
Electron Beam Preionization In An MHD
Generator

Author(s): F. H. Shair and A. Sherman

Session Name: All

SEAM: 6 (1965)

SEAM EDX URL: https://edx.netl.doe.gov/dataset/seam-6

EDX Paper ID: 132



ELECTRON BEAM PREIONIZATION IN AN MHD GENERATOR 

F. H. Shair* and A. Sherman** 

*Research Engineer, MHD Power Generation 


**Manager. MHD Power Generation 

General Electric Co., Space Sciences Laboratory, Valley Forge, Pa. 


Introduction 

In order to operate a closed loop MHD gener- 
ator with high power density at temperatures com- 
patible with near -future nuclear reactors, the 
electrical conductivity of the plasma must be 
greatly increased within the generator while main- 
taining a gas temperature -1500°~ .  Such a con- 
dition can be achieved if a non-equilibrium state 
of the electrons can be created within the gener- 
ator; (a non-equilibrium state i s  defined a s  that 
plasma state where the electron density i s  greater 
than that predicted by the Saha equation based upon 
the neutral particle temperature) . 

Various methods for achieving non-equilibrium 
ionization a r e  currently under investigation. In 
addition to employing the self-induced electric 
field1$2* 3~ various pre-ionization techniques may 
be used. 5' Although pre-ionization techniques 
require that some of the electrical energy must be 
reprocessed, proper pre-ionization will provide an 
independent control over the generator performance 
and may consume a very small fraction of the 
power generated. With proper design, pre-ioniza- 
tion can be used to increase the generator power 
density while maintaining reasonably modest mag- 
netic field strengths. 

Among the possible pr e -ionization techniques 
are  the use of photoionization. R-F beams, injec- 
tion of electron-ion pairs,  radioactivity, glow dis- 
charges, electron beams, etc. 

The poss,ibility of using an electron beam for 
pre-ionization in an MHD generator was f i r s t  sug- 
gested by Karlovitz several years  ago. At that 
time a number of interesting experiments were 
attempted. These did not yield significant results 
since the MHD generator working fluid chosen was 
a polyatomic gas created by flame combustion. 

Experimental results reported herein were 
obtained with argon seeded with cesium (monatomic 
working fluids). The purpose of this investigation 
was t o  experimentally demonstrate the feasibility 
of using an electron beam for  preionization in an 
MHD generator operating above atmospheric pr es -
sure and at gas temperatures near 1500°K. The 
efficient-operation of such a beam has been demon- 
strated. 

Overall MHD Facility 

An art is ts  conception of the test  facility i s  
shown in Figure 1. Argon i s  brought to a pre- 
heater f rom a storage supply of sufficient capacity 

to allow one hour tests. The gas i s  heated in this 
7-

preheater to 8 5 0 ° ~ ,  and then in a molybdenum 
mesh core heater to 1500 '~  at  a mass flow of 
-90 grams/sec. ffter the heater,cesium is injected 
into the gas stream via a motor driven syringe. 
Approximately 25 cm downstream of the cesium 
injection the electron beam enters the channel. 
The pre -ionized plasma then proceeds toward the 
MHD generator channel, passing the f i rs t  micro- 
wave horn at 19 cm, and entering the channel at 
77 cm. A second microwave horn is located down- 
stream of the channel at 157 cm. Finally, the 
cesium seeded argon i s  scrubbed to  remove the 
cesium and cool the argon, and the latter is ex- 
hausted through the laboratory roof to the atmo- 
sphere. 

Since non-equilibrium ionization depends to a 
large extent on the almost complete lack of poly- 
atomic species, considerable care was taken to 
insure the purity of the gas used. As supplied by 
the vendor the argon had no more than 11 p. p. m, 
of 02,  Nz, CO2, etc. The oxygen content of the 
flowing argon at  the exit of our system was moni- 
tored by means of a Beckman Oxygen analyzer. 
The oxygen content of the cold gas always remain- 
ed between 0.6 and 2.0 p. p. m. Typically, as the 
system begins to heat up the 0 2  content rises to 
-4000 p. pa m. but rapidly falls back to -1 p,psm. 
for the remainder of the run. In large meadure. 
the purity which has been possible has been due to 
our use of a metal resistance heater for bringing 
the argon up to the desired high temperature. 

