electron densl ty. For slnusoidal fluctuations the 

plasma turbulence parameter obtains values between 0 (no deviation in 

the electron density, stable plasma) and a maximal one of 0.5 (100% 

deviation in the electron denslty). Reduction formulae are proposed 

which express the effective Hall parameter and effective electrical 

conductivity in terms of the corresponding microscopie values and 

plasma turbulence parameter. According to these reductlon formulae, for 

~ ~ 3 and S = 0.5 the effective Hall parameter saturates at a value 8/n 

and the effective electrical conductivity becomes proportional to 1/~. 

The model, however, does not provide a theoretica! conneetion between a 

particular value of the plasma turbulence parameter and the 

exper i mental condl ti ons. Moreover the plasma turbulence parameter is 

not considered as a local characteristic but rather as a constant, 

valid for whole the generator. 

In the experiments performed by Louis a shock tube driven 

disk generator has been used. No effective Hall parameter larger than 2 

is found at stagnation temperatures between 2000 K and 3000 K, seed 

fraction of 0.1 % and magnetic induction of 2:a T. The obtained low 

efficiency of the experimental generator at stagnation temperatures 

below 2500 K is explained by the presence of a significant region of 

power consumption by the plasma in the upstream part of the generator 

(relaxation reglon). At the quoled condltlons large electron denslty 

fluctuations are observed both in the relaxation region and downstream 
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of lt, in agreement wlth the obtained values of the effective Hall 

parameter and the limited generator performance . 

The favorable effect of the externally introduced poslti ve 

inlet swirl (defined as the ratio of the radial to the azimuthal 

component of the flow velocity) on the performance of the disk 

generator has been indicated by Louis [ref. 8] and has later been 

demonstraled by Loubskl et al. in an experimental study [ref . 9] . With 

the same experimental set up as that of ref . 7, Loubski et al . obtain 

an increase of the enthalpie efficiency of the experimental generator 

from 7.7% to 11.7% due to the application of inlet swirl equal to 1. 

For the compared experiments an increase of the Hall field from 

2160 V/m to 3600 V/m has been observed. In these experiments 

approximately equal conditions have been applied of stagnation 

temperature of 2800 K and magnetic induction of 3 T. 

In a theoretica! and experlmental study Lytle et al. have 

proposed an elaborate theoretica! model of a disk generator working 

with nonequilibrium plasma and have verified the model on a shock tube 

driven argon-cesium disk generator [ref.10]. The model assumes a quasi 

one-dimensional two-temperature fluid flow in the generator . For 

obtaining the effective electrical conductivlty and effective Hall 

parameter of the unstable nonequilibrium plasma, the presence of both 

anisotropic and isotropie plasma nonuniformities is considered as 

possible in the generator . The effect of the anisotropic plasma 

nonuniformities is taken into account by means of the Solbes reduction 

formulae [ref. 11.]. For the effect of the isotropie plasma 

nonuniformities, the reduction formulae proposed by Louis [ref . 7] are 

applied . The electron density in the plasma is assumed to depend on the 

rates of the three-body recombination reactions and on the electron 

energy balance. 

Lytle et al. have tested their theoretica! model in two 

representative cases: one with full ionization of the seed and stable 

plasma and one with unstable nonuniform plasma. The first case is used 

as a reference standard both for the calculations and for the 

experiments due to its relative simplicity. A good agreement is found 

between the calculations and the experimental results in the case of a 

stable plasma. From the practical point of view, however, the high 

stagnation temperature of ~ 3000 K used in this case is not an 

acceptable condition for closed cycle power generation . 

The essential part of the model which concerns the 
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descrlptlon of the effectlve electrlcal conductlvlty and effectlve Hall 

parameter is verlfled at realistic conditlens for a practical 

appllcatlon: stagnation temperature of 2275 K, stagnation pressure of 

10 bar, magnetic lnduction of 1. 35 T and seed fractlon of 0. 4 %. At 

these condl tions the plasma parameters obtalned in the calculations 

lndlcate the presence of anlsotroplc nonunlforml ties only. Therefore 

the verlflcatlon appears related only to the Solbes reductlon formulae. 

A significant dlscrepancy is found between the results of the full 

model calculatlons and the experlmental results. Accordlng to the model 

a stabillzation of the plasma is expected shortly downstream of the 

generator lnlet in contrast wi th the experlmental observations. Also 

considerably higher electron number denslties and Hall voltages are 

calculated in comparlson with the measured ones . The authors show that 

a transformation of the model to a semiemplrlcal one by the 

incorporatlon in the calculations of the measured effective Hall 

parameter resul ts in a much closer coincidence of the calculated and 

measured electron number density and Hall voltage. The problem ~emains, 

however, that still the calculations predict a stable plasma eperation 

of the generator over a substantial part of lts length in contrast with 

the experimental observatlons. The concluslon is drawn that the 

reduction of the plasma electrical conductivlty and Hall parameter is 

not only due to the anisotropic nonuniformlties arising from the 

ionizational instabllity. The authors recommend additional experimental 

investigatlons in order to obtain better characterization of the 

nonuniformities in the unstable plasma of the disk generators. 

A detailed experimental study of a 4 1 shock tube driven disk 

generator worklng with ceslum-seeded argon has been reported by Sens et 

al. [ref. 12]. A broad spectrum of plasma diagnostic measurements is 

applied in these experiments. The generator performance is examined at 

different loading conditions. The influence of the magnetic induction, 

seed fraction and stagnation temperature on the generator performance 

is also studied. The last two parameters are varled in wide ranges: 

1430 + 3500 K for the stagnation temperature and 2X10-5
+ 2x10-3 for the 

seed fraction. The followlng more important results are reported by the 

authors. At a stagnation temperature of 1900 K which is of practical 

interest for the closed cycle power converslon, a sensible power 

generation is found only wi th seed fraction in the interval 

2xl0-4
+ 1. 2X10-

3 wlth an optimum at 9X10-
4

• Under these conditlens of 

unstable plasma, a strongly nonuniform discharge structure is observed 
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in the form of constricted discharges (streamers) moving with the gas 

flow. Electron temperatures higher than 5500 K are found in the central 

regions of these streamers, indtcating a full seed ionization there. 

The presence is found of a gasdynamical shock in the flow due to strong 

magnetlc interactlon. At several operatlng conditlons a value of about 

1. 3 of the effectlve Hall parameter is obtalned by means of probe 

measurements. 

Despite of the falnt agreement between the experlmental 

results and the calculatlons accord1ng to the disk generator models 

based on some kind of reductlon formulae, such models have been used by 

several authors in design conslderations of disk generators working 

wlth unstable plasma. Optlmlstic results have been reported in a 

theoretica! study performed by Massee [ref . 13]. The author uses a quasi 

one-dimensional description both for the gas flow and the electrons. In 

the model the relaxatlon region is assumed to be negllgible and the 

electron density is governed by the equilibrium of the electron 

continuity and energy equatlons. For the conditlens resultlng in 

unstable plasma a reductlon of the electrical conductlvity and Hall 

parameter is assumed due to lonizatlonal lnstablllties and the 

corresponding effectlve quantities are calculated according to the 

formulae of Solbes. Massee conslders three different modes of operatien 

of the disk generator : one with stable plasma, one wlth unstable plasma 

and maximum local electrlcal efficiency everywhere in the generator and 

one wlth unstable plasma and constant static temperature in the 

generator. The calculatlons performed for an expertmental size disk 

generator at a stagnation temperature of 2000 K, magnetlc inductlon of 

5 T or 7 T and a seed fractlon of 1X10-4 show enthalpy extractlens 

ranging from 14 % up to 36 % depending on the values of the other 

parameters such as the stagnation pressure, inlet Mach number and inlet 

swirl. An optimization is performed with respect to these parameters. 

The best isentropic efflclencies obtalned are 64. 8% for the operatien 

wi th stable plasma, 61. 5 % for the eperation wl th maximum electrical 

efficiency and 66. 5 % for the operatien wi th constant static 

temperature. 

The theoretica! model developed by Lytle et al. [ref. 10] has 

been used by Teare et al. in optlmizatlon calculatlons of a disk 

generator for the closed cycle option of a base-load power plant 

[ref. 14]. The optimlzatlon is performed at levels of 0 . 2 and 0 . 5 for 

the plasma turbulence parameter S [ref. 7]. In order to be consistent 
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with the small scale laboratory measurements, the values of the 

effective Hall parameter are restrlcted to be smaller than 5. A mode of 

operatien wlth maximum local electrical efficiency is considered. For a 

plasma with S = 0.2 and at stagnation temperature of 1920 K and 

magnetlc lnduction of 6 T the authors obtaln enthalpie efficlencles in 

the range 40 + 45 % at some combinatlens of the stagnation pressure, 

swlrl and seed fractlon, when these parameters are varled in the ranges 

4 + 12 bar, 1 + 2 and 5X10-5
+ 4X10-3 respectively. The correspondlng 

lsentroplc efficlencles are between 70 % and 81 % (the diffuser losses 

accounted). The consldered power level in these calculatlons is 1000 MW 

electrical output . 

Slmilar calculations as those of ref. 14, but with an 

improvement in the model and including in the considerations lower 

electrical power levels of hundreds of megawats have been reported by 

Loubski et al. [ref. 15). The improvement in the model concerns the 

plasma turbulence parameter. It is no longer a constant input value but 

a local plasma parameter which is related to the average local degree 

of lonization of the seed. At higher levels of (average) seed 

ionlzation than 0.5 the electron density fluctuations are restrlcted by 

the full ionization of the seed an therefore the maximum value of 0.5 

of the plasma turbulence parameter is not reached. According to the 

model, lower levels of the seed fraction and higher degree of 

ionization wlll result in a limitation of the (turbulent) plasma 

nonuniformi ties and in higher effect i ve Hall parameter and effect i ve 

electrical conductivlty. Calculations are done at such conditlens of 

lower seed fraction (1 . 5X10-4
) and higherseed ionization (Ss 0.2) for 

power levels (generated electrical power) from 57 to 1200 MW. The ether 

conditlens are stagnation temperature of 1920 K, stagnation pressure of 

6 bar and magnetic induction of 6 T. The results for the disk generator 

performance lndicate enthalpie efficiencies ln excess of 40 % and 

lsentroplc efflclencles of more than 73 %, 

1.4. Present work 

The present work has the intention to analyze the performance 

of experimental disk MHD generators worklng wlth unstable noble gas 
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plasmas seeded with cesium. Argon and helium are the two gases used and 

a shock tube is applied as the plasma source. 

Detailed experimental investigations are carried out on disk 

generators with three different designs. Time resolved measurements are 

applled, using a number of diagnostics for the different electrical, 

gasdynamical and radlation quantities of interest. These measurements 

allow to characterize better the plasma in the generator and to verify 

the quasi-stationary operatien of the generator. 

An extensive analysis is applied to the results of the 

measurements of the different electrical and gasdynamical quantities. A 

quasi one-dimensional description of the plasma flow is found 

applicable. The corresponding equations are derived on the basis of the 

full quasi two-dimensional time dependent equations including the MHD 

effects. The individual terms in these equations are evaluated (using 

data from the experiments) and some of them appear unsignificant . The 

significant terms produce the quasi one-dimensional equations. The 

effective electrical conductivity and effective Hall parameter are 

introduced inslead of the corresponding microscopie quantities in order 

to account for the experimentally observed plasma nonuniformi ty. The 

effective electrical conductivity and effective Hall parameter are 

found as functions of the generator radius from the analysis 

calculations. The latter consist of a fitting of the calculated static 

pressure distribution, flow velocity (radial component) and azimuthal 

current component with the measured ones. 

Dependencies are determined between the obtained values of 

the effective electrical conductivity and effective Hall parameter on 

one side and the physical conditions in the generator (gas density, 

current density) and the parameters .influencing the generator 

performance (stagnation temperature, magnetlc induction, seed 

fraction), on the other slde. The corresponding analytica! expresslons 

are defined as semlempirical relationships. 

A quasi one~dimensional disk generator model is formulated on 

the basis of the establlshed semiempirical relationships. The latter 

substi tute in the model the missing (at present) satisfactory 

theoretica! expresslons for the reduction of the microscopie electrical 

conductivity and Hall parameter due to the plasma nonuniformities. The 

model is tested in the cases of the hel i urn-cesium and argon-cesium 

working media for consistency with the experiments. The argon-cesium 

version of the model is applied for calculations of the performance of 

11 



a real size disk generator. The results of the calculations are 

compared with the results of the calculations according to a 

theoretica! model which uses the quasi-linear instability theory 

expresslons (Solbes reduction formulae) for determination of the 

effective electrical conductivity and effective Hall parameter. 
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2. EXPERIMENTAL FACILITY 

2.1. Introduetion 

The experimental investlgation of the disk MHD generators 

described in the present work have been carried out by using a shock 

tube as the plasma source . By appropriate setting of the operatlng 

conditions of the shock tube hot cesium-seeded argon or cesium-seeded 

helium is produced with pressure and temperature in the following 

typical ranges : for argon p = 4. 4 + 9. 0 bar, T = 2000 + 3500. K; for 

helium p = 2 . 9 + 3.3 bar, T = 1850 + 2300 K. Depending on the disk flow 

duet design these values of the pressure and the temperature provide 

mass flow rates of 1. 0 + 4. 2 kg/s for argon and 0. 4 + 0. 5 kgls for 

helium. At such a flow rate the the thermal input is within the limits 

of 1.4 + 5.5 MW. The shock tube provides 3 + 6 ms duration of the power 

generat ion. 

The outflow disk channel is posi tioned between a couple of 

magnet coils (Helmholz configuration) in order to provide a radlal flow 

of the working medium perpendicular to the magnetic induction. The 

maximal attainable magnetic induction is 3.8 T. 

The supersonic nozzle together with the innermost portion of 

the disk channel walls is performed as a replaceable block in order to 

make possible the examination of different disk flow duet entrance 

geometries. 

A number of diagnostics is employed to monitor the plasma 

properties both in the shock tube and in the generator and to collect 

the i nformation about the electrical and gasdynamical behavior of the 

generator. 

In the following sections of this chapter a description of 

the shock tube facility at the Eindhoven University of Technology and 

the diagnostics pertaining to it will be given. Further the 

experimentally examined disk generators and the diagnostics related to 
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the observatlon of the medium properties and generator performance wlll 

be outlined. 

2.2. Shock tube facility 

The shock tube and the disk MHD generator attached to lt are 

shown schematically on figure 2. 1. The shock tube has a diameter of 

0.224 mandatotal lengthof 12.22 m. It conslsts of a driver section, 

a test section and a dlaphragm section located between them. Two 

aluminum diaphragms, fixed on both sldes of the diaphragm section, 

separate the volumes of the three sections. 

diaphragm section 

4m 

test gas 

Figure 2.1. Scheme of the shock tube facility. 

The main eperation phases of the shock tube are as follows . 

The driver section is filled wlth helium or hydrogen depending on 

whether argon or helium is the test gas. The test section is filled 

with a mixture of argon and cesium or helium and cesium. Some typical 

combinatlens of the driver pressure and test pressure used in the 

eperation with argon test gas and with helium test gas are given in the 

first two columns of Table 2.1. 

Seedlng of the test gas with cesium is achieved by passing of 

some amount of the test gas through a heated vessel containing cesium 

vapor. The pressure of the cesium vapor and consequently the seed 

fraction are controlled by the vessel temperature . Typically vessel 
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temperatures in the range of. 440 + 570 IC resul t in the seed fractlons 

of about 0.005 + 0.1 %. More details about the processof seeding are 

given in Appendix A. 

Table 2.1. Typical eperating conditions -of the shock tube in the 

present study and the resulting inlet flow conditions. 

pdrlv Ptest pa tag T p in 
medium stag therm 

(bar) (bar) (bar) (IC) (HW) (kg/s) 

4.5 0.060 4.4 2200 2.3 2.1 

9.0 0.133 8.8 2200 4.7 4.2 

argon 9.0 0.069 8.3 3470 5.5 3.1 

5.0 0.113 5.4 2050 1.3 1.3 

5.0 0.053 4.8 2800 1.4 1.0 

helium 5.25 0.047 3 . 3 1850 5.1 0.5 

5.25 0.013 2.9 2300 4.9 0.4 

The diaphragm sectien is filled with helium to half the value 

of the driver gas pressure. The aluminum diaphragm separatlng the 

diaphragm sectien from the driver sectien sustains such a pressure 

difference. So does the other aluminum diaphragm, which experience the 

pressure difference between the test sectien and the diaphragm section. 

The diaphragm sectien is connected toa vacuum . tank. This conneetion is 

closed by a small thin plastic (mellnex) diaphragm and the tank is 

evacuated. The experimental run is initiated by means of a controlled 

puncture of the plastic diaphragm. The fast outflow from the diaphragm 

sectien to the vacuum tank results in a sharp increase of the pressure 

difference over the aluminum diaphragm on the side. of the driver 

section. This increase of the pressure difference results in a 

consecutive rupture of both aluminum diaphragms. 

The magnetic induction changes in time because it is produced 

by the discharge of a capacitor bank through the magnet colls. A 

controlled time difference is imposed between · the initiatlon of the 

current flow in the magnet coils and the rupture of the plastic 

diaphragm in order to achleve the eperating perled of the MHD generator 

to be around the flrst maximum of the magnetic induction. 

The rupture of the aluminum diaphragms produces a shock wave 

which passes the test sectien and reflects against the end wall of the 
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shock tube. The compressed and heated test gas between the reflected 

shock and the shock tube end wall serves as the werking medium for the 

MHD generator. The corresponding region of the shock tube is referred 

to as the stagnation region and the pressure and temperature there 

during the period of power generation as the stagnation pressure and 

stagnation temperature. The latter represent the inlet pressure and 

temperature for the generator flow. Different stagnation temperatures 

are achieved by varlation of the shock wave velocity which is an 

increasing function of the ratio between the driver gas pressure and 

the test gas pressure set befere the initiatien of the experimental run 

[ref. 1, p.p. 285-286]. Different stagnation pressures are achieved by 

setting of different driver gas pressures prior to the initiatien of 

the experimental run. 

The duration of the perled of power generation depends on how 

long the created stagnation conditlens exist. The maximal duration is 

limited to 6 ms for argon test gas and 3.5 ms for helium test gas. This 

limitation is due to the destructien of the stagnation conditlens by an 

expansion wave which accompanies the shock wave responsible fÇ>r the 

stagnation conditions. The expansion wave moves opposite to the shock 

wave, reflects on the shock tube end on the side of the driver sectien 

and reaches the stagnation region. Further it causes a fast drop of the 

stagnation temperature below the values required for MHD power 

genera ti on. 

Two effects prohibi t the constant stagnation condi tions of 

the werking medium: the outflow in the generator channel resulting in a 

non-zero gas velocity in the stagnation region, and the motion of the 

interface between the driver gas and the test gas. For the fermer 

effect a correction of the stagnation temperature is carried through 

using the measured pressure behind the front of the incident shock as 

extra data [ref.l, p.p.240-242] and applying an iterative procedure for 

determination of the velocity of the almest stagnated gas [ref.2]. The 

latter effect may cause a consecutive reflection of the reflected shock 

against the interface between the test gas and the driver gas. The 

argon test gas and the helium test gas are handled differently with 

respect to this effect. 

For argon test gas the problem is solved by operatien of the 

shock tube in the tailored interface mode [ref.l, p.p.433-457]. In this 

mode, after the reflection of the incident shock wave the sound 

veloeities in the test gas and in the driver gas are equal. In that 
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case the reflected. shock passes the interface without perturbation and 

moves back in the driver gas. After the passage of the reflected shock 

both the interface and the test gas appear at stagnation for a certain 

period of time, the result being a constant stagnation pressure (flgure 

2.2,a). The tailored interface condition .can be accomplished only at 

.. 
7 

6 

a) stagnation 
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Figure 2.2. The pressure at the shock tube end wall versus time: 

a) tailored interface mode of operation (argon test gas, 

driver pressure 5.0 bar, test pressure 0.107 bar); 

b) the condition of tailored interface not satisfied 

(helium test gas, driver pressure 5.25 bar, test 

pressure 0 . 033 bar). 

certain values of the ratio between the driver gas pressure and the 

test gas pressure. Only one of this values, namely that of 87 is 

interesting from the point of view of closed cycle MHD experiments. The 

pressure ratio of 87 produces a shock wave Mach number of 3.75 and a 
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stagnation temperature of 3230 K. Tailored interface condition at lower 

stagnation temperatures is produced by smaller pressure ratlos and a 

simultaneous adjustment of the sound velocity in the driver gas by 

means of adding to it an approprlate amount of heavier gas, e.g. argon. 

For helium test gas the pressure ratio whlch corresponds to 

the tailored interface condition is 9 yielding a shock wave Mach number 

1. 71 and a stagnation temperature of 780 K, which is far below the 

range of interest for closed cycle HHD experiments. Thus for helium 

driven with hydrogen the shock tube is nol operaled in tailored 

interface condition in order to be able to produce stagnation 

temperatures of 1800 K and more. Consequently the bouncing of the shock 

wave between the medium interface and the end wall of the shock tube 

[ref.1, p.455) causes an addltlonal compression of the test gas 

(figure 2 . 2,b) changing also lts temperature. 

This compression appears fast enough for the process to be 

assumed adiabatic. Wlth thls assumptlon a correction of the stagnation 

temperature as determlned from the incident shock wave veloei ty has 

always been carried through using the pressure values p
1 

and p
2 

(see 

figure 2.2,b). The value p
1 

corresponds to the shock wave reflection on 

the shock tube end wall . The value p
2 

corresponds to the test interval 

where the operation of the generator is considered. 

2.3. Shock tube diagnostics 

In each experlmental run the stagnation pressure, the 

stagnation temperature and the seed concentration are determined by 

corresponding diagnostics. The stagnation pressure is obtained from the 

measurement of the pressure as a function of time at a location in the 

stagnation region of the shock tube, near lts end wall. A 

piezo-resistlve pressure transducer (Kistler, type 4043) is used for 

this measurement. The passage of the shock wave at the posi tion of 

deleetion is associated with a sharp threshold-like pressure rise 

taking less than 2. 10-4 s (see flgures 2. 2 a, b). The pressure values 

after the second threshold correspond to the stagnation pressure. 

The stagnation temperature is determined from the shock wave 

velocity according to [ref.l, p.286) 
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T = T (H 
2
+1) (3H 2-1 )/4H 2 

B 1 B S 8 

where T
1 

is the gas temperature prior to the shock wave passage. (room 

temperature) and H = U /a is the shock wave Mach number. The shock 
8 • 1 

wave veloei ty U is obtalned from the time dUferenee between the 
11 

moments of passage of the shock wave at two positions of the shock tube 

test section, 6.16 m apart. These moments are indicated by the pressure 

thresholds associated with the shock wave passage. The first position 

for pressure measurement is near the diaphragm section (wi th 

piezo-electric pressure transducer Kistler, type 603). The second 

pos i tion is the one which applles also for the stagnation pressure 

measurement. The sonic velocity in the test gas is given by 

a=/~R T 
1 3 NG 1' 

where RNG is the gas constant of argon or helium, 

depending on the sort of the test gas. 

The diagnostic applied to determine the seed concentration is 

based on the measurement of the plasma absorption coefficient. The 

scheme of the instrumental set up ls shown in flgure 2 . 3. A beam of 

light with continuous spectrum (a high pressure xenon lamp is used as 

the soureel is directed across the shock tube in the stagnation region. 

windows 

'-------=optica! fibers 

Figure 2. 3. Scheme of the absorption measurement set-up. 

A speetral band of 1 nm from the transmitted light is resolved by an 

1/4 m Jarrell-Ash monochromator and detected by a photomultlplier. 

The transmitted lntensltles in absence of cesium I (À) and ln 
0 

presence of cesium I (À) (at stagnation conditions establlshed) yleld 

the absorptlon coefficient according to 

20 



a(À) (2. 1) 

where L is the absorption length, in this case equal to the shock tube 

diameter. An assumption of homogeneous absorption medium is necessary 

in order to consider the absorptlon coefflclent obtained by the 

relatlon (2.1) as the local one. In order to obtaln the intenslty I(À) 

the plasmas own emlsslon intenslty has to be dlscrimlnated. Thls is 

achleved by chopping the incident light from the xenon lamp wlth an 

appropriate frequency. 

The obtained absorptlon coefflclent is used for calculatlon 

of the cesium atom number density in a speclflc way. Chen and Phelps 

[ref.3) and Slegllng and Niemax [ref.4) conslder the absorptlon 

coefflclents for the cesium resonance doublet in mixtures of cesium 

wi th argon and cesium wi th helium correspondlngly, in broad speetral 

bands around the central frequencies of the two lines. The absorption 

coefflcie.nts are found proportlonal to the product of the cesium and 

the noble gas atom number denslties in a wide range of the noble gas 

pressures and at cesium concentratlons llke those used in the closed 

cycle MHD experlments . nie coefflclents of proportlonall ty, the so 

called reduced absorptlon coefflclents, depend on the wavelength and do 

not depend on the temperature except when a speetral structure due to 

Cs
2 

molecules is present in the wavelength dependence. 

The data of Chen and Phelps for argon-cesium mixtures and of 

Siegling and Niemax for helium-ceslum mixtures show that in both media 

the corresponding reduced absorptlon coefficlents are free of speetral 

structure in a wavelength interval in the red wing of 852.1 nm between 

2 and 15 nm from the llne center. In this wavelength interval the 

dependenee of the reduced absorption coefficient on the wavelength is 

well approximated by the expression 

(2.2) 

where I:J.À is the deviatlon from the line center. The constants K and NC 
qNC have the following values, obtained from the experlmental data of 

ref. 3 and ref. 4 (I:J.À - in nm): for argon-cesium mixtures 

K = 5.86X10-
46

, q = 1.05; for helium-ceslum mixtures K = 9.50Xl0-
46

, 
Ar Ar He 

qHe= 1.66. For the measurements an approprlate wavelength has been 
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chosen from the interval 854.1 nm- 867.1 nm so that the ratio 

I
0

(À)/l(À) is around 2. 

