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BY THERMAL DECOVPOSI TI ON OF WATER
Field of the Invegti invention is in the field of

met hods and apparg#9gfh%$ Fﬁ%m%a&&%&%m% HyHROGEN BY THERM A k|
deconposi tion of water. Background to the Invention

Hydr ogen has | ong been vi ewed a®ECOMRBASITIONNGEF WATEBRer gy source. The
product of 10 hydr ogen conbustion in air is essentially water, although
under sone conditions traces of oxides of nitrogen may al so be

produced. Hydrogen conbusti on produces no carbon di oxide, a mgjor

' gr eenhousegy jch f.igures promnently in concerns about the

det eri or at %lﬁeg!gg?éﬂe\ingfn{'%g environment, particularly in urban
areas.. Recent devel opnents_in fuel cell technol ogy, and the hi gh
overaPl energy dbgitveationisdn thedisld ofmethodnandeappetapiscfor theproduntienad hgitogemby

favor abl e tﬂpentngede%gmposiﬁm&ewggiegespread adopti on and use of hydrogen fuel.

Background to the Invention

Hydrogen has long been viewed as an ideal combustible energy source. The product of
10 hydrogen combustion in air is essentially water, although under some conditions traces of oxides
of nitrogen may also be produced. Hydrogen combustion produces no carbon dioxide, a major
‘greenhouse’ gas which figures prominently in concerns about the deteriorating state of the
environment, particularly in urban areas. Recent developments in fuel cell technolo gy, and the
high overall energy efficiency of fuel cells, have helped to produce conditions favorable to the

15 more widespread adoption and use of hydrogen fuel.

Production of hydrogen is now mainly carried out by reforming hydrocarbons, such as
methane, and to a lesser extent, by electrolysis of water. These processes typically involve the use
of energy sources that create pollution. For example, hydrocarbon consumption at thermal power

20 stations is part of the hydrogen production chain in some electrolytic processes. As a result, there
is a long-felt need for efficient methods to transform water, either directly or indirectly, into

hydrogen.

There are a number of thermal processes for producing hydrogen from water that may

25 make use of solar energy. One such process is the direct decomposition of water in solar
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allow the separation of the desired molecule to occur prior to cooling of the gasses, in order to
prevent recombination of hydrogen and oxygen. The heating of such large areas may pose

significant commercialization problems due to radiant energy loses and attendant inefficiencies.
15

U.S. Patent Nos. 4,030,890 and 4,071,608 to Diggs propose separating hydrogen from
oxygen by centrifugal forces. Diggs discloses a chamber for separating hydrogen and oxygen
which has an oxygen outlet and a hydrogen outlet. The oxygen outlet is circumferentially located
in the peripheral walls of the chamber close to the bottom of the chamber, at the end of the

20 chamber where water vapor is introduced. The hydrogen outlet in the Diggs device is axially
located at the top end of the chamber, at the opposite end of the chamber from the end where
water vapor is introduced. This arrangement of hydrogen and oxygen outlets in the Diggs device
is predicated upon a particular spacial distribution of oxygen and hydrogen gases in the vortex of
the reaction chamber. However, the behavior of heated gases in a vortex tube is complex. In a

25 process sometimes termed the Ranque effect, a gas stream may be separated in a vortex tube into
two outlet streams, one of which is hotter and one which is colder than the temperature of the gas
feed (see U.S. Patent No. 1,952,281). In such a process, it is taught in the art that pressure and
compositional gradients form in the tube both axially and radially with the result that the vortex
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2 In one aspect, the invention provides a process for producing hydrogen from water

15 including heating water to a water dissociating temperature to form a dissociated water
reaction mixture comprising hydrogen gas and oxygen gas. A vortex is formed of the
reaction mixture fo subject the reaction mixture to a centrifugal force about a longitudinal
axis of an interior space of a vortex tube reactor, so that there is radial stratification of the
hydrogen gas and the oxygen gas in the interior space of the vortex tube reactor.

