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(57) ABSTRACT 

Coaxial disk armatures, counter-rotating through an axial 
magnetic ?eld, act as electrolysis electrodes and high shear 
centrifugal impellers for an axial feed. The feed can be carbon 
dioxide, water, methane, or other substances requiring elec 
trolysis. Carbon dioxide and water can be processed into 
syngas and oZone continuously, enabling carbon and oxygen 
recycling at power plants. Within the space between the 
counter-rotating disk electrodes, a shear layer comprising a 
fractal tree network of radial vortices provides sink ?ow 
conduits for light fractions, such as syngas, radially inward 
while the heavy fractions, such as oZone and elemental car 
bon ?ow radially outward in boundary layers against the disks 
and beyond the disk periphery, where they are recovered as 
valuable products, such as carbon nanotubes. 
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RADIAL COUNTERFLOW SHEAR 
ELECTROLYSIS 

APPLICATION HISTORY 

[0001] This application claims the bene?t of US. Provi 
sional Patent Applications Nos. 61/034,242 ?led Mar. 6, 2008 
and 61/026,963 ?led Feb. 7, 2008. 

FIELD OF THE INVENTION 

[0002] This invention applies to mechanically-assisted 
electrolytic dissociation in a continuous process. One particu 
lar application of the reactor according to the present inven 
tion is simultaneous electrolysis of carbon dioxide and Water 
to produce syngas, a mixture of carbon monoxide and hydro 
gen, thus providing means for carbon and oxygen recycling at 
IGCC poWer plants. Another application is electrolysis of 
Water or methane to produce hydrogen for fuel. Yet another 
application is cracking of CO2 as an alternative to carbon 
sequestration. And another application is high volume con 
tinuous synthesis of carbon or other nanotubes. 

BACKGROUND OF THE INVENTION 

Carbon Dioxide Emissions. 

[0003] It is generally agreed that carbon dioxide emissions 
must be brought under control, but technology has not kept 
pace With policy. Of particular concern are coal-?red electric 
poWer plants, Which are indispensable providers of electric 
ity. Non-hydro reneWables, such as Wind and solar, are neg 
ligible sources of poWer, less than half a percent of coal for the 
US in 2006. There is no economical means for carbon capture 
and sequestration at coal plants. 
[0004] Alarm over global climate change has led to plans 
for a carbon tax projected betWeen $20-200 per ton of carbon 
dioxide. OWners of existing coal plants may reasonably elect 
not to do anything to reduce emissions, but instead pay any 
carbon tax and pass on the cost to utility customers in a rate 
increase. Amine scrubbing and underground storage, the 
leading current proposals for carbon capture and sequestra 
tion, Would be prohibitively expensive, and there is good 
reason to doubt that they Would be reliable. Flue gas from coal 
plants contains ?y ash, a large nitrogen ballast, and NOx and 
SOx Which are acid precursors. The volume of the Waste 
stream is overWhelmingly large. 
[0005] There must be some economic incentive other than 
a punitive tax if there is to be a Widely adopted remediation 
program to avert catastrophic global climate change from 
uncontrolled CO2 emissions. The present invention offers a 
positive incentive to curb carbon dioxide emissions by tum 
ing CO2 from Waste to resource. 

IGCC PoWer Plants 

[0006] Integrated Gasi?cation Combined Cycle (IGCC) 
poWer plants convert coal or biomass, by means of a process 
called gasi?cation, into combustible syngas (a mixture of 
carbon monoxide (CO) and hydrogen (H2)). The combined 
cycles are: (1) a Brayton cycle (Where exhaust gas from 
syngas combustion drives a gas turbine), and (2) a Rankine 
cycle (a steam turbine, Where the Waste heat from the gas 
turbine is used for steam). For the same energy output, an 
IGCC plant needs 10-20% less fuel than a large-scale pulver 
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iZed coal poWer plant. IGCC plants also use about 30% less 
Water than coal ?red poWer plants. The area occupied by 
IGCC plants is much smaller. 
[0007] Gasi?cation is a process that converts carbonaceous 
material into syngas. Even high sulfur coal, lignite, plastic, 
and land?ll can be fuel for IGCC. Gasi?ers can be operated as 
air-bloWn or oxygen-bloWn. The air-bloWn gasi?er is inferior 
to the gasi?er Which uses pure oxygen. The fuel conversion 
e?iciency of the air-bloWn gasi?er is only 46% vs. 79%, and 
the energy density, or heating value, of the syngas produced is 
only 5.3 MJ/kg vs. 12.55 MJ/kg. The oxygen for oxygen 
bloWn gasi?cation is conventionally extracted from the air by 
cryogenic distillation, a large energy drain. 
[0008] Along With syngas, the gasi?cation process pro 
duces carbon dioxide (CO2). Capturing carbon dioxide after 
gasi?cation in an oxygen-bloWn gasi?er is easier than post 
combustion ?ue gas carbon capture or pre-combustion cap 
ture from an air-bloWn gasi?er because of the absence of 
nitrogen ballast. Air is 78% nitrogen (N2), and this inert 
fraction in air or ?ue gas is called nitrogen ballast. Exhaust 
gas from syngas combustion to run the gas turbine also con 
tains CO2, Which must be captured as Well. Amine scrubbing 
is one method for carbon capture, and chilled ammonia is 
another. 

Carbon Sequestration. 

[0009] Once carbon dioxide has been captured, something 
must be done With it. The folloW-on to carbon capture is 
called sequestration. As envisioned presently by policymak 
ers, sequestration is a concealed dumping scheme. The object 
is to store the carbon dioxide underground or in the ocean 
instead of in the atmosphere. The enormous volume and 
Weight that must be transported and injected, and the lack of 
any assurance that the carbon dump Will remain secure, 
should give preference to some sort of treatment at the plant 
instead of dumping, but presently no carbon dioxide treat 
ment is feasible for the large volumes of hot and dirty Waste 
gas emitted by utilities and industries. 
[0010] If all of the carbon dioxide emitted by one average 
250-MW coal-?red electric poWer plant in a year Were cap 
tured, there Would be 1.7 million metric tons to dispose of. 
The density of carbon dioxide gas is 1.98 kg/m3 at standard 
temperature and pressure so each metric ton (1000 kg) of CO2 
at sea level pressure on a Warm day occupies 554 cubic 
meters, about the siZe of a house. Each year, the carbon 
dioxide Waste stream from this average coal plant Would ?ll a 
cubic kilometer. 
[0011] Large coal plants emit as much as 6 million tons per 
year. Cement plants and re?neries and steel mills are also 
heavy polluters. For example, the Shell Martinez Re?nery in 
the San Francisco Bay Area dumps over 4.4 million metric 
tons of CO2 into the atmosphere each year. The total CO2 load 
from the US Was over 6 billion metric tons in 2005. That’s 
over 3 trillion cubic meters, or 117 trillion cubic feet. Trans 
porting that much Weight and putting that much volume 
underground every year Would be an expensive undertaking. 
[0012] Buried carbon dioxide gas may percolate back to the 
surface and leak out to harm people or at least escape into the 
atmosphere. The experience With sequestering nuclear Waste 
in the United States should be instructive as to the political 
feasibility of any sequestration scheme. Nuclear Waste is still 
Without a site for permanent sequestration, and its volume is 
minuscule compared to the volume of carbon dioxide Waste 
from only one plant. The citiZens of Nevada have ?rmly 
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declined the honor of hosting a nuclear Waste dump at Yucca 
Mountain, and the same reaction can be expected elsewhere 
for carbon dumps. 
[0013] If the pressure is increased to cram more carbon 
dioxide into available dump space, the danger of leaks, migra 
tions, and eruptions increases. When the likelihood of human 
error, dishonesty, and greedias Well as earthquakes and 
other natural disastersiare considered as Well, there no rea 
son to expect that public approval can be obtained for sitting 
carbon dumps. 
[0014] In summary, sequestration is not only prohibitively 
expensive but also not feasible as a long term solution. A Way 
must be found to transform CO2 into harmless materials. Best 
of all Would be a Way to transform carbon dioxide into some 
thing useful, like syngas or carbon nanotubes (tubular 
fullerenes). That is an object of the present invention. 