With known values of a(À) from (2.1) and ~NG(~À) from (2.2), 

the cesium atom number density is determined according to 

n 
Cs 

a(À) 
(2 . 3) 

where nNC is the atom number density of the test noble gas, calculated 

from the established stagnation conditions. 

The inaccuracy of the method is found to be within a factor 

of l.S. Indeed, from (2.3) one obtains 

~ 
Cs 

n Ca 

~n NG 
n NC 

~a +a 
(2.4) 

The contribution of the first term in the right hand side of (2.4) is 

0. 10+0. 15 in accordance wlth 10+15 % inaccuracy of ~Ne given by the 

authors of ref . 3 and ref. 4. An error in ~NC(~À) may also occur due to 

the inaccuracy in the wavelength adjustment. In the present diagnostic 

the wavelength inaccuracy is ± 0. 1 nm. According to (2 . 2), with 

~À ~ 10 nm such wavelength inaccuracy results in about 1 % inaccuracy 

of ~Nc(~À). The contribution of the second term is typically 0.07. This 

value follows from the inaccuracy of the measured stagnation pressure 

(typically 5 %) and the inaccuracy in the determination of the 

stagnation temperature (typically 2 %) . The contribution of the t hird 

term is estimated to be 0. 35. For this estimatlon, (2 . 1) is used 

yielding 

~a -a 

~I I 
(~ + ~I) / l o 

Jo I n-y (2.5) 

In (2.5) ~I0/I0 is 0. 1 at average, ~I/I is 0.15 at average and usually 

I /1 "" 2. 
0 

The cesium concentratlon determined by the described 

diagnostic is further used in obtaining of the operating parameter seed 

fraction, defined as a = nca/nNc· 
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2.4. Experimental disk generator designs 

The experimental disk generators include a flow duet, a 

magnet, electrode equipment and diagnostics . The flow duet consists of 

a converging-diverging section, a disk channel and a diffuser. Three 

different converging-diverging sections have been applied, namely one 

with swirl vanes, a radlal nozzle and one with radial vanes. Each 

converging-diverging section speelfles the flow duet and consequently 

the generator as a whole. Summary of the parameters of the three 

experimental disk generators is presented in Table 2. 2. 

Table 2 . 2. Specificatlons of the experlmental disk generators in the 

present study. 

disk generator 
wlth: 

specificatlon 

converging -
diverglng section 

throat area 

Mach number at the 
disk channel inlet 

(radius 0 . 085 m) 

height at the 
disk channel lnlet 

height at the disk 
channel outlet 

radius anode 

radius cathode 

volume 

swirl vanes 

24 swirl vanes 

-3 2 4.36x10 m 

2.38 

0.020 m 

0 . 030 m 

0.045 m / 
0.091 m 

0.259 m 

-3 3 5.09x10 m / 
-3 3 4.85X10 m 

radial nozzle 

radial nozzle 

-3 2 4. 22X10 m 

2.74 

0 . 020 m 

0 . 030 m 

0.045 m / 
0.091 m 

0.259 m 

5.09X10- 3 m3
/ 

4.85Xl0- 3 m3 

radial vanes 

24 radlal vanes 

- 3 2 2.08 xlO m 

2.75 

0 . 010 m 

0.020 m 

0 . 086 m 

0 . 259 m 

-3 3 3.02X10 m 

In the generator wlth swlrl vanes (figure 2 . 4), a set of 24 

stalnless steel vanes is sltuated in a ring area be tween radii 0 . 050 

and 0.085 m. Between each pair of neighboring vanes a supersonic nozzle 

is defined. In the subsonic part of the nozzle the flow completes its 
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front wall exhaust tan 

a) 

b) 

swirl vanes diffuser wedges 

0 .1 .2 .3 ' .4(m) 

Figure 2 . 4. General view of the disk generator with swirl vanes: 

a) cross sectien along the axis of symmetry; 

b) view on the front wall from the inside of the generator. 

turning with respect to the radial direction of entrance and leaves the 

throat along the axis of the supersonic part [ref.S]. The sharp corner 

supersonic part provides the minimum possible length for a given flow 

expansion. This part has been constructed according to the method of 

characteristics [ref. 6]. The height of the vanes is 0. 020 m and is 

24 



constant. The swlrl (ratio of the azimuthal and radlal velocity 

component) at the disk channel lnlet (radius 0.085 m) is 0.7. 

In the generator wlth the radlal nozzle (flgure 2.5) the set 

of the swlrl vanes is replaced by a pair of rlngs wlth convex profile, 

fabrlcated from lexan. Between the opposlte convex surfaces a 

Figure 2. 5. Central part of the generator wi th radial. nozzle. 

The rest of the construction remains the same as 

in the generator with swlrl vanes . 

supersonic nozzle is deflned, whlch provides a flow expansion without 

swirl. The nozzle throat is at radius of 0.061 m. 

In the generator wlth radial vanes (flgure 2.6) a set of 24 

vanes from plastic material (G10 Epoxy) is situated in a ring area 

between radii 0.055 and 0.080 m. Between each pair of neighboring vanes 

a radially directed supersonic nozzle is defined . The sharp corner 

supersonic part is also constructed accordlng to the method of 

characteristics [ref. 6]. The helght of the vanes is 10 mm and is 

constant. 

In the three disk generators the shape of the disk channel 

walls has been preserved. The height of the disk channel increases 

linearly between radii 0.085 mand 0.250 m with 0.010 m. Downstreamof 

r = 0.250 m until the entrance of the exhaust tank at r = 0 . 380 m the 

height is constant (see flgure 2. 4). In the generator wi th radial 

vanes, the height of the flow duet has been equally reduced wi th 

0.010 m (see Table 2.2). 

In the three disk generators, stainless steel electrode rings 

with thickness of 2X10-3 m are mounted at several radial positions in 

25 



I 
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Figure 2 . 6 . Central part of the generator wlth radlal vanes. The rest 

of the construction (except the reduced helght of the flow 

duet wlth 1 cm) remalns the same as in the generators wlth 

swlrl vanes and radlal nozzle . 

the front wall and allke in the back wall of the disk channel. The 

rings are dlvlded in two parts in order to prevent lnduced currents in 

the electrodes . In the three disk generators the most outslde electrode 

rlngs are used as the cathode . The innermost electrode rlngs are used 

as the anode. In the experlments with the disk generator wlth swirl 

vanes and part of the experlments with the disk generator with radlal 

nozzle a round oxygen free copper plate with radius of 0 . 045 m sltuated 

ln the center of the front disk wall (see flgure 2.4,a) ls used as the 

anode. The radlal dlmenslons of the electredes (for the electrode rings 

- their middle) are given in Table 2.2. 

In all the experiments a single loadlng is applied . Each pair 
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of opposlte halfs of the catbode rings is connected in parallel to a 

resistor, for both pairs the resistors being equal. The potentials of 

the other electrode rings together with the potentials of the voltage 

probes (and the innermost ring, when not loaded) are measured in order 

to obtain the voltage distribution in the generator. 

The volume of the generators with swirl vanes and with radial 

nozzle is different depending on which electrodes have been connected 

as the anode. When the anode is the copper plate, the generator volume 

is 5. 09 1, the small region wlth subsonic flow upstream the throat 

being excluded. When the innermost electrode rings are used as the 

· anode, the generator volume is 4. 85 1. The volume of the generator with 

radial vanes is 3.02 1. 

The same diffuser configuration is applied in the three disk 

flow ducts. The diffuser consists of 24 wedges mounted downstream the 

catbode (see figure 2.4). The wedges are symmetrically shaped and have 

a length of 120 mm. The maximal width of the wedges is 18 mm and they 

are mounted so that their largest width appears on radius 350 mm. In 

this way the flow area at the tip of the wedges is equal to the flow 

area at their maximum width. The wedges are tilted with respect to the 

radial direction for better allgnment with the gas flow. Due to the 

friction in the diffuser region, the approximately isentropic flow 

downstream of the cathode (the magnetic induction is approximately zero 

in this region) is transformed to a subsonic one. 

The inner portion of both generator walls, which is not 

covered by the magnet coils, is made from a transparent plastic 

material (lexan) in order to provide a visualization of the discharge 

structures in the plasma flow. Optical ports with better transparency 

are constructed on several positions in the inner portion of one of the 

generator walls for the purpose of radlation measurements. 

The magnette field is produced by copper winded magnet coils 

in Helmholz configuration. The magnet coils are energlzed by a 4. 4 mF 

capacitor bank which can be charged up to 15 kV. The perlod of 

oscillation of the LCR circuit composed by the capacitor bank, the 

magnet coils and the wiring is 4. 167X10-2 s . The maximal attainable 

magnetic induction is 3. 8 T over a period of at least 5X10-3 s . The 

flow duet is positioned in the space between the coils (see 

figure 2.4) . In the generator volume the magnetic induction is axlally 

uniform but depends on the radius. It has a maximum at r = 0 and 

decreases gradually to 0.75 of the maximal value at r = 0.200 mand to 
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0.25 of the maximal value at the position of the cathode. The magnetic 

induction is measured by means of a calibrated coil, attached to one of 

the magnet colls. The combined inaccuracy of the measurement of the 

magnetic induction and the varlation of the magnetlc lnductlon over a 

period of 1 ms close to the maximum (as a fUnctlon of time) is about 

6 r. in total. 

2.5. Dlagnostlcs of the disk generators 

Informatlon on the gasdynamlcal and electrlcal performance of 

the lnvestlgated disk generators is collected in each experimenta-l run 

by means of approprlate diagnostlcs. An example of the posltlonlng of 

the dlagnostlcs as applled to the disk generator wlth radlal nozzle is 

presenled in figure 2.7. 

The gasdynamlcal performance of the generator is 

characterlzed by using the radlal dlstributlon of the static pressure. 

The static pressure is measured by means of plezo-resistive pressure 

transducers (Klstler, type 4043) on up to six positions. These 

positlons are evenly distributed in radial direction and slightly 

dlspersed from each other in azimuthal dlrectlon. 

The elec,trlcal potentlals of the ring electredes as well as 

the electrlcal potentlals of addltional voltage probes are measured in 

order to obtaln the radlal voltage distributlon. The voltage over the 

load resistors is also measured in order to calculate the generated 

Hall current . In some experlments, a pair of voltage probes posltloned 

apart azlmuthally has been used for the measurement of the azimuthal 

varlation of the electrlcal potentlal. 

The azimuthal current in the plasma is measured by means of a 

devlded Rogowski coil. The principle of this diagnostic is the 

followlng. The Rogowskl coll constltutes essentially a toroldal winding 

of many turns of small area, penetrated by the magnetic flux 

originating from the current to be measured, the latter belng 

surrounded by the toroidal winding [ref.7]. In the most common 

application, the voltage difference at the ends of the toroidal winding 

is the detected signal. The voltage difference, accordlng to the 

Faraday law of inductlon, is proportional to the time derivative of the 
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Flgure 2.7. Scheme of the dlagnostlcs as applled to the 

generator wlth radial nozzle. The notatlons 

in the flgure represent: 

F.Ph.- Fast Photography radlal range; 

R 
L 

- Load; 

O.P. - Optlcal Ports for radlation measurements; 

P
0

+P
5

- Presure transducers; 

A
1
,A

2
- Anodes (alternatively connected); 

V
0

+V
7

- Voltage probes (stainless steel rlngs) ; 

C - Cathode (stalnless steel rlngs); 

DW - Diffuser Wedges; 

R.C. - Rogowskl Coll. 

magnetlc flux. Therefore the measured slgnal is proportlonal to the 

time derlvatlve of the current, which creates the magnetlc flux. 

The Rogowski coil used in the present experlments is made up 

of a pair of straight, parallel, 70 cm long solenoids (see figure 2.7) 

with turns of 8 mm in diameter. The solenoids are electrically shielded 

by means of stalnless steel pipes with 0 . 5 mm thickness of the wall . 

For frequencies less than 430 kHz there is no limitation by the skin 

effect of the magnetic field penetratien of the shielding with such 

thickness. The solenoids are situated along a chosen radius of the 

generator in such a way that they envelope the section of the generator 

over that radius in lts almost total length. Therefore the Rogowski 

coil surrounds the azimuthal current that passes this s ection. The 

toroid is approximated good enough except missing short closing pieces 

29 



at the inner and outer ends. Before lts lnstallatlon, the Rogowskl coll 

has been callbrated by means of alternatlng currents with known 

parameters. A signa! of 1 V from the Rogowski coil is found to 

correspond to 1290 A/ms. Due to the working magnetic field of the disk 

generator, a strong background signa! is superimposed on the signa! 

from the Rogowski coil. This background signal has been campensaled but 

after the campensatien some small remnant background signal has always 

been detected. The contribution of this remnant signal to the 

inaccuracy of the azimuthal current is speelfled in sectien 3. 4. 

In the generators with swlrl vanes and with radial nozzle, 

radialion measurements are carried out at radlal pos i tion of 0. 135 m 

over an approximately cylindrical volume with diameter of 15 mm and 

height equal to that of the disk channel at the posltion of 

measurement. In the generator with radlal vanes, the radlation 

measurements are carried out at radial pos i tion of 0 . 160 m over an 

approximately cylindrical volume with diameter of 4 mm and height equal 

to that of the disk channel at the position of measurement . The 

intensity of the cesium speetral line with À= 566.4 nm has been 

measured simultaneously wi th a portion of the cesium recombination 

continuurn at À = 490 nm. The wavelengths have been selected by an 

1/4 m Jarrell-Ash monochromator and an 1/8 m Oriel monochromator 

correspondingly. 

Additional information about the flow parameters and the 

plasma nonuniformi ties is provided by means of fast photography. The 

photographs are taken over a sector of one radian in the transparent 

portion of the generator wall, between radii 0. 065 m and 0.175 m. 

Framing and streak regimes of the fast Imacon camera are used. The 

framing repetition frequency is 200 kHz and the exposure time is 1 ~s. 

The total streak time is 140 ~s with a nonlinearity of the scanning 

less than 3 %. 

The signals from the absorptlon measurement, pressure 

transducers, voltage probes, electrades and Rogowski coil are amplified 

and fed to a CAMAC crate, conneeled to a PDP-11 computer. After 

sampling at a frequency of 10 kHz they are stored. The optica! signals 

are fed to a multiwaveform digitizer, also a part of the CAMAC crate. 

The sampling frequency used for the optica! signals is 400 kHz for the 

argon flow and 1 MHz for the helium flow. After sampling, the optica! 

signals are also stored. 
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3. EXPERTMENTAL RESULTS 

3.1. Introduetion 

Data have been obtained from experiments on three different 

disk generators, namely on one with swlrl vanes, one with a radial 

nozzle and one with radial vanes (see section 2.4). Argon as the test 

gas has been. used in all the three generators. Helium has been used 

only in the generator with the radial nozzle . The obtained data are 

determined by the gasdynamical as well as by the electrical behavior of. 

the particular disk generator and consequently by i ts power 

performance. 

Given the flow duet geometry, the independent paramet ers 

which influence the disk generator eperation are the stagnation 

pressure, the stagnation temperature, the seed fraction , the magnetic 

induction and the load resistance, all of them referred to as the 

eperating parameters. Each set of values of the eperating parameters 

except the load resistance has been produced by appropriate setting of 

the shock tube parameters (initial pressures in the driver section and 

test section, composition of the driver gas ) as well as the parameters 

of the other components of the shock tube facility (temperature of the 

vessel wi th liquid cesium, voltage on the capacitor bank). The 

resul ting va lues of the eperating parameters have been determined by 

the corresponding diagnostics (see sections 2 .2 and 2.3). 

In each expertmental run the necessary data for the 

determination of the eperating parameters have been provided by time 

resolved measurements. Similarly, the values of the measured 

gasdynamical and electrical quantities in the generator have been 

obtained as a function of time. 

A quasi-stationary eperation of the disk generator has been 

considered during a time interval, referred to as the test interval. 

The length and the position of the test interval within the period of 
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power generation are chosen according to certain criteria. The average 

values over the test interval of all the measured quantities, except 

the radlation intensities, are used as the quasi-statlonary values, the 

fluctuatlons being treated as inaccuracy of the correspondlng average 

va lues. 

Using the time averaged values, voltage to current 

characteristics of the three disk generators have been obtained. 

Optima! eperating parameters with respect to the power performance have 

been establlshed. The lnfluence of the design of the 

converging-dlverging sectlon of the flow duet on the power performance 

has been examlned. 

3.2. Experimental conditlens 

The experimental condltions at whlch the different disk 

generators have been lnvestlgated comprlse all different sets of 

eperating parameters realized in the shock tube facility. A survey of 

the experimental conditlens is presented in Table 3.1 for argon as well 

as for helium test gas. 

Table 3.1. Experimental condltions of the disk generators' operatlon. 

If more than three values of certain eperating parameter 

have been used, only the range is lndicated. 

' 
medium helium parameter argon 

stagnation 3.3 ; 2.9 4.2 + 8.8 pressure (bar) 

stagnation 1850 ; 2100 ; 2300 2050 + 3470 temperature (K) 

magnetlc 1.0 + 3.0 1.6 + 3 . 8 inductlon (T) 

seed 
fraction (%) 0.01 + 0.08 0.006 + 0. 1 

load 0.03 (Q) + reslstance 7.2 0.04 + 1.0 

Varlation of each of the eperating parameters can be 

performed only in separate experimental runs of the shock tube so that 
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the parameter is varled over a sequence of discrete values. A serles of 

runs is composed by deflnltlon from a number of expertmental runs wlth 

one single eperating parameter varled and the others malntalned 

constant. The magnetlc lnductlon and the load reststance are the most 

convenlent eperating parameters to vary in su6h series. 

It is speclflc for the experlments wlth helium as the worklng 

medium that the stagnation pressure and the stagnation temperature are 

not varled independently because of the flxed pressure of the driver 

gas. In these experlments, the change of the stagnation ·pressure 

appears as a slde effect when different stagnation temperatures are 

produced. 

The eperating parameters whlch are kept constant in a glven 

series, are always exposed to some scatter because of an uncontrolled 

scatter in the shock tube performance in the lndlvidual expertmental 

runs. In average, the scatter of the stagnation pressure is about 10 %, 

the scatter of the stagnation temperature is less than 5 % and the 

scatter of the magnetic inductlon is about 3 %. 

Special attention has to be pald to the reproduclbllity of 

the seed fraction. The preclse monitoring of thls reproduciblllty by 

means of the absorption measurement as described in sectlon 2. 3 is 

obscured by the limlted accuracy of this method of determinatlon of the 

seed fractlon. The factors which may cause a reductlon of the 

reproduciblllty as well as addltional qualitatlve means of evaluation 

of the seed fraction are dlscussed in Appendix A. 

3 . 3 . Time resolved measurements 

The time dependenee of a number of slgnals sampled at 

frequency of 10 kHz is used to check the proper eperation of the shock 

tube and to determlne the values of the eperating parameters. These are 

the slgnals corresponding to the pressure at · two pos i ti ons on the 

opposl te ends of the shock tube test section, the magnetic lnduction 

and the light absorption (see sectlon 2. 3). 

The time resolved measurements of the static pressure at 

different posltions in the disk channel dellver lnformatlon about the 

gasdynamlca l performance of the disk generator. Typical examples of the 
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history of the static pressure measured at the inlet, at the middle and 

at the outlet of the generator are presented in figure 3.1 for argon 

test gas and in figure 3. 2 for helium test gas. In both flgures the 
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Figure 3. 1. Static pressure as a function of time at three radial 

positions of the generator, argon test gas. Full line -

case of power generation; p = 5.4 bar, T = 2130 K, 
stag stag 

B = 3.8 T, « = 0.08 %. Dashed line- pure gasdynamical 

expansion; p = 5. 9 bar, 
stag 
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full llne corresponds to the case of power generation and the dashed 

llne to a pure gasdynamical expansion. Wlth approximately equal 

stagnation conditions, the static pressure values are remarkably higher 

in the case of power generation as compared wi th the case of a pure 
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Figure 3.2. Static pressure as a function of time at three radial 

positions of the generator, helium test gas. Full line -

case of power generation; p = 2.8 bar, T = 2060 K, 
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gasdynamlcal expanslon, especlally in the downstream part of the 

channel. These higher values result from the action of the body force 

J x B on the worklng medium. The dlstlnct lncrease of the static 

pressure values in conneetion wlth the magnetlc interaction makes them 

useful for a quasi one-dlmenslonal gasdynamical analysis as it wlll be 

discussed in the following chapter. 

In some experiments lnformation on the flow velocity is 

obtained by means of streak photography. An example of a streak picture 

is shown in figure 3.3. In the figure, the time scanning is along the 

horizontal axis from right to left. The period covered by the time 

scanning is 140 IJS. On the vertical axis, the height of the streak 

corresponds to the observed radlal interval of 0.110 m. The dark 

R == 0 .170 m 

g.d . shock 

R == 0 .091 m 

time 

Figure 3.3. Streak photograph of the disk generator with radlal 

nozzle, helium test gas. The eperating parameters are 

p = 3.05 bar; T =2090 K; B = 1.8 T; a= 0.07 %; 
staq staq 

R = 0. 18 Ohm. 
L 

horizontal lines are due to the shadlng by the electrode rings. The 

inclined tracks of high illumination result from the radlal propagation 

of the discharge structures (streamers) present in the plasma. Assuming 

only a small difference between the streamer veloei ty and the flow 

velocity [ref . l), the latter is evaluated fora given radial positlon 

from the angle between the track of the streamer and the time axis. The 

radlal component of the flow velocity is used for the purposes of the 

gasdynamical analysls. 

Still more information can be derived from the presented 

example. Kinks in the streamer tracks are visible at radia l position of 
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0. 120 m. This kinks indicate a sudden decrease of the flow velocity due 

to an oblique gasdynamical shock [ref. 2] at that position. Such a 

conclusion is in accordance with the measured values of the static 

pressure . 

The values of the electrical quant l ties are also obtained as 

functions of time in each experimental run. Typical examples of the 

Hall current history are presented in figures 3.4, a and 3.4, b for the 

cases of argon and helium respectively. The data correspond to the same 
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Figure 3. 4. Hall current as a function of time: 
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experimental runs for which the records of the static pressure are 

presented. The records also indicate the periods of power generation. A 

comparison of the Hall current records with the static pressure records 

presenled in figures 3.1 and 3 . 2 shows that the higher static pressures 

are obtained during the period of power genetalion indeed. 

Examples for the signals from the voltage probes are depicted 

in figures 3 . 5, a and 3. 5, b for argon test gas and helium test gas 

correspondingly. In the figures, the different llnes represent the 

potentlal differences obtained from pairs of neighboring voltage probes 

situated at the inlet, at the mlddie and at the outlet of the 

generator. The large variations of the signals, especially at the 

beginning and at the end of the experimental period, are due to the 

onsets of the generator operation. These variations suggest that 

quasi-stationary operation of the generator is not realized during the 

total period of power generation. 

An illustration of the signa! from the Rogowski coil is given 

in figure 3. 6, a and the corresponding azimuthal current hl story is 

shown in figure 3. 6, b. In order to obtain the azimuthal current, the 

signa! from figure 3. 6, a is integrated. The inlegration introduces 

certain inaccuracy due to the unknown values of the remnant background 

signa! (see section 2. 5) during the period of power generation. For 

simplicity a linear varlation of the remnant background signa! is 

assumed. The parameters of the llnear varlation are chosen such that it 

yields zero azimuthal current at the beginning and at the end of the 

period of power generation. 

A comparison of all presenled records shows that during the 

period of power generation a time interval can be distinguished in 

which the electrical and gasdynamical quantities are almost steady. 

Before and after this interval, onset intervals wlth large varlation of 

the measured quant i ties are observed. In the presenled figures, the 

interval with approximately steady values of the measured quantities is 

noted as the test interval and a discussion on it will be given in the 

following section. 

Evaluation of the plasma nonuniformities has been carried out 

on the basis of radlation measurements and fast framing photography. 

Examples of the measured radlation as a function of time are given for 

argon plasmaand helium plasma in figures 3.7,a and 3 . 7,b respectively. 

Only a small part of the records is shown including the start of the 

radiation. The position of the test interval within the radlation 
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Figure 3.6. Measurement of the azimuthal current component . Helium test 
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a) calibrated signal from the Rogowsk i coil versus time ; 

b) azimuthal current component r esulting from the i ntegration. 
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records is determined with respect to this moment. It is assumed that 

the start of the radlation coincides with the start of the period of 

power generation. Than the position of the test interval as defined 

from the records with 10 kHz sampling rate is transferred in the 

radlation records. Concerning figures 3.7,a and 3.7,b, the test 

interval appears out of the shown part of the radlation records . The 

structure which is observed in this part, however, is also 

representative for the test interval (except the short onset interval 

at the start of the radiation). A detailed plotting of the records 

sample by sample as it is given in figures 3.7,a and 3.7,b is useful 

for the cernparisen of the radlation varlation with the discharge 

structures observed in the framing pictures. 

In both figures 3. 7, a and 3. 7, b the upper trace is from a 

speetral portion of 1 nm around À = 490 nm of the cesium recombination 

continuurn radiation. The lower trace is from the cesium speetral line 

radlation with À = 566.4 nm corresponding to the transition 

90
312

- 6P
112

. At these wavelengtbs and at the typical conditions in the 

generator the nonequilibrium MHD plasmas are optically thin and there 

are no contributions of radlation from ether sourees [ref . 3, 

p.p.42-44]. From the ratio of the two signals the electron temperature 

is determined and from the recombination continuurn signal the electron 

density is determined [ref.4). The values of the electron temperature 

and density are calculated for each of the consecutive sampling 

intervals (2 . 5 ~s for argon and 1 ~s for helium) presenled in the test 

interval . The obtained results correspond to the average radlation over 

the spatially resolved volume as determined by the applied optica! 

instrumentation (see sectien 2.5). 