Molybdenum Mesh Core Heater 

The high temperature heater used in the pre- 
sent experiments has an  electrical resistance 
element which i s  a molybdenum mesh core through 
which the argon i s  forced to flow. A 6 inch by 300 
inch roll of molybdenum screen (20 mesh with 7 
mil wire) was used to construct a laminated mat 50 
inches long and 6 inches wide (see Figure 2); this 
mat was then rolled tightly along the 6 inch length 
to form the heater core. Each end of the core was 
inserted between pr e -cut sections of molybdenum 
bar which were then welded together in an inert 
atmosphere. The mesh core, next to each molyb- 
denum wire. The mesh core was then pulled 
through a dense alumina tube with an I. D. of 
1- 1/ 2  inches. This assembly was in turn placed 
within a nickel tube which was lined with a porous 
alumina tube. The electrical leads consist of 
molybdenum rods which extend through tvpical - . -
pressure fittings and fit into holes (drilled and 
tapped) within the molybdenum bars. The external 

end of each molybdenum rod i s  cooled by means of 
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a water-cooled copper plate. The  power input to  
the mesh  heater i s  controlled by means  of a satu- 
rable  c o r e  reactor  and a step-down t ransformer .  
In this heater  the a r e a  available fo r  heat t ransfer ,  
A ,  i s  about 250 square  feet  per  cubic foot of heater 
volume; this value i s  comparable to  that given f o r  
l lcompact t f  exchangers. The turbulence created by 
the mesh  c o r e  a lso  inc reases  the heat t ransfer  co- 
efficient, h, by at l eas t  a factor of 3. Values of 
hA i n  this heater  were  increased by around a factor 
of 24  a s  compared to the same  s ize  hollow tube 
heated externally. Calculations of the heat con- 
duction losses  f r o m  a hollow cylinder show this 
mechanism to be the main source  of energy loss ;  
although the heater  element is operated a t  t em-  
pe ra tu res  well i n  excess of 1 0 0 o O ~ ,  radiation 
losses  in a m e s h  core  heater a r e  negligible. To 
date, this heater has  been operated during 30 ex- 
per iments ,  each lasting around an  hour. Typical 
exit argon temperature  t ime curves  a r e  shown in  
F igure  3. 

Electron Beam 

The major problem in adapting an electron 

beam to  an  MHD generator i s  in the fact  that even 

"high pressure"  electron guns operate  a t  p res  -

s u r e s  l e s s  than 10-I m m  of mercury ;  p ressures  

much too low to be useful in the MHD generator.  

This  required four -order  -of -magnitude p ressure  

differentia? must  be maintained either by the use  

of a differential pumping system, o r  by the  use of 

a thin foil "window. This dsferent ia l  pumping 

sys tem has the disadvantage of being quite expen- 
sive and requiring additional power; (diffusion 
pumping speeds - 500 C F M  would be  needed even 
6if choked flow orifices -.05 c m  in  diameter were  
used). The problem associated with the window 
technique resul ts  f rom the energy l o s s  of the 
electron beam a s  i t  passes  through the window. 
(At electron beam energies l e s s  than 100 Kev, the  
electron collision cross-sect ion i s  l a r g e  enough to 
excessively heat even a reasonably thin &il. ) The 
major  mechanism of energy loss  i s  due to inelastic 
collisions with the atomic electrons of the metal.7 

Despite this (by the use  of special  cooling 
techniques) passage of a 50 Kev -.1 m. a. beam 
through a 0.25 mil  aluminum window has been 
possible and beam operation has  been a s  designed. * 
The beam had to  have the right amount of energy to 
f i r s t  penetrate the foil, and then to take part  in 
electron-ion pair production within the flowing gas ;  
the  beam incident to the gas had to  have an  average 
range of 2 c m  for  the experimental  duct. The 
range-energy expression given by Katz and penfold8 
was used to specify the necessa ry  beam voltage. 

*Our beam current ,  actually 50 m.  a. , i s  intercept-  
ed  in  a narrow slit. This i s  not a n  essent ia l  loss  
a s  a cathode with 0.1 m.a. output and a sheet focus 
could be built. 

In addition to specifying the beam voltage, the 
des i red beam current  had to  be determined. Th i s  

was accomplished by requiring the beam to c r e a t e  
a specified electrical  conductivity. The deta i ls  of 
this procedure will be discussed la ter .  

A water cooled Faraday  cup was used to cal i -  
bra te  the electron beam. The  cup chamber was  
pumped down below 0. 1 microns  to eliminate 
e r r o r s  due to secondary electron formation. An 

ammeter ,  placed between the cup and ground, was  
used to measure  the current.  The average energy 
of the  emergent beam was calculated f r o m  the  r i s e  
in temperature  of the  cooling water,  once the c u r -  
rent  was known. Values of the  average energy of 
the emergent beam agreed within 5% with the  value 
obtained f r o m  Figure  4 (calculated f r o m  the Katz- 
Penf old relation). 