Syngas Synthesis by Simultaneous Electrolysis of CO2 and 
Water. 

[0015] Syngas is a mixture of carbon monoxide (CO) and 
hydrogen (H2) Which can be burned directly or used as a 
feedstock to make synthetic fuel, lubricants, or plastics using 
the Well-knoWn Fischer-Tropsch synthesis process. Carbon 
dioxide cracking to syngas could provide means for carbon 
recycling at poWer plants, using the energy density (heating 
value) of syngas thus recovered for direct combustion to help 
poWer the gas turbine. Or the syngas could be synthesiZed to 
make vehicle fuel. The energy density of syngas ranges from 
5 to 12 MJ/kg depending on the process used in gasi?cation 
(oxygen-bloWn yielding the highest energy density, for supe 
rior combustion). For purposes of comparison, the energy 
density ofnatural gas is 45 MJ/kg; gasoline is 46.9 MJ/kg, or 
34.6 MJ/1(131 MJ/gallon); lignite is 14-19 MJ/kg; and Wood 
is 6-17 MJ/kg. 
[0016] The recovered energy from carbon recycling might 
justify carbon dioxide treatment economically, should taxes 
and scolding prove ineffective in motivating poWer producers 
and others to reduce CO2 emissions. The energy density 
(heating value) of bituminous coal is 24 MJ/kg. Therefore, 
recovered syngas at 12 MJ/kg Would recover half the energy 
of coal. The mitigation of the coal cost by carbon recycling 
Would offset some of the cost of carbon dioxide treatment. 
Moreover, carbon dioxide treatment Would avoid the prohibi 
tive costs and other problems of carbon sequestration. Not 
only coal plants but also natural gas plants could use carbon 
recycling to offset the cost of carbon dioxide treatment. 
[0017] Oxygen, as Well as carbon, could be recycled if 
carbon dioxide cracking Were available. Pure oxygen is pref 
erable to air in the gasi?cation process because it avoids the 
nitrogen ballast problem and produces syngas having a higher 
energy density (approximately 12 MJ/kg). For IGCC, an air 
separator is used to produce oxygen for oxygen-bloWn gas 
i?cation. The air separator accounts for approximately 30% 
of the operation and maintenance cost of the plant. The miti 
gation of the air separator cost by means of oxygen recycling 
Would offset the cost of carbon dioxide treatment. 
[0018] The Idaho National Laboratory has developed a pro 
cess, Which they have dubbed “syntrolysis,” for syngas syn 
thesis by means of simultaneous electrolysis of carbon diox 
ide and steam at high temperature (830° C.) in a static cell of 
exotic metals and ceramic materials. The cell is not only 
expensive, but small. For high volumes of carbon dioxide, the 
scalability of syntrolysis according to this setup remains 
unclear. 
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[0019] An object of the present invention is to provide a 
carbon dioxide cracker Which Will be able to continuously 
process voluminous CO2 Waste streams into valuable prod 
ucts, such as syngas and nanostructures such as carbon nano 
tubes. 

Electrolytic Dissociation of Waste Gases. 

[0020] The required energy for molecular dissociation, also 
knoWn as cracking, can be transferred in many forms, includ 
ing heat, mechanical, or electrical energy. Electrical energy 
can be transferred in an arc discharge, as in the case of light 
ning transforming oxygen into oZone. Normally, gases such 
as carbon dioxide are nonconductive, but a strong enough 
electric ?eld dissociates electrons from molecules, a process 
called ioniZation, leaving a mix of positively charged ions and 
free electrons called a plasma. Plasma is a good conductor, so 
a current ?oWs through the ioniZed gas in an arc discharge. 
The arc discharge transfers energy into the gas and increases 
ionization. 
[0021] The rate of energy transfer into the gas, by resistive 
dissipation, is proportional to the square of the current 
according to the formula PIIZR, Where P is poWer, I is current, 
and R is resistance to current ?oW through the gas betWeen the 
electrodes. Arc discharges Which connect the anode and the 
cathode are undesirable not only because they result in a short 
circuit of the energy so it does not get dissipated into the gas, 
but also they cause electrode erosion. The conventional 
approach to preventing these problems is to interpose a 
dielectric such as glass betWeen the feed gas and the elec 
trode, as practiced in dielectric barrier discharge (DBD) reac 
tors Which are Well knoWn in the art of oZoniZers. The dielec 
tric barrier has charges distributed evenly over its surface in 
contact With the feed gas, so there is no local charge concen 
tration, as in a bare metal electrode, Which could cause arcing 
and erosion. The discharge from the dielectric is a multitude 
of ?laments, called a gloW or a corona, rather than one con 
centrated arc. The ?lamentary currents transfer electrical 
energy into the gas in a multitude of tiny paths, Which is good 
for resistive dissipation. HoWever, the interposed resistance 
of the dielectric Weakens the E ?eld in the gas betWeen the 
electrodes, so the electromotive force driving electrical 
energy into the gas is Weak. 
[0022] Thermal plasma processes, Which require high pres 
sures, are impractical for carbon dioxide cracking on an 
industrial scale. An alternative is the plasma process is called 
cold or nonisothermal because although electron temperature 
is thousands of degrees, as in a thermal plasma, the gas 
temperature is moderate because the gas has not come to 
thermal equilibrium With the electrons. The ?uorescent light 
is one example. LoW (atmospheric) pressure means that the 
gas molecules excited by electron collisions cannot bump into 
each other frequently enough to come to thermal equilibrium. 
[0023] The gliding arc (glidarc) cold plasma reactor oper 
ates at approximately atmospheric pressure, and uses tran 
sient arcs betWeen the electrodes to transfer energy into the 
gas for cracking. The Weakening resistance of a dielectric 
barrier is avoided. Instead of a dielectric barrier, the motion of 
the arc prevents a concentrated arc discharge and thus protects 
the electrodes from erosion and diffuses electrical energy into 
the feed gas. Convective cooling of ?oWing gas betWeen 
divergent electrodes keeps gas temperature moderate. Gli 
darc solves the electrode erosion problem by moving the arc 
along With the gas through Which it conducts, thereby moving 
the arc ends so they do not dWell and erode the electrodes. 
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Glidarc reactors known to the art operate at high voltage With 
loW current. An improved version of glidarc (Glidarc II) com 
prises one rotating cylindrical electrode nested With a coaxial 
static electrode, and axial feed ?oW betWeen the electrodes. 
A. CZemichoWski, et al., US. Pat. No. 6,924,608 (2005). 
[0024] Glidarc reactors have been investigated as means for 
carbon dioxide cracking to syngas. A. CZemichoWski, Oil & 
Gas Science and TechnologyiRev. [FR Vol. 56, p. 181, pp. 
189-196 (2001). 
[0025] Another improved glidarc reactor, operating at high 
voltage, incorporates the principle of reverse vortex ?oW 
(axial counter?oW, as in a cyclone) as practiced in the 
Ranque-Hilsch vortex tube. Tangentially jetted feed sWirls 
doWn a tube and then rebounds through a ring cathode at the 
bottom of the tube up to a disk anode at the top of the tube, in 
an axial plasma jet. The tube could be held by a bare hand, 
dramatically demonstrating its cold plasma character. C. S. 
Kalra, et al., Rev. Sci. Instruments 76, 025110 (2005). 
[0026] A disadvantage of knoWn glidarc reactors is that 
residence time of feed gas in the processing Zone betWeen the 
electrodes is short. Feed gas just bloWs through, Which is 
necessary to move the arc so as to prevent electrode erosion. 
Improving feed residence time of cold plasma or glidarc 
reactors is another object of the present invention. 
[0027] The Glidarc II discussed above and the reactor dis 
closed by Hayashi, et al., US. Pat. No. 5,817,218 (1998) are 
examples of reactors Where there is shear betWeen the elec 
trodes, using shear instead of pressuriZed gas How to prevent 
erosion. Both shoW a single moving electrode. In the Glidarc 
II the rotating electrode is cylindrical. Hayashi shoWs a cold 
plasma reactor comprising a rotating disk electrode having a 
layer of catalyst and opposed to a catalyst-coated stationary 
plate electrode. Feed is peripheral to the turbulent gap 
betWeen the electrodes. Alternating current at 30-50 kHZ is 
applied to the Hayashi electrodes to create the plasma, 
although direct current may be used. A reactor for electrolysis 
comprising an axially fed Workspace betWeen co-rotating 
disk electrodes is disclosed by Fleischmann, et al. US. Pat. 
No. 4,125,439 (1978). Separation of electrolysis products in 
the Fleischmann, et al. device is by means of an annular 
splitter disposed betWeen the electrodes. 
[0028] A need exists for a reactor Which has a high rate of 
energy transfer to the feed, a long residence time of feed 
betWeen electrodes, minimal electrode erosion, minimal gas 
blanketing of the electrodes, and good separation of electroly 
sis products. The present invention addresses that need. 