The electron number densi ty is proportional to the square 

root of the recombination continuurn signal, with coefficient of 

proportionality depending weakly on the electron temperature [ref. 3, 

p. 41]. Consequently the calculated electron densi ty values vary in 

correlation wi th the recombination continuurn signal. The correlatlon 

between the electron temperature and the two signals used for i ts 

calculation is, however, not so obvious. Calculations using records 

wlth well pronounced structure (as these in figure 3. 7 a), result in 

electron temperature values which correlate both with the two signals 

and the calculated electron density values. Therefore a conclusion can 

be drawn that such radlation signals correspond to a sequence of moving 

discharge structures (streamers). The obtained electron densi ty and 
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temperature provide only an approxlmate lnformatlon about the 

streamers. A detalled study requlres the reconstructlo~ of the 

emlsslvlty spatlal dlstrlbutlon of the streamers [ref.3, p.p.50-53] and 

consequently of thelr electron denslty and electron temperature 

proflles. Such a task is beyond the scope of the present experlments . 

When the records have less pronounced structure (flgure 3.7,b 

represents such an example) the obtalned electron temperature can be 

consldered as a fluctuatlng one, rather then as varylng in correl atlon 

wlth the electron denslty. Consequently the recognltlon of the 

discharge structures is less clear. 

The varlation of the electron temperature and density caused 

by the streamers are expressed as relatlve quantitles in the form of 

standard deviatlons from the average values over the test interval . The 

re sul ts of two typ i cal serles of expertmental runs wl th the · load 

resistance as the varled operatlng parameter are presenled in tables 

3.2 (argon test gas) and 3.3 (helium test gas) . For comparlson, the 

generaled electrlcal power is also presented. 

Table 3.2. Fluctuatlon levels (one standard deviatlon) of the electron 

R (0) 
L 

0.38 

0.28 

0 . 18 

0.12 

0.07 

temperature fiT I<T > 
e e 

and of the electron densi ty fin l <n > 
e e 

around the average values <Te> and <ne> in the test interval . 

Argon test gas, generator with swlrl vanes; p =8. 8bar, 
stag · 

T 2130 K, B = 3.3 T, ~ = 0.05 Y.. 
stag 

fiT /<T >, Y. <T >, K fin /<n >, Y. <n >, -3 p ,kW m 
e e e e e e el 

35 2500 25 5.6x1020 354 

33 5400 33 8.0x1020 415 

40 2600 30 3.0x1o20 446 

22 3400 25 7.4X1020 534 

35 3100 27 4.6x1020 326 

The fluctuatlons of the electron temperature and electron 

denslty are conslderable and do not show correlation with the generaled 

electrical power. At particular operating condltions of low seed 

fractlon a suppression of these fluctuations has been reported 

[ref. 5,6] . Such reduction of the fluctua tlon levels has notbeen found 

at experlmental condltions similar to those of ref. 5 and ref. 6, 
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nelther in the experlmental runs wlth other values of the eperating 

parameters. 

Table 3. 3. Fluctuatlon levels (one standard devlatlon) of the electron 

RL (0) 

7.18 

2.40 

1. 00 

0.50 

0.26 

0.03 

temperature ~T I<T > 
.. 0 

and of the electron densl ty ~ /<n > 
e o 

around the average values <T > and <n > in the test interval . .. .. 
Helium test gas, generator wlth radlal nozzle; p = 3.3 bar, 

staq 

T 1860 K, B = 2. 8 T, « = 0. 006 %. 
staq 

~T I<T >, % <T >, K ~n /<n >, " <n >, -3 
P ,kW m 

0 .. .. 0 0 0 el 

28 3700 25 2. 1X1020 50 

33 4100 30 3.2x1020 116 

38 3800 29 2. SX1020 144 

37 3700 34 1. SX1020 127 

32 3700 30 1. 3x1020 124 

37 3700 35 1. 7X1020 57 

The results of the time resolved radlation measurements are 

compared wlth the results of the fast framing photography. 

Representative framing pictures for experlmental runs wl th argon and 

helium are shown in flgures 3.8,a and 3.8,b correspondingly. The 

obtained sequence of framing plctures in one run covers a much shorter 

interval than the test interval where the eperation of the generator is 

consldered and both intervals do not necessarlly overlap. 

The characterlstic dimensions of the discharge structures are 

estimated from the dlmenslons of the most illumlnated areas in the 

individual framing plctures. Typically they are of the order 1 + 2 cm 

in cross sectlon and wi th highly irregular length and shape. The 

discharge shape and the discharge orlentation with respect to the flow 

direction change when the eperating parameters are varied. The traces 

of the radlation signals shown in figures 3. 7,a and 3.7,b and the 

correspondlng varlation of the electron temperature and electron 

density are in qualitative agreement with the outcome from the framing 

pictures. The maxima with irregular height at intervals of about 40 ~s 

in the case of argon test gas and about 6+8 ~s in the case of helium 

test gas can be attributed to plasma nonuniformities as those observed 

on the framing pictures. 
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Figure 3.8. Framingpicturesof a sector of the disk generator between 

radii of 0.085 mand 0.170 m: 

a) argon test gas- p = 5.3 bar, T = 2130 K, B = 3 . 8 T, a= 0.08 %; 
stag stag 

b) helium test gas- p = 2.8 bar, T = 2060 K, B = 2 . 1 T, a= 0.02 %. 
stag stag 
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3. 4. Time average 

The radlal slze of the experlmental disk flow ducts and the 

typlcal stagnation conditlens for the clos~d cycle MHD exper1ments (see 

sectlons 2.2 and 2. 4) def1ne characteristic flow times through the duet 

of approx1mately 3. 10-4 s for the argon test gas and 1. 10-4 s for the 

helium test gas. These characteristic times have to be related to the 

onset of the generator operatien in the beginning of the power 

generation perlod. At least f1ve flow times have been found necessary 

in order to reach a quasl-statlonary flow condltlons. 

As dlscussed in the prevlous sect1on, a time interval wlth 

approxlmately steady values of the gasdynamlcal and electrical 

quantities is observed in each experlmental run. This interval is found 

to be longer for argon test gas than for helium test gas according to 

the difference in the duration of the established stagnation conditions 

and consequently in the duration of the power generation for the two 

test gases (see section 2. 2) . 

Thus for each experimental run a representative test interval 

is deflned according to the followlng criteria: 

i) the test interval must be not shorter than 1 ms for the experl mental 

runs with argon and 0. 6 ms for the experlmental runs wlth helium; 

11) the test interval contalns the maximal value of the Hall current ; 

Hi) in the test interval the varlation of the static pressure and 

the Hall current is as smal! as posslble. 

In each cons1dered experimental run the test interval is 

positioned properly wlthln the power gener ation perlod according to the 

criteria 11) and iii} . Than the average values and the fluctuations of 

the monitored gasdynamical and electrical quantities are determined 

over the test interval . The average values obtained at diffe rent radial 

positions represent the quasi-stationary radial distribution of each 

quantlty. The set of quasi-stationar y radial distributions corr esponds 

to the quasi-stationary operatien of the disk generator . 

An example for the static pressure radial distribut ion is 

shown in figure 3.9,a for an experimental run with argon test gas and 

in figure 3.9 , b for an experimental run with helium test gas . In both 

figures, the hor i zontal bars account for the diameters of the orifices 

leading to the pressure transducers . The ver tical bars represent the 
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Figure 3.9. Static pressure measured during the test interval at 

different radial positions: 

a) argon test gas, p = 5.4 bar, T = 2130 K, B = 3 . 8 T, a= 0 . 08 %. 
staq staq 

b) helium test gas, p = 2.8 bar, T = 2060 K, B = 2.1 T, a= 0. 02 %. 
staq staq 

The error bars are discussed in the text. 
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inaccuracy of the static pressure measurement at the different radial 

positions. Three sourees contribute to this inaccuracy, namely the 

spatlal varlation of the static pressure over the orifice, the time 

varlation of the static pressure and the inaccuracy of the deleetion 

equipment. The first mentioned souree of inaccuracy dominales in the 

supersonlc nozzle region and glves a large static pressure uncertalnty 

over the radlal interval occupled by the orlfice (see figure 3. 9, b). 

The time varlation of the static pressure at the posltions of 

measurement has always been found irregular durlng the test interval. 

The correspondlng inaccuracy is estimated in relation with a confidence 

coefficient of 0.68. In the downstream region of the disk channel the 

contribution of the spatlal varlation of the static pressure over the 

orlflce is smaller than the other two sourees of lnaccuracy. The time 

varlation of the static pressure appears to be the dominatlng souree of 

inaccuracy in the downstream half of the disk channel . In the different 

experimental runs performed at constant operating parameters, the 

scatter of the measured static pressure at any position is found much 

smaller than the above considered inaccuracy. 

Typlcal radial voltage distributions are shown in figures 

3.10 and 3.11. The lnaccuracy of these radlal voltage dlstrlbutlons is 

250 

200 

150 

100 

50 

0 

-50 ~..-o-~~--'-~~~..__._~~--'-~~~1..-o-~~__.__, 
0 5 JO 15 20 25 

RADIUS (m) 

Figure 3.10. Radial voltage dlstrlbution with a voltage drop in 

the inlet region of the generator: argon test gas, 

p = 5.4 bar, T = 2130 K, B = 3 . 8 T, a= 0.08 %. 
staq staq 

For the error bars, the traces shown in figure 3.5,a are used. 
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RADIUS (m) 

Figure 3.11. Radial voltage distribution with a positive plasma 

potentlal in the inlet region of the generator: helium 

test gas, p = 2.8 bar, T = 2060 K, B = 2.1 T, 
staq staq 

« = 0.02 %. For the error bars, the traces shown in 

figure 3.5,b are used. 

illustrated by the error bars presenled for some radial positions. The 

error bars include the fluctuations of the signals and the inaccuracy 

due to the deleetion equipment. On both figures, the individual points 

are conneeled by straight cut-offs. Such visual aid appears to be 

useful for a quick assessment of the disk generator electrical 

performance after each experimental run. The slope of each cut-off 

represents a constant value of the radial component of the electric 

field in the corresponding radial interval. The radial component of the 

electric field determined in this way will change with jumps at the 

positions of the kinks in the voltage distribution, but such a 

disadvantage appears to be admissible in the framewerk of the analysis 

of the experimental data, as described in the next chapter. 

In figure 3.10, a negative voltage wit-h respect to the anode 

is present in the inlet region of the disk generator . In figure 3.11 

such a voltage is not obtained due to the particular eperating 

condi ti ons employed . The plasma potentlal in the in let region of the 

disk generator is observed to be rather sensitive to the eperating 

parameters, such as the seed fraction, the magnetic induction, the 

stagnation temperature and the load resistance. This sensitivity 
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reflects the important role of the relaxation processes in the inlet 

region for the state of the plasma there. In genera!, the negative 
I 

potentlal is associated with the low plasma conductivity and a 

consumption of electrical power in the considered volume of the 

generator [ref.7]. The negative potentlal in the inlet region of the 

disk generator results from different sets of operating conditions, for 

example when any of the operating parameters such as the seed fraction, 

magnette induction, stagnation temperature and load reststance obtains 

low values (see table 3.1). 

The successful suppression of the negative plasma potentlal 

in the inlet region is important for the increasing of the generator 

power performance. The realization of a positive plasma potentlal in 

the inlet region requires a selection of operating parameters which 

re sult in an enhanced plasma conduct! vi ty there. At such selected 

operating condi tions, however, other effects take place, which may 

reduce or even compensate the gain from the negative voltage 

suppression. An example is the effect of strong flow deceleration in 

the downstream half of the disk generator due to the body force with 

direction opposite to the flow direction. The flow deceleration results 

in a reduction of the induced electric field in the downstream half of 

the generator. This reduction 

distribut ion 

is expressed as a flatlening of the 

(in figure 3. 11- downstream of radial voltage 

r ~ 0.020 m) . As a rule, significant flow deceleration has been 

obtained at the same values of the eperating parameters, which result 

in a positive plasma potentlal in the inlet region of the disk 

generator. Therefore the power performance needs an optimization with 

respect to the operating parameters. An example concerning the load 

reststance as the optimized operating parameter is presenled in 

section 3. 5. 

Other quantities, for which the average values over the test 

interval have been used, are the Hall current and the azimuthal 

current . The inaccuracy of the Hall current, resulting from the 

inaccuracy of the deleetion equipment and from the current 

fluctuations, is estimated as· 6 % at average. The inaccuracy of the 

azimuthal current is estimated to be wi thin a factor of 1. 2 in the 

fo~lowing way. The inaccuracies of the Rogowski coil calibration and of 

the detection equipment are each 1. 5 %. The inaccuracy due to the 

inlegration with approximated remnant background signal is estimated as 

15 % at average . The fluctuations of the azimuthal current over the 

test interval contribute with 5 % at average. 
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3.5. Generator performance results 

The power performance of the experlmental disk generators is 

studled on the basis of thelr voltage to current characterlstlcs. The 

average va lues of the Hall voltage and Hall current over the test 

interval (as described in the prevlous sectlon) are used for the 

lndlvldual points of the V-I curves. Sets of V-I characterlstlcs have 

been obtalned in whlch the lndlvldual V-1 curves correspond to 

different values of a single eperating parameter varled. 

For argon test gas the dependenee of the V-I characterlstlcs 

on the seed fractlon and on the magnetlc lnductlon is lllustrated in 

flgures 3.12 and 3.13 respectlvely. In figure 3.12, the curves denoted 

400 

0 + swirl vanes 
\ +, 

0 radial nozzle \ ' \ ;_:,k-t \ 
\ 

\ ' 3 
\ ' \ 

300 \T \ 

4", \ 

~ '~ 
'>, 

+--~I--~ ' ' -- + 
UJ ' I 

0 \ ' 'o \ 
< \ 2 ' \ 

!:i \ \ \ 
200 \ \ 

\ 0 +, \ 
\ \ > -· \ I \ 

...I + I 'o I 

~ 
\ 
\ 1 I \ 
\ I + 

:r \ I + I I 

100 I I curve seed fraction 
I I 

I + 0.006 ' ... 0.03 ' ' ' 
3;4 0.055 ' 

"-

0 x10
3 

· 

0 .5 1.0 1.5 2.0 2.5 

HAll. CURRENT (A) 

Figure 3.12. Voltage to current characteristlcs wlth argon test gas at 

different values of the seed fractlon. Except the seed 

fraction, the eperating parameters are constant for all 

p = 8.8 ± 0.2 bar, 
stag 

curves: T = 2140 ± 90 K, 
stag 

B = 3 .2 ± 0 . 2 T. For the curves 3 and 4 also the seed 

fraction is approxlmately equal. 

52 



with 1, 2 and 3 have been obtained wlth the generator wlth swlrl vanes 

at three different values of the seed fractlon, whlch are lndlcated in 

the flgure. The generat~d electrlcal power lncreases wlth lncreaslng of 

the seed fractlon. It is seen that the shape of the presenled V-1 

curves does not change slgnlflcantly wl th the varlation of the seed 

fraction. 

Slmllar sets of V~I characterlstlcs have been obtained wlth 

the generator wlth radlal nozzle. In flgure 3 . 12, a V-I characterlstlc 

of the generator wlth radlal nozzle is also presented (curve 4) in 

order to compare the performance of the generator wlth swlrl vanes wlth 

that of the generator wlth radlal nozzle. The generating volumes as 

well as the eperating parameters correspondlng to curves 3 and 4 are 

equal. Higher electrlcal power is obtalned by the generator wlth swlrl 

vanes. Such a result is in agreement wlth the posslblllty to lncrease 

the power denslty in the generator at values of the effective Hall 

parameter of the order of unity by means of introduetion of a swlrl at 

the lnlet of the disk channel (0. 7 in thls construct ion, see sectien 

2. 4). Low values of the effective Hall parameter have been obtalned 

indeed, as wlll be discussed in the next chapter. 

In flgure 3. 13, the V-I characteristics have been obtained 

wlth the generator wlth radlal vanes at three different values of the 

magnetic induction, which are lndlcated in the flgure. The generaled 

electrical power increases with the magnetic induction. 

For helium test gas the varlation of the seed fraction and of 

the magnetic induction results in a change of the shape of the V-I 

characterlstlcs in contrast with the case of argon test gas. An example 

is presented in figure 3. 14. For the two V-I curves the stagnation 

pressure and the stagnation temperature are approximately equal whilst 

the seed fraction and the magnetic induction are different as indicated 

in the figure. The different shapes of these V-I characteristics are in 

agreement wlth the observed sensltlvlty of the gasdynamlcal performance 

to the strength of the magnetic interaction. It should be noted that a 

higher magnetlc lnduction is not the sufflcient condition for a higher 

magnet ie interaction. Other factors, 1. g. a low seed fractlon, can 

cause a reduction of the magnetic interaction at the higher magnetic 

induction. The V-I curve 1 has been obtalned at optimal values of the 

magnetic induction and seed fraction for maximal electrical power 

generation. The V-I curve 2 has been obtained at larger magnetic 

induction and smaller seed fraction. At the higher magnetic interaction 
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Figure 3.13. Voltage to current characteristics with argon test gas at 

different values of the magnetic inductlon for the 

generator with radlal vanes. Except the magnetic lnduction 

the operating parameters are constant for all curves: 

p = 5. 8 ± 0. 2 bar, T 2050 ± 50 K, seed 
stag stag 

fraction 

0.04 ± 0.02 %. 

(curve 1) a significant flow deceleratlon (due to the large azimuthal 

current component) is observed. This deceleration limits the Hall field 

in the generator particularly when open circuit conditions of eperation 

are approached (than the Hall field equals -~u B). No such llmitation 
r 

occurs at low magnetic interaction (curve 2) due to the smaller 

reduction of the flow veloclty. At smaller load resistances, the higher 

seed fraction allows for a larger currents due to the larger 

conductivity. As a result curve 1 crosses curve 2 and passes above it. 

The generator performance at different stagnation conditions 

is compared on the basis of the average enthalpie effic iency defined as 

the fraction of the thermal input in the generator, converted into 

electrical power. In the same way, the performance of the different 

examlned disk generators ls compared at similar values of the operating 

parameters. The thermal input is calculated from the stagnation 

conditions and the throat area of the particular converging diverging 
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section employed (see section 2.4). The enthalpie efficiency is 

presented as a function of the load resistance. 
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Figure 3.14. Voltage to current characteristics wlth helium test 

gas, generator with radlal nozzle . For both curves 

the stagnation conditions are approximately equal: 

p = 3.2 ± 0 . 2 bar, T 1980 ± 100 K. 
stag stag 

The enthalpie efficiencies, obtained with argon test gas are 

presented in figure 3.1S. The operating parameters correspondlng to the 

different curves are also indicated in the figure. Curves 1 and 2 are 

related to the generator with swirl vanes. The enthalpie efficiency at 

low stagnation temperature and pressure (curve 2, 17.4% at maximum) is 

almost equal to that at high stagnation temperature and pressure 

(curve 1, 18.8% at maximum). 

The influence of the design of the converging diverging 

section is seen from the comparison of the curves 2 and 4. The 

favorable effect of the positive inlet swirl (0. 7 in the design with 

swirl vanes) is reflected in the enthalpie efficiency of 17.4% of the 

generator wi th swirl vanes in comparison wi th the maximum enthalpi e 

efficiency of 13.3 % of the generator with radial vanes at similar 

conditlens (curve 4). 
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Figure 3. 15. Enthalpie efficiency versus load resistance with 

argon test gas at high seed fraction (0.03 ± 0 . 02 %). 

The other eperating parameters for the different 

curves are as fellows: 

curve T stag (K) pataq (bar) B (T) 

1 3340 ± 50 8.3 ± 0. 1 3.2 ± 0. 1 

2 1990 ± 40 4.3 ± 0:1 3.8 ± 0.1 

3 2080 ± 70 4 . 4 ± 0. 1 3.1 ± 0.1 

4 2065 ± 60 5.5 ± 0.2 3. 7 ± 0 . 1. 

From the two designs producing flow without inlet swirl, the 

generator with radial nozzle has a smaller enthalpie efficiency (9.6% 

at maximum - curve 3) as compared with the generator with radial vanes. 

In first place this smaller enthalpie efficiency is attributed to the 

presence of an oblique gasdynamical shock due to the geometry of the 

radial nozzle. In second place, the smaller magnetic induction 

corresponding to curve 3 also reduces the ent halpie efficiency. The 

presence of oblique gasdynamical shock at the end of the radial nozzle 

is supported from the static pressure measurements as described in the 

previous sect ion. 
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When helium test gas is used, the presence of gasdynamical 

discontinul ties has shown a strenger influence on the performance of 

the disk generator. With the helium test gas , enthalpie efficiencies of 

7 % at maximum have been obtained, the experiments being performed with 

the generator with radlal nozzle only. 

References 

1. Bosma J.C. M., "Gasdynamlcal effects in linear MHD generators", Ph.D. 

Thesis, Eindhoven Unlverslty of Technology, 1987, p.p.57-69. 

2.Shaplro A.H. , "The dynamlcs and thermodynamlcs of compressible fluld 

flow", John Wlley & Sons, N. Y., 1953, Vol. I, p.p. 529-608. 

3.Wetzer J.M., "Spatlally resolved determlnation of plasma parameters 

of a noble gas MHD generator", Ph. D. Thesis, Eindhoven University of 

Technology, 1984. 

4.Veefkind A., Karavassllev P. , Dalun W., "Performance experiments wlth 

a shock-tunnel-drlven argon-cesium MHD disk generator", Journal of 

Prop. and Power, 1. No.4, July-August 1988, p.p.363-369. 

5 . Shioda S. et al. "Experimental studies of an inert gas disk MHD 

generator with sma'Il seed fractlon", 18th Symp. on Eng. Asp. o( MHD, 

Montana, USA, June 1979, p.p.D-2.6.1 . - D-2.6.7. 

6. Harada N. et al. "Experlmental studies on the performance of closed 

cycle MHD generators wl th fully lonlzed seed", 22nd Symp. on Eng. 

Asp. of MHD, Starkwllle, USA, June 1984, p.p. 3.1.1-3. 1.14. 

7.Borghi C.A., "Dlscharges in the lnlet region of a noble gas MHD 

generator" , Ph.D. Thesis , Eindhoven University of Technology, 1982, 

p . p. 104-106. 

57 



4. ANALYSIS OF THE EXPERIHENTS 

4. 1. Introduetion 

In order to obtain the maximum information from the 

experimental results described in the previous chapter, an extensive 

analysis of the data colleeled for the gasdynamical and electrlcal 

quantities has been performed. 

The physical background of the analysis is developed in 

sectien 4.2. In this sectien the general equations which describe flows 

of cellision dominaled two-temperature plasmas interacting with 

electric and magnetic fields are given. The so called MHD approximation 

is introduced. After the approximation, the equations for the 

macroscopie electrical quantities and the field equations appear 

considerably simplified. In the framewerk of the MHD approximation, the 

case of an unstable nonuniform plasma is compared wi th the case of a 

stabie uniform plasma. To characterize the former plasma, the ef fective 

electrlcal conductlvlty creff and effectlve Hall parameter (3 are 
eff 

introduced. Because of the lack of a satisfactory method for derivation 

of CF eff and (3 eff from the corresponding microscopie plas ma parameters, 

a semiempirical approach is developed for the description of strongly 

nonuniform plasmas such as those appearing in our experiments. 

In sectien 4.3. the quasi two-dimensional time dependent 

equations following from the macroscopie equations in MHD approximation 

are presenled in a cylindrical coordinate - system. Within the 

characteristic time and characteristic length of the phenomena of our 

interest the terms in the differentlal equations are estimated. Only 

some of the terms appear significant. Consequently the equations are 

reduced to a s e t of quasi one-dimensional stat i onary equations 

including the magne tic inte raction. 
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The quasi one-dimensional analysis is described in 

section 4.4. The eperating parameters (inlet stagnation pressure, inlet 

stagnation temperature, magnetic induction), the Hall current and the 

radial voltage distribution resulting from the experiments, together 

wi th the generator geometry data are used as numerical input. The 

effective Hall parameter and effective electrical conductivlty result 

from a fitting of the calculated static pressure, azimuthal current and 

radlal component of the flow veloei ty to the corresponding measured 

counterparts. For each analyzed experimental run radlal profiles of 

creff and {3eff have been obtained as well as radial profiles of the 

calculated gasdynamical and electrical quantities. 

Semi-empirical relationships for creff and {3eff are presented 

in section 4. 5. These relationships swnmarize the correlations found 

between creff and {3err and the local physlcal conditlens in the 

generator (current density, gas density) and the eperating parameters 

(inlet stagnation temperature, magnetic induction, seed fraction) on 

which a dependenee was expected. 

The observed values of the effective Hall parameter are in the 

range between 1 and 3 for both working media and can be approximated by 

a function of the . gas denslty only. The values of the effective 

electrical conductivity show a strong dependenee on the current 

density. In the case of argon the dependenee on the stagnation 

temperature and seed fraction is also pronounced. Weaker dependencies 

on the magnetic induction in the case of helium and on the gas density 

in the case of argon are obtained. 

4. 2. Basic equations 

4. 2.1. Macroscopie equations for the collisional plasma 

The noble gases argon and helium wi th a small addition of 

cesium form the working medium in the present experiments. Under 

typical closed . cycle MHD condltions ( stagnation temperature of about 

2000 K, stagnation pressure of several bar and magnetic induction of 

several Tesla) the plasma in the generator volume is composed of few 
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species. t The species are the noble gas atoms , 

ions and electrons. 

cesium atoms , cesium 

Changes in the gasdynamic characteristics of the plasma in the 

generator occur in the time and space scales of 1. 10-4 s and · 10-1 m 

respectively. In these scales the plasma can be considered as collision 

dominated. Such a conclusion follows from the fact that at the 

conditions mentioned above the average time interval between the 

collislons of the heavy particles is of the order of 10-10 s and the 

corresponding mean free path is of the order of 5.10-8 m. These values 

represent upper limi ts. The electron-heavy partiele collisions, when 

accounted, would diminish these values considerably. The collisional 

character of the plasma under consideration allows lts description in 

terms of a continuous medium with common temperature and flow velocity 

for all the heavy species. 