20 Hydrogen gas is preferentially extracted from the reaction mixture at spaced apart points
along the longitudinal axis of the interior space of the vortex tube reactor. Alternatively,
the process may include preferentially extracting oxygen gas from peripheral portions of
the vortex at longitudinally spaced apart points along the circumference of the vortex tube
reactor. The water may be heated 1o a dissociating temperature with concentrated solar

25 radiation focused on the vortex tube reactor, and the water dissociating temperature may

be between about 1800°C and about 3000°C. The reaction mixture may be contacted
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10 interior space along the longitudinal axis, the hydrogen draw tube being porous to

hydrogen gas at longitudinally spaced apart points. Alternatively, an oxygen draw tube
may be provided concentrically located in the interior space adjacent to the cylindrical
wall, the oxygen draw tube being porous to oxygen gas at longitudinally spaced apart
points. The reactor may be comprised of a refractory material adapted to withstand a

15 water dissociating temperature.

Although solar energy may be used in accordance with the invention to disassociate water
into hydrogen and oxygen, other sources of heat may be used. The radiant energy capture unit
may also have application in solar distillation processes, and solar heated boiler systems used to

20 generate steam for heating and for turbine use, especially in solar turbine electric systems.

By removing one of the dissociation products from within the vortex reactor, the
equilibria of the dissociation reaction may be driven further to completion. The stratification in
the vortex tube of the oxygen and hydrogen may also shift the equilibrium of the dissociation

25 reaction towards completion. Preferably, operating temperatures in the final reactor are
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with a catalyst that catalyzes the dissociation of the water into hydrogen
and oxygen. A vacuum rmay be applied to preferentially extract the

hydr ogen or oxygen gases.
Solar energy may be provided to the chemical process section by means of many banks of

computer controlled mirrors, typically to produce temperatures of about 2500°C required to

10 partially decompose water into hydrogen and oxygen.

Feed water for the process of the invention is advantageously purified by filtration by
known means, preferably before passing to a first heat exchanger. Preheated water from the first
heat exchanger may then be piped to a combination heat exchanger and solar distillation unit,

15 where the water is further purified by distillation. The distilled water may then be cooled in the
first heat exchanger, transferring thermal energy to the in-feed water. The water may then be
further purified in a third stage, such as reverse osmosis. Purified water may then be sent to the
radiant energy capture system which captures a major portion of the energy which would
otherwise be lost from thermal radiation. The heated water from this recapture unit is then piped

20 into a third specially designed heat exchanger which heats the water to super heated steam with
heat from the final stage of the solar reactor. This steam continues through the first stage solar
reactor under pressure of about 10 atmospheres. This piping leads to the orifice within the
reactor which allows the pressure to build. This high pressure allows better thermal transfer and

keeps the water from splitting due to its higher pressure.

25

Hydrogen can be removed from a point near the stabilization zone of the vortex by a

smaller diameter inner draw pipe. This step may be assisted by the use of a comparative vacuum

5
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Other heat sources can be used such as waste heat from thermal electric stations.

15 Although this heat is lower than required for disassociation of water, it would provide a preheat
to the process. Later heating stages could use electricity. Candidates for this include fossil fuel
and nuclear power plants, Geothermal is another source of heat which would be non-polluting.
Again geothermal could be used as a preheat to the process with secondary heating coming from

geothermal electric, solar or other.

20
Accordingly, in one aspect, the invention provides a method for transferring concentrated
solar energy or other source of thermal energy to a water vapor stream comprising a 1 stage
reactor having a confined path, in which the \‘/apor stream undergoes directional changes thereby
forcing the vapor against the walls of the chamber, causing turbulence and effecting a more
25 efficient energy transfer. This may be facilitated by a variety of reactor conformations, including

helical, conical, or zig-zag paths, or by providing protrusions in the reactor that give rise to
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In an alternative aspect, the invention provides a method for disassociating water in a 2™
stage reactor, in which water vapor is partially disassociated and further thermal energy is
absorbed. An orifice restriction may be provided on the input of the 2™ stage reactor, to restrict
the vapor flow. A vacuum may be provided from the output of the 2™ stage reactor, to create a
partial vacuum in the 2™ stage reactor, causing partial disassociation of the vapor stream. The
partial vacunm may cause an endothermic expansion in the vapor stream, during which
additional solar or thermal energy may be added to cause further disassociation. The path taken
by the gas in the 2 stage reactor may be adapted as described above for the 1% stage reactor to
facilitate transfer of thermal energy to the gas. A catalyst may be provided within 2™ stage

20 reactor to facilitate disassociation of the vapor stream.