The Disk Dynamo. 

[0029] Michael Faraday discovered in 1831 that by rotating 
a copper disk through a space betWeen magnetic poles he 
could draW off an electrical current from the disk near its axis 
of rotation. This Was the ?rst electrical generator. The 
homopolar generator, as it became knoWn later, Was investi 
gated by Tesla and many others. N. Tesla, “Notes on a Uni 
polar Dynamo,” The Electrical Engineer, Sep. 2, 1891. Here, 
it Will be referred to as a disk dynamo. The voltage of the disk 
dynamo may be small (<3 volts), but the current is large (up to 
millions of amperes). Current applications include Welding 
and rail guns. The potentials used for electrolytic half reac 
tions are Within the range attainable With a disk dynamo. 
[0030] J. Bockris, et al. Int. J. Hydrogen Energy, Vol. 10, p. 
179 at 185 (1985) discloses a single disk dynamo rotating 
through an axial magnetic ?eld. The potential used for Water 
cracking Was betWeen the periphery and axis of the same disk. 
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[0031] A charge separation betWeen the disk axis and disk 
periphery results from the opposite forces on the free positive 
and negative charges in the disk When the disk rotates through 
the magnetic ?eld. The motion of the disk is aZimuthal and the 
magnetic, or B ?eld is axial, so the electromotive force (volt 
age) is radial and opposite for positive and negative charges, 
causing them to migrate in opposite radial directions. 
Depending on the direction of rotation and the polarity of the 
transverse magnetic ?eld, a current ?oW sets up Which may be 
radially inWard, turning the disk periphery into a cathode, or 
radially outWard, turning the disk periphery into an anode. 

Carbon Nanotube Synthesis. 

[0032] Tubular fullerenes, commonly referred to as carbon 
nanotubes, are a commercially very valuable form of carbon 
that has many remarkable properties. Carbon nanotubes have 
100 times the tensile strength of steel, and may be the stron 
gest material on earth. In their metallic (armchair symmetry) 
form, they can carry high current With little heat, making them 
near superconductors. For heat conduction they are the most 
e?icient material knoWn. Each carbon atom connects to three 
others in a lattice of hexagons rolled into a tube. They have a 
high degree of resistance to corrosion along their length due 
to their cohesive molecular structure. 
[0033] Shortcomings of present carbon nanotube synthesis 
methods include: amorphous carbon soot and defective struc 
tures mixed With the desired structures, small batches, short 
tube length, kinking, and tangling of produced nanotubes. 
[0034] Inorganic nanotubes, nanoWires, and other ?ne ?la 
mentary structures have also been synthesiZed. In addition to 
being made from carbon, nanostructures can also be made 
from boron nitride, gold, metal dichalcogenides (MX2 
(M:Mo, W, Nb, Ta, Hf, Ti, Zr, Re; X:S, Se)), metal oxides, 
and metal dihalides. 
[0035] Annealing is recognized to be of bene?t in nanotube 
synthesis. Annealing is conventionally understood to be a 
heat treatment after formation, but mechanical or vibration 
annealing is also knoWn. The object of annealing is to 
improve packing of atoms into the desired lattice, to segregate 
impurities, and to eliminate imperfections in structure. The 
present invention also improves annealing of nanotubes dur 
ing synthesis. 
[0036] A high volume reactor for the continuous synthesis 
of carbon or other nanotubes is another object of the present 
invention. If nanotubes could be recovered from CO2 crack 
ing residue, even in loW quantities, they might more than 
offset the expense of reducing carbon dioxide emissions. The 
incentive to capture and crack carbon dioxide might become 
pro?t instead of coercion. 

SUMMARY OF THE INVENTION 

[0037] Conductive disks counter-rotating through a trans 
verse magnetic ?eld become disk dynamos and plates of a 
dynamic capacitor. The direction of the induced currents in 
the disks is opposite because of their counter-rotation; one 
becomes a cathode and the other becomes an anode due to the 
opposite radial current ?oW. BetWeen the oppositely charged 
counter-rotating disks is a Workspace Where high shear causes 
a shear layer comprising radial vortices for axially extracting 
light fraction products of electrolysis, such as syngas, con 
tinuously as more feed enters the Workspace axially and 
heavy fraction products of electrolysis, such as carbon nano 
tubes, exit the Workspace peripherally. 
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[0038] Rippled electrode surfaces on the disk dynamos 
shear gas in the Workspace and cause a pulsed electric ?eld as 
peaks and valleys periodically oppose While the disk dyna 
mos counter-rotate. The radially outWard How of feed in the 
Workspace stalls by turbulence in this high energy environ 
ment until it cracks into light fraction and heavy fraction 
products of electrolysis. Shear assists molecular dissociation 
by stressing molecular bonds mechanically While the electric 
?eld betWeen the shearing impellers stresses the molecular 
bonds electrically. The electric ?eld ?xes and aligns the mol 
ecules betWeen the disk impeller/electrodes, and shear tears 
them apart. 
[0039] A radial counter?oW forcing regime, comprising the 
centrifugal impellers and an axial suction pump, creates 
simultaneous source-sink How in the Workspace: sink How of 
light fraction products of electrolysis toWard the impeller/ 
electrode axis of rotation, and source How of feed and heavy 
fraction products aWay from the axis. Radial counter?oW 
(von Karrnan sWirling How in an open system) assures high 
continuous mass ?oW through the reactor and long residence 
time for cracking and centrifugal separation of products. Fine 
scale vortices in a shear layer betWeen the impeller/ electrodes 
perform centrifugal separation, and larger scale vortices com 
municating With the ?ne scale vortices provide radial sink 
?oW conduits for loW density light fraction products of elec 
trolysis, such as hydrogen from Water or methane. 

[0040] Momentum transport from the impeller/electrodes 
advects the feed and heavy fractions radially outWard from 
the axial feed port at the impeller/electrode axis of rotation. 
Simultaneously, induced vortices in the shear layer centrif 
ugate feed or heavy fraction products aWay from the vortex 
axes, out of the shear layer and into laminar outWard-?oWing 
boundary layers against the impeller/electrodes. In the 
boundary layers, the feed and heavy fraction products get a 
momentum boost. Light fraction products such as syngas, 
Which are displaced aWay from the boundary layers and con 
centrate in the shear layer, do not get as much momentum 
transfer from the impellers. Therefore feed and heavy fraction 
products, having higher momentum than the light fraction 
products, are in higher and higher concentration With increas 
ing distance from the axis of rotation of the impellers. 
[0041] Turbulent impedance of radially-outWard-?oWing 
feed ?lls the boundary layers against the electrodes, stripping 
aWay electrolysis products and replenishing feed against the 
electrodes, thus preventing product gas blanketing of the 
electrodes. The feed (e.g. CO2 and Water) and the heavy 
fraction products (eg oZone and solid carbon) are denser 
than the light fractions produced by electrolysis (e.g. CO and 
H2). The loW density, loW momentum light fraction products 
of electrolysis are displaced aWay from the boundary layers 
by the impeller-centri?lgated and shear-centri?lgated feed 
and heavy products. Thus, gaseous electrolysis products are 
continuously stripped from electrode surfaces, making Way 
for neW feed to be electrolyZed at these surfaces. Light frac 
tion products of electrolysis concentrate in the vortex cores of 
the shear layer, and are advected radially inWard to extraction 
at the impeller/ electrode axis of rotation by means of an axial 
suction pump. These extracted light fraction products can in 
in turn be the feed ?oW for another reactor in a cascade, to 
produce an increasing concentration of the desired output 
product. 
[0042] The shear layer of the Workspace betWeen the 
counter-rotating impeller/ electrodes contains a radial array of 
multi-scale vortex trees, Which are a netWork of loW pressure 