The electrically conducting properties of the considered 

continuous medium are determlned predominantly by the electrons. The 

latter behave as an independent fluid. The temperature of the electron 

fluid is determined by the energy balance wi th the heavy particles 

fluid. The velocity of the electron fluid is a complex function of the 

electric and magnetic fields present in the plasma as well as of the 

gradients of the fluid properties. 

The contlnuous and electrically conducting fluid sltuated in 

electric and magnette fields is described by a set of modlfied 

gasdynamical equations for the mass, momenturn and energy conservation. 

These equations are complemented with equations descrihing the 

thermadynamie properties of the medium and equatlons accounting for the 

influence of the electric and magnetic fields on the medium and vice 

versa [ref . 1, p . p.182-187]. 

The modified gasdynamical equatlons are: 

Ganservation of mass 

8p at + V. (pu) = 0 (4 . 1, a) 

t 
In the generator volume typical conditions for argon seeded with 

cesium are static pressure "" 5x10
4 

Pa, static temperature "' 10
3 

IC and 

seed fraction "' 5xl0-4
• In the approximation of Saha equilibrium at 

an electron temperature of "' 5000 K the argon ions number density is a 
6 . 

factor of 1.7X10 smaller than the neutral atoms number density and a 

factor of 8 . 7x102 smaller than the cesium ions number density. 
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Ganservation of momentum 

8(pu) ---at + V. (puu) -V.~+ pc(E +u X B) + J X B 

Ganservation of energy 

B(pe) +V. (peul=- V.q- ~.Vu+ J. (E +u X B) 
at 

(4.l,b) 

(4 . l,c) 

In the above equations p, u, pc, ~. E, B, J, e and q denote 

the gas denslty, flow velocity vector, charge denslty, pressure tensor, 

electrlc field vector, magnetlc lnductlon vector, conduction current 

density vector, lnternal energy and heat flux vector respectively. The 

pressure tensor ~ is deflned accordlng to 

P~ - ll(aaux: + au/3 - 2~ v u) 
u CX/3 ,., axa 3" CX/3 • 

(4. 1, d) 

The modifications with respect to the pure gasdynamlcal 

equations represent the momenturn input in the medium [the terms 

pc(E +u x B) and J x Bof the equation (4 . 1,b)] and the energy input 

in the medium [the term J. (E +u x B) of the equation (4.1,c)], due to 

the electric and magnetic fields. 

Three groups of equatlons which complement the modified 

gasdynamical equations will be considered. 

Thermodynamical relationships 

- equation of state 

p = pRT 

- internal energy definition 

e = c T 
V 

- heat flux vector definition 

q = - .>.VT 

(4.2,a) 

(4.2,b) 

(4.2,c) 

In (4. 2, a) R stands for the speclfic gas constant and in 

(4.2,b) cv stands for the speclflc heat at constant volume. After the 

application of the relationships (4.2) only two dependent thermadynamie 

variables remain in the modlfied gasdynamical equations (4 . 1), l.g. p 

and T, provided the coefficient of viscosity l) in (4.1,d) and the 

coefficient of thermal conductivity .>. in (4 . 2,c) are known. 

The equatlons (4.1,a;b;c) are sufficient for the 

determination of the three components of the flow velocity and the two 
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thermadynamie variables, but additional relationships are necessary in 

order to eliminate the functions pc, J, E and B. 

Relatlonshlps, determlnlng pc and J 

- charge denslty 

pc = \ en 
l.. 8 8 
8 

- current density 

J=\enU L a s s 
8 

- continuity equations for the different species 

8n 
ats + V.ns(u +US) n 

8 

- diffusion veleeltles 

U = U [E, B, V( ) ] 
8 8 

- total current denslty 

(4.3,a) 

(4.3,b) 

(4. 3,c) 

(4.3,d) 

(4.3,e) 

Here e , n and U denote the charge, number densi ty and 
B S 8 

dlffuslon velocity of the species s, the dot denotes a production rate 

and the summatien is performed over all charged species. 

The relationships (4.3) extend beyend the concept of 

continuous fluid. The full consideration of a fluid consisting of many 

species requlres wrltlng down equations slmilar to (4. 1) (including 

also terms accounting for the interaction between the different 

species) for each species . The simultaneous solution of these equations 

would deliver the species number densities and diffusion velocities. In 

this sense the equatlons (4.3) provide the minimal addltional 

lnformation necessary for determination of pc and J avoiding the full 

treatment. The dependenee of the diffusion veloeities on varleus 

driving forces and gradients of the fluid parameters is expressed by 

(4.3,d) in a symbolic way. A specific form of this dependenee can be 

obtained as a result of phenomenological or kinetic theory 

considerations . A short descriptlon of a phenomenological approach to 

the equatlons (4.3) will be given in subsectien 4.2.3. 

The dynamic behavier of E and B is defined by the Maxwell 

equations in which pc and j act as souree t e rms . The Maxwell equatlons 
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together with the constl tutlve relationships connectlng the electric 

displacement D and the magnetic field H with E and B respectively, are 

summarized as electromagnetic relationships. 

Electromagnetic relationships 

- Maxwell equations 

an 
at 

V.D 

V X H- j 

c p 

V.B = 0 

- constitutive relationships 

D 

B 

c E 
0 

(4.4,a) 

(4.4,b) 

(4.4,cl 

(4.4,d) 

(4.4,e) 

(4. 4, f) 

In (4.4,e;f) c
0 

and J.L
0 

denote the permittlvity and 

permeability constants of free space. The constitutive relationships 

(4. 4, e; f) are valld for vacuum but at not very high frequencies they 

can be applied also in the case of partially ionized gases. 

In the considered generator medium the collisional energy 

transfer between the electrons and the heavy particles is inefficient 

due to the large mass difference between the interacting components. On 

the contrary, the electron-electron interaction is highly effective and 

as a consequence the electrens can be considered as making up an 

independent fluid. The electron temperature T is determined from the 
" energy balance of the electrons 

conservation equation [ref. 1, p. 189]: 

given 

3km n (T- Tl -~ 
veh 

e e e m 
h 

by the electron energy 

- N - R (4. 5) 

n a 
where Dt: at+ u.V, k is the constant of Boltzmann and m, n, T and 

e e e 

qe stand for the mass of an electron, the number density and 

temperature of the electrens and the heat flux vector in the electron 

gas correspondingly. The energy-weighted average momenturn-transfer 
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As a result of the described simplifications the modified 

gasdynamical equations (4. 1) and the supplementing equations 

(4.2)+(4.4) are reduced to the following ones: 

Ganservation of mass 

8p at + v. (pul = o 

Ganservation of momentum 

8(pu) _ 
~+V. (puu) --V. ~+ J X B 

Ganservation of energy 

8(pc) 
~+V. (pcu) =- V.q- ~.Vu+ J. (E +u X 8) 

(4.7,a) 

(4.7,b) 

(4.7,c) 

The definition (4.1,d) of the pressure tensor~ holcts in the 

equations (4.7) and the thermodynamica! ·relationships (4.2) remain 

without changes . 

The relationships (4 . 3) det~rmining pc and J are replaced by 

the Ohm's law (4.6). The latter is combined with the reduced 

electromagnetic relationships (4.4) in electrical relationships. 

Electrical relationships 

- Ohm's law 

f3 ~(E + u X B) = J + -a- J X B (4.8,a) 

- conservalion of current 

V.J = 0 (4.8,b) 

- Faraday equation 

V X E = 0 (4.8, c ) 

The flow Reynolds number is estimated for typical flow 

parameters of argon flow (veloci ty 103 m/s, static pressure Sx104 Pa, 

static temperature 1200 Kl and helium flow (velocity 3X103 m/s, s t atic 

pressure 1x104 Pa, static temperature 800 K). Using t he height of the 

dis k channel (~ 0.01 m) as a characteris tic dimension, Reynolds number 

values of 6x104 and 1Xl04 are obtained for the argon flow and helium 

flow respectively. These values indicate that the flows are t urbulent . 

The equations (4. 7) hold also fora turbulent fl ow. In these equat ions, 

the velocity, the gas density and the t emperature have to be 

inte rpr eled as quant i t ies, which have been averaged ove r the turbulent 
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flow field [ref.2] . 

As 1t is pointed out by Bosma [ref. 3], the eddy thermal 

conductlvity and the eddy viscosity of the turbulent argon flow may 

exceed with 2 + 3 orders of magnitude the corresponding molecular 

values as they follow from the thermodynamic state of the gas. When a 

magnetic induction is applied in electrically conducting gas flow, the 

turbulence is damped and the eddy viscosity and thermal conductivlty 

are reduced by a factor of two to three [ref.4]. 

4. 2 . 3. The electrical conductlvlty and Hall parameter of an unstable 

plasma of a nonequilibrium MHD generator 

As mentioned in subsection 4. 2.1, the nonequilibrium working 

media of the noble gas MHD generators can be considered as consisting 

of a heavy particles fluid and an electron fluid. The parameters of. the 

latter predominantly determine the electrically conductlng properties 

of the plasmas. 

In the case of stationary and uniform plasmas of the type we 

consider, the electron number density is determined by the Saha 

equation: 

n n 
e I --n 

2 ~ (2mn kT / h2
)

3/2exp(-c / kT ). 
Z e e I e (4 . 9) 

I 

where n, Z and n
1

, Z
1 

stand for the number densi ty and par ti ti on 

function of the neutral seed atoms and single seed ions respectively, h 

is the constant of Plank and c
1 

is the energy of single ionization of 

the seed atoms. The electron temperature follows from (4.5) which 

obtains the form 

J . (E + u X B) 
V 

3km n (T - T)\ meh + R 
e e e ~ 

h h 

(4. 10) 

In (4. 10) the Joule heating is assumed to dissipale by elastic 

electron-heavy partiele collislons (the first term in the right hand 

side) and by radlation (the second term) . The average momenturn transfer 

cellision frequencies V 
eh 

are usually calculated using the 

approximation v"" n g Q , where g is the average relative velocity 
eh h eh eh eh 

of the electrens and heavy particles, approximately equal to the 

average thermal velocity of the electrens and Q 
eh 

is the average 

momenturn- transfer cellision cros s section between the e lectrens and the 
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heavy partiele [ref. 1, p.45] . Data about Qeh for cesium ions and 

cesium, argon and helium atoms are given in the literature (see e.g. 

ref . 1, p.p. 100-121). 

Under the typical closed cycle MHD conditlens the plasma is 

not uniform [ref. 5] . Because of the combination of a two-temperature 

regime and a magnetic field, different plasma instabiltties can 

occur [ref.6]. The ionization instability is the one which affects the 

operatien of the closed cycle MHD generators most seriously [ref.7,8]. 

The following criteria specify the conditions at which the ionization 

instability develops in a stationary uniform plasma: 

i) Linear plane wave perturbation of the electron number density grows 

when ~ > ~crlt' where the quantity ~crlt is the critical Hall parameter 

deflned in the linear instabllity theory [ref.1, p.p.230-239] . As a 

function of the parameters of the stationary uni~orm plasma from which 

the instabllity develops, ~crlt obtains values in the range of 1 + 2 at 

characteristic closed cycle MHD conditions. 

11) Nonlinear wave perturbations of the electron density develop when 

~ > ~nl and/or ~ > ~n2 where ~nl and ~n2 are critical quantities, 

deflned in the nonlinear instabil i ty theory [ref. 9, 10] . When ~ > ~ 
· nl 

ionization waves occur, associated with a final degree of ionization 

only of the seed atoms. When ~ > ~n2 the ionization waves are 

associated with a full ionization of the seed atoms and a partlal 

ionization of the noble gas atoms. Finite amplitude perturbatlon is 

necessary for the nonlinear instability to develop and both modes may 

coexist when ~ > max (~nl'~n2). The quantities ~nl and ~n2 are 

dependent on the parameters of the stationary uniform plasma from which 

the instability develops as well as on the amplitude of the initial 

flnite perturbation. At the typical closed cycle MHD conditions, both 

~nl and ~n2 are of the order of unity. 

It is difflcult to speclfy the statlonary uniform plasma 

parameters of a werking generator. The equilibrium state of the plasma 

supplying the generator does not hold in the supersonic part of the 

nozzle and the merging inlet region of the generator. In the supersonic 

part of the nozzle a relaxation of the process of three body 

recombination occurs. The reason is that the trans i tien time of the 

plasma flow in the supersonic part of the nozzle is short as compared 

with the recombination characteristic time. In the inlet region of the 

generator a relaxation of the process of collisional ionization occurs 

due to the short characteristic time of electron temperature increase 

68 



as compared with the ionizatlon characteristic time. This makes the 

assumption of equilibrium plasma with the local gas temperature at the 

inlet of the generator unacceptable [ref.11, p.p.97-105]. 

As approximate values at the inlet of a realistic MHD 

generator, electron temperature of 2000 K and electron number density 

of 5. 8)(1018 m-3 can be considered. Such values are produced in the 

investlgated experimental disk generators and they correspond to the 

following characteristic values of the eperating parameters (the flow 

Mach number is taken M = 2): T = 2300 K, p = 8.3 bar, 
~ ~ ·~ 

oe = 0. 17X10 , B = 3 T. These operatlng parameters yield a microscopie 

Hall parameter ~ ~ 39 and electrical conductivity ~ ~ 12 S/m 

[ref.11, p.43]. Therefore ~ > ~crlt' ~ > ~nl and ~ > ~nz and the plasma 

is unstable. 

Fluctuatlons, both in time and space, of the electron number 

density and electron temperature and consequently of the electric field 

and current density are associated with the ionization instabllitles 

[ref. 12, 13]. These fluctuations result in current constrictions and 

nonuniform plasma. 

The nonuniform plasma is characterized by an effective 

electrical conductivity and an effective Hall parameter which are 

defined generally as quantities relating at a given instant the 

electric field and the current densi ty averaged over a plasma volume 

containing ma~y nonuniformities. When such an average is performed at 

every point of a certain plasma volume, one may conslder the effective 

quantlties as locally defined in that volume . 

The experimental values of the effective electrical 

conductivity of the unstable plasma appear always to be lower than the 

microscopie electrlcal conductlvity of the reference uniform plasma 

from which the nonuniform plasma has evolved. The effectlve Hall 

parameter of the unstable plasma is always found to be limi ted to 

values of the order of unity. 

In the theoretica! models dealing with the reduced electrical 

conductivity and Hall parameter of the unstable plasma, certain 

structure of the plasma properties is usually consldered in ·order to 

simulate the nonuniformities. Then a space-average takes place of the 

quant! ties in the Ohm' s law. The form of the Ohm' s law is preserved 

wl th respect to the average current densi ty J and average electric 

field E' (the notation E'= E + uxB is used here). The effective 

conductivity and effectlve Hall parameter are defined by analogy with 
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the microscopie quanti ties as IT = ]/E-r and ~ = tg ex--, 
eff .] eff .J,E' 

is the average of the projection of E' on the direction of J 
where E' 

.] 

and ex-
J,E' 

is the angle between J and E'. The coefficlents ITeff and ~ .. rr are 

expressed as functlons of the parameters of the nonunlformitles as well 

as of the microscopie plasma parameters. 

Different reductlon formulae for the effect! ve conduct i vity 

and effectlve Hall parameter have been proposed dependlng on the type 

of the nonuniform structure consldered ln the plasma. For a survey of 

the existing theoretica! models see e.g. [ref.11, p.p. 107-109]. In most 

of the theoretica! models the structure of the plasma nonunlformltles 

is assumed. Therefore addltlonal informatlon about the varlation of the 

electron temperature and electron densi ty is necessary in order to 

calculate ITeff and ~ .. rr uslng these models . 

The lmpllcation of the lonlzatlon- lnstabillty to· the 

formation of flat layer nonunlforml ties has been studled by Solbes 

[ref. 14]. In hls model the plasma parameters in the layers are 

determlned by a quasi llnear plane wave analysls. The unperturbed 

plasma state is deflned by the space averaged parameters of the 

nonuniform plasma. The orlentation of the_ layers is deflned in 

accordance with the direction of maximal growth rate of the lonlzatlon. 

In terms of the llnear theory, i. e. when f3 > f3 er lt , 

unity, Solbes has 

and when f3 1 s 

found that signlficantly larger 

IT eff = <IT>{3 crll/<{3> and 
unperturbed electrlcal 

respectively. 

than 

~ eff"' ~ crlt- 1. Here <U'> and <~> denote the 

conductlvlty and unperturbed Hall parameter 

Massee found that these reductlon formulae, when applled in a 

quasi one-dlmenslonal modellng of a segmented llnear closed cycle MHD 

generator, lead to an overestimatlon of the segment currents ln the 

generator [ref.15, p.p.35-42; 85,115]. The author suggests that a 

probable reason for thls overestimatlon is that the actual plasma 

nonunlformltles have a strongly nonuniform streamer structure whlch is 

not taken lnto account ln the reduction formulae. The dlfficul ty has 

been clrcumvented by lntroducing an appropriate accommodatlon 

coefficlent in the relatlonship of the electrical conductlvity and 

current density, whlch allows to fit the expertmental data [ref.15, 

p.p. 124-129]. 

For strongly nonuniform plasmas no satlsfactory method exlsts 

for derivatlon of the effectlve electrlcal conductivity and effective 

Hall parameter from the local microscopie plasma parameters. Therefore 
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i t is worthwhile to obtain semiempirical relationships between the 

effective parameters of such nonuniform plasmas and the eperating 

parameters and physical condltions of an HHD generator in which the 

plasmas are realized. Such relationships, when establlshed in 

sufficiently large intervals of varlation of the eperating parameters · 

and physlcal condl ti ons, wlll be of help in the modellng of the 

generator. In the last sec ti on of this chapter such semiemplrlcal 

relationshlps are presented. They are derived on the basis of a quasi 

one-dimensional analysis of the experimental results. 

4.3. Reduction of the quasi 2-D time dependent equations 

The set of equations (4.7), (4 . 2) and (4.8) is used fora 

description of the plasma flow in a disk generator. A cylindrical 

coordinate system is used with the origin at the center of the 

generator and the z-axls oriented along the axis of the generator. The 

flow expansion is in the r-t) plane and the magnetic induction is 

parallel to the positive direction of the z-axis (figure 4 . 1). Axial 

dependenee is not included in the present consideration. 

z 

B .,.-----

Figure 4.1 . The coordinate system related to the disk geometry. 

A local cartesian coordinate system is also shown 

logether with the components of the different veetors 

corresponding to a chosen point. 
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Af ter incorporating the thermodynamica! relationships (4. 2), 

the equations (4.7) take the followlng form: 

mass conservation 

momentum conservat1on - radial component 

u u au 
uraalntp + u2 aalnrp + Rraalnrp + r ~ alnp + r + 

r -r- --a:6 at 

2 2 . 
au u~ aur 4 .... a u .... a u 2u _r + ., r _._, __ r + 

rar r- ~ - 3 p ar2 - pr2 ~2 

2 11 au~ 
32~ pr 

2 

1 11 a u~ + R ar 
3 pr ar~ ar 

momentum conservation - azimuthal component 

J~ 
-B p 

2 

alnp u~ alnp Rr alnp + u u alnp + au~ 
u~--at + r-~ + r- -w- r ~ ar at + 

au au 
r 11 r 

u~Tr + -2 ~ 
pr 

energy conservation 

4 11 au~ R ar 
+ + 

3 pr2 a~2 r a~ 
J B 

r 

p 

i\. a2 r J J~ 
- ~(E + u Bl - - (E - u Bl 

P a-62 P r ~ p -6 r 
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0 (4 . 11) 

(4.12,a) 

0 

(4. 12, b) 

0 

(4. 13) 



The electrical relatlonshlps (4.8) become: 

Ohm's law 

J = ~[E - ~E +(ffu + u~)B] 
r 1 +~2 r ó r v 

J = ~[E + ~E +(~u - u )B] 
ó 1 +~2 ó r ó r 

Maxwell equatlons 

8J 1 8J" J 8lnA r 0 8r 
+ 
r=~ 

+ 
r 8r 

aE" 1 8Er 
= 0 'ä"r - aF" r 

(4. 14,a) 

(4.14,b) 

(4.15,a) 

(4.15,b) 

In the mass conservalion equatlon (4.11) and in the current 

conservalion equatlon (4.15,a) additlonal terms are added in order to 

account for the varlation of the disk channel cross section A with the 

radius. 

The eight equations (4.11)+(4.15) contaln eight functlons p, 

ur, u", T, Jr, Jó, Er and Eó of the independent varlables t, r, and ó. 

Slnce the varlation of the disk channel helght is taken into account by 

A(r), the equations (4. 11)+(4. 15) represent a set of quasi 

two-dlmenslonal time dependent equations. The four equations (4. 11), 

(4. 12 a, b) and (4. 13) are mixed nonlinear partlal differentlal 

equatlons for the functlons p, ur, u" and T. The equatlons (4.12 a,b) 

and (4.13) are of second order. The equation (4.13), due to the vlscous 

terms, is nonllnear also in the derivatives of the unknown functions. 

In the case of a stable plasma the equations (4.11)+(4.15) 

have to be supplemented with the electron energy conservalion equation 

(4. 10) and Saha equation (4. 9) in order to provide for the electron 

temperature and electron number density used in the calculatlon of the 

microscopie u and ~. The complicated character of the equations 

(4.11)+(4. 13) makes the solution of thesetof equatlons (4.11)+(4.15), 

(4.9) and (4. 10) problematlcal . 

In the case of an unstable plasma the common approach is to 

consider only the fina1 stage of development of the nonunlformities. 

Then the reduction formulae for determination of ueff and ~erf are used 

as descr i bed in subsectien 4.2.3. As in the case of uniform plasma, a 
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solution of the set of equations (4. 11)+(4. 15) is searched. The 

application of the reduction formulae, however, automatically includes 

the assumption that the characteristic length for averaging contains 

many nonuniformities and the characteristic time for averaging is much 

longer than the evolution time of the nonuniformi ties. In such space 

and time scale the equations (4.11)+(4.13) appear strongly simplified. 

An a 1 ternative to the above approach is u-eff and fleff to be 

treated as unknown variables. A space scale and a time scale for the 

problem are defined on the basis of the experimental observations of 

the nonuniformi ties. A significant reduction of the equations 

(4 . 11)+(4.13) and (4 . 15) appears possible in thesespace scale and time 

scale. Further in this section a description of the second approach 

is presented. 

In order to simpllfy the equations (4.11)+(4.13) , the 

individual terms in each equation are estimated by substitution of the 

participating quantities with characteristic numerical values derived 

from the experimental data. The derivatlves present in the terms are 

estimated by using finite differences. As a flnite difference for given 

quantity which represents a dependent variable, the characteristic 

varlation of this quantity is taken over the defined space and time 

scale. For the gasdynamical quanti ties the time and space resolved 

measurements of the static pressure and radial velocity component (see 

section 3.3) have been used directly (e.g. for u) or via the 
r 

compressible flow relationships [ref. 17, p . p. 83-87]. Particularly for 

the azimuthal veloei ty component, quali tative conclusions are drawn 

from the fa st framing photographs ( see section 3. 3). A survey of the 

numerical values used in the estimations of the terms is presented in 

Table 4. 1 for argon as wellas for helium test gas. 

In the table, the finite differences are denoted by the symbol 

à preceding the symbol of the particular quantity. The subscript of à 

denotes the independent variabie with respect to which the flnite 

difference is considered. 

In Table 4.1, a characteristic length of 0.2 m and a 

characteristic angle of 1 radian are defined. The experimental data 

suggest that many nonuniformi ties are included in such a space scale 

(see section 3.3). The defined space scale, however, does not exceed 

the characteristic dimensions of the experimental disk channels. 

Character istic time intervals of 1X10-3 s for argon test gas and 

5X10-4 s for helium test gas are defined in accordance with the period 
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Table 4.1. Characterictic values of the physical quantities used in the 

estimations of the terms in the quasi two-dimensional time 

dependent equations. 

quantity argon helium 
test gas test gas quantity argon helium 

test gas test gas 

u (m/s) 1X103 3><103 J (A/In2) 1X105 5X104 

r r 

I!J. u " 5X102 1X103 
I!J. J " 1X105 Sx104 

r r r r 

/!J.11ur " 1x101 2x1o1 
J'l') " 1X105 

5X10
4 

I!J. u 
t r 

" 1x1o2 2x102 
/!J."J" " 1X102 Sx101 

u" " 1x1o2 3><102 
E (V/Dl) 2X103 sx103 

r 

/!J.ru'l') " 1x1o2 3><102 r (m) 2X10- 1 2X10- 1 

/!J."u" " sxto0 1X101 /!J.r " 2X10- 1 2X10-t 

/!J.tu'l') " 2x101 sx1o1 
M (rad) 1X10° txto0 

p (kg/lll3) 2X10- 1 sxto-3 /!J.t (s) lXl0- 3 sxto- 4 

I!J. p " 2X10- 1 SXl0- 3 
r 

A (m2) 2X10- 2 2X10- 2 

I!J.'I')p " sxto-3 1X10- 4 
I!J.A " 2X10- 2 2X10- 2 

I!J.tp " 2X10- 2 1x1o-3 
B (T) 3. 0 2.0 

T (K) 1x1o3 1X103 
R 

J 
(kg.K) 2X102 2X103 

I!J. T " 1X103 
1X103 

r c " 3><102 
3x10

3 

V 

ll11r " 2xto1 
2X101 

11ed 
(~) txto- 2 1X10-2 
m.s 

I!J. T " 1X102 1X102 
t 

À (~) 1X101 1X102 
ed K. m 

of quasi stationary operatien of the experimental generators (test 

interval, as described in chapter 3). These time intervals are 

significantly longer than the characteristic time for gasdynamical 

changes in the plasmas (less than lXl0-4 s) during the test interval. 