In an alternative aspect, the invention provides methods whereby water vapor at
dissociating temperatures, is subjected to centrifugal forces by high vortex swirl velocities in a 3™
‘stage vortex tube reactor (Fig 25), such that there is stratification of the reaction mixture within
25 the interior of the reactor, region 36, preferably leading to further decomposition of water vapor
to hydrogen and oxygen by mass action. Hydrogen gas or oxygen gas, or both gasses, may be
selectively removed from the stratification zones within the interior space of the vortex reactor,

preferably along 2 portion of the axial Jength of the stratification zone, shifting the equilibrium of

7
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10 disassociation of the vapor stream, and the catalyst may be provided on a ceramic substrate,

Automated controls may be provided to measures the amount of water vapor exiting the
hydrogen and oxygen exhaust ports, and this information may be used to automatically adjusts
the balance of partial vacuum between the hydrogen and oxygen exhaust ports of the reactor to
minimize any detected imbalance, or otherwise optimize the values, to facilitate decomposition
15 of water vapor to hydrogen and oxygen. In some embodiments, the vacuum on each of the
hydrogen and oxygen exhaust lines of the 3™ stage reactor may be balanced, to maintain a
controlled stratification zone. Similarly, the overall partial pressure in the 3™ stage reactor may be

adjusted to maintain preferred disassociation and stratification conditions.

20 In various aspects, the invention provides adaptations to facilitate efficient energy
transfer. In one aspect, the invention provides a shaped target 37 (Fig.2) to facilitate thermal
energy absorption from concentrated sunlight. The shape of the target may be concave, preferably
being adipted to result in the capture of additional thermal and light energy. In another aspect,
radiant energy losses may be ameliorated using a radiant energy recapture unit in which a light

25 valve (16 and 20 of Fig. 4) allows concentrated solar energy to enter the reactor region through a
window (Fig. 5), shaped prisms, or shaped reflectors d58 (Fig. 7A and Fig. 7B). The
omnidirectional scattering of reflected light and radiated energy from the reactor may be

redirected into the reactor region by optimizing total internal refraction, and angular reflection,
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15 solar energy striking the support struts of the energy recapture unit may be reflected onto the
reactor. Hot exhaust gases of hydrogen and oxygen from the reactor may be used in a high
temperature heat exchanger, with the infeed water in the opposing flow direction. The gas stream
in the heat exchanger may be adapted, as discussed above, to force the gases against the walls of
the exchanger to effect more efficient energy transfer. The heat exchanger may be constructed of

20 ceramic materials in which structural integrity is maintained by having a continuous structure
which is self supporting in which long thermally conductive heat exchange pathways are layered
upon each other with thermally insulating materials isolating the thermally conductive pathways
therefore providing a structural integrity. Thermal breaks may be established, using thermally
conductive material, along the length of the thermaliy conductive pathways of the high

25 temperature heat exchanger, to provide thermal pathways though the insulating material (Fig.
11). A combination heat exchanger /distiller (8 of Fig. 2) may be used with lower temperature
exhaust gases from the high temperature heat exchanger, in which the hot outflow gases are heat
exchanged with the inflow water to cause the inflow water to be distilled. Concentrated solar

energy focused on the heat exchanger /distiller may be used to heat the inflow water when
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wat er  vapog,ch Qe p%;EEa%?tﬁr'e Aflie LT HRLd Gafad ngg%@ ;?ehe%tég for example by a counter

In an alternative as € I nventron provi
di sassoci aﬂmwgmmicb to condznsétile hot steam fromttigieeat exshbfger /dxﬁtxll&h b.x@chtd/ﬁél%at ypor
is partially di so ated and firther thermal energ absor bed.