Aug. 13, 2009 

gradients converging at the impeller/electrode axis of rota 
tion, Where a sink How is created by the axial suction pump. 
Each of the ?ne-scale vortices in the turbulence of the shear 
layer acts as a centrifugal separator. Light fraction products of 
electrolysis collected in the vortex cores are extracted through 
this branched capillary netWork by the Work of the axial 
suction pump. Fine-scale vortices at the periphery of the 
Workspace roll up carbon into nanotubes, While hydrogen, 
oxygen, or other gases from cracking the carbonaceous feed 
are sucked radially inWard through the vortex cores and aWay 
from the evolving coherent carbon structures. 
[0043] The vortex-Wall interaction also assists in advecting 
light fraction products of electrolysis radially inWard through 
the radial vortices, Which are sink ?oW conduits. Vortices of 
the shear layer, upon encountering a pinch at the periphery of 
the Workspace, experience an axial rebound jet through their 
vor‘tex cores. Because light fractions concentrate at the vortex 
cores due to their loW density, this rebound jet drives light 
fractions toWard the impeller/ electrode axis of rotation and 
squeezes vortices of heavy fraction products of electrolysis, 
such as carbon, into long, tight tubular structures. 
[0044] Across the Workspace is a potential betWeen the 
plates of the dynamic capacitor formed by the opposed disk 
dynamos, Which have opposite radial current ?oW due to their 
counter-rotation through an axial magnetic ?eld. The plates 
of this capacitor are the electrodes of the reactor Which cracks 
the carbon dioxide or other feed. Electrode erosion of the 
plates by concentrated arc discharges is prevented by counter 
rotation of the electrodes. PoWer density never has time to 
groW to a destructive point at electrode surfaces because 
incipient arcs are continually disrupted by electrode counter 
rotation mechanically separating the arc ends and shearing 
the feed that sustains the arc. So instead of a feW high current 
Wasteful and erosive arcs, there are innumerable small, tran 
sient, ?lamentary discharges transferring electrical energy 
into the feed to cause molecular dissociation by resistive 
dissipation of the electrical energy. 
[0045] Discharges through evolving conductive tubular 
structures of heavy fraction electrolysis products knit them 
together and turn them into cathodes pointing into the feed 
and attracting more carbon ions to their evolving ends Less 
conductive carbon structures, such as soot, are vaporiZed and 
recycled by the current due to their greater resistance, and 
therefore do not clutter production of high quality metallic 
nanotubes. 

[0046] Electrode erosion by falling ions is prevented by 
spinning the electrodes so that the falling ions chase a moving 
target and their trajectory becomes tangential to the electrode. 
The high turbulence of the gas in the shear layer betWeen the 
electrodes destroys any incipient current path betWeen the 
electrodes, and acts as a dynamic dielectric. 

[0047] Because of the protection of the dynamic dielectric 
and the rotation of the electrodes, carbon does not deposit on 
the electrodes and catalyst coking is prevented. Carbon ions 
and carbon particles rotate in self-tightening coherent radial 
vortices in the shear layer. Rotation of the carbon ion vortex 
causes a solenoidal magnetic ?eld through Which carbon ions 
rotate. A positive feedback loop ensues, Where the magnetic 
force from ion rotation squeezes ions into the vortex core, 
thereby accelerating the vortex and causing more magnetic 
force. Carbon nanotubes form in the shear layer as self 
tightening carbon ion cyclones knit into coherent structures 
under the radial compressive force. Vortex rotation through 
the magnetic ?eld due to the disk dynamos anneals the nano 
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tubes by magnetomechanical vibration at the same time as 
they self-tighten in their solenoidal magnetic ?eld. Gas crack 
ing is also assisted by this magnetomechanical vibration. 
[0048] Ozone in proximity to the evolved nanotubes at the 
periphery serves to oxidize imperfections in carbon structures 
and to functionaliZe the nanotubes by creating oxygeniZed 
sites Where other molecules can be attached at a later time. 
[0049] By means of the present invention, carbon dioxide, 
Which is presently Worse than Worthless, becomes a valuable 
resource. Emitters of carbon dioxide have a Way to avoid the 
problems of sequestration, and a pro?t motive to prevent 
global climate change. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0050] FIG. 1 shoWs a cross-sectional schematic vieW of 
approximately half of the axial portion of the reactor. 
[0051] FIG. 2 shoWs a cross-sectional schematic vieW of 
approximately half of the peripheral portion of the reactor, 
connecting With FIG. 1 as shoWn by the arroWs. Together, 
FIG. 1 and FIG. 2 shoW approximately half of the reactor. The 
illustrative application discussed is the cracking of carbon 
dioxide and Water to produce syngas as Well as oZone and 
carbon. 
[0052] FIG. 3 shoWs a top vieW of the Workspace With the 
top impeller/electrode removed, shoWing a plurality of drive 
Wheels for counter-rotation of the impeller/ electrodes. 
[0053] FIG. 4 shoWs a detailed side vieW of radial counter 
?oW through the Workspace. 
[0054] FIG. 5 shoWs a vieW into the radial vortex cores. 
[0055] FIG. 6 shoWs a detail of the pinch section of the 
Workspace, and the vortex-Wall interaction. 
[0056] FIG. 7 shoWs a detail of radial counter?oW at the 
feed inlet. 
[0057] FIG. 8a and FIG. 8b shoW rippled electrodes during 
counter-rotation producing a pulsed electric ?eld. 
[0058] FIG. 9 shoWs impeller vanes on the impeller/elec 
trode/electrodes intersecting during counter-rotation. 
[0059] FIG. 10 shoWs a detail of the baf?e assembly. 
[0060] FIG. 1111 shows a carbon ion vortex, and its intrinsic 
magnetic ?eld. 
[0061] FIG. 11b shoWs the radially inWard magnetic force 
on a carbon ion rotating through the vortex magnetic ?eld. 
[0062] FIG. 12 shoWs a detail of a portion of the Workspace 
and an evolving carbon nanotube therein. 
[0063] FIG. 1311 shows the concentric magnetic ?eld in the 
Workspace betWeen the counter-rotating impeller/electrodes. 
[0064] FIG. 13b shoWs a simpli?ed version of the shear 
electrolysis process. 
[0065] FIG. 14 shoWs a radial vortex of ions rotating 
through a magnetic ?eld, and the magnetomechanical anneal 
ing of nanotubes caused thereby. 
[0066] FIG. 15 shoWs a detail of a radial array of conductive 
portions on the counter-rotating impeller/ electrodes. 
[0067] FIG. 16 shoWs a simpli?ed version of a radial coun 
ter?oW shear electrolysis reactor used for Water electrolysis. 
[0068] FIG. 17 shoWs a detail of a substrate bombarded by 
nanostructures ejected from the periphery by the radial rail 
gun effect. 