Adequate foil  cooling was achieved by a c o m -  
bination of water cooling of the  exit ape r tu re  sl i t ,  
and cool argon buffering between the window and 
the gas flow. The amount of injection of cool 
argon amounted to l e s s  than 0.1% by weight of the 
total  argon flow through the generator.  Several  
runs  have now been conducted during which the 
foil  was adequately protected although the  s ta t ic  
p r e s s u r e  was -1-112 atmospheres and the  to ta l  
gas  temperature  was - 1500°K. 

The electron beam system attached p r io r  to the  
generator duct i s  shown in  Figure  5. Here the  
electron beam i s  created within a l a rge  Bell  Jar 
and focused into a 3 cm. diameter beam at  the  
aluminum window region. P a r t  of the c i r cu la r  
beam passed through a water-cooled aper tu re  s l i t  
and then through the aluminum window which i s  
held in place by a foil re ta iner .  Holes have been 
dril led in the  foil re ta iner  to accept slotted tubes 
for  argon cooling. The cover opening i s  much 
l a r g e r  than the exit aper ture  so a s  not to in tercept  
any of the electron beam which i s  scat tered by the  
foil. The cathode chamber in  ac tura l  operation i s  
shown in Figure  6. 

MHD Generator Channel 

Ear ly  t e s t  sections fabricated f r o m  porous and 
f r o m  medium porous alumina, permitted e lec t r i ca l  
shorting between the electrodes,  and were  severely  
damaged f r o m  thermal  shock and erosion. 

Tes t  sections fabricated f r o m  GE A976 dense  
aluminum oxide were  found to  withstand the  t e s t  
conditions extremely well. The  t e s t  section 
(shown in Figure  7) has  8" sections of GE A976 
channel joined together by means of an external  20 
m i l  molybdenum sleeve. The channel i s  then 
potted with alumina cement (Resco AA22 Cement) 
in a 316 stainless s tee l  case.  The  inside dimen-  
sions of the rectangular duct a r e  1 c m  x 3 cm. 
Cracks  which developed due to  thermal  gradients  
caused no problem since the c racks  a r e  backed up 
with a laminated cement layer .  Also, the ces ium 
and mercury  vapors do not visibly attack the  dense  
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alumina a t  temperatures up to 1500°K. It should 
be noted that the silicon dioxide content of the GE 
A976 dense aluminum oxide i s  well below 0.1%. 

Electrodes which a r e  easily fabricated, and 
which stand up satisfactorily under full scale MGD 
experiments, have been made by press -fitting a 
316 stainless steel rod into a 1 / 16" thick disc of 
thoriated tungsten and then spot welding the joint. 
The electrode discs a r e  112" in diameter, 

Other electrodes (made by spot welding a 316 
stainless steel rod to 10 mil molybdenum and 
tungsten sheets) were 1 c m  x 3 cm in  dimension. 
Thermocouples placed on the back side showed 
that these electrodes (heated directly from the hot 
gas) followed the main gas temperature within 
20 '~ .  

Ex~er imenta lResults 

Two experiments during which the electron 
beam was in operation were carr ied out under the 
following conditions. 

-Gas 

T = 1325 - 1505 OK 

= 1.5 atmos. 
m = 68.1 gmlsec 
u 468 m/ sec 
M 3 0.7 
Xc = 2.9 x mole fraction 

S 

Beam 

V = 40,000 volts 
I = 50 m.a. 
Vf = 17,000 volts 

The electrical conductivity of the pre-ionized 

plasma was measured by means of a two-station 

60 KMC microwave interferometer. For this 

device the cutoff electron density i s  -4.5 x 1013 

electrons /cm3, well above the electron densities 

measured in the experiments to be reported. 


Shown in Figure 8 a r e  electron densities 
measured by the microwave station 19 cm down- 
stream of electron beam injection. The calculated 
values of electron temperature which would cor- 
respond to these electron densities a r e  also shown. 
During the second run data were recorded a s  the 
system heated up so that three points were obtain- 
ed each at different gas temperatures. The point 
marked "equilibrium check" represents a micro- 
wave measurement of n, with no electron beam 
in operation. 

Shown in Figure 9 a r e  electrical conductivities 
calculated from these results. Clearly, non-
equilibrium electrical conductivities 10-20 times 
the equilibrium values were achieved. 

Further measurements a r e  in progress to r e -  
cord non-equilibrium conductivities at  different 
axial locations and at different beam currents in 
order to permit a more detailed analysis of the 
recombination process. 