An orifi cewﬁtééfv tfeests gphekeap pxphangeg/distllarnEhg bﬁ?ﬁl?’{% gen gnayforms emipéegral part
reactor, é’x@ Eﬁ&b@ﬁt&on lixeat exchaﬁa%?/ YRRRY ahd 91\9% bé‘ul’e%gtg ‘%Q&o@}’ %ﬁg({(ﬁ% d%ﬂfr{)%om

t he output age re ocrea

t he 20err]catvagiag veaatinmo, steai) Vaer \fa@bi may béltsrispaed @\itldmh@ﬁyd%@n\éﬂ@ @kygen air
stream The partial vacuum may cause an endot herm c_expansion in

t he vapor gfe,a@a,q;ﬁe@@pqsﬁ@mwcwparmon and cooling (50 and 53 of Fig. 2). The air steams may be
cooled to condense water vapor. and the condensed water may be fed back into the process to

help minimize the amount of water purification required in the overall system (by reducing the
amount of new infeed water required). One aspect of the invention provides a method of
15 reclaiming energy from a reflective surface, in which water is used to cool the surface and this

water is in turn used to heat a reactor input reactor.

Brief Description of the Drawings

FIG. 1 shows a schematic view of the preferred embodiment of this invention, for use as

20 a solar hydrogen production process.

FIG. 2 shows a cross sectional pictorial view of the preferred embodiment of this

invention which closely follows the FIG. 1 process.

25 FIG. 3 shows an outside view of the solar hydrogen tower indicating where the incident

solar radiation bombards the tower.

10



addi tional solar or thernmal energy nmay be added to cause furth
di sassoci ati onWOPS78%® h t aken by the gas in the 2nd stz?&é”qf‘é’a/@?:'@?'
may be adapted as descri bed above for the I[err] stage reactor to

facilitate t th t t
b ovi ded i ¢ hi n EIG 4Shats Thsgroe viey o peerdl §leclari 4t ARES A e v veiAda
the vapor GLESAR: the rad ant ener gf)ure systéhn 3Pt sbBF 'H?crh‘o}égn Eéﬁ?ﬁE the

i nvention provides nethods ter vapor at di ssoci ati ng
tenperatures, is subjected to centrlfugal forces by high vortex swrl
velocities in a 3rd stage vortex tube reactor (Fig 25), such that
there is stratification of the reaction mxture within 25 the interior

of the reactor, EiGgiSGho@G,atq;pﬁmaﬂbtvﬂeltaélamfthgom@whwmﬁmw siebunpdesigh ofithef
wat er apo rogen and oxygen by nmass action. Hydrogen gas or
oxygen gasfa%?‘mﬁﬂ?rﬁyﬁé%tgéum%ay be sel ectively removed fromthe
stratification zones within the interior space of the vortex reactor,
preferably along a portion of the axial length of the stratification zone,
shifting the equilibrium of

/ FIG. 6 sHG? HeAdd3%ew detail of th dow and strut d fihe radi
PCT/ CA99/ 00382 $ “Vacuum punps (4 §ne iy indow and stryl design of the fadignt
to apply pendérgplaptareunits adj ustably applied to the oxygen exhaust

39 (Fig.2) and hydrogen exhaust 38 (Fig.2) ports of the reactor 36, to
facilitate deconposition of water vapor to hydrogen and oxygen. The
pressure differential across

10 FIG. 7 shows the top down view of the solar hydrogen tower with the top dome removed.
The center support structure, reactor core, and solar target are visible in the center. Surrounding
this reactor assembly is one embodiment of the one way window and strut design based on flat

glass components.

15 FIG. 7A and 7B show shaped prisms, or shaped reflectors d58.

FIG. 8 shows the same view as FIG. 7 but shows another embodiment of the glass
structures in which struts are not required and the tapered one way glass cones form the structural

members as well as radiant energy capture windows.