DRAWING REFERENCE NUMERALS 

[0069] lifeed source 
[0070] 2iaxial feed conduit 
[0071] 2aiaxial feed port 
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[0072] 3ibottom impeller/ electrode 
[0073] 4itop impeller/electrode 
[007 4] Sibaf?e 
[0075] 6ivane 
[0076] 7ipinch section of Workspace 
[0077] 8imagnet 
[0078] 9iaxial exhaust conduit 
[0079] 9aiaxial exhaust port 
[0080] 10iaxial suction pump 
[0081] llisyngas receptacle 
[0082] 12isteam condenser chilled screen assembly 
[0083] 13iinsulating seal 
[0084] 144drive ?ange 
[0085] 154drive Wheel 
[0086] 164drive spindle 
[0087] 174dielectric 
[0088] 184contact 
[0089] 194conductive portion 
[0090] 20isubstrate 

DETAILED DESCRIPTION 

[0091] By the term “electrolysis” is meant processes Which 
cause molecular dissociation by electrical energy, including 
processes Where dissociation occurs at electrode surfaces as 
Well as processes Where molecular dissociation occurs in the 
bulk ?uid (gas, liquid, or combination thereof) betWeen oppo 
sitely charged electrodes, including pulsed electric ?eld pro 
cesses and capacitively coupled plasma processes. 
[0092] FIG. 1 and FIG. 2 together shoW a schematic cross 
sectional vieW of the preferred embodiment for simultaneous 
electrolysis of carbon dioxide and Water to produce syngas. 
FIG. 1 connects to FIG. 2 to shoW approximately one half of 
the reactor according to the present invention. The remainder 
is symmetrical to What is shoWn. 
[0093] Another application of the present invention accord 
ing to the preferred embodiment is to crack carbon dioxide or 
other carbonaceous feed gas including methane and other 
alkanes, to synthesiZe carbon nanotubes. The ?oW paths for 
the various fractions are shoWn by arroWs. 
[0094] Another application is to crack gaseous pollutants 
such as hydrogen sul?de (HZS), ammonia (NH3), mercap 
tans, chloro?uorocarbons (CFCs), and volatile organic com 
pounds (VOCs) to render them harmless While recovering 
valuable materials. Even hot and dirty Waste gas streams 
could be feed to the reactor. For example, ?ue gas from 
coal-?red poWer plants could be directly injected Without 
scrubbing, With light fractions such as nitrogen ballast and 
Water vapor axially extracted along With the light fraction 
products of electrolysis of the pollutants. 
[0095] The syngas application Will be discussed beloW as 
an illustrative example of the operation of the reactor. The 
description of this example, hoWever, should not be read as a 
limitation on the application of the reactor to other electroly 
sis or plasma assisted reactor tasks, such as, for example, the 
electrolysis of Water to produce hydrogen and oxygen. All of 
said other applications are intended to be covered by the 
claims. Given the disclosure of the present invention, a person 
of ordinary skill in those arts Will be able to adapt the reactor 
to the task by calculation and experimentation. 
[0096] A feed, Which for syngas synthesis comprises a mix 
ture of carbon dioxide and Water, ?oWs from a feed source 1 
through an axial feed conduit 2 Which communicates With a 
Workspace de?ned by and betWeen impeller/electrodes 3, 4 
Which are straddled by a magnet 8. The impeller/electrodes 
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rotate about the axis a-a and through the axial magnetic ?eld 
B betWeen the North and South poles of the magnet 8. ShoWn 
here is one magnet 8 causing an axial magnetic ?eld through 
both impellers. Alternatively, separate magnets could 
straddle separate impeller/electrodes. The bottom impeller 
shoWn here comprises an axial feed port 211 at its center. The 
impeller/electrodes comprise conductive material, such as 
aluminum, in their portions betWeen the poles of the magnet 
8 and are preferably coated With a catalyst, such as nickel, on 
their surfaces facing the Workspace. 
[0097] Suitable means cause the impeller/ electrodes 3,4 to 
counter-rotate about the axis a-a. Preferred means for causing 
counter-rotation of the impeller/electrodes 3,4 are peripheral 
drive Wheels 15 as shoWn With more particularity in FIG. 2 
and FIG. 3. The drive Wheels 15 engage drive ?anges 14 on 
each impeller/ electrode and are driven by drive means (not 
shoWn) such as electric motors connected to the drive Wheels 
by drive spindles 16. The drive Wheels 15 are preferably 
pneumatic tires, or alternatively geared Wheels engaging cogs 
on the ?anges. The drive Wheels maintain separation of the 
impeller/electrodes at the desired distance and also transfer 
energy from the drive means to the impeller/ electrodes. Other 
suitable means could be used, such as belt drives connecting 
a motor to the impeller/electrodes. 

[0098] The counter-rotating impeller/electrodes 3,4 act as 
centrifugal impellers to the feed coming through the axial 
feed port 211, advecting feed radially outWard from the axis of 
rotation a-a toWard the periphery of the Workspace and also 
draWing feed from the source 1 through the axial feed conduit 
2. The feed ?oW rate can be assisted by a feed pump, not 
shoWn, or by the pressure of a feed produced by combustion. 
Momentum transport from the impeller/ electrodes to the feed 
creates a boundary layer against each impeller/electrode and 
a shear layer betWeen the boundary layers. Within the shear 
layer is a fractal tree netWork of radial vortices. 
[0099] An axial suction pump 10 draWs ?uid radially 
inWard to the axis a-a through the radial vortex cores of the 
shear layer in the Workspace betWeen the impeller/ electrodes 
and out of the Workspace through an axial exhaust conduit 9 
communicating With an axial exhaust port 911 approximately 
at the center of the top impeller. In the present example, this 
axially extracted ?uid is the light fraction products of simul 
taneous electrolysis of carbon dioxide and Water, viZ. carbon 
monoxide and hydrogen, a mixture knoWn as syngas. Syngas 
extracted from the Workspace is collected in a syngas recep 
tacle 11. The syngas can be used as fuel directly or converted 
into other products such as liquid vehicle fuel. For Water 
electrolysis, the light fraction product Would be hydrogen. 
For methane cracking, the light fraction product Would be 
hydrogen. 
[0100] Across the axial exhaust conduit 9 is a chilled screen 
1211 for causing condensation of entrained Water vapor. The 
chilled screen is kept chilled by a chilling reservoir 12 con 
taining ?uid and communicating With chilling means (not 
shoWn). Condensate dripping from the chilling screen drops 
back onto a baf?e 5 and the baf?e in rotation advects conden 
sate radially outWard from the axis a-a back into the Work 
space. 

[0101] The impeller/electrodes 3,4 preferably converge to a 
pinch section 7. At the pinch section, and at all locations of the 
Workspace Where the impeller/ electrodes converge further, an 
axial jet through vortex cores toWard the axis a-a is caused by 
a phenomenon knoWn as the vortex-Wall interaction. See FIG. 
6. 
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[0102] A baf?e 5 disposed in the Workspace serves to sepa 
rate the axial feed port 211 from the axial exhaust port 911 so the 
feed does not go directly out the axial exhaust port but is 
directed radially outWard from the axial feed port. The baf?e 
is preferably of dielectric material. ShoWn here is a baf?e 
connected by vanes 6 to the bottom impeller/electrode 3. 
Alternatively the baf?e could be a static structure disposed 
betWeen the axial feed port and the axial exhaust port, con 
nected to the axial feed conduit and the axial exhaust conduit 
by suitable means and comprising ?oW channeling means 
such as radial noZZles for improving the extraction of light 
fraction electrolysis products such as syngas from the vortex 
cores. The connecting vanes 6 serve to advect the feed radially 
outWard from the axis a-a When the bottom impeller/ electrode 
3 rotates. The baf?e, vanes, and the bottom impeller/ electrode 
constitute a centrifugal pump for the feed. A detail of the 
rotatable vanes and baf?e assembly is shoWn in FIG. 10. 

[0103] At least one magnet 8 is disposed such that its poles 
straddle the counter-rotating impeller/electrodes 3,4 at said 
conductive portions. ShoWn here are tWo annular magnets 
having polarity as indicated and an axial magnetic ?eld B 
betWeen the poles. Preferably each of the magnets 8 is an 
electromagnet comprising means for controlling the current 
(not shoWn) so as to adjust the strength of the magnetic ?eld 
B. The lines of the magnetic ?eld B intersect opposed con 
ductive portions of the impeller/electrodes as they counter 
rotate about the axis a-a, and through said conductive portions 
current ?oW is radially opposite for each impeller/electrode. 
[0104] Alternatively the magnet 8 could be coils about the 
axial feed conduit and the axial exhaust conduit, With a B ?eld 
betWeen the coils. In that alternative embodiment, a conduc 
tive portion of the impeller/electrodes is near their axis of 
rotation and rotates through said B ?eld. 