Discussion of Results 

In the present paper we have only discussed in 
detail the performance of the electron beam and 
its ability to create non-thermal ionization. No 
information on actual generator performance has 
been reported. Accordingly, this leaves open the 
question of whether o r  not the generator can be 
made to work in the non-equilibrium plasma avail- 
able. Despite this it i s  appropriate to make some 
estimate of whether or not the beam power would 
represent too large a drain on the power generated. 
To make such an approximate estimate we f irs t  
evaluate our beam performance against a very 
simple theoretical model. Satisfied that our ex- 
perimental observations a re  es sentially the same 
a s  those given by a simple calculation, we next 
compare the experimental beam power to what 
might in principle be generated. 

First ,  i t  i s  assumed that the electron beam 
creates electron-ion pairs uniformly throughout 
the plasma, and that electrons entering the plasma 
f rom the window a re  mono-energetic. It is then 
assumed that, on average, Vo(ev) energy is needed 
to create an electron ion pair. Thus, each enter- 
ing electron creates E/v, electrons. Finally, it 
is assumed that the volume within which the beam 
exists in the plasma i s  swept out uA t imes per 
second. Then knowing the total current flow in 
the beam a s  i t  enters (I) and its initial energy (E) 
we can calculate the electron density created from 

I = (V0uA ne/E) x 1.6 x 10- l9  amps 

Having established ne we then make the assump- 
tion that the klectron-ion pairs created by the 
beam come into a Saha equilibrium at some Te > Tg. 
Only then can we calculate a corresponding u .  

It i s  important to note that since a considerable 

degree of non-equilibrium is  created one must 

know Te in order to make a proper calculation of 

0. In addition, recombination of the non-equilib- 
rium created by the beam is  an important part of 
our problem. For three body recombination where 
the third body i s  an electron we know the recom- 
bination rate coefficient is strongly dependent on 
Te (mT , - ~ / ~ ) ,so that it again i s  essential to know 
the value of T .. 

In both experiments I, E, and u were meas- 

ured and A is known. If we then assume that 

Vo = 20 ev, which should be a conservative value 

for  the cesium seed, we a r e  led to an electron 

density of ne = x 1 0 ~ ~ / c c .  
3.7 This electron 

density is consistent with an electron tempera- 

ture, Te = 1750°K. For the gas conditions of 

the f i rs t  test  (Tg = 1505OK) this leads to an 
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electr ical  conductivity of ,y = 6 mhos/meter ,  
Since the measured conductivity fo r  the 19 cm 
station in this  t e s t  was - 5 mhos /m a remarkably 
slow recombination ra te  must be assumed. If our 
estimate of Vo was too high then using a lower 
value in our calculation would r a i s e  u calculated 
somewhat, but a slow recombination i s  st i l l  p re -  
dicted. Finally, it i s  possible that our approxi- 
mate  beam analysis i s  too inaccurate, and ,y at 
the  beam i s  real ly  much higher than we calculate. 
In this case  the recombination may be a s  rapid as  
would be predicted by simple arguments. 

At the present time, additional measurements 

a r e  underway to determine if recombination really 

does proceed slowly, o r  if our beam i s  more 

effective than we anticipated i t  would be. 


Next, an estimate of the power input to the 

beam can be made. As noted ear l ier ,  we use a 

50 m,a. beam and for convenience only take 0.1 

m, a. out of it. If we assume that a 0.1 m. a. 

cathode were available, and we used a sheet mag- 

netic focus to pass  it through the foil covered slit, 

then ideally a l l  the power to  the cathode enters the 

plasma (neglecting that lost  in the  foil). In prac-

t ice  this i s  not quite cor rec t  a s  i s  shown in Figure  

10. An efficiency figure here  of 70% should be 
valid, however. Since i n  our eventual application, 
which will be a space power plant, a vacuum i s  
available, one can anticipate using a differential 
pumping arrangement. If we make this assumption 
the foil loss  can be neglected. The beam power i s  
then 

Next, an attempt must be made to estimate 
the generator power. If we assume that the elec- 
t ron beam can be situated physically a t  the channel 
entrance and neglect recombination we have 

where K i s  the generator coefficient and will be  
taken to be 0.8. Again, the above expression will 
be assumed valid over the entire generator length. 
Then for the conditions of our experiment, and an 
assumed 50,000 gauss we have 

'-; 300 watts 

Accordingly, use  of the electron beam to  
create  the  necessary conductivity may result  in  the 
loss  of only a few percent i n  generator efficiency. 
It  i s  important to remember ,  however, that the 
above i s  only a very approximate estimate of what 
may be possible. It i s  sufficiently promising so 
that we a r e  encouraged to pursue the  subject 
further. 
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