20

FIG. 9 shows the helical channel which represents the path that the water and its products
take within the heat exchanger of FIG. 10.

FIG. 10 shows preferred embodiment of the construction of the high temperature heat

11



5 t he hydrogen collection tube may al so be adjusted by varying the
speed of the wordogxosgby adj usting paraneters such as pdrecApambase of
injectors and the velocity of gas injection) and al so by

adj usting the vacuum on the tube, timze the collection of hydrogen.
Concent r aexsharger éNthh has the helicahwates &qqlm%awéfeggﬂnwy theceabrtatue thy ex@anw

the 3d st reac C r h d cantin

i sassoci S BF caveIed sGalNS Feid’ Eailnadat e 3 BrBoesnard ovrrnoomy &lsRge
reactor t%Jv@}ﬁkltﬂettﬂér%algreakpre%rﬁﬁfxgsa%ér%{al SHbrodirdufte vapor stream and the
catal yst may be provided on a ceram c substrate. Aut omat ed
controls may be provided to neasures the anount of water vapor exiting the
hydrogen and oxygen exhaust ports, and this information may be used to

autorratl cally adjusts t he bal ance of partial vacuum between the
hydr &gen and oﬂéelrpr‘eﬂl‘)&lé@cpmn shoyt othheemberdiments pbthe fluid transfarichanrielsevitny

detected | nbal op he values, to facilitate
decorrposﬂcnl'é?ﬁs ce "3?"“%?8‘%‘3@%&&%‘5%85%6%8“%‘?& oxygen. In sone
enbodi nments, the vacuum on each of the hydr ogen and oxygen exhaust
lines of the 3rd stage reactor may be bal anced, to maintain a .
controlled stratification zone. Simlarly, the overall partial pressure in

the 3rd stage FERCLI0$hotBY defil of another e%ihoﬂﬁﬁ@x@ofﬂxe%hmx@hihgéf eA RS of the
di sassociation and stratification conditions. I n vari ous

aspects, kel aflFeni® imwhich therdl beepkiparstavisiest along d)@lplaﬂlt@fttbe bélixi ci ent ener gy

transfer. In one aspect, the invention provides a shaped target 37 (Fig.2)

to {@cilitate thermal ener gy absorption from concentrated sunlight.
The shape of the target may be concave, preferably bei ng adapt ed to
result in the tur a t e anot

aspect , ﬁﬁ? igszlﬁg'fs gﬁgggéth(?%a}esehgﬁo%ttheﬂns Ilglr?la%t e%g rxgaYy files

energy r empmswtehmhkes 43 shbwe th FIG.1 19hYitlP e centeVRdeteidgliBie m@erZ&lf&J‘d neg. 4)
all ows concentrated solar energy to enter the reactor regiqgn through a

wi ndow ( Hiegdingyp arthihgdanrdinesemseachsidsibaing dhe lsidreganaing ogBgen( it deedrime frgdisigy.
7B). The omi di rectional scattering of reflected |ight and radi at ed
ener gy froMThe react or may be redirected into the reactor region
by i)g)tl mzing total internal refraction, and angul ar reflection,

FIG. 13 shows another embodiment of the heat exchanger of FIG. 10 in which a double
helix out-feeding hydrogen and oxygen, helix around the water in-feed helix, forming a

compound helix.

20 FIG. 14 shows another embodiment of the heat exchanger of FIG. 10 in which a triple

helix exists and this triple helix, helixes around the exchanger, forming a compound helix.

FIG. 1S shows a top down view of another embodiment of the heat exchanger of FIG. 10

in which the thermal transfer channels are on one flat layer as opposed to being helical.