[0105] Due to counter-rotation of the approximately paral 
lel disks 3,4 through the B ?eld betWeen the poles of the 
magnet 8, the disks become disk dynamos (also sometimes 
referred to as homopolar generators, unipolar generators, or 
Faraday disks). Each disk is an armature of a generator as Well 
as a plate of a capacitor. The top impeller/ electrode 4 becomes 
a cathode, having (conventional) current ?oW radially inWard 
(and electron ?oW radially outWard), and the bottom impeller/ 
electrode 3 becomes an anode, having current ?oW radially 
outWard (and electron ?oW radially inWard). 
[0106] Oppositely charged electrodes facing each other 
across the Workspace are caused by said opposite current 
?oW. Disk counter-rotation creates a dynamic capacitor hav 
ing as its dielectric the gas in the Workspace and as its plates 
the armatures of the disk dynamos. Turbulence in a shear 
layer betWeen the plates prevents arcing betWeen the impel 
ler/electrodes 3,4 by denying a stable path for current ?oW 
through the gas. Electrolysis occurs in redox reactions at the 
electrodes and in the bulk by electrical energy into the sheared 
feed. Products of said electrolysis include light fractions and 
heavy fractions. Light fractions have a density (molar mass) 
less than the feed, and heavy fractions have a density greater 
than the light fractions. For example, hydrogen from methane 
cracking has a molar mass of 2 g/mol, Whereas the methane 
feed is 16 g/mol, and carbon ions are 12 g/mol. While the feed 
cracks in high turbulence during its radially outWard ?oW, 
heavy fraction products of electrolysis are advected radially 
outWard from the axis a-a through the periphery of the Work 
space and light fraction products are advected radially inWard 
to the axial exhaust port 911. 
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[0107] When carbon dioxide and Water are simultaneously 
electrolyZed, the light fraction products extracted through the 
axial exhaust port 911 include hydrogen and carbon monoxide, 
a mixture knoWn as syngas. Thus carbon dioxide is cracked 
into a useful product Which can be used as fuel. Heavy frac 
tion products include oxygen and elemental carbon. Oxygen 
can be electrolyZed further into oZone, and carbon in 
mechanically-forced high shear in the high E ?eld can be 
synthesiZed into long nanotubes. The oxygen, oZone, and 
carbon are extracted from the reactor through the periphery of 
the Workspace. 
[0108] Nanostructures ejected from the periphery may 
impact a substrate 20 (not shoWn here, see FIG. 17 and 
become embedded therein. The substrate is one of the means 
for collection of heavy fraction products of electrolysis at the 
periphery of the Workspace betWeen the impeller/electrodes. 
[0109] At the periphery of the Workspace, shoWn in FIG. 2, 
there is a strong electric ?eld betWeen the disk dynamos 
because of large opposite charges on the separated impeller/ 
electrodes 3,4. The strength of the electric ?eld may be 
adjusted by adjusting the current in the coils of electromag 
nets 8, the rotation speed of the impeller/ electrodes 3, 4, and 
the spacing betWeen them. 
[0110] Means for preventing arc discharges are provided at 
the axial portion of each disk dynamo. Said discharge pre 
venting means include dielectric barriers 17 covering the 
surfaces of the disks Which face the Workspace, and contacts 
18 engaging the axial portions of the electrodes so as to draW 
off current from said axial portions and dissipate it through a 
resistive load or discharge it directly into ground. The loca 
tion of the contact point of the contact 18 is preferably before 
the seal 13 so as to prevent damage to the seal 13. Suitable 
contacts 18 include slidable brushes or other means knoWn to 
the art of high current DC generators. Said axial discharge 
preventing means prevent syngas and oxygen from igniting 
inside the reactor. 

[0111] A radial railgun effect takes place due to discharges 
betWeen the impeller/electrodes 3,4 at their periphery, 
beyond the pinch section 7. Interaction betWeen the discharge 
magnetic ?elds and the inter-disk B ?eld (the concentric 
magnetic ?eld betWeen the impeller/electrodes 3,4isee FIG. 
13a) impels ioniZed gases and entrained evolving solid struc 
tures such as solid carbon and carbon nanotubes radially 
outWard aWay from the axis a-a. A substrate (not shoWn) 
disposed across the periphery of the Workspace is bombarded 
and plated by highly energetic spears of nanostructures, due 
to an effect knoWn from railguns, Which Will be called here 
the radial railgun effect. See FIG. 17. 
[0112] The conventional railgun is a linear propulsion 
device having conductive parallel rails connected to a poWer 
supply in a DC circuit. Connecting the rails is a conductive 
fuse. A projectile rests ahead of the conductive fuse. When a 
high current is caused to How along the rails, the fuse con 
necting the rails becomes vaporiZed and ioniZes. An arc dis 
charge through the ioniZed fuse causes a strong magnetic ?eld 
having magnetic ?eld lines directed the same as the magnetic 
?eld lines betWeen the rails, therefore the fuse discharge and 
its associated ioniZed gas, along With the projectile, are 
repelled out along the rails. Acceleration due to the railgun 
effect can be very high, as much as 106 g, resulting in speeds 
on the order of kilometers per second. 

[0113] The present invention can be envisioned as a myriad 
array of radial railguns Wherein the disk impeller/ electrodes 
3,4 are the rails, the gas in the Workspace is the fuse, and the 
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direction of repulsion is radially outWard from the axis a-a. 
Nanotubes, nanoWires, and other nanostructures become 
radially accelerated missiles shooting out of the periphery 
and embedding themselves in the substrate. Carbon nano 
tubes embedded in a substrate Would make an excellent 
capacitor plate and an excellent solar energy collector. 
[0114] Concentric magnetic ?eld lines exist in an annular 
magnetic ?eld in the Workspace, as shoWn in FIG. 1311, due to 
the opposite radial current How in the impeller/ electrodes. 
[0115] Vortices of carbon ions in the Workspace have their 
axes stretched radially outWard by the radial ejection of dis 
charges in the radial railgun, and their vorticity is thereby 
increased. The same is true of carbon vapor. The radial railgun 
effect assists in the formation of carbon nanotubes because 
carbon ion vortices in the Workspace are self-tightening, i.e. 
their rotation creates their oWn solenoidal magnetic ?eld, and 
rotation through of ions through this ?eld causes a magnetic 
force Which pushes the rotating ions toWard the vortex axis, 
thereby accelerating the vortex and strengthening the sole 
noidal magnetic ?eld, and so on in a positive feedback loop. 
See FIGS. 11a and 11b. Self-tightening of carbon ion vortices 
overcomes electrostatic repulsion of like-charged species and 
squeezes carbon ion vortices into tubular fullerenes, or car 
bon nanotubes. Carbon vapor is sWept along in the vortices 
and falls into the cathode tip of the evolving nanotube. 
[0116] Other nano?bers or nanotubes other than pure car 
bon could also be synthesiZed by the radial reactor according 
to the present invention, using the appropriate feedstock, for 
example, boron nitride, gold, metal dichalcogenides (MX2 
(MIMo, W, Nb, Ta, Hf, Ti, Zr, Re; X:S, Se)), metal oxides, 
metal dihalides, and other inorganic nanotubes, nanoscrolls, 
nanobuds, or nano?bers. Even in amorphous form, solids 
emitted from the reactor of the present invention, Which are 
ejected from the periphery of the Workspace in high radial 
acceleration by the radial railgun effect, Would have very high 
kinetic energy. This might make them suitable for strongly 
adherent, thick and tough plating, such as diamond plating, 
even on non-metallic substrates. 