The experimental data for the fluctuations of the gasdynamical 
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quantltles prove a posterlori the quasi statlonarlty by the comparison 

of the terms in the equatlons. 

Experimentally 1t has been observed that durlng the test 

interval the fluctuatlons of the different measured quanti ties are 

smaller than the varlation of these quanti ties with the radius, 1. e. 

àt( )< àr( ), and that the correspondlng azimuthal varlation is smaller 

than the fluctuatlons, i.e. à~( )< àt( ) (the parenthesis denote any of 

the measured quantltles symbollcally). In Table 4. 1, the values of the 

flnlte dlfferences derlved for the four gasdynamlcal variables ur, u~, 

p and T summarlze the experlmental observatlons. From the table lt is 

seen that àr( )/ àt( >~ 5 + 10 and that àt( )/à~( ) ~ 5 + 10. 

The characterlstlc value of the azimuthal component of the 

current densl ty is observed to be of the same order as that of the 

radlal component, as glven in Table 4.1. The estlmation of the termsin 

the current conservalion equatlon (4.14,a) needs a speclflcatlon of the 

azimuthal varlation of J~. From the framing plctures (see sectlon 3.3.) 

a qualltatlve concluslon has been drawn that the lnequallty à~J~<< àrJr 

is valld. The values given in the table correspond to this conclusion. 

In the space scale and time scale deflned, the identlty E~= 0 

has been assumed valid and E~ is omltted in Table 4.1. 

The turbulent flow coefficlents of viscoslty and thermal 

conductivi ty as dlscussed in subsectien 4. 2. 2, are estlmated for the 

typical experimental conditlens and are included in Table 4.1 . 

The results of the estimations of the indlvidual terms in the 

equatlons (4. 11)+(4.13) are presenled in Table 4.2 for argon test gas 

and in Table 4 . 3 for helium test gas. The numeratlon of the terms in 

the tables corresponds to the sequentia! order of the terms in the 

formulae. 

In both Table 4.2 and Table 4.3 the largest values are 

deslgnated by boxes. The remainlng values are at least one order of 

magnitude smaller. The terms estimated wlth the largest values are the 

significant ones in the equations (4.11)+(4.13) . The tables show that 

the significant terms in each equatlon are the same both for argon and 

helium test gas. With only the significant terms belng left, the 

equatlons (4.11)+(4.13) are reduced to the followlng ones: 

mass conservatlon 

0 (4. 16) 
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Table 4.2. Values of the lndlvldual terms ln the equatlons 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

(4. 10)+(4. 12) for argon test gas. 

conserv.of mass momentum cons.- momentum cons.-
radlal comp. azimuthal comp. 

1. X10
2 1. X105 1. X104 

J5.x1o
3

J J5.x1o
6

J 1. 2X103 

1. 2X101 
J1.x1o

6
J 2.5X104 

12.5x1o
3

1 1.2x1o
4 

15.x1o
5

1 

5. X10° 1. X105 2.X104 

15 . x1o
3

1 15.x1o
6

1 12.5X10
5

1 

5.x1o3 1. 2Xl01 

8.X102 4.Xl0° 

1. 2X101 
15.xto

5
1 

2.5xto4 5.x1o3 

4.2x10° 1. 2X10
2 

2.x1o0 
8.x1o0 

lt. x1o
6

J 2.X104 

l1. 5x1o
6

1 lt. 5x1o
6

1 

momentum conservation - radial component 

du 
u2 dlnp + RTdlnp + 2u _ r + R dT 

r dr dr rdr dr 
J-o 
- B p 

momentum conservation - azimuthal component 

J B 
r 

0 
p 

77 
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energy 
conservat ion 

3.x10
7 

lt.5x1o
9

J 

3.8)(106 

lt. 2x1o
9

1 

4.x105 

1. 2X10
2 

1. 2X10
7 

1. 2X10
4 

4.X101 

4. x103 

2.4X10
3 

3.X10
7 

lt. 5x1o
9

1 

3. X10
6 

1. 2X106 

1. x103 

lt. 1x1o
9

1 

lt. 5x1o
9

1 

(4. 17,a) 

(4. 17, b) 



Table 4.3. Values of the 1nd1v1dual terms in the equations 

(4.10)+(4.12) for helium test gas . 

conserv.of mass momenturn cons.- momenturn cons.- energy 
radial comp. azimuthal comp. conservat ion 

1 4.x102 
1. 2X10

6 
1. 2X105 

1. 2x1o9 

2 jL 5x10
4

1 14.5X10
7

1 9.xl03 14.5X10to l 

3 3 . X10 1 
kx1o

7
1 2.X105 9.x107 

4 ls.x1o
3

1 9 . X104 
14. 5x1o

6
1 l2.sx1o

10
1 

5 s.x1o1 4.x105 
1. X105 6.6x1o7 

6 11. 5X10
4

1 13.x1o
7

1 jL 5x1o
6

1 2.x1o4 

7 3.x104 
1. x103 

- 2.sx108 

8 6. 6X104 3 . 3X102 4 . 5X106 

9 1. X103 
14.5x1o

6
1 6.6x103 

10 1. 5X105 3 . X104 6.6X105 

11 3.3X102 1.sx1o4 6.X105 

12 1. 6X102 
6.6x10

2 
6 . X10

8 

13 kx10
7

1 2.x105 
14.5X10

10
1 

14 l2.x1o
7

l 12.x1o
7

1 9.x107 

l'S s.x1o8 

16 4.X105 

17 ls.6x1o
10

1 

18 16.x10to l 

energy conservatlon 

(4. 18) 

Since only derivatives of the radial coordinate appear in 

these equations, the partlal derivatives have been replaced by ordinary 

derivatlves. 

In the equations (4 . 14) the effective electrical conductivity 
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and effective Hall parameter are introduced in the place of ~ and ~: 

Ohm's law 
~ 

r 
eff [E +(~ u + u.,.JB] 

1 +(~ )2 r eff r v 
eff 

(4.19,a) J 

~ 

J = err [~ E +(~ u - u )B] 
1) 1 +(~ )2 eff r eff 1) r 

(4.19,b) 

eff 

Similar estlmates applied to equatlon (4 . 15, a) resul t in a 

conservation equation for the radlal component of the current density: 

Current conservation 

(4.20) 

The last equation (4. 15,b) to be considered, shows that 

E (r,1)) does 
r 

not depend on and therefore infers a 

quasi one-dimensionality of the problem. 

The equations (4. 16)+(4. 18) represent a set of mixed 

quasi one-dimensional stationary equations including the magnetic 

interaction for the functions ur, u", p and T. These equations have to 

be solved simultaneously with the equations (4.19) and (4.20) for the 

functions Jr, J" and Er. As it mlght be expected, two free parameters 

remain in the latter equations, namely ~ .. rr and ~ .. rr · In the present 

work ~ .. rr and ~eff are determined by an analysis of the experimental 

data inslead by calculation from reduction formulae . The analysis is 

based on the presenled quasi one-dimensional stationary equations and 

is described in the following section. 

4.4. Quasi 1-D analysis 

On the basis of the argumentatlon appl led in obtaining the 

equations (4. 15) + (4. 17) and the discussion presented in 

subsection 4. 2. 3, the following main assumptions of the analysis are 

formulated: 

i) the plasma flow is reasonably described by the solutions of the 

stationary quasi one-dimensional gasdynamical equations including the 

magnetic interaction; 
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11) the effect of the plasma nonunlformlty is represented by the 

reductlon of the microscopie electrlcal conductlvl ty and m1croscoplc 

Hall parameter to fT and ~ respectlvely. 
eff eff 

The objectlve of the analysis is to delermine fT 
err 

and ~err 
as functlons of the radius in each e~perlmental run. In the 

calculations, the following numerical input is used from the 

experlments: 

1) the eperating parameters (lnlet stagnation pressure and temperature, 

magnetlc lnductlon); 

ii) the Hall current; 

111) the radial voltage dlstributlon; 

lv) the generator geometry data. 

To obtaln the worklng formulae, at flrst the effects of the 

walls on the gas flow are taken lnto account in the equatlons 

(4. 17 a, b) and (4. 18) and than some transformatlens of the equatlons 

(4.16)+(4.18) are performed. 

At typlcal flow parameters (see the end of subsectien 4. 2.2.) 

and a characterlstlc length of 10-1 m the boundary layer Reynolds 

number is estlmated to be 3)(105 for argon flow and 5X104 for helium 

flow respectively. Therefore the effects of the walls have to be 

introduced using laminary boundary layer relationships. 

In accordance wlth the quasi one-dlmenslonallty of the 

problem the radlal component of the wall friction F , the azimuthal 
r 

component of the wall friction F~ and the heat transfer W are smeared 

out over the perimeter C of the cross sectlon A of the disk channel. 

Thus the terms 

F (2T /h)u /u (4 . 21,a) 
r w r 

and 
(4.21,b) 

are added to the radlal and azimuthal components of the momenturn 

conservalion equatlons respectively, and the term 

W=2q/h 
w 

(4.21,c) 

is added to the ener~y conservalion equation. In the above terms h is 

the height of the channel, T 
w 

is the shear stress at the wall and q 
w 

is 

the heat flux to the wall. For Tw and qw empirica! expresslons 

avallable in the literature are used (see e.g. ref. 15, p.36, p.76) . 

The shear stress is expressed by the friction coefficient Cr 

(4.22) 
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The friction coefflclent is related to the loca~ Reynolds number of the 

boundary layer Re accordlng to : 
r 

C = R 0. 058Re -o. 2 

f f r 
(4 . 23) 

where Rf is a roughness factor, equal to one for a smooth flat plate. 

The local Reynolds number is calculated from the expresslon 

where r 
thr 

is the throat radlus of the supersonic nozzle. 

(4.24) 

For the 

coefflclent of vlscoslty 11 the followlng expresslons are used in the 

cases of argon test gas and helium test gas correspondlngly (see also 

ref. 16, p.p.Da16-Da18; Dc25): 

11 = 1. 22X10-6 (T - 102)0
"
554 

Ar 

11 = 4. 27X10-7 (T + 12 )0
" 
670 

He 

(4.25,a) 

(4.25,b) 

The val ues of 11 Ar and 11He are used for T = T film' where T film 

ls determlned as the mean ar i thmetlc between the wall temperature T 
w 

and the sa called adiabatic wall temperature Tadw 

T = .!_(T + T ) 
film 2 w adw (4.26) 

The adlabatic wall temperature is expressed as 

T = T + 0. 43Su2/c adw p 
(4.27) 

The expresslon (4.27) is obtalned according to [ref.17, vol 2, 

p.p. 1034-1036]: 

r /T = 1 + .!.~ ( r - 1 >~ adw 2 

where the supersonic flow recovery factor ~ is taken wlth value 

~ = 0. 87, r stands for the ratio (c /C ) = 5/3 and M stands for the 
p V 

flow Mach number. 

The heat flux at the wall is calculated according to 

q = a(T - T ) 
w adw w 

(4.28) 

The heat transfer coefficient a is expressed by the local Nusselt 

number of the boundary layer Nu and the thermal conductivity À as 
r 

a = À Nu r/ ( r - r thr ) , 

where À (15/4)R11 and Nu= 0.0236Re0
"

8 [ref.lS, p.76] . After replaclng 
r r 
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;\. and Nur in the expression for ex and rearranging in accordance wi th 

(4.22)+(4.24), the following expresslons are found for the heat 

transfer coefficients of argon and helium depending on the shear stress: 

ex = 635Y /U 
Ar w,Ar 

(4.29,a) 

ex = 6341 Y /U. 
He w,He 

(4.29,b) 

The equations (4.17 a,b) and (4.18) are rearranged in order 

to obtain explicit expresslons for the derivatives of the dependent 

gasdynamical variables. After replacing the dependent variabie T with p 
dlnp 

by means of the equation of state (4.2,a), eliminating -ar- by means of 

equation (4.16) and rearranging the terms, the following expresslons 

are obtained for the derivatives of ur, u~ and p: 

where 

dp 
dr 

du 

L = -J B - eu u - F.., 
3 r rr~ v 

3 2 
-pu ) 
2 r 

(4 . 30,a) 

(4.30,b) 

(4.30,c) 

(4. 31,a) 

(4.31,b) 

(4 . 31,c) 

The Ohm's law equations (4.19 a,b) are used to express J~ and 

~eff in the following way: 

and 

(4 . 32,a) 

~ J [ 1 + (13 )
2

)/(13 u B + E + u .... B) 
eff r eff eff r r v 

(4.32,b) 

From equations (4.16) and (4.20) it follows directly that 

pu A = const = m 
r 

(4.33) 

JA= const = I (4.34) 
r Hall 

where m is the mass flow and I is the Hall current. 
Hall 
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The following assumption, additional to the assumptlons 

formulated in the beginning of this section, has been made concerning 

the dependenee of the effective Hall parameter on the physlcal 

conditions in the generator: 

f3 = Clp eff 
(4.35) 

where C is a constant to be determlned from the experlments. The cholce 

of the relationship (4.35) wlll be discussed later in this sectlon. 

The working formulae (4.21)+(4.35) represent a closed set of 

equations for the calculation of the the local gasdynamical quantities, 

the electrical quantities, CJ'eff and f3 .,rr· The gasdynamical conditions 

at the starting pos i ti on of the calculatlons and the mass flow are 

determined from the numerical input ( inlet stagnation pressure and 

inlet stagnation temperature, generator geometry data) according to the 

isentropic flow relatlonships [ref. 17, p.p. 83-87]. The other 

quantities calculated directly from the numerical input are J and E . 
r r 

The dependenee (4. 35) of f3.,rr on the gas density is chosen ln 

accordance with the expertmental data . Larger values of f3eff ln the 

downstream part of the channel are suggested from the measured strong 

Hall fields. Only if f3.,ff is sufficlently large, the calculated induced 

electric field (f3effur8 + u~B) exceeds the electric field Er (obtained 

by the measurements) in the downstream part of the channel. Smaller 

values of f3.,ff in the upstream part of the channel are in agreement 

wi th the measured static pressure radial distributions. Using (4. 31) 

and (4 . 32), one may see from the balance of the terms in the equatlons 

(4. 30) that the magnetic interaction tends to increase the pressure, 

i.e. correlates wi th the expertmental observations, when f3.,rr obtalns 

smaller values. It is a reasonable supposition that the gas density has 

influence on f3eff and the relationshlp (4.35) accommodates both 

requirements on 

channel. 

/3 for eff 
the upstream and downstream part of the 

In the analysis, the value of C is determined by the best fit 

of the calculated and expertmental values of: 

i) static pressure p; 

ii) azimuthal current component I~; 

lil) radlal flow velocity component u. 
r 

In any experimental run the fitting is possible by using the 

measured static pressure only. An additional control by means of I~ and 

ur lmproves the reliability of the analysis. In practice the use of I~ 

and u was restricted to the expertmental runs in which these 
r 
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quantities have been measured. The static pressure has been measured in 

each experimental run but for practical reasans the experimental values 

of 1-8 have been obtained in about half of the experimental runs and 

those of u in about one thlrd of the experimental runs (see 
r 

sectien 3. 3). 

Thus, radial profiles of f3 eff and 11' eff have been determined 

for each experimental run as a result of a fitting procedure. After the 

fitting the difference between the calculated p, 1-8 and ur and the 

experimental values used for verification (so far as 1-8 and ur are also 

avallablel is smaller than the inaccuracy of the corresponding 

measurements. 

The experimental resul ts have indicated that gasdynamical 

discantinuitles appear in the flow of the generator (see sectien 3.3) . 

Therefore the option of gasdynamical shocks has been included in the 

calculations. The shock relations are taken the same as ln the case of 

a linear flow [ref. 17, p . p . 532-539] : 

p2 

pl 

'1 - 1 
7+1 

(~ p2 + 1)(~ 
'1 - 1 pl '1 - 1 

; - arctan(tan; ) 
P2/Pl 

(4 . 36,a ) 

(4 . 36,b) 

(4 . 36,c) 

(4.36,d) 

In the relationships (4 . 36) the indices 1 and 2 denote the gasdynamical 

parameters upstream and downstream of the shock front. The angle 

between the shock front and the flow velocity upstream of the shock is 

denoted with ;. The turn angle of the flow velocity due to the shock is 

denoted with ~ - In order to apply the formulae (4 . 36) the position of 

the shock and lts strength ( the angle ; ) have to be additionally 

specifled. 

The positlon and strength of the gasdynamical shocks are 

determined from the experiments. A strong MHD interaction has been 

assumed to be the cause for a gasdynamlcal shock. Conclusion for a 

strong MHD interaction was drawn when a strong Hall field has been 

measured at a glven radlal posltion combined wlth a strong rlse of the 

measured static pressure (see sectien 3 . 4). It has been observed 

throughout the analysis of the different experimental runs that the 
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shock position is moving upstream with the increasing of the magnetic 

interaction strength. A sharp corner on the flow boundary surface is 

a lso considered as the reason for a gasdynamical shock wi th fixed 

position and strength. Such a corner exists in the three investigated 

disk generators at r = 0. 250 m, whereas in the generator wi th radial 

nozzle a sharp corner is located also at r= 0.085 m (see sectien 2.4. ). 

Typical examples of the fitted static pressure radial 

distribution for experimental runs with argon test gas and helium test 

gas are presented in figures 4. 2, a and 4. 2 , b respectively. In these 

experimental runs the fitting includes eventually the azimuthal current 

· component and the radlal velocity component at r = 0.120 m. The 

measured and the calculated values of I~ and ur are indlcated in the 

flgures. 

In flgure 4.2,a the . calculated static pressure fits the 

measured static pressure in case when an obllque shock is included in 

the calculatlons at r = 0. 115 m. The shock is caused by a strong 

magnetic interaction. In figure 4. 2, b the calculated static pressure 

fits the measured one in case when an oblique shock is included in the 

calculations at r = 0. 085 m. Thls shock is caused by the sharp wall 

corner at the same radius. In both figures the rlse of the calculated 

static pressure at r = 0.250 m results from an obllque shock lncluded 

in the calculations because of the sharp wall corner existing at 

r = 0. 250 m. 

The radial prof i les of f3 eff corresponding to f igures 4. 2, a 

and 4.2,b are depicted in figures 4.3,a and 4.3,b for argon test gas 

and helium test gas respectively. The varlation of f3eff is correlated 

to the varlation of the gas density in accordance with the assumption 

(4 . 35). At sufficiently large levels of magnetic interaction the gas 

densi ty may slow down 1 ts decrease in radial di reet ion or even may 

start to increase. Accordingly local maximums of f3eff occur . Two such 

local maximums are seen in figure 4. 3, a and one is seen in figure 

4. 3,b. Each gasdynamical shock causes sudden rise of the gas density. 

The respective sudden decrease of f3eff is observed at the position of 

the gasdynamical shock (compare with figures 4.2 a,b). 

Figures 4.3,a and 4.3,b are representative for the magnitude 

of varlation of f3err· Throughout the analysis of the different 

experimental runs it has been observed that the limits of varla t ion of 

f3eff are roughly between 1 and 3 and that the changes in the operating 

parameters (see Table 3. 1) do not influence these limits. 
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Figure 4. 2. Calculated static pressure fitled to the measured static 

pressure at different radial positions (the bars) : 

a) argon test gas, pstag = 5.38 bar , T 2130 K, stag 
a = 3. 82 r. a = (8. 8±4. 1 )x10-4

; 

b) helium test gas, pstag = 2 . 78 bar, T 2060 K, stag 
B = 2.14 T, a = < 1. 7±1. o )x10-4

. 
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eff 

of the analysis: 

a) argon test gas, pstaq = 5.38 bar, T 2130 K staq 
B = 3. 82 T, o: = (8. 8±4. 1 )Xl0-

4
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b) helium test gas, pstaq = 2 . 78 bar, T 2060 K 
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B=2.14T, 0: = (1. 7±1. Olxl0-
4

• 

87 



The radial profiles of a-orr following from the analysis of 

the considered illustrating experimental runs are presented in figures 

4. 4,a and 4.4,b for argon test gas and helium test gas correspondingly. 

In both figures a-.,rr is not a smooth function of the radial coordinate. 

The reason is that the measured radial voltage distribution used as a 

numerical input in the calculations is approximated by a broken line 

(see figures 3.10 and 3.11) which represents a linear voltage varlation 

in the intervals between the positions of measurement . Consequently the 

electric field E changes with jumps at these positions. According to 
r 

(4 .. 31, b) a-off will also obtain jumps. 

In figures 4. 4, a and 4. 4, b one may notlee a considerable 

varlation of a-off with the radius. The extremes in the radial profiles 

of a- resul t from the balance between the induced electric field 
off 

(tJ.,rru,.B + u~B) and E,. in (4 . 31, b). The radial varlation of u,. and u" 

is smooth regardless the jumps in E . This is due to the fact that 
r 

(8u,./8E,.)<<(8u,./8r) and (8u~/8E,.l<<(8u~/8r). The latter estimations are 

obtained consictering the gasdynamical quantities in (4.30) as functions 

of rand E and using the relationships (4.31)+(4.34). For any location 
r 

between two neighboring pos i tions of voltage measurement the 

inaccuracy in E due to the mentioned approximation, however, is much 
r 

lower than the value of the induced electric field. The inaccuracy in 

the radial profiles of a- corresponds to the inaccuracy of E . 
off r 

Therefore 1t can be assumed that the varlation of a-eff represents a 

large scale radial nonuniformity of the plasma. The only shortcoming in 

the obtained radial profiles of <r
0
ff are the discontinuities at the 

positions of change of E,.. In the following section 1t will be seen, 

however, that such discontinuities in a-eff does nat harm the search of 

correlation between the values of a-eff and the values of the operating 

parameters (stagnation temperature, magnetic induction, seed fractionl 

and local physical conditlans in the generator (current density, gas 

density). 

An accompanying result of the analysis calculations are the 

radial profiles of the other gasdynamical and electrical quantities. 

Particularly the radial profiles of the gas denslty and current density 

are further employed in a search for correla ti on of these quanti ties 

with the effective electrical conductivity. 

88 



100 

Ê 
a) 

--- 80 ~ 

:'0 >-.... 
> 
6 : I 

60 I 

:J ' 

~J)j Cl ~ z I 

0 I 
I u I 

u.: I 

> 40 '--.1 
6 
LIJ 
LL. 
LL. 
LIJ 20 

" " "8 -o ..c 0 '§ c 

"' 
0 ll ll 

0 .1 .2 .3 

RADIUS (m) 

100 

Ê 
b) 

---~ 80 

~ 
> 
6 60 
::> 
Cl 
z 
0 u I 

u.J 
I 

40 I 

> I 

6 I 

Ul \j 
~ 

LL. u. 
LIJ 20 

" -o 
0 
c: 

"' 
0 

0 .1 .2 .3 

RADIUS (m) 

Figure 4 . 4 . Radial profiles of CT 
eff 

as a result of the analysis: 

a) argon test gas, 
Pstaq 

= 5. 38 bar, T 2130 K 
staq 

B = 3. 82 T, ex = (8. 8±4. 1 )x10-4
; 

b) helium test gas, pstaq = 2.78 bar, T 2060 K 
staq 

B = 2. 14 T, ex = ( 1. 7±1. o lxl0-4
• 
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4.5. Semiempirical relationships for the effective Hall parameter 

and effective electrical conductivity 

All colleeled data for f3eff and crerr' logether wlth the data 

for the local physical conditions in the generator (gas density, 

current density) and with the values of the eperating parameters (lnlet 

stagnation temperature, magnetlc lnduction, seed fraction), have been 

investlgated in order to derive functlonal relatlonshlps of f3eff and 

crerr on the physical conditlens and the eperating parameters. 

In accordance with the analysls of the individual experiments 

it is assumed that the general expression of f3eff is glven by (4.35). 

For helium test gas the constant C in (4. 35) is found to be C
8

e= 0. 020. 

For argon test gas 1t is C
4
r = 0. 182. These va lues of the fit tlng 

parameter C appear rather well restrlcted (within the limits of ± 15 %) 

by requiring of a match of the calculated values of the static 

pressure, azimuthal current and radlal component of the flow velocity 

with the correspondlng measured values. A validity of the relationship 

(4. 35) wlth the constants C
4
r and C

8
e is assumed over those ranges of 

values of the gas denslty in which creff has been investigated. The 

constants CHe and C
4
r correspond roughly to va lues of f3 eff around 1 at 

the generator inlet and around 3 at the generator outlet. In the llmits 

of accuracy of the experimental data no correlation has been found 

between the values of f3eff and other quantities (seed fraction, 

magnetic induction). 

The effective electrical conductivity is expected to depend 

on the following quantities : 

1) inlet stagnation temperature T · 
sta.q' 

lil seed fraction «; 

iii) current density J; 

iv) gas density p; 

v) magnetic induction B. 

Expresslons for the dependenee of crerr on the quantities lisled above 

have been developed step by step. The procedure is described at first 

for heli~ as test gas and then for argon. 

As a first step creff is put in correspondence with each 

quantlty whatever the values of the remaining quantlties. For helium 

test gas a pronounced correlation is seen between the effective 
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conductlvlty and the current denslty (flgure 4.5). In the flgure many 

lndlvldual llnes are complled. They represent the correspondence 
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Flgure 4.5. Effectlve conductlvlty followlng from the analysls 

versus current denslty for helium test gas. The llnes 

ln the flgure are complled 

expertmental runs. 

from about forty 

between uerr and the current denslty obtained ln the different 

expertmental runs at a variety of values of the remalning quantltles. 

When uerr ls put ln correspondence wlth the lnlet stagnation 

temperature, seed fractlon, gas denslty and magnetlc inductlon, no 

significant correlation is observed (figures 4.6 a,b,c,d). 