12



8 fromthe w ndow, shaped prisns, or shaped reflectors.
Ener gy absor b&P #5705 | i ght val ve (a wi ndow, shaped pPiEHA?O%hed
reflectors or an equival ent thereof may be used to preheat the

passi gt hr ough1S: 16 SRR s O~ FTRE 18" ER 0Tk i bl ailehct AL

and the hegfafled'sd £Eheimy! Hreakispd tRss frovadtias @ @ermal short difk@itr eact or i nput. The
light valve may be limted in size, to allow only the concentrated sol ar

energy to enter, to the extent possible, in order to mnimze outward
energy |l osses. The area surroundi ng the reactor, other than the
l'ight valve, may be adapted to reflect radiant energy back i to the
reactor (18, 2FIGah{shawvothebekpalpath pidincthelgytage solactesster siovania 1516185 g
4) y be _cooled . Water,stream and the energy absorbed by the
watgs str&W%@"%‘@%?@g%fgxepf’eﬁ%%etso%aﬁéeﬁcg far 10 feeding the reactor.
The outside of the reflector assenbly (21 of Fig. 4) around the reactor,
excluding the light valve, nay be nade of a reflective material, and any
ener gy absorbed nmay be used to preheat the water feeding the
reactor. The c@PGi 19 sNEwLthe BEIRABHELE withirhe 2teadeelselr reactor shows HARIE! 20.( 16
of Fig.4) in the radiant energy recapture unit may be regulated to
conpensate for the variable flow of water through the system The
reactor may be adapted so that concentrated 15 = solar energy striking
the support struts of the energy recapture unit may be reflected onto the
reactor. Hot e¥hGuae shpysescwewa deystheadsessyiH ®rE8AT t he reactor may be
used in a high tenperature heat exchanger, with the infeed water in
t hel®pposing flow direction. The gas stream in the heat exchanger
may be adapted, as di scussed above, to force the gases against the walls of

FIG. 21 shows the pictorial view of the outside of the vortex tube within the 3™ stage

reactor.

FIG. 22 shows a cross sectional side view of the vortex tube within the 3™ stage solar

15 reactor with the in-feed manifold.

FIG. 23 shows the detail of an injector nozzle of the vortex tube within the 3™ stage solar

reactor.

20 FIG. 24 shows the detail view of another embodiment of the vortex tube within the 3™

stage reactor showing more than one injector and showing the in-feed manifold.

FIG. 25 shows the preferred embodiment of the detail construction of the 3™ stage solar

13



t he exchanger to effect nore efficient energy transfer. The heat exchanger
may be const rwotegrest 20 ceram c materials in which structroTatA99/00382
integrity is maintained by having a continuous structure which is
sel f supporting in which long thermally conductive heat exchange pat hways
are | ayer dgactor which 1%684‘?‘%&%‘%66?%@“‘4?\“ h thermally insulating materials
isolating the thermally conductive pat hways therefore providing a
structural integrity. Thermal breaks may be established, using thermally
conductive material, along the length of the thermally conductive pat hways
of the high 25 Fapd ' I hways
though the i natl S s nepaerdfies bRl BFER " e RERY IRk IR e iiopeF
exchanger dxggat ddalvaobd. 8 of Fig. 2) nmay be used with | ower tenperature
exhaust gases fromthe high tenperature heat exchanger, in which the hot
out flpw gases are heat exchanged with the inflow water to cause
the inflow water to be distilled. Concentrated sol ar ener gy

focused on the l!;1eat eilxchanger /djstiller may be used to heat the inflow
vater when 1g. 26 shows a citaway view of a plurality of vortex tubes assemblies within the 3°

WO 99/ 570 nd oho o0 .
PCT/ CA99/ %g‘t%gfom reactor and [lnﬂlgbtﬂ ?%lfo notfﬂg]aen‘ér a%?gr %OI%rortea%Esléi | abl e fromthe hot

out f | ow exhaust gases. The | ow t enperature heat exchanger may be
made of metals such as stainless steel. Energy may be retrieved fromthe
condensation of the steamfromthe conbinati on heat exchanger /distiller,

for use in heatHIfg 27 8ho¥s another embodiingnt )thé Bréstagd @it readter positivRes irLRMBUFRA Y0

be led to,gl ose to the ient infeed water 5 t enperature and
furtclg)gr fithe 2y é‘&g‘f)s‘/o’%fr%“\?%‘ra}ggx-osrrosi s system and used to cool ot her

processes such as the energy recapture unit. The infeed water may
be preheated, for exanple by a counter fl ow nethod, to condense
the hot steam fromthe heat exchanger /distiller and to preheat the

FIG. 28 shows a close up side view of another embodiment of the 3% stage solar reactor
shown in FIG. 27.