[0117] Another application is for solar panels, With an 
embedded fuZZ of carbon nanotubes serving to collect solar 
energy into the substrate. 
[0118] Insulating seals 13 separate the impeller/electrodes 
from the static portions of the axial feed conduit 2 and axial 
exhaust conduit 9. The insulating seals are of dielectric mate 
rial. A dielectric 17 separates the axial portion of the top 
electrode 4 and the axial exhaust conduit 9 from the ?uid 
being advected by the axial suction pump 10. The baf?e 5 is 
preferably shielded With a dielectric as Well. The purpose of 
the dielectric 17 is to prevent discharges through syngas as it 
is being axially extracted through the axial exhaust conduit 9. 
Contacts 18 sliding on the axial portion of the impeller/elec 
trodes betWeen the Workspace and the seals 13, the brushes 
connected to ground With or Without an intermediate resistive 
load, Would discharge the axial disk charges Which might 
cause discharges through the syngas in the Workspace. 
[0119] In the Workspace, While the impeller/electrodes 3,4 
are in counter-rotation, there are boundary layers against each 
impeller/electrode Where ?uid ?oWs radially outWard due to 
viscous diffusion of momentum from the impeller/ electrodes. 
BetWeen the boundary layers is a shear layer, Where How is 
turbulent. This is von Karman sWirling ?oW (s~— l) in an open 
system, having continuous mass How in (through the axial 
feed port 2a) and out (through the axial exhaust port 911 and 
also out through the periphery of the Workspace). Note that 
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this is different from the closed systems (no mass How in or 
out) such as the magnetohydrodynamic setups often studied 
in connection With von Karman swirling How. 
[0120] Turbulent drag impedes radially outWard ?oW 
through the shear layer, forcing incoming feed around the 
shear layer and against the electrodes Where redox reactions 
occur. Although the voltage betWeen the periphery and axis of 
a single disk dynamo may be small (under 3 volts) this small 
voltage is more than adequate for redox reactions at the sur 
faces of the impeller/electrodes 3, 4. The current in each disk 
dynamo of the dynamic capacitor is very large, so large oppo 
site charges straddle the Workspace. Charge separation is the 
distance betWeen the surfaces of the impeller/electrodes and 
not the radius of the disk dynamo. Charge separation can be 
varied by changing the diameter of the peripheral drive 
Wheels. The peripheral drive Wheels also prevent the impel 
ler/electrodes from coming together due to the attraction of 
their large opposite charges. 
[0121] High shear betWeen the impeller/electrodes 3,4 pre 
vents arc discharges across the Workspace and causes aniso 
tropic turbulence. Large scale vortices in the shear layer of the 
Workspace bifurcate into a fractal branching netWork, an 
array of vortex trees radiating from the axis a-a. Each radial 
tree vortex is a netWork of loW pressure gradients Which are 
sink ?oW conduits linking capillary ?ne structures to coherent 
large scale structures. The axial suction pump 10 draWs the 
light fraction products of electrolysis in these vortex cores 
radially inWard to the axis a-a While simultaneously the heavy 
fraction products of electrolysis are advected radially out 
Ward in the boundary layers against the impellers, around the 
shear layer. The impeller/electrodes 3,4 in combination With 
the axial suction pump 10 constitute a radial counter?oW 
forcing regime Which is driven by mechanical energy. A detail 
of the radial counter?oW is shoWn in FIG. 4, FIG. 5, and FIG. 
7. 

[0122] Additionally, a phenomenon knoWn as the vortex 
Wall interaction squeezes sink ?oW radially inWard to the axis 
a-a through the vortex cores of the shear layer. A detail of the 
vortex-Wall interaction is shoWn in FIG. 6. At the pinch sec 
tion 7 of the Workspace, Where the impeller/electrodes 3,4 
converge and become more closely separated, vortices 
encountering the pinch 7 drive an axial rebound jet through 
the vortex core radially inWard to the axis a-a aWay from the 
pinch section 7. Fine-scale vortices in this region of the Work 
space are thereby milked of their light fraction products, such 
as carbon monoxide (molar mass 28 g/mol) and hydrogen (2 
g/mol). Heavy fraction products such as oxygen (32 g/mol), 
oZone (48 g/mol), solid carbon and liquid Water are spun out 
of the shear layer due to their high density. 
[0123] In summary, due to density differences in the orga 
niZed turbulence of the Workspace, there is a continuous 
migration of feed and of heavy fraction products of electroly 
sis radially outWard and of light fraction products of elec 
trolysis radially inWard, With respect to the impeller/ electrode 
axis of rotation a-a. The radial counter?oW forcing regime 
and the radial vortices of the shear layer provide means for 
continuous axial extraction of light fraction products of elec 
trolysis as feed ?oWs in continuously at the axis a-a and heavy 
fraction products of electrolysis ?oW out of the periphery. 
[0124] Radially outWard from the pinch section 7 is a 
peripheral annulus Where the counter-rotating impeller/elec 
trodes are close together. Preferably, the electrodes comprise 
radial ripples, as shoWn in FIGS. 8a and 8b. The periodic 
opposition of peaks of the ripples causes a pulsed electric ?eld 
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in the Workspace. The frequency depends on rotation speed of 
the impeller/electrodes and the number of peaks on each. For 
impeller/electrodes having 1000 peaks, each rotating at 2 
revolutions per second, the frequency of the pulsed electric 
?eld betWeen them Would be 4 kHZ. Capacitive coupling of 
electrical energy into the gas in the Workspace assists in 
cracking carbon dioxide and Water so as to produce syngas 
and also assists in the formation of oZone and nanotubes. 
[0125] Alternatively, the electrodes comprise oppositely 
curved vanes 6 instead of or in addition to radial ripples. This 
is shoWn in FIG. 9. In counter-rotation, the impeller/elec 
trodes 3,4 cause numerous points of intersection Where the 
vanes approach close enough to cause discharges betWeen 
them, said points of intersection moving radially outWard 
from the axis a-a as the counter-rotation continues. The 
opposed vane embodiment is a glidarc reactor having the 
advantage of long residence time because feed ?oW through 
the electrodes is turbulently impeded at the pinch section 7 
While the arcs at points of intersection repeatedly lash through 
it. 
[0126] A radially directed potential exists betWeen the 
peripheral annulus of the Workspace, Where betWeen the 
closely spaced highly charged impeller/ electrodes there is an 
abundance of free electrons, and the axial portion of the 
Workspace Where incoming feed offers a ground. The path for 
electrons radially inWard through the Workspace is along any 
conductive carbon structures, turning them into cathodes 
Which electrolyZe feed in the vicinity of the structure tip 
pointing into the feed. Tiny cathodes accrete carbon atoms at 
their cathode tips to build into tubular fullerenes, or carbon 
nanotubes. A detail of this is shoWn in FIG. 12. 
[0127] As shoWn in FIG. 13a, betWeen the disk armatures 
(impeller/electrodes 3,4 ) is a magnetic ?eld having concen 
tric ?eld lines in the direction of the rotation of the top disk 4 
(cathode at periphery, anode at axis, so conventional current, 
Which is the opposite of electron How, is radially inWard in the 
disk dynamo). Charged species vibrate as they pass through 
the inter-disk magnetic ?eld While they rotate in vortices. This 
is magnetomechanical vibration, shoWn With more particu 
larity in FIG. 14. On the doWnstroke of each revolution of the 
vortex, positive ions such as carbon receive impulses radially 
inWard toWard the axis a-a, and negative ions radially out 
Ward. 
[0128] Magnetomechanical vibration in the turbulent vor 
tices transfers kinetic energy into molecules and thereby 
assists in dissociation. Carbon atoms rotating in carbon diox 
ide through this concentric magnetic ?eld are pulled radially 
inWard toWard the axis a-a While the oxygen atoms are pulled 
radially outWard. On the upstroke, the directions are reversed. 
Each vortex revolution is one stress cycle on the molecular 
bonds, Which ?ex at that frequency until they break. 
[0129] Magnetomechanical annealing of evolving carbon 
nanotubes occurs in the same manner as the carbon ion vor 