The individual lines in figure 4.6,c are compiled similarly 

as ln figure 4.5. Flgures 4.6,a;b;d look, however, dlfferently. In each 

of these flgures the independent varlable of the expected dependenee is 

an eperating parameter. The eperating parameters obtain discrete values 

in the different experimental runs (see sectien 3.2). In figures 

4.6 a,b,d the inaccuracy of the values of the eperating parameters is 

represented by means of error bars . These error bars cernprise the 

inaccuracies due to the method of measurement and the scatter in the 

reproducibility of the partlcular eperating parameter. In the same 
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Figure 4.6. Effective conductivity with helium test gas 

following from the analysis, plotted versus: 

a) stagnation temperature; 

b) seed fraction; 

c) gas density; 

d) magnetic induction. 

figures the vertical lines do not represent error bars . Each vertical 

line represents a compilation of all values of ueff corresponding to 

the particular value of the eperating parameter. As before, the 

remaining quantities obtain a variety of values but the corresponding 

variatien of ueff is superimposed over the same vertical line. 

The correlation observed in figure 4.5 is approximated by the 

expression 

(4.37) 
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for the interval of values of the current density between l.Sx104 and 

4. 8><105 
A/m

2
. 

As a second step, the ratio cr.,r/f
1 
(J) is put in 

correspondence with each of the quantities 1) through v) whlch remain 

af ter invol ving the current denslty in f 
1 
(J l . A correlation between 

cr.,r/f
1 
(J) and the magnetic induction is observed, approximated by the 

expression 

f2(8) = -0.398 + 1.78 (4.38) 

for the interval of values of the magnetic induction between 1. 2 and 

2. 8 T. No correlation between creff/f
1
(J) and the inlet stagnation 

temperature, seed fraction and current denslty is observed in this 

step. 

As a third step the ratio er /[f (J)f (8)] eff 1 2 is put in 

correspondence with each of the remainlng unoccupied quantities inlet 

stagnation temperature, seed fraction and gas density. No significant 

correlation with these quantities has been observed. 

The finally resulting expression of crerr for helium test gas 

accordlng to (4.37) and (4.38) is 

crHe = 1. 80x10-3 (-0. 398 -~< 1. 78) J 0
•
82 

eff ( 4 . 39) 

A range of values for the gas denslty is speelfled so far as the 

relatlonship (4.35) for helium test gas is concerned. This relationshlp 

is assumed valld for 0.0035 kg/m
3s p s 0.050 kg/m

3
. 

The same approach has been applled to the data for cr
8
ff of 

argon test gas. In the flrst step, however, not one but three 

pronounced correlatlons are observed sirnul taneously. These are 

correlations between cr.,rr and the current densi ty, inlet stagnation 

temperature and seed fraction (figures 4.7,a;b;c). In figure 4.7,a the 

individual lines are complled simllarly as in figure 4. 5. In flgures 

4.7,b;c the horizontal bars and the vertical lines have the same 

meaning as in figures 4. 6, a; b ; d. The three correlations are comblned 

and approximated by the expresslon 

g (j,T ,a.) =a(T ,a.) Jb(CX.l 
1 stag stag 

(4.40,a) 

wlth 

a(T , a.) 
stag 

1.79X10-2T a.- 8 . 92X10-4T 
stag stag 

26, 42a. + 1. 34 (4.40,b) 
and 

b(a.) -5. 0a. + 0.9 (4 . 40,c) 
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Figure 4.7. Effective conductivity with argon test gas 

following from the analysis, plotted versus: 

al current density; 

b) stagnation temperature; 

cl seed fraction. 

The lines in al and the bars in b) and cl result from 

the compilation of about forty experimental runs. 

for the following intervals of values of the participating quantities: 

current density between l.OX104 and 5.2X105 
A/m

2
, inlet stagnation 

temperature between 2050 and 2800 K and seed fraction between 0. OS % 

and 0. 1 %. 

In the secend step the ratio er /g (J, T , ex) is put in 
eff 1 stag 

correspondence wi th the remalnlng quant! ties gas densl ty and magnet ie 
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lnductlon. Only a correlatlon between 11' /g (J, T ,a.) and the gas 
eff 1 stag 

denslty is found , approxlmated by the expresslon 

g2(p) = 1/(7. 290p + 0.365) (4.41) 

for the interval of va lues of the gas densl ty between 0. 030 and 

0. 210 kg/m3
. 

In the thlrd step the ratio 11' /[g (J, T ,a.)g (p)] is put 
eff 1 stag 2 

in correspondence wlth the only remalning quantity magnetic induction. 

No significant correlation is observed in this step. 

The flnally resultlng expression for 

gas according to (4 . 40) and (4.41) is 

11' 
eff 

of argon as test 

11'Ar [ (1. 8X10-2T a. - 8. 9X10-4T - 26 . 4a. + 1. 3)/(7. 3p + 
eff stag stag 

0 _4 )] 1 -s.oa. + 0.9 (4 . 42) 

The semiemplrlcal relatlonships obtalned in the described procedures 

are summarlzed in Table 4. 4. 

Table 4. 4. Summary of the semlemplrical relatlonships for (3 and 
eff 

11' for helium test gas and argon test gas . The units used 
eff . 

in the expresslons are: [11'.,rrl = S/m; [p] = kg/m3
; [B] = T; 

[J] = A/m2; [T 1 = K; [a.] = per cent. Under the formulae, 
stag 

the ranges of thelr validity are glven. 

11' 
eff 

0.02/p 1. 80X10- 3 (-0 . 39B + 1.78) J 0
'
82 

he 11 um ·-- --·---·------ - ---------- --........... - - .......................... __ .................... ______ ................... - ......... .. 
0.0035~p~0 . 015 1. 2 ~ B ~ 3. 8 

J-s.oa. + 0 ' 9 ((1 . SX10- 2T a.- 8.9x1Ö4 T 
ataq staq 

0 . 18/p - 26.4a. + 1.3)]/(7.3p + 0.4) 
argon 

0 . 030~p~0.250 0.05 ~a.~ 0.1 

2050 ~ T ~ 2800 
stag 

0.030 ~ p ~ 0 . 250 

A comparison of the values of 11'err calculated using the 

expresslons in Table 4. 4 with the experimental values of 11'err as they 

fellow from the analysis is presented in figure 4.8,a for helium test 

gas and in figure 4.8 , b for argon test gas. The scatter around the 
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ideal coincidence (the straight line at 45°) is due to the following 

reasons . First, the expresslons (4. 39) and (4. 42) represent the best 

fit to the observed correlations only for the type of functional 

relationship chosen for the approximation. Other choices of the type of 

functional relationship, however, are also possible. Second, the large 

inaccuracy of the values of some eperating parameters on which a 

dependenee is expected, combined wi th the scat ter of these va lues, 

obscure the less pronounced dependencies. For example in the case of 

helium test gas the correlatlon between ~eff and the stagnation 

temperature, seed fractlon and gas denslty is obscured (see Table 4.4). 

Dependenee on the seed fraction has not been found primarily because of 

the large inaccuracy of the seed fractlon determinatlon. No dependenee 

on the stagnation temperature has been observed because of the limited 

range of the stagnation temperature values and the additional 

inaccuracy due to the stagnation temperature increase during the test 

interval (see sectien 2.3) . The spread of the experimental values of 

~eff due to these two factors makes impossible to find a correlation 

between the effective conductlvity and the gas density. 

The values of ~eff labeled as experimental are obtained by 

means of the analysis calculatlons described in sectien 4. 4. In thls 

calculations the values of ~eff used does not follow from the 

measurements since ~eff can not be determined in each location 

experimentally. For determlnatlon of ~eff the assumptlon (4. 35) has 

been used. The results for ~eff depend essentially on thls assumptlon. 

Not only the argumentation given in sectien 4.4. supports the choice of 

the relationship (4 . 35), but also the consistency of the analysis at 

all various experimental runs to which it has been applied. 

With respect to the applicatlori for generator performance 

calculations, the expresslons given in Table 4. 4 have the advantage 

that they are based on a large number of experimental runs carried out 

at wide ranges of values of the eperating parameters (see table 3.1). 

In order to be independent of the geometry data, the values of ~eff and 

~eff (defined as local quantities) are expressed in terms of local 

physical quantities. 
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5. SEMIEMPIRICAL DISK MHD GENERATOR MODEL 

5.1 . Introduetion 

It is the alm of thls chapter to describe the performance of 

a real slze disk MHD generator in which the plasma effective Hall 

parameter and effective electrlcal conductivity are defined by the 

semiempirlcal relationshlps derived in the previous chapter on the 

basis of the analysis of the experlmental results. 

In section 5 . 2 a quasi one- dimensional statlonary disk MHD 

generator model which incorporates the semlempirical relatlonships for 

ueff and {3eff is presented. The working formulae corresponding t o the 

model and the necessary numerical input for the calculations are given. 

In section 5 . 3 the formulated quasi one-dimensional disk MHD 

generator model is tested using a numerical input which corresponds to 

some experiments performed with the two different working media, helium 

seeded wi th cesium and argon seeded wi th cesium. The resul ts of the 

calculations according to the model are compared with the corresponding 

experimental results . In this comparison a discrepancy is observed for 

helium-cesium working medium and a good agreement is found for the case 

of argon-cesium working medium. The outcome of the comparison is 

discussed. 

Section 5.4 presents the application of the quasi 

one-dimensional disk generator model to a real size generator wor king 

with argon seeded with cesium. The operating parameters and generator 

geometry data are chosen such that they provide a good repr oduetion of 

the physical conditions realized i n the expe riments. It is demonst r aled 

that a real size disk generator with larger thermal input by a factor 

of 100 to the thermal input of one of the experimentally examined disk 

generators has an advantage in t he performance . I t is pointed out t hat 

the chosen operating parameters and .generator geometry data are not the 

optimal one wi th respect to a highe r generator effic iency and that 
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significant reserves exist in this sense. A design optimization appears 

necessary not only in order to obtain efficiency characterlstlcs which 

are of practical interest, but also to transferm the large generator 

wall divergency specific for the presented demonstration design to one 

which is acceptable from the practical point of view. Such an 

optimization, however, exceeds the scope of the present work. 

The last sectlon 5. 5 performs three different tasks in the 

corresponding three subsections. In subsectien 5. 5. 1 the calculations 

for an experimental size disk MHD generator according to a theoretica! 

model using the Solbes reduction formulae for ~effand ~eff are compared 

wl th our experlmental results. At similar operating parameters and 

close generator dimensions the enthalpie efficiency appears to be 

approximately the same. The comparison shows a significant difference 

in the effective Hall parameter values which is discussed. 

The subsection 5.5.2 describes the comparison of the results 

obtained by means of the two models for a large scale (more than 1000 

MW thermal input) MHD disk generator. In the numerical input used in 

our calculations, most of the data are taken equal to those used in the 

calculations based on the Solbes theory. The generator geometry in our 

calculations, however, is deflned in accordance w1.th the 

recommendatlons for the prac·tically acceptable generator wall 

divergency given in sectlon 5. 4. The calculations according to our 

model predict about 30 % lower generator efficiency characteristlcs 

than those following from the calculations based on the Solbes theory. 

As explanation, the limitation of the increase of the generator cross 

section area at the large radial size and still not optimal 

gasdynamical performance are suggested. 

The subsection 5.5.3 presents the results of the calculations 

according to our model for a middle size (140 MW thermal input) disk 

MHD generator using a numerical input by which some of the limitations 

in the generator performance noted earlier, are avoided. The smaller 

radial dimensions of the middle size generator appear favorable for the 

achlevement of generator efficiency characteristics of practical 

interest. 
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5.2 . Formulatlon of the model 

The experlmental study presented in chapters 2 to 4 provides 

the background for a disk MHD generator model based on the following 

maln assumptlons: 

i) the gas flow is steady and quasi one-dlmenslonal; 

11) the effectlve Hall parameter and effectlve electrlcal conductlvlty 

of the worklng media argon seeded wlth cesium and helium seeded wlth 

cesium are described by the semiemplrlcal relationships derived in 

section 4. 5. 

According to the flrst assumption the r-adial varlation of the 

gasdynamical quantities which characterize the working medium is 

governed by the same equations (4. 16) + (4. 18) obtained after the 

reduction of the quasi two-dimensional time dependent equations (see 

sectlon 4. 3). These equations are complemented by the equation of state 

for a perfect gas (4 . 2,a), the Ohm ' s law (4 . 19) and the current 

conservation equation (4 . 20) . 

Some additional assumptions are included in the model. These 

are a negligible boundary layer thickness, a presence of wall friction 

and heat losses defined by the equations (4 . 21) + (4.29) and a 

varlation of the independent variables in the semiempirical 

relationships (4 . 39) and (4 . 42) in the ranges where the semiempirical 

relationships are valid (see table 4. 4) . From the first two additional 

assumptions it follows that the working formulae for the gasdynamical 

quantities remain the same as (4.30) and (4 . 31). They are supplemented 

by the mass conservation equation in the form (4.33) and current 

conservation equation in the form (4.34). The Ohm's law (4.19) is 

rear r anged in order to obtain working formulae for J~ and Er . The 

resulting set of equations for the quasi one-dimensional disk generator 

model is : 

du 
~u L- 5 3 2 r (L - (5 . 1, a) crr u~L3)/(2p -pu ) 

1 2 r 2 2 r 

du~ 
L / pU (5 . 1, b) dr 3 r 

dp du 
L - r (5. 1, c) dr 

pu-
2 r dr 
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where 

L = J E 
5 urp dA - w 

1 r r -2 A dr 

L = J",B eu 2 - F + 
2 r <fJ r 

L = -J B - eu u - F", 
3 r r r <fJ 

pu A r const m (5.2) 

J A = con st I 
r Hall 

(5.3) 

J = f3eff 
J - ". u B 

"' r eff r (5.4) 

E = J [ 1 + <13.,rr)
2

]/1Teff -13 uB-uB r r eff r <() 
(5.5) 

13 = C/p 
eff 

(5.6) 

". K(T ,«,p,B)Jq!«l 
eff staq 

(5.7) 

In (5.6) the value of the constant C depends on the sort of the gas, 

helium or argon, used. The equatlon (5. 7) represents a generalized 

expression of the semiempirical relatlonshlps for ".eff in the case of 

helium seeded with cesium (4.39) and in the case of argon seeded with 

cesium (4. 42). 

The necessary numerical input for the calculatlons based on 

thesetof equatlons (5.1)+(5. 7) is: 

1) operatlng parameters p staq' T ataq' «, and B; 

11) generator geometry data; 

lil) set values of I 
Hall 

The numerical input is used as follows. The startlng positlon 

of the calculations is chosen to colncide with the radlal position of 

the generator anode. The locatlon of the generator anode is assumed at 

the end of the converging-d-iverging part of the flow duet. This 

locatlon is referred further as the generator inlet and the 

corresponding radius is denoted wi th r From p , T and the 
In staq ataq 

generator geometry data the gasdynamical condltlons and the mass flow 

are determined at the startlng position of the calculations according 

to the isentropic flow relationships [ref.1, p.p.83-87]. With a 

particular value of I 
Hall 

and the generator geometry data, the 
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correspondlng value of Jr is determined at the starting positlon. The 

seed fraction is used only ln relatlon with the semlempirlcal 

relationships. 

The equatlons (5.1), including the derlvatives of ur, u~ and 

p, are integrated straightforward similarly to the calculations 

performed in the analysis of the expertmental results. In contrast wlth 

the analysts of the expertmental results, however, the radial component 

of the electric field Er is not known. It is calculated using the 

equation (5. 5). In (5. 5) all the quantt ties except (jeff are determined 

from the equations (5. 1 )+(5. 3) and (5. 6). The effective electrical 

conductivity is determined by a simultaneous solution of the algebraic 

equations (5.4) and (5.7) for the two unknown variables J~ and (jerr· 

The output from the calculations represents the steady radial 

distributtons of the gasdynamical and electrical quantities. To each 

value of lilall from the given set a corresponding value of the Hall 

voltage V Hall is obtained. Therefore 

load reststance RL (defined as 

correspondence to the set of values 

a set of values for the external 

R = V /I ) is obtained in 
L Hall Hall 

for IHa
11

• The procedure provides 

the solution of the problem to calculate the generator performance 

given the eperating parameters, generator geometry data and external 

load resistance. A physical restrietion exists on the range of values 

of !Hall on the side of the short circuit regime of the generator. In 

the disk configuration the Faraday field which drives J~ is always 

negative (see figure 4.1). Consequently J~ ltself is always negative. 

Therefore according to (5. 4) the inequality J :s (j u BI~ = (J) r eff r eff r max 

is fulfilled and according to (5 . 3) the inequality 

1Hall :s A ( J r) max= (!Hall) max is val id. 

The following complication arlses in the calculations. In 

equation (5.7) the azimuthal component of the current density is part 

of the total current density J . The task to solve the two algebraic 

equations (5. 4) and (5.7) for the two unknown variables J~ and (jeff at 

each inlegration step of the total set of equations is achieved easier 

by eliminatien of J~. The resulting equation for · (jeff is 

a (j 2/q+ a (j 

1 eff 2 eff 
2 

where 

a = 1/K2
/q 

1 • 

respectively. 

+ a (j 
3 eff + a 

4 

104 

= 0 (5.8) 

a= -[1 + (~ )2] J 2 
4 eff r 



From the semiempirical relationships 1t follows that the 

power q in equation (5.7) is always smaller than one (see table 4.4). 

The equation (5. 8) is solved numerically. Depending on the values of 

the coefficients a
1 
+ a

4 
one, two or three real roots of (5. 8) can 

exist. The coefficlents, respectively the roots, change with the radial 

varlation of the participating quantities. Occasionally the number of 

the roots also changes. An illustratlon of the described peculiarity is 

presenled in flgure 5. 1. In the flgure the function 

f(a- ) =a a- 2/q+ a a- 2+ a a- +a is 
off 1 off 2 off 3 off 4 

plotted for some sets of 

which the coefflcients a + a 
1 4 

realistic values of the quantlUes on 

depend. It is seen that the change in the number of the roots 

x10
9 

15 ,------,-------.----~-r-------.--.-.-. 

5 

-5 

-10 

-15 
0 20 40 60 80 100 

aeff (S/m) 

Figure 5.1. Parametrie change in the solutions of the equation for a-err 

For the three curves the coefficients in this equation 

result from the same B = 2.0 T, u= 3500 mis (helium), 
r 

(3 = 1. 2, but different radial current density as follows: eff 
curve 1 - J = 7. ox10

4 A/m2 (one root); 
r 

curve 2 - .J = 6. Sx104 A/m2 (three roots); 
r 

curve 3 - J = 6.0x10
4 A/m2 ( two roots). 

r 

corresponds to the special situation when a maximum and a minimum of 

the function exist and one of them is close to the zero value of 
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f(crerr). ·since no argumentation has been discovered for a particular 

choice of any of the solutions in the cases when two or three of them 

exist, the mean value of the existing solutions is used in the 

calculatlons . 

The presence of a relaxation region at the generator lnlet is 

not included in the described model . Experimentally a correlation has 

been observed between the parameters of the relaxation region (lowest 

voltage , the position of the lowest voltage) and the operating 

parameters (see sectlon 3. 4). Sets of operating parameters favorable 

for suppression of the negatlve voltage and relaxation region length 

are found. Therefore it is assumed that for a real size disk generator 

the reiaxation region length is negligible as compared with the 

generator length and the negative voltage is not significant. In the 

cases when the outcome of the calculatlons according to the described 

model is compared with the experimental results in which a relaxation 

region is present, the latter is introduced in the calculatlons wlth 

parameters equal to those experimentally observed . 

The model does not include criteria for t he occurrence of 

gasdynamlcal shocks in the generator . However , there is an option in 

the calculations of the gasdynamical quantities which incorporates the 

presence and the parameters of the gasdynamical shocks from additional 

information, e . g . in accordance with experimental observations. In 

these situallons the flow transformation is calculated according to the 

gasdynamical shock relationshlps of a linear flow [ref . l, p.p.532-539] 

similarly to the case of the analysis of the experimental results (see 

sectlon 4.4). 

5.3. Confrontation wlth experlmental results 

The applicability of the quasi one-dlmensional disk generator 

model formulated in sectlon 5 . 2 is checked by a comparison of the 

outcome of the calculations based on the model with the typtcal 

experimental results . For the purposes of the comparison the list of 

the numerical input as presenled in section 5. 2 is speelfled in the 

following way. The operating parameters are taken equal to those of a 

specific experimental run . The generator geometry data are taken 
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identical with those of the generator with radial nozzle when the case 

of helium seeded with cesium is considered and with those of the 

generator with radial vanes when the case of argon seeded with cesium 

is considered (see table 2.2). The set of values of 1
8411 

is reduced to 

only one value, namely that obtained in the experimental run taken for 

the comparison. 

Additionally, the start of the calculations is speelfled to 

be at the end of the relaxation region. The experimental voltage 

distributlon in the relaxatlon region is approximated by a parabola 

which decreases from zero at the anode to a minimum at the end of the 

relaxatlon region. Accordingly the radial component of the electric 

field decreases from an initia! (positive) value at the anode to zero 

at the end of the relaxation region. The radial position of the end of 

the relaxation region and the lowest voltage there are taken the same 

as in the experimental run considered for the comparison. The scheme of 

the calculations in the relaxation region is identical with that 

applied in the analysis of the experimental results, where the electric 

field is known and used as a numerical input. 

lf a presence of gasdynamical shock appears to be found in 

the analysis of the partlcular experimental run, then a gasdynamical 

shock with the same position and strength is speelfled in the 

calculations according to the quasi one-dimensional model. 

For the comparison with the experimental results the radial 

dlstribution of the Hall voltage is chosen as the best representation 

for the outcome of the calculations. The comparison is illustrated 

below for the cases of helium-ceslum and argon-ceslum worklng medium. 

5.3.1. Case of helium-cesium worklng medium 

Two typical situallons are observed when the calculated 

radial distribution of the Hall voltage according to the model is 

compared wl th the experimentally obtained one at the same operating 

parameters. In the first situation, illustrated in figure 5. 2, the 

calculated Hall voltage increases steeply and the calculations are 

terminaled when the flow Mach number approaches the value 1. Such 

significantly higher values of the calculated Hall voltage than the 

experlmentally observed ones are explained with an overestlmatlon of 

the effective electrical conductivity by the semiempirical relationship 
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Figure 5 . 2. Hall voltage radial distribution resulting from the quasi 

one-dimensional model compared with an experimental one; 

helium-cesium working medium, p = 3. 0 bar, T 2100 K, 
stag stag 

B = 1.8 T, ex= 0 . 02 %, !Hall 783 A. 

(4 . 39) . Indeed, when t~e simultaneous solution of (5.4) and (5 . 7) 

results ln a higher o-eff than the real one, then J'() and Er will have 

larger absolute values according to (5.4) and (5 . 5) . Consequently in 

each location the radial component J'()B of the braking force acting on 

the flow and the Hall voltage increase ~VHall -E ~r become larger . 
r 

In the situation illustrated in figure 5.3 the radial 

distribution of the calculated Hall voltage is lower than the one 

experimentally obtained at equal operating parameters, and even becomes 

negative at the radial position of the cathode . In this situation the 

discrepancy between the calculated and experimental Hall voltage 

distri bution is explained with an underestimation of 0' by the 
eff 

semiempirical relationship (4. 39) . In the considered examples the 

presenled explanations agree with the seed fraction used in the 

corresponding experimental runs. In the example of figure 5.2 the 

experimental run is performed with a low seed fraction whereas in the 

example of figure 5.3 the seed fraction is high. 
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Figure 5.3. Hall voltage radial distributton resulting from the quasi 

one-dimensional model compared with an experimental one; 

helium-cesium working medium, p = 2. 87 bar, T 
stag stag 

2300 K, 

B = 1.77 T, a= 0.06 %, !Hall 760 A. 

The check of the model in the case of helium-ceslum working 

medium at different sets of operating parameters leads to the 

conclusion that the relationship (4.39) describing the effective 

electrical conductivity does not posses sufficient accuracy. The 

deviations of the calculated a-err in the model using (4. 39) from the 

experimentally observed a-err at the same operating parameters and 

physical condi tions appear to be too large so that the calculated 

radial distrlbutions of the electrical and gasdynamlcal quanti ties 

differ signlflcantly from thelr experlmentally observed counterparts. 

As was dlscussed in sectlon 4.5 the maln reason for the devlatlons of 

a-eff calculated accordlng to (4. 39) from the souree values, 1. e. from 

the experlmentally obtalned values, is that the dependenee of a-eff on 

the seed fractlon, stagnation temperature and gas densl ty appeared 

obscured and the llsted quantitles are not lncluded as independent 

varlables in (4.39). 
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5. 3 . 2. Case of argon-ceslum worklng medium 

The comparlson ln thls case shows a good agreement between 

the calculatlons accordlng to the quasi one-dlmenslonal disk generator 

model and the experlmental results. Illustratlons for two typlcal 

si tuatlons wi th a high stagnation temperature and a low stagnation 

temperature are given ln figures 5. 4 and 5. 5 respectively. In the 

example of flgure 5 . 4 the dlfference between the measured Hall voltage 

and the calculated one is wlthln 20 %. Two sourees contribute to this 
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Figure 5.4. Hall voltage radial distribution resulting from the quasi 

one-dimensional model compared with an experimental one; 

argon-cesium werking medium, p = 4. 8 bar, T 2800 K, 
stag stag 

B = 1. 8 T, a = 0 . 1 %, !Hall 1051 A. 

difference . The first and the smaller one is related to the inaccuracy 

of the relaxallen region fitting (see sectien 5.2). The secend souree 

is the inaccuracy of the semlempirical relationship (4. 42). As it was 

discussed in sectien 4.5 the relationship (4.42) is more accurate in 

terms of the included eperating parameters and physlcal conditlens as 

independent variables ln contrast with the case of helium-cesium 

werking medium. However, the inaccuracy related to the choice of the 
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Figure 5.5. Hall voltage radial distribution resulting from the quasi 

one-dimensional model compared with an experimental one. 