15 FIG. 29 shows a top down view of the 3™ stage solar reactor embodiment as described in
FIG. 28.

FIG. 30 shows another embodiment of the 3™ stage solar reactor.

20 FIG. 31 shows the side view of a typical solar hydrogen station which would be

geographically located in the latitudes not far from the equator, where the sun is high in the sky.

FIG. 32 shows the top down view of FIG. 31.

14



wat er which feeds into the heat exchanger/distiller. The heat exchanger may
f orm an i nt egwal 993638 of the conbination heat exchangRT/LA99/00382
distiller and nay be used to recover the heat of fusion from 10

Py ogen and. oxdfertgtpws the side Vi of § Bic e g SEROSUUICR B “EuHEat i on
and cool i L%Pg%hﬁﬁﬁgr @éat@% in':thg latiR)des ﬂi‘?{jo% fheSdqBABE, WRYe B8 angle of the sxﬁxﬁﬁléﬁ@' oh©

condense r “'vapor. and the condensed water nay be fed back into

process tahehorizon. help mnimze the anobunt of water purification required
in the overall system (by reducing the amount of new infeed water

required). One aspect of the invention provides a nethod of 15

reclaimng energy froma reflective surface, in which water is used to cool

t he rface an [ ter.is j ed to heat a reactor input
reacf%r. “FIc! 5 %P‘rVéfhecS@ﬁ?WBtVf%ﬁ%f@wolﬁ;m ngs e

FIG 1 shows a schematic view of the preferred enbodi nent of this
i nvention, for use as 20 a sol ar hydrogen production process.
FIG 2 shows a cross sectional pictorial view of the preferred enbodi nent

of this FIQ\VIh0R8 2 WALt Seafd R31HYdidekh MBoh WhickhSes alsgcRfiPSihped 25
FIG 3 shows an outside viaew of the so .aro%%ydroaen %oleller iﬁ?cgf?fﬁdgeMere
t he i nci deeflective dish and &dlmmwstledsvatdireotijponbar ds t he tower.

10 Detailed Description of the Invention

The following description relates to illustrated, exemplified and preferred embodiments
of the invention. As will be apparent, many of the particular parts of the invention that are
disclosed are not necessary to practice the invention in all of its embodiments, and many of the
particular embodiments that are described have equivalents that may be substituted to achieve the
15 objects of the invention. Unless an element of the invention is specifically recited as essential to
the invention, it is not required for all embodiments, and the present disclosure contemplates and

encompasses a full range of equivalents for that part of the invention.

Referring to Fig. 1 and Fig. 2, in the illustrated embodiment, the water supply and feed
20 pump 1 feed water by supply pipe 2 to a water filter 3. Water filter 3 removes particulate matter,
partially purifying the water. This partially purified water is then fed by pipe 4, and is combined
with recycled water from pipe 55, and feeds through pipe 5 to an opposing flow or cross flow
heat exchanger 6. Heat exchanger 6 heats the inflow water with heat transferred from another
part of the process. The heated water from the heat exchanger 6 then feeds by pipe 7 to
25 combination solar distiller heat exchanger 8. Solar distiller heat exchanger 8 uses solar energy to

 distill the water at the start of the process; however, after the process is running, the hot exhaust

15



10 FIG 4 shows the side view and general pl acenent
of the strut svelosressway w ndow design for the radi antpcErieAagyno3s2
capture system of the solar hydrogen generator. FIG 5
shows a top down view detail of the one way w ndow and strut design of the
5 r adigases femepigys 4bgtdut3gransfer heat by heat exchanger channel4 $ands46 thomg!t hieross de

ener gy cafeuriatipsrer motigy €8 the GstifEion Siefigh o5 EHB s erbaneeh b SoleBanesEy
the sol ar Jya6A0RE ﬁ&‘aﬁg{rgcl%ﬂel? f&rflf?stitll rp?{l]ré tﬁ@ $ed-of the i invent tioR | rfﬁﬂ%ﬁraﬂng

support structure,” re core, et are visi Ie |
center. Swemparadieng this reactor assenbly I s one enbodi nent of the
one way w ndow and strut design based on fl at gl ass conponents.