tices rotate through the concentric magnetic ?eld betWeen the 
disk dynamos. High frequency magnetomechanical anneal 
ing improves packing and reduces imperfections. 
[0130] Some of the cracked carbon dioxide is axially 
extracted by means of the radial vortices as carbon monoxide. 
The remainder of the carbon dioxide, plus some carbon mon 
oxide, continues to How radially outWard past the pinch sec 
tion 7 along With oxygen. Further dissociation of carbon 
compounds strips off the second oxygen atom, leaving bare 
carbon ions. The carbon ions revolve in vortices due to the 
shear betWeen the impeller/electrodes 3,4. 
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[0131] The vortex of carbon ions causes a solenoidal mag 
netic ?eld, as shown in FIG. 11a. The carbon ions rotating 
through their oWn magnetic ?eld experience a magnetic 
force, as shoWn in FIG. 11b, having a direction radially 
inWard toWard the vortex axis. The radially inWard force 
increases rotation speed, Which increases the magnetic ?eld 
and the magnetic force, and so on, in a positive feedback loop. 
[0132] Self-tightening carbon ion tornadoes overcome 
electrostatic repulsion of like-charged carbon ions to pack 
into carbon nanotubes. Electrons from the plasma in Which 
these carbon ions reside ?oW through the evolving carbon ion 
vortices aWay from the high electron plasma region at the 
periphery and toWard the axis a-a. Each evolving carbon 
structure becomes a cathode tip dangling in the Workspace 
and reducing carbon dioxide and carbon monoxide in its 
vicinity. Carbon atoms aggregate to each cathode tip, evolv 
ing a multitude of carbon nanotubes continuously as the 
solidi?ed ends of the nanotubes are extruded through the 
periphery and gathered by suitable means (not shoWn) knoWn 
to the art of ?ber synthesis. The solenoidal magnetic ?elds of 
the carbon ion tornadoes have the same polarity because the 
tornadoes co-rotate, so the vortices of evolving nanotubes are 
kept separate. Parallel nanotubes, rather than tangled bundles, 
are produced. 
[0133] Current passing through evolving carbon structures 
vaporiZes soot and semiconductive structures by resistive 
heating. Metallic (armchair symmetry) carbon nanotubes suf 
fer little resistive heating because they are excellent conduc 
tors. The vaporized carbon structures are then recycled into 
metallic nanotubes. Thus a high proportion of desired, highly 
conductive carbon nanotubes is obtained free of the clutter of 
soot and defective structures. Carbon nanotubes Which suc 
cessfully pass through the Workspace Without becoming 
vaporiZed extrude from the periphery of the Workspace, as 
shoWn in FIG. 12. 
[0134] Oxygen passing radially outWard through the 
plasma in the Workspace becomes oZone (48 g/mol), another 
dense fraction Which is extruded along With the nanotubes. 
OZone oxidiZes amorphous carbon and defective structures, 
but properly formed nanotubes resist oxidation because of the 
very strong bonds betWeen carbon atoms. Ends of broken 
nanotubes are oxidiZed by the oZone in What is called func 
tionaliZation. FunctionaliZed sites may be used later for 
attaching other atoms to the nanotube, or for linking nano 
tubes together into a fabric or strong cable. 

[0135] FIG. 3 shoWs a top vieW of the bottom impeller/ 
electrode 3. ShoWn are four drive Wheels 15 driven by drive 
spindles 16. The drive Wheels engage a drive ?ange 14 on the 
bottom impeller 3, causing the bottom impeller to rotate as 
shoWn by the arroW. More or feWer drive Wheels could be 
used. The top impeller 4 (not shoWn) engages the drive Wheels 
at its drive ?ange and is rotated in an opposite direction from 
the bottom impeller 3 by the rotation of the drive Wheels 15. 
The peripheral drive means shoWn in FIG. 3 alloWs for nearly 
exact counter-rotation of the impeller/electrodes 3,4 and for 
high torque to get them started in rotation. The drive Wheels 
also maintain separation betWeen closely spaced highly 
charged electrodes and prevents the attraction of opposite 
charges from bringing the electrodes together. More or feWer 
drive Wheels than four could be used. 

[0136] FIG. 4 is a detailed side vieW of a portion of the 
Workspace While the impeller/electrodes 3,4 are counter-ro 
tating about the axis a-a. Radial counter?oW is shoWn. A sink 
How of light fraction products of electrolysis, such as carbon 
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monoxide and hydrogen (syngas), and a simultaneous source 
How of feed and heavy fraction products (such as oxygen and 
elemental carbon), occur in the Workspace. The sink How is 
through cores of radial vortices in von Karman sWirling How 
in an open system. The von Karrnan sWirling How is caused by 
a radial counter?oW forcing regime comprising the simulta 
neous suction of an axial pump and centrifugal pumping of 
the counter-rotating impeller/electrodes. The source How is 
along the impeller/ electrodes 3,4 in laminar boundary layers 
around the shear layer betWeen the impeller/electrodes, 
Which contains the sink ?oW conduits. 
[0137] FIG. 5 shoWs another detail of a portion of the Work 
space, this time vieWed from the axis a-a. Fluid ?oW direction 
is shoWn by the convention of magnetic ?elds: crosses for 
How aWay, and dots for How toWard the ob server. FloW toWard 
the axis a-a, or sink How, is caused by the Work of the axial 
suction pump 10 shoWn in FIG. 1 and by the vortex-Wall 
interaction shoWn in FIG. 6. FloW aWay from the axis a-a is 
caused by the advection due to momentum transfer in the 
boundary layer from the impeller/electrodes 3,4 Which 
counter-rotate as shoWn by the arroWs. BetWeen laminar 
boundary layers is a shear layer comprising coherent radial 
vortices for sink ?oW. Numerous vortices of many scales are 
in the shear layer. All vortex cores, Whatever the direction of 
rotation of the vortex, point toWard the axis a-a. 
[0138] The shear layer is permeable to sink How of light 
fraction products in the vortex cores. Sink How is forced by 
the Work of the axial suction pump 10 shoWn in FIG. 1. In the 
vortex cores, due to centrifugal vortex separation, fractions 
having loW molar mass, such as hydrogen (2 g/mol) and 
carbon monoxide (28 g/mol) are in high concentration, and 
heavy fractions such as carbon dioxide (44 g/mol) are in loW 
concentration. LoW molar mass fractions have loW density 
and separate centrifugally in vortex rotation. Therefore a How 
rich in syngas Will be axially extracted by the axial pump. 
[0139] In the laminar boundary layers, the light fractions 
are in loW concentration and the heavy fractions are in high 
concentration, due to said centrifugal vortex separation and 
the obstacle presented to incoming feed by the turbulent drag 
in the shear layer. Momentum transfer from the impeller/ 
electrodes Will therefore primarily go to the heavy fractions 
and feed, leaving the light fractions lagging in radially out 
Ward ?oW (source ?oW) from the axis a-a. Radially inWard 
from the axis a-a the light fraction products of electrolysis are 
in high concentration, and radially outWard from the axis a-a 
the heavy fraction products of electrolysis are in high con 
centration. Feed is held up betWeen the heavy and light frac 
tion concentrations until it is cracked. Long residence time of 
feed in the processing Zone betWeen the impeller/ electrodes is 
caused by the turbulent drag of the shear layer and by the 
vortex-Wall interaction at the pinch section 7, shoWn in FIG. 
6. Long residence time of feed and e?icient extraction of 
electrolysis products in this reactor is a signi?cant step for 
Ward over prior art devices such as the glidarc or Glidarc ll 
reactors. 

[0140] FIG. 6 shoWs a detail illustrating the vortex-Wall 
interaction at the pinch section 7 of the Workspace, Where the 
impeller/electrodes 3,4 converge to close separation. See V. 
Shtern, et al., Ann. Rev. Fluid Mech. 1999, 31:537-66. A 
radial vortex, Which is forced by counter-rotation of the 
impeller/electrodes 3,4 and the suction of the axial pump 10 
approaches the pinch section 7 in radially outWard ?oW from 
the axis a-a. Curved dotted streamlines shoW vortex rotation. 
The outWard-bound vortex encounters an obstacle, and vortex 