Argon-cesium working medium, p = 5. 4 bar, T 2130 K, 
staq staq 

B = 3.8 T, a= 0.1 %, !Hall= 772 A. 

approximating functional dependenee on these variables and to the 

scatter of the data used for lts derivation remains. In this sense the 

example of figure 5.4 can be considered as representing an upper limit 

for the difference between the calculations and the experimental 

results in the case of argon-cesium working medium. 

The approximation performed by the semiempirical relationship 

(4.42) may occur incidentally closer to some experimental data. 

Figure 5.5 demonstrales such a situation. The calculated radial 

distribution of the Hall voltage according to the model almost 

reproduces the experimental one. The kink in the calculated voltage at 

the radial position closely downstream of the relaxation region is due 

to the gasdynamical shock introduced in the calculations in accordance 

with the experimental data, as discussed insection 5.2. 

The good agreement between the calculations based on the the 

quasi one-dimensional disk generator model described insection 5.2 and 

the experimental resul ts in the case of argon-cesium working medium 

gives the ground for application of the model to calculations of the 

performance of real size disk MHD generators working with argon seeded 

wi th cesium. 
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5.4. Appllcation toa real size disk MHD generator 

The test of the quasi one-dlmensional disk generator model in 

the cases of the two worklng media presented in the previous section 

justifles a restrietion of the appllcation of the model to the 

performance calculations of a real size disk generator working with 

cesium seeded argon. The numerical input is taken according to the the 

requirement the operating parameters (p , T , B, a.) and physical 
stag ataq 

condltions in the generator (gas density , current density) to remaln 

wlthln the llmits where the semlempirlcal relationships are determlned 

(see table 4.4). Therefore the operating parameters for the real size 

disk MHD generator are chosen similar to those operating parameters 

applied in our experiments, which are acceptable for the practical 

p = 4+7 bar, T = 2000+2200 K, 
stag stag 

closed cycle MHD generat ion: 

B = 2+3.8 T, a.= 0.1 %. Also some geometry data are taken the same as 

those of the expertmental prototypes in order to satisfy the mentioned 

requirement. 

By analogy with conventional power plants the size of a power 

unit such as the disk MHD generator can be speelfled on the basis of 

its thermal input. Usually the generators with thermal input in the 

order of few hundreds of megawats are consldered as middle size 

generators . The generators with thermal input of more than one thousand 

megawatt are recognized as large size disk generators. Therefore the 

multiplication factors of 102 and 103 with respect to the thermal input 

transforms any of the experimentally examined disk generators in the 

present study (see tables 2.1. and 2.2) toa middle size disk generator 

and to a large size disk generator correspondingly. 

The generator wi th radlal nozzle is chosen as the 

experlmental prototype for a mlddle size disk generator. This cholce 

has been made for two reasons. The first reason is that the design wlth 

radlal nozzle has the largest relative increase of the cross sectlon 

area as compared with the other examlned disk generator designs. At the 

same radial dimensions, this is achleved by reducing the height of the 

converging-di verging part of the flow duet (see table 2 . 2) . 

Correspondingly, the critical cross sectlon of the converging-dlverging 

part and the thermal input are also reduced (1.4 MW at p = 5 . 5 bar 
stag 
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and T = 2200 K). A multiplication factor of 100 yields a middle size 
a tag 

disk generator with a thermal input Pther•= 140 MW. This limited 

thermal input, accepted as a design parameter, results in more compact 

radial dimenslons . Later 1t wlll become clear that accordlng to the 

quasi one-dlmenslonal model a preferabie disk generator geometry is 

that with a large cross sectlon lncrease, a condition whlch is easler 

to be satlsfled at smaller radlal dlmensions. 

The second reason is a practical one. The most undisturbed 

and reliable gasdynamical conditlens at the generator lnlet have been 

reallzed wlth the generator wlth radial vanes. Therefore the generator 

wlth radial vanes is taken for the comparlson of the efficiency 

characteristlcs of the experlmental and real size disk generators . 

Once the stagnation pressure and temperature and the thermal 

input of the middle slze disk generator are speclfled, the mass flow in 

the generator is determlned. Then the cri ti cal cross sectlon of the 

converging-diverging part of the flow duet is calculated according to 

the isentropic flow relationships [ref . 1]. The generator geometry data 

are speelfled as fellows. At the lnlet of the generator the flow Mach 

number and the swirl are taken equal to those of the experimental 

prototype: M = 2. 8 and s = 0 respectlvely. Other geometry parameters 

taken equal are the generator length 1 = 0. 2 m and the ratio of the 

outlet to inlet cross sectlon area n = 6.1. 

An additional geometry conslderation is necessary in order to 

determine the radius of the generator inlet, i.e. the starting position 

of the calculations. Assuming a hot gas supply to the center of the 

disk generator from one side only, the cross sectien of the hot gas 

supply duet must be larger than or equal to the entrance cross sectien 

of the converging-dlverging part of the flow duet (a vlolation of thls 

requlrement results in a deviation from the stagnation conditions). As 

a consequence, there is a minimal radius of the hot gas supply duet 

which saUsfles the above requlrement . Taklng the equali ty in the 

considered requirement and the usual factor of 1. 5 by which the 

entrance cross sectien of the converging-diverging part is larger than 

the cri ti cal cross section, the radius of the hot gas supply duet 

(equal to the entrance radius of the converging-dlverging part of the 

flow duet) is obtalned . Based on the obtained minimal radius and the 

radial interval occupied by the converging-diverging part (the length 

of the latter depends on the choice of the design), the radlus of the 

generator lnlet r
10 

is determlned . 
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The helght at the generator lnlet h
1
n is calculated accordlng 

to 
h = A 12nr In In In (5.9) 

where A
1
n is the lnlet cross sectlon for whlch the followlng expresslon 

by means of the mass flow, stagnation pressure, stagnation temperature, 

Mach number and swlrl is derlved: 

A = In 

As usually, R denotes the specific gas constant and 7 = c Ie . 
p V 

(5.10) 

For a middle slze disk MHD generator with Ptherra= 140 MW at 

p = 5. 5 bar, T = 2200 K, M = 2. 8 and s = 0, the addi tional 
ataq •taq 

geometry consideration leads to r In= 0. 50 m (wi.th 0. 15 m upstream of 

this radius reserved for the converging-dlverging part) and 

h
1
n= 0.177 m. The helght of the generator is assumed to lncrease 

llnearly wlth the radius so that lts value at the generator outlet 

corresponds to the condition n = 6.1. 

The other data which complete the numerical input necessary 

for the calculatlons are chosen as follows (equivalent to the 

expertmental conditlons): 

- magnetic induction wl th maximal value 8 3. 5 T at r r . 
In' 

- seed fractlon a= 0.1 Y.; 
4 

- Hall current !Hall= 5X10 A. 

Finally, the condition is observed that the flow Mach number 

at the radlus of the generator outlet rout= r
1
n+ 1 (i.e . at the catbode 

pos i tion) is no less than 1. 05 in order to insure the absence of a 

gasdynamlcal shock in the generator. It has to be noted that wlthln the 

quasi one-dlmenslonal formulation and when the swirl is essentially 

different from zero , the condition M Ö!' 1 is the llmlting one for the 
r 

calculations . Here M is the radial Mach number defined as the ratio 
r 

between the radlal component of the flow velocity and the velocity of 

sound. 

In figure 5. 6 the results of the calculatlons are shown for 

the effective Hall parameter, radial Mach number, swirl and magnetic 

interaction parameter s (deflned as s (r) = - 1- riJ,:)/Bdr, where p 
r r p 1n l~ In 

is the static pressure at r = r
1
n). In the figure, also the radial 

varlation of the magnetic induction and height of the generator are 
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Figure 5.6. Calculated radial distributions of some of the disk 

i) 

ii) 

generator parameters according to the quasi one-dimensional 

model for a middle size disk generatQr. The numerical 

input includes: 

pataq = 5.5 bar, T = 2200 K, B=3.5T, (I(= 0.1 %; stag 
r = 0 . 50 m and h = 0.177 m corresponding to p 140 MW, 

In In therm 
M = 2.8 and s = 0, h 0.77 m at r 0. 70 m; 

out out 

lil) rHa
11 

5.0x10
4 

A. 

shown. In figure 5.7 the resulting radial distributions of the 

effective electrical conductivity, Hall voltage and static temperature 

are given. 

The following conclusions can be drawn from the radial 

distributions of the different quantities presenled in figures 5.6 and 

5.7. The chosen values of the operating parameters and the considered 

generator geometry provide physical conditlans in the scaled disk 

generator which are in the ranges speelfled by the semiempirical 

relationships (see table 4.4). This is reflected in the ranges of 

values obtained by the effective Hall parameter (between 1 and 3.5) and 

by the effective electrical conductivity (between 35 and 75 S/m). Such 

values are close to those observed in the experiments at similar 

conditions . The Hall voltage at the cathode is 476 V and this 
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Flgure 5.7. Calculated radlal dlstrlbutlons of the static temperature 

Tstat' Hall voltage VHall and effectlve electrlcal 

conductlvlty ueff accordlng to the quasi one-dlmenslonal 

model for a mlddle size disk generator. The numerical input 

is listed at figure 5.6. 

corresponds to an enthalpie efficiency of 17 :V. . The highest enthalpie 

efficiency obtalned in the experiments at similar conditlons is 13.3% 

(see figure 3.15). The galn in the enthalpie efficiency results from 

the lower heat and wall friction losses per unit volume in the case of 

the scaled disk generator. 

The radial profile of the swirl as presenled in figure 5. 6 

indlcates that a significant (negative) azimuthal component of the flow 

veloei ty (more than 0. 25 of the radlal component at the generator 

outlet) is created due to the body force associated with the radial 

component of the current density. This component directly decreases the 

Hall voltage. Therefore the introduetion of a positlve flow swir l at 

the generator inlet wlll result in a considerable gain of the Hall 

voltage. Consequently improved efficiency characteristics of the 

generator can be expected. 

Flgures 5 . 6 and 5 . 7 show a substantlal decrease of the radlal 

Mach number and raise of the static temperature in the upstream part of 
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the generator. Such varlation is in agreement with the uneven varlation 

of the magnetic interaction parameter with the radius as it is seen in 

figure 5 . 6 . The magnetic interaction parameter increases up to 0.75 of 

lts end value only in the upstream half of the generator . Since this 

parameter is a measure of the retardation of the gas flow one can 

conclude that the high effective electrical conductivity values in the 

upstream half of the generator are not used efficiently. They are 

correlated with large values of the azimuthal component of the current 

density (at evenly decreasing radial component of the current density 

according to formula S. 3) and contribute to the flow retardation and 

corresponding increase of the static temperature rather than to the 

increasing of the Hall voltage. Therefore better efficiency 

characteristics than those obtained in the present calculations can be 

expected in circumstances which provide a smoother radial distribution 

of the magnetic interaction parameter and consequently of the 

gasdynamical and electrical quantities. 

Appropriate circumstances as discussed above can be created 

by other radial dependencies of the magnetic induction and/or height of 

the generator as well as by a redistribution between the azimuthal and 

radial component of the current density. The last possibility is 

illustrated in figure 5.8, which represents the enthalpie efficiency of 

the middle size disk generator as a function of the load resistance. 

The values of the laad resistance correspond to the different Hall 

current values used in the numerical input of the calculations (see 

section 5. 2) and this correspondence is indlcated in the figure. A 

larger !Hall results in a larger radial component of the current 

densi ty and at almast equal total current densi ty (provided by the 

equal geometry parameters and magnetic induction, and almast equal 

gasdynamical quanti ties) the balance between the azimuthal component 

and radial component of the current density is shifted in favor of the 

radial component . As a result the flow retardation force appears 

smaller and the generator performance improves. With further decrease 

of the load resistance, however, the short circuit of the generator is 

approached and the enthalpie efficiency correspondingly decreases. It 

has to be noted that the observed varlation of the enthalpie efficiency 

with the load resistance as well as the particularly small values of 

the load resistance themselves agree with the specific feature of the 

Hall generators, which obtain the best performance at conditlans close 

toshort circuit [ref . 2, p.63]. 
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Figure 5.8. Enthalpie efficiency versus load resistance as obtained by 

the model calculations for a middle size disk generator. 

The same numerical input is used as that given at figure 

5.6. For the different points the Hall current takes 

different values which are lisled in the figure . 

The presenled model calculations prove the applicability of 

the quasi one-dimensional disk generator model to a real size disk 

generator. Although the resulting enthalpie efficiency in these 

calculations is larger than the one obtained in the experiments at 

similar conditions, it is still too low in order to be of practical 

interest. The results of these calculations show, however, that still 

considerable possibilities exist for obtaining better efficiency 

characteristics. The results also suggest that the main directlens to 

be foliowed in order to realize the maximum of these possibilities are 

the introduetion of optima! positive swirl and optimal radial 

distribution of the gasdynamical and electrièal quantities in the 

generator. Such an optimization is beyend the scope of the present 

work . In the following sectlon, however, an improved numerical input 

for the calculations based on our model is specified. In this way 

efficiency characteristics of practical interest are realized . 

Befere proceeding to further calculations necessary for the 
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comparison with the results of other models, the following complicatlon 

which concerns the generator geometry has to be taken into account. The 

linear increase of the generator height as shown in figure 5.6 

corresponds to an wall divergency with half angle between the walls of 

56 degrees. Practical realization of a generator with such wall 

divergency is not acceptable because of flow separation from the walls 

and complications of the magnet construction. Therefore in the further 

consideratlon of real size disk generators the additional condition of 

reasonable wall dlvergency with a half angle smaller than 10 degrees is 

observed. 

5.5. Comparison with the results of other models 

5.5.1. The results of other models and our expertmental results 

Calculations on the disk generator opera ti on wl th unstable 

argon-cesium plasma have been performed by Massee [ref.3] for a small 

disk generator of the order of the expertmental disk generators 

examined in the present study. In the quoted work the gas flow is 

considered quasi one-dimensional and the plasma effectlve electrical 

conductivity and effective Hall parameter are calculated according to 

simplified expresslons following from the quasi-linear plane wave 

instability theory [ref. 4]. The author has suggested that the use of 

the quasi-linear plane wave model is preferabie in comparison with the 

model of two-dimensional isotropie plasma turbulence [ref. SI because 

of the closer agreement of the values of ~eff obtained by means of the 

former model with the available experimental results for ~ .. u· Two 

modes of disk generator eperation with unstable plasma are studled by 

Massee: optimum loading mode and impulse mode. The impulse mode 

considers an operatien under a constant static temperature throughout 

the generator. Such a condition can not be justified in our experiments 

and therefore a comparison is made only with the results of the optimum 

loading mode calculatlons of Massee. 

The optimum loading mode considers an eperation under the 

condition [ref.6] that the loading parameter defined as 

~ J 
K=~ 

er uB 
eff r 
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is equal at each location to 

K 
opt 1 s 

- f3 eff 

(5.12) 

In (5 . 12) K corresponds to to the maximal value of the local 
opt 

electrical efficiency defined as [ref.2, p.45] 

l) = 
el 

(5 . 13) 

It has to be noted that in the considered regime, the frequently used 

efficiency characteristic of the MHD generators, the isentropic 

efficiency given by [ref . 2, p.p.43-47] 

l) = 
la 

also obtains a maximum. In (5. 14) 

pressure at the generator outlet and 

of the generator averaged over the 

(5. 14) 

p denotes the stagnation 
sta.q , out 

<l) > is the polytropic efficiency 
p 

generator length. The isentropic 

efficiency obtains a maximum in the optimum loadlng mode since as a 

local characteristic, l)P is conneeled with the electrical efficiency by 

the expression 

l)el 
11 = 

P 1 + l'-1M2 (1 - 11 ) 
2 el 

The maximal value of 1)
01 

varles weakly in the generator and for values 

of M of the order of 1 +2 , (11 ) ~ (11 ) . 
p max el max 

For the comparison the ciosest data used in the calculations 

of Massee and in our experiments have been selected. With p = 4 bar, staq _
4 T = 2000 K, staq 8 = 5 T (constant in radial direction), 

generator geometry speelfled by M = 2 and s = 0 . 8 

« = 1X10 and 

at r = r , 
In 

r
1
n= 0 . 10 m and rout= 0 . 27 m, the calculations of Massee predict 

1lenth= 16.5 X and 1)
18

= 57 . 2 X. The given isentropic efficiency includes 

also the generator diffuser. In our experiments with the generator with 

inlet swirl at almost equal radial diroenslons (see table 2.2), 

p = 4.3±0.1 bar, T 1990±40 K, 8 = 3.8±0.1 T (decreasing with 
steq steq 
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the radius, see sectlon 2.4), « = (1±0.5)x10-4
, M = 2.4 and s = 0.7 at 

r = 0.085 m, the obtalned enthalpie efficiency ls ~enth= 18 ~ (see 

flgure 3.15, curve 2) and the calculated lsentroplc efficiency in the 

analysls of the experlmental results (the diffuser belng excluded) ls 

~ = 55 ~. 
Is 

One can notlee that the theoretica! ~enth is sllghtly 

pesslmlstlc as compared wlth the expertmental one. The reverse is valld 

in a larger extend for ~Is' The differences can be explained by the 

different gas expanslon conditlens in the calculatlons and in the 

experlmental generator. The expertmental generator does not operate at 

optimum loadlng condltion. The larger relatlve lncrease of the cross 

sectlon area of the experlmental generator provides more favorable 

condi tlons for the MHD conversion process ltself, i. e. for a larger 

~enth' but not for obtalnlng the highest lsentropic èfflclency. 

A more significant dlfference between the theoretica! 

calculatlons and the experimental results can be found when the 

effective Hall . parameter is consldered . At the conditlens of the 

presenled example the theoretica! values obtained by means of the 

Solbes reduction formulae are in the range 8.8+13.5, whereas according 

to the analysis of the experlmental results (see sectlon 4. 4) values 

between 1. 2 and 4 . 0 allow to fit the measured static pressure r adlal 

dlstribution in the analysis calculations . In the circumstances of the 

strongly nonunuform plasma observed in our experiments, it is unllkely 

that the effectlve Hall parameter can rlch so high values as those 

obtalned by Solbes formulae. Nevertheless the calculated and the 

experimental generator efficiencies appear to be comparable. It is 

lnteresting to compare the real size disk generator performance with 

the two different plasmas : the one described by the Solbes formulae and 

the other described by our semlemplrical relatlonships. This is done in 

the followlng subsectlon. 

5.5.2. The results of the present modeland the results of other models 

Recently in .a system study of closedandopen cycle disk and 

linear MHD generators Massee et al. [ref. 7] have reported the results 

of performance calculations of a large scale closed cycle disk 

generator. In this work, similarly to the earller calculations of 

Massee [ref. 3], the gas flow parameters are calculated in a quasi 
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one-dimensional consideration. For the effective electrical 

conductivity and effective Hall parameter the Solbes reduction formulae 

[ref. 4] are used. In these calculations the following parameters are 

fixed: P = 1200 MW, T = 2000 K, <X = 5x10-
5

, r = 1. 85 m. Uniform 
therm staq In 

magnetic inductions of 5 T or 6 T are applied . A number of values is 

used for the stagnation pressure, inlet Mach number and swirl for the 

purposes of a parametrie varlation investigation. The optimum loading 

mode of opera ti on is considered and 1 ts maintenance throughout the 

generator is achieved by adjusting the generator height. As a resul t 

the cross sectien area of the generator is almost constant. The 

condition M ~ 1.05 is used as a terminatien criteria for the 
r 

calculations . 

The following data represent an example of the numerical 

input for our calculations which is close to the data used in some of 

the calculations of ref. 7 (except the magnette induction, seed 

fractlon and relatlve cross sectlon area increase): ptherm= 1200 MW, 

p = 4. 0 bar , T 2000 K, <X = 1X10-
3

, 
staq staq 

B=2. 5T, r = 1. 85 m, 
In 

M = 2. 4, s = 0. 75, n = 6. 0. A reason to use in our calculations the 

larger seed fraction from the range speelfled by the semiempirical 

relationshlps (see table 4.4), ls that the range as a whole contains 

considerably larger values than those used in ref . 7. Since anyhow a 

dlfference in this datum will be introduced, the higher seed fraction 

is chosen as corresponding to larger values of ~eff 

For the calculations based on our model we specify a 

generator geometry for a large relative cross sectien area increase. In 

accordance wi th the discussion presented in sectien 5. 4. the cross 

sectien area increase (specified by the ratio n = A
0
u/\n) has to be 

bounded with the generator length 1 at some fixed reasonable maximal 

angle of the generator wall divergency ~- For a linear increase of the 

generator height with the radius, the conneetion between this angle and 

the generator length is given by 

1 (5.15) 

where g h 1 /(2tg~) . 

In our calculations the optimum loading mode of operatien at 

given generator geometry can be achieved by adjusting the magnetic 

induction . At each radlal position of the calculations where the 

difference between the va lues of K · and K , determined according to 
opt 
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(5. 11) and (5. 12), is larger than a speelfled small number, 

e.g. 1X10-3
, an iteration of B is performed (which results in a 

varlation of K) until this difference becomes smaller than the 

speelfled number. Such an approach is justifled for our calculations 

since anyhow the magnetic induction for our case wlll be different than 

that used in the calculations of Massee et al. From the practical point 

of view a varlation of the magnetic induction with the radius is not a 

serious drawback and can be achieved by an appropriate magnet design. 

For the determination of the generator length according to 

(5. 15), Ijl = 10° is used and h as resulting from the substitution of 
In 

the data from the numerical input in (5. 9) and (5 . 10) . A competitive 

condition for the generator length is defined in the calculations by 

thelr termlnatlon when the equality in the condition M <!:: 1. OS 
r 

2.5 

B (T) 

2.0 

1.5 

1.0 

0.5 

0.0 
1.5 2.0 2.5 3.0 

RADIUS (m) 

Flgure 5.9. Calculated radlal dlstributions of some of the disk 

generator parameters according to our model for a large 

size disk generator. The nume rical input includes : 

i) p = 4.0 bar, T = 2000 K, B = 2.5 T (wlth radlal varlation 
staq staq 

satisfying the optimum loadlng mode of operation), a= 0.1 %; 

iil r
1
n= 1.85 mand h

1
n= 0.580 m corresponding toPtherm 1200 MW, 

M = 2.4 and s = 0 . 75, h ~= 0 . 977 mat r 2.85 m (1/J :s 10° ); 
out out 

iiil I 2. 2X105 A. 
Hall 
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(see sectlon 5.4 . ) appears to be reached at some radlal posltlon 

correspondlng to a smaller value of the generator length than that 

obtalned by (5.15). 

The outcome of the calculations accordlng to our model and 

wlth the above speelfled numerical input is lllustrated in flgure 5.9 

for a Hall current value of 2. 2X105 A. In the flgure the more 

lnterestlng quantitles characterlzlng the generator operatien are 

presented as a functlon of the radius . The calculatlons are termlnated 

at 1 ~ 1. 0 m, 1. e. r = 2. 85 m. The radlal varlation of the magnet ie 
out . 

lnductlon whlch satlsfles the condition K = K as well as the radlal 
opt 

varlation of K are also shown in the flgure. 
opt 

The enthalpie efficiency obtalned in the presented example is 

21.4 ~ and the corresponding isentropic efficiency is 41 ~- Such lower 

4 r--------.--------.--------,,-------, 

B (T) 

3 

f'>eff 

2 

0 L_ __ ~ __ _L ______ ~ ________ J_ ______ ~ 

.4 .6 .8 1.0 1.2 

RADIUS (m) 

Figure 5. 10. Calculated radlal dlstributions of some of the disk 

generator parameters according to our model for a middle 

slze disk generator. The numerical input includes: 

i) p = 6.0 bar, T = 2200 K, B = 3.8 T (with radial varlation 
stag stag 

satisfying the optimum loading mode of operatlon), a= 0.1 ~; 

ii) r
10

= 0.50 mand h
10

= 0.229 m corresponding to Ptherm= 140 HW, 

M = 2. 8 and s 1. 0, h 0. 430 m at r 1. 1 0 m (Ijl .:s 1 0 ° ) ; 
out out 

il i) I Hall 4. SX10
4 

A. 
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values than the ones obtained in the calculatlons of Hassee et al. 

(1)enth= 30 X and 11
1
•"' 68 X respectlvely) are explalned as follows. The 

lncrease of the effectlve Hall parameter is llmlted to a value of about 

1. 9. Such a low value of f3.,u results in a limltatlon of the Hall 

voltage . One may notlee also that the initlal posltlve swirl of 0.75 is 

not used effectively (at the generator outlet s "'0 . 26). 

5 . 5.3.The results of our model with improved numerical input 

A concluslon drawn from the last calculations is that a 

middle size disk generator permlts higher magnetlc interaction in 

comparison wlth large si ze generators. Consequently larger f3 err and 

higher generator efflciencles can be expected . The results of the 

calculatlons performed in agreement wi th this conclusion are 

illustrated in figure 5 . 10 , where the more lnteresting quantities 

characterizing the generator performance are plotted as a functlon of 

the radius . These calculations concern a middle size disk generator 

wlth thermal input of 140 HW, analogous to the one considered in 

section 5 . 4. Here the generator geometry obeys a wall dlvergency of 

1/1 = 10° and n = 4.1 wlth r = 0.5 mand r = 1.1 m. From the flgure 1t 
In out 

is seen that the effectlve Hall parameter covers the range defined by 

the semlempirical relationships and the swirl is effectlvely used. With 

the operatlng parameters llsted in the flgure and a Hall current of 

4. 5X10
4 

A an enthalpie efficiency of more than 32 X and an i sentropie 

efficiency of 58 X are obtained . 
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6. CONCLUSIONS 

From the present study the following conclusions concerning 

the experiments, the analysis of the experiments, the derived 

semiempirical relationships and the formulated semiempirical disk MHD 

generator model can be drawn. 

Experiments 

1. The experimental set up based on the shock tube as the plasma souree 

provides broad ranges of values for the set of parameters governing the 

generator performance (stagnatlon condltions, magnetic lnduction, seed 

fractlon). The reproducibillty of any set of values is good. Accurate 

determlnatlon of the seed fractlon remalns difficult. 

2. The time resolved measurements of the gasdynamlcal and electrlcal 

quantltles allow to dlstlnguish an interval wlth almost statlonary 

behavior of these quantitles (test interval) . 

3. The time resolved radlation measurements yield substantial 

varlatlons of the plasma electron temperature and electron density 

wlthln the test interval. Thls varlatlons testlfy for strongly 

nonuniform plasmas at all the different experlmental condltlons 

applled. Results of the radlation measurements are in qualitatlve 

agreement wlth the fast framing plctures. No experlmental conditions at 

whlch the plasma is stable and uniform were found. 

4. The experimental static pressure radial profiles indlcate the 

presence of gasdynamical shocks in the generator in the cases of strong 

magnetic interaction. Streak and framing pictures support this 

conclusion. The posltion and strength of the shocks depend on the level 

of magnetic lnteraction. 
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5. The voltage to current characteristics of the examined disk 

generators indicate that two effects are responsible for the shape of 

the characteristlcs: 

1) the lnfluence of the current on the effective electrical 

conductivity and (indlrectly) on the effectlve Hall parameter; 

lil the influence of the magnetlc interaction on the lnduced voltage. 

6. At stagnation tempera~ures of the order of 2000 K, acceptable for 

practical appllcations, and optimized values of the other parameters 

governlng the generator performance, the maximal enthalpie efficiency 

obtained wlth helium-ceslum werking medium was llmlted to 6 %. Thls 

llmltation is explalned by the gasdynamlcal shocks observed 

persistently in the flow. For argon-cesium werking medium the presence 

of posltive swirl at the generator inlet is proved as beneficia!. 

Enthalpie efficiencies of up to 18 % were achieved by the generator 

wlth inlet swirl, compared wlth 13 % at maximum (at simllar 

expertmental conditions) for zero inlet swirl. 

Analysis of the experiments 

1. On the basis of the experimentally obtalned time and space 

dependencies of the different gasdynamica I and electrical quanti ties 

whlch charácterlze the generator operation, the statlonary quasi 

one-dlmenslonal descrlption of the flow is found to be appllcable. The 

correspondlng equatlons are derived from the full quasi two-dimensional 

time dependent equations including the MHD effects. After evaluation of 

the indlvidual terms in the full equatlons using expertmental data, the 

largest terms (by at least one order of magnitude) appear to represent 

a stationary quasi one-dimenslonal flow. 

2. No satisfactory theoretica! formulae are found in the llterature for 

the reductlon of the microscopie electrlcal conductlvlty and Hall 

parameter to the effective values characterlzing the strongly 

nonuniform plasmas as those observed in our experlments. Therefore in 

the quasi one- dlmensional descrlptlon of the disk generator flow the 

effective electrlcal conductivity and effective Hall parameter are 
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considered as unknown. They are determined by the quasi one-dimensional 

gasdynamical analysis of the experimental results . 

3. For each expertmental run it is possible to fit (by an adjustment of 

the effective Hall parameter dependencel the measured static pressure 

distribution, flow velocity (radial component) and azimuthal current. 

The necessary input for the analysis calculations consists of the 

generator geometry and the following measured quant! ties: stagnation 

pressure and temperature, magnetic induction, radial voltage 

distributton and radial current. 

4. An additional assumption is made for the effective Hall parameter. 

Expertmental evidences support the hypothesis for an inversely 

proportional dependenee of the effect! ve Hall parameter on the gas 

density. The value of the factor of proportionality in this dependenee 

is determined by the best fit to the measured static pressure, flow 

velocity and azimuthal current. 

5. As a result of the quasi one-dimensional analysis, the radial 

profiles of the effective electrical conductivity and effective Hall 

parameter, as well as the radial profiles of the other gasdynamical and 

electrical quantities are obtained. The gas· density and current density 

are considered as the essential quantities which characterize the 

conditions in the generator. 

Semiempirical relationships 

1. The effective electrical conductivity and effective Hall parameter 

obtained by the analysis under a variety of different expertmental 

conditlens were expected to depend on the stagnation temperature, seed 

fraction, magnette induction, gas density and current density . Both for 

argon-cesium and helium-cesium working media a simple dependenee is 

found of the effective Hall parameter on the gas density only. It 

appears that the factor of proportionality in the dependenee of the 

effective Hall parameter is reasonably approximated for all the 

different expertmental conditlens by a single constant: 0. 18 for 
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argon-ceslum worklng medium and 0.02 for helium-ceslum worklng medium. 

In both worklng media the range of values of the effectlve Hall 

parameter is found to be roughly between 1 and 3 . 5. 

2. More complex dependencles are found for the effectlve electrlcal 

conductlvlty. In the case of helium-ceslum worklng medium the effectlve 

electrlcal conductlvlty is found to depend on the current denslty and 

magnetlc inductlon only., The reason for the dependenee on the 

·stagnatlon temperature to be obscured is the llmited range of 

stagnation temperatures accessible in the experiments wlth helium and 

the larger inaccuracy of the stagnation temperature due to a llmitation 

in the statlonarity of the shock tube operatlon in these experlments. 

The maln reason for the obscured dependenee on the seed fractlon is the 

poor knowledge of the seed fractlon values due to the llmltatlons in 

the accuracy of the method of lts determination. The range of values of 

the effective conductivlty covered by the semlemplrical relatlonshlp is 

between 10 and 95 S/m. 

3. In the case of argon-cesium worklng medium the effective electrical 

conductivity is found todependon the current denslty, stagnation 

temperature, seed fraction and gas density. No relation with the 

magnetic lnductlon is observed. The range of values of the effectlve 

conductlvity covered by the semlempirical relatlonship is between 10 

and 280 S/m. 

Semiempirical disk MHD generator model 

1. A disk generator model is formulated , based on the followlng two 

main assumptlons: 

1) the gas flow is steady and quasi one dimensional ; 

11) the plasma effective Hall parameter and. effectlve electrical 

conductivity are described by the derlved semiemplrlcal relatlonshlps. 

The boundary layer thickness is taken equal to zero. Wall friction and 

heat losses are lncluded. The varlation of the independent variables in 

the semiempirical relationships are in the ranges where the experiments 

are carried out . 
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2. The tests of the model for conslstency with the experiments show a 

discrepancy for the case of helium-cesium working medium and a good 

agreement for the case of argon-cesium working medium. The dlscrepancy 

is explained with the insufficient accuracy of the semiempirical 

relationship for the effective electrical conductivity in the case of 

helium seeded with cesium due to the obscured dependenee on the seed 

fraction and stagnation temperature. 

3. The argon-ceslum version of the model is applled for performance 

calculatlons of a real size disk generator (140 MW thermal input) wlth 

no inlet swirl . The enthalpie efficiency of the real size generator is 

improved to more than 17 % as compared with tha t of 13 % of the 

experlmental prototype. The improvement is due to the smaller heat and 

wall friction losses per unit volume in the real slze generator. The 

calculatlons show that a preferabie generator geometry is that wlth a 

large relatlve cross-sectional increase. 

4. Our model calculations for a large si ze disk generator ( 1200 MW 

thermal input) yleld, without optlmlzation, enthalpie efficiency of 

21 % and isentroplc efficiency of 41 %. At slmilar operating conditions 

(except the magnetic inductlon and seed fraction) the results obtained 

by a theoretica! model based on the Solbes reduction formulae for the 

effective electrical conductivity and effective Hall parameter, are 

higher: enthalpie efficiency of 30 % and isentroplc efficiency of 68 %. 

5. The mlddle size disk generator appears to be more favorable for 

higher efficiencies accordlng to our model . At a thermal input of 140 

MW our calculations show enthalpie efficiency of more than 32 % and 

i sentropie efficiency of 58 % (at operating condi tions in the llmits 

where the experlments were carried out) . The limited isentropic 

efficiency results from the high inlet Mach number used in the 

calculatlons. 
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APPENDIX A. The reproduclblllty of the seed fractlon 

The method used for the seedlng of the noble gas wlth cesium 

was shortly described in sectien 2.2. Here some more details are given 

in order to provide the background for a dlscusslon on the factors 

lnfluencing the reproduclblllty of the seed fractlon. Additional 

practical means of relative assessment of the seed fraction based on 

the speelfles of the generator performance are also consldered. 

The fllllng of the shock tube test sectien is performed by 

two parallel supply trains. In the flrst train the noble gas passes on 

lts way to the test sectien trough a heated vessel contalnlng a pool of 

llquld cesium. The secend train leads the noble gas from the souree 

dlrectly to the test sectien (see figure 2.1) . The flrst train is 

lrnmediately responslble for the seedlng. The secend train provides a 

rough adjustment of the seed fraction by changing the flow rate of the 

noble gas passing through it. The secend train provides also the 

filling of the test sectien wlth pure noble gas only, when such 

condition is desired. Given a fixed ratio of the flow rates through the 

two tra ins, the temperature of the vessel wl th llquid cesium governs 

the seed fraction. 

The method of seeding has been developed according to the 

following basic assumptions [ref . 1) : 

i) the cesium vapor pressure at the surface of the pool of llquid 

cesium determines the number of cesium atoms convected per secend by 

the test gas flow during the filling of the shock tube test section; 

11 ) the condensa t1 on of the ces i urn a toms (at room tempera t ure) 1 s 

limited during the perled of filllng (100 + 200 seconds) due to the 

small diffusion coefficient of cesium in argon and in helium under the 

conditlens of operation. 

According to the first assumption, the evaporation rate from 

the surface of the liquid cesium represents the llmitation for the 

amount of the obtained cesium atoms. Provided the cesium vapor is 
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entlrely convected by the noble gas flow, the temperature of the vessel 

contalnlng cesium can be used as the governlng parameter for varlation 

of the supplled amount of cesium atoms. In ref.1 lt is estlmated that 

at a temperature of 475 Kan area of 1 cm2 ylelds 1.5x1021 cesium atoms 

in a time interval of 150 seconds. For thls estlmatlon, the evaporatlon 

rates reported in the llterature [ref.2] are used. At typlcal test 

sectlon condltlons (pressure 0.1 bar, temperature 300 K) there are 

about 1.5x1024 noble gas atoms in the fllled volume. The concluslon is 

that a llquid cesium surface of 1 cm2 should provide a seed ratio 

of 1. Ox10-3
• 

The second assumptlon concerns the losses of cesium atoms 

after they are mixed wlth the noble gas atoms. The losses lnclude the 

condensatlon of cesium atoms upon the surface of the shock tube and the 

deposl tion of the condensed cesium atoms in the form of dropiets and 

solld particles. The condensatlon takes place around the condensation 

centers (dust mlcropartlcles, gas denslty mlcrofluctuatlons) present in 

the gas. The dropiets freeze due to the operatlon at room temperature 

and the long perlod of fllllng. The estimatlon of ref.1 is that a 

rather large number of cesium atoms remalns in the mixture in a period 

of some hundreds of seconds. For thls estlmatlon a dlffuslon 

coefflclent value of 3. Ox10-s m2/s is used, taken from the literature 

[ref.3]. It is dlfflcult to verlfy the above estlmatlon slnce no data 

are avallable about the number denslty of the condensatlon centers and 

about the slze of the dropiets and solld partlcles. 

In the practical operatlon of the seedlng system a llmltatlon 

of the produced seed fraction is observed. Uslng normally a llquid 

cesium surface area of about 10 cm2
, seed fractions of (1 + 2)Xl0-3 are 

found to be the upper limit of the seeding system. 

An important requirement to the seeding system is to provide 

a good reproducibility of the seed fraction. Under good reproducibility 

it is understood that at a given shock tube setting (including the 

seeding system setting) the scatter of the produced seed fraction in 

the different expertmental runs is such that its influence on the 

generator operation is comparable with the influence of the scatter of 

the other operating parameters (stagnation pressure, stagnation 

temperature, magnetlc induction). No accurate number for this scatter 

of the seed fraction can be given as in the case of the stagnation 

pressure, stagnation temperature and magnetic induction (see 

section 3. 2) because of the significant inaccuracy of the absorption 
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maasurement ( lnaccuracy wlthln a factor of 1. 5, see sectlon 2. 3). A 

change of the seed fractlon whlch can be dlstlngulshed by means of the 

absorptlon maasurement ls too large and can not be consldered as a 

scat ter. 

In order to monitor the seed fractlon reproduclblllty a more 

preclse relatlve assessment of the seed fractlon has been used based on 

the radlal voltage dlstrlbutlon of the disk generator . At equal 

operatlng parameters (ln the llmlts of the correspondlng scatters) the 

plasma potentlal ln the upstream part of the generator appears to be 

partlcularly sensltlve to the seed fractlon. Decrease of the seed 

fractlon resul ts ln a decrease of the plasma potentlal ln the in let 

region of the generator and vice versa (see section 3.4). 

Correspondingly the minimum of the radial voltage distributton in the 

inlet region (see figure 3.10) becomes lower, accompanied with larger 

interval wlth negatlve voltage and vice versa. In some cases these 

indications become less clear because the interval with negative 

voltage is too short to be resolved by the applied voltage probes (see 

figure 3 . 11) . However, the slope of the voltage dlstribution ln the 

lnlet region of the generator still can be used for lndlcatlon of the 

seed fractlon level (the steeper the voltage dlstrlbution the larger 

the seed fractlon). 

In accordance wlth the above descriptlon a good 

reproduclblllty of a glven value of the seed fractlon is obtalned when 

no change ls found of the radlal voltage dlstrlbutlon (ln the llmlts of 

accuracy of the voltage maasurement) ln the expertmental runs wl th 

equal condltions. A flxed setting of the seedlng system provides such 

reproduclblllty wlthln ~ 20 expertmental runs . After larger number of 

expertmental runs the reproduclbility appears reduced. Any resetting of 

the seedlng system (i. g. change to other vessel temperature and then 

back) wl thin a smaller number of expertmental runs also reduces the 

reproduclbility. 

The following reasons can be pointed out for explanatlon of 

the limitation of the maximal obtained seed fraction and the reduction 

of the seed fractlon reproducibility. 

First, the supposltion that all evaporated cesium atoms in 

the vessel with liquid cesium are convected by the noble gas flow and 

no condensation takes place is questlonable . The volume of the vessel 

with liquld cesium is 1.25 1 and the noble gas flow rate through the 

seeding train is limlted toabout 0 . 4 1/s (due to the restrietion for 
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the total pressure in the vessel wlth llquid cesium to be less than 

1 bar). Therefore wlthin the ti me necessary for the full exchange of 

the noble gas in the vessel, a surface condensation of the evaporated 

cesium may well take place. 

Second, i t is assumed that the cesium aerosol and solld 

particles are evaporated quickly enough behind the reflected shock in 

the sequence of the shock tube operation. Large size dropiets and solid 

particles, when present, will discard the validity of this assumption. 

As a result the plasma supplled to the generator will be with lower 

seed fraction . 

The above arguments concern only the cesium losses. A factor 

which influences both the amount of cesium and the reproducibility of 

the seed fraction is the building up of cesium oxide structures in the 

seeding train of the shock tube . It is difflcul t to control such 

structures . They probably exist in the form of layers on the surface of 

the pool with liquid cesium. If present, such layers would affect the 

seeding of the noble gas adversely. Structures of cesium oxide have 

been discovered inside the outflow conneetion between the vessel wlth 

liquid cesium and the shock tube test section so that the opening of 

the conneetion was significantly reduced . Such reduction results in a 

decreased flow rate through the seeding train. Consequently the seed 

fraction decreases due to the changed ratio of the flow rates through 

the two supply trains . The seed fraction decreases additionally due to 

the longer time necessary for filling of the test section. The longer 

time leads to a strenger influence of the condensation of cesium and 

deposition of cesium aerosol and solid particles in the test sectlon. A 

regular cleaning of the mentioned conneetion has been adopted in order 

to counter the described effect. 

Last but not least, the amount of cesium present in the 

vessel influences the seed fraction and lts reproducibility. Usually 

with a charge of about 50 cm3 cesium loaded in the vessel, about 150 

experimental runs are executed. The consumption of cesium in the 

consecutive experimental runs results in a decrease of the seed 

fraction corresponding to a given setting of the seeding system. Thls 

decrease can be sensed by the absorption measurement (provided the same 

setting of the seeding system) at around the half of the above 

mentioned experimental runs . That is why the more accurate relative 

assessment using the radial voltage distribution is frequently applied 

in order to control the seed fraction. 
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The above discussion allows for the following conclusions : 

1. The seed fraction is the most difficult for control operating 

parameter in the shock tube facility. Special attention must be paid on 

the reproducibility of the seed fraction because of the limited 

accuracy of the absorption measurement. A ·helpful aid for monitoring 

the reproducibility is provided by the radial voltage distribution in 

the generator. 

2. lmprovement of the reproducib111ty of the seed fractlon can be 

·expected from: 

i) shortening of the time necessary for filling of the test 

section - this can be achieved by e.g. larger flow rate of the seeding 

train combined with a facilitated convection of the cesium vapor in the 

vessel with liquid cesium; 

ii) restricting the leakage rate into the test sectJon to 10-6 

torrXlitre/s in order to limit the formation of cesium oxide. 

3. Given the difficult control of the seed fraction, an improvement of 

the accuracy of the absorption measurement will be particularly useful 

not only for the purposes of the generator investigations but also for 

the handling of the seeding system. 
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SAMENVATTING 

Deze studie is gericht op diskusvormige Magneto - Hydro -

Dynamische generatoren die werken met heet argon of helium gas, 

ingezaaid met cesium. Het onderzoek omvat drie gedeelten: 

i) experimenten; 

11) analyse van de experimentele resultaten; 

lil) een diskus generator model. 

De experimenten zijn uitgevoerd met gebruik van een schokbuis 

als plasmabron. De opstelling levert voor de duur van ongeveer SXl0-3 s 

een plasmastroom met een thermisch vermogen tot ca. 5 MW. 

Bedrijfsconditles zoals de lngangsstagnatiedruk, ingangsstagnatle-

temperatuur, magnetische inductie en inzaaifractie kunnen worden 

ingesteld. Een absorptiemeting wordt gebruikt voor bepaling van de 

inzaaiconcentra tie . 

Drie ontwerpen van diskusgeneratoren zijn onderzocht. 

Metingen van de radiale verdeling van de statische druk in het plasma, 

de spanningsverdeling en de radiale component van de gegenereerde 

stroom zijn uitgevoerd, alle als functie van de tijd. Voor de meting 

van de azimutale component van de stroom is een Rogowski - spoel 

toegepast. Informatie voor de snelheid van de gasstroom is verkregen 

door middel van streak fotografie. De ontladingsstructuur van het 

plasma is aanschouwelijk gemaakt met behulp van snelle framing 

fotografie . Hoogfrequente sampling van de optische straling van het 

plasma is toegepast voor de bepaling van de electronendlchtheid en 

electronenteropera tuur . 

Quasi - stationaire waarden van de electrische en 

gasdynamische grootheden zijn gevonden met behulp van gerolddelen van de 

in de tijd opgeloste metingen over een testinterval van lxl0-3 s voor 

de experimenten in argon met cesium, en over een testinterval van 

0.6x10-3 s voor de experimenten in helium met cesium. Sterk inhomogene 

plasmas zijn waargenomen bij de verschillende bedrijfscondities . 

In de analyse van de experimentele resultaten zijn effectieve 

Hall parameters en effectieve geleidingsvermogens gevonden als functies 
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van de straal voor ledere experimentele run. De analyse is gebaseerd op 

de oplossing van de quasi - ééndimensionale gasdynamische 

vergelijkingen met inbegrip van de magnetische interactie, wrijving met 

de wanden en warmteverliezen. De lngangsstagnatledruk en -temperatuur, 

de radiale spannlngsverdellng, de radiale stroom, de magnetische 

inductie en de generatorgeometrie leveren de numerieke gegevens voor de 

berekeningen. De berekende statische druk, azimutale stroom en radiale 

component van de gasstroomsnelheid zijn aangepast aan de 

overeenkomstige gemeten grootheden. De waarden van de effectleve Hall 

parameter zijn gebruikt voor de aanpassing . 

Afhankelijkheden zijn bepaald tussen de gevonden waarden van 

het effectleve geleidingsvermogen en de effectleve Hall parameter aan 

de ene kant, en de fysische condities in de generator (gasdichtheid, 

stroomdichtheid) en de parameters die het generatorgedrag bepalen 

(stagnatletemperatuur, magnetische inductie, inzaaifractle), aan de 

andere kant. De effectleve Hall parameter is benaderd met ~en functie 

van de gasdlchteld alleen. Voor de belde werkzame media liggen de 

gevonden waarden van de effectleve Hall parameter ln het interval 

1 + 3. 5 . Relaties voor het effectleve geleidingsvermogen zijn gevonden 

in het interval 10 + 95 S/m voor met cesium ingezaaid helium en in het 

interval 10 + 280 S/m voor met cesium ingezaaid argon. De analytische 

uitdrukkingen zijn gedeflnlerd als semi - empirische relaties. 

Een quasi - ééndimensionaal model voor diskusgeneratoren is 

geformuleerd, gebruikmakende van de afgeleide semi - empirische relaties. 

Het model ls geverifieerd met de experimenten, uitgevoerd met 

helium - cesium en argon - cesium als werkzaam medium. De 

argon - cesium versie van het model ls toegepast op de berekeningen van 

het generatorgedrag van een mlddelgrote diskusgenerator (140 HW 

thermisch ingangsvermogen) en van een grote diskusgenerator (1200 HW 

thermisch lngangsvermogen). De uitkomst van de berekeningen leert dat 

de mlddelgrote diskusgenerator een beter rendement heeft dan de grote 

generator. Voor de mlddelgrote generator is het berekende enthalplsch 

rendement (meer dan 32 %) geschikt voor practlsche toepassingen en 

vergelijkbaar met het enthalpisch rendement van een grote diskus 

generator, zoals dat berekend wordt met behulp van de reductieformules 

voor het effectleve geleidingsvermogen en de effectieve Hall parameter, 

ontleend aan quasi - lineaire lnstabiliteitstheoriën. 
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STELLINGEN 

behorende bij het proefschrift van Plamen Karavassilev 

-1-

The successful exclusion of the rotating machinery from the energy 

conversion process, as it is in the MHD conversion of heat to 

electrical energy, demands a much deeper understanding of the phenomena 

taking place in the applied working media. 

This thesis, chapter 1. 

-2-

A duratlon of about S ms of MHD power generation experlments, provided 

by a shock tube as the plasma source, allows for a quasi-stationary 

eperation of an MHD generator within at least one fifth of this 

experimental time. 

This thesis, chapter 3. 

-3-

The knowledge of the effective electrical conductivity and effective 

Hall parameter of strongly nonuniform plasmas based on a large number 

short duration experiments can be formulated in the form of 

semiempirical relationships between these quantities on one side, and 

the external conditions influencing the generator performance (inlet 

stagnation temperature, seed fraction, magnetic induction) and the 

physical conditions in the generator (current density, gas density), on 

the other side. 

This thesis, chapter 4. 

-4-

The unstable nonequilibrium plasma models currently used for MHD disk 

generator calculations have only a weak correspondence with the 

experimentally observed strongly nonuniform plasmas in the disk 

generators at equal conditions. 

Lytle J. K. et al., "Nonequll ibr ium disk generator studies", 18-th Symp. 

on Eng. Asp. of HHD, 1979, Hontana, USA, p.p.D-2.5.1- D-2.5.7; 

This thesis, chapter 5. 

-s-
The observed performance in blow down disk generator experiments under 

the condition of fully ionized seed can not be described by the model 

derived from the shock tube disk generator experiments at almost equal 

condi tions. 

1)Harada N. et al., "High performance of a nonequilibrium disk HHD 

generator", 10-th Int. Conf. on HHD El. Power Generation, 1989, 

Tiruchirappalli, India, Vol. III, p.p. XII.7-12.14; 



2) Yamasaki H. et al., "High enthalpy extraction in the Fuji-1 disk 

generator experiments", the same, p.p.XII.JO-XII.37. 

-6-

The metbod of laser induced fluorescence is sul table for a local 

determlnatlon of the concentratlon of the neutral seed atoms in a shock 

tube drlven MHD generator provided that all pulse synchronlzatlon 

problems are successfully solved. 

Heasures R.H., "Selective excltation spectroscopy and some possible 

applications", J. of Appl. Phys., Vol. 39 (1968), 11, p.p.5232-5245. 

-7-

God created the Unlverse. Man lnvented the measurement units for space 

and time in order to understand the creation of the Unlverse . The 

llttle success so far can be blamed on the time - it is a bad dimension 

since it runs in one direction only. 

-8-

The harmony in nature consists of the chaos observed by man. Man' s 

efforts to put some order in thls chaos are only small fluctuations in 

the chaos. If a strong feed-back man-nature is established, these 

fluctuatlons may become a trend. 

-9-

In modern history the outcomes of two great attempts to put social life 

in a prescribed order are consistent. Both attempts have failed. Both 

attempts have brought immeasurable suffer to man. Both attempts 

resulted in a disintegration of the social structures built up without 

feed-back. 

-10-

A new great effort of man is under way. It is to create a feed-back of 

the society with the environment. Thls effort has every chance for 

success. Simply because lts failure is equivalent to the vanishing of 

mankind. 

-11-

The harmony between society and environment can hardly be based on the 

technologlcal development only. Man's development has to take the 

precedence. Unfortunately man's development (selfknowledge, 

selfcontrol, selfadjustment, selfconsclousness) up to now is on a 

remote pos i ti on. 

-12-

The ancient civillzatlons have reached a deep understandlng of humanlty 

because they had no developed technology at their dlsposal . 

-tb October 16 , 1990. 

Plamen Karavassilev 