5

Distilled water from the combination solar distiller heat exchanger 8 may be fed by pipe

10 back to heat exchanger 6, where the heat from the distillation process is recovered and used to
preheat the inflow water feeding from pipe 5. In this way, energy used for distillation may be
recovered to improve the efficiency of the ovefall process. Distilled water from heat exchanger 6

10 is fed by pipe 11 to a final water purification stage 12. The final water purification stage 12 can
be a reverse osmosis or other high purification method. Reverse osmosis is a low energy process,
but normally requires periodic maintenance due to filtration membranes plugging. The pre-
distilled water from solar distiller heat exchanger 8 however, should lack most of the mineral
contaminants, thereby reducing maintenance on a reverse osmosis or other high purification

15 method 12. The output of the final water purification system 12 is pumped under enough
pressure to ratse the water to the top of the solar hydrogen tower 56. This pressurized purified
water from water purification and pfessurization system 12 is fed by pipe 13 to pressure regulator
14. Although purified water is a preferred feedstock for dissociation, it is not a requirement for

all embodiments.

20
This regulated pressure high purity water may be fed by pipe 15 to the radiant energy
recovery system 16-25, 5§8-67. Pressure regulator 14 limits the pressure to safe levels so damage
is not done due to excessive pressures in the radiant energy recovery system 16-25, 58-67. The
radiant energy recovery system is adapted to recapture energy which would be lost due to radiant
25 heat loss in the reactor section 32, 33, 34, and 36, and heat exchanger 29.

The regulated pressure high purity water fed by pipe 15 may go up between outer window

16



15 FIG 7A and 7B show shaped prisns, or shaped reflectors d58.
FIG 8 shows tw@9ysie88 view as FIG 7 but shows another enbodi mEHT/EAI90AS2
gl ass structures in which struts are not required and the tapered
one way gl ass cones foHnm%e stru tural as well as radi

ener gy cap?‘i?P@“\ﬁFHffo/% finer window support Stmcﬁrﬁqggqg%%\ﬁgp?% SHettheegmay e
channel Ebhé fopolisBed HEInRE fed BAbtHePRighBEflecRVE tHetBally QHdGLESve mateﬁal.
t FIG 10. FIG 10 shows

take within eat exchanger of
preferred ’éné)mﬁearm/aty aﬁbuteh evimdomssuppottistractafe Thwilhieflacticongeatratedrseldreatrgy S7

11 anger which has the helical water feed channel
feedi ng upwhigh n@g,{qﬂbgmg é]fup, syfaceh & he seflegtiyglyof inner window support structure 18 may be
5 adapted to reflect radiant energy from within the structure, back into the structure. Heat absorbed

10

15

20

25

through conduction may be transferred to the water flow 16 between the structures 17 and 18.

This heated water may be added to the process preheat.

In the illustrated embodiment, the water further travels up the radiant energy recovery
structure 16-25, 58-67 between outer one way window 19 Iand the inner one way window 20.
These windows may be constructed of quartz glass. Windows 19 and 20 may be one way
windows, allowing concentrated solar energy 57 to enter the radiant energy capture unit 16-25,
58-67 and inhibiting escape of radiant energy back out of the unit. Energy absorbed by these
windows 19 and 20 may be dissipated by cooling the water flow 16 going up between the
windows. Energy absorbed in water flow 16 may be added to the overall process to improve
efficiency. The water may further trave! up the structure to the dome, which consists as illustrated
of outer hull 21 and inner hull 22. These domes may be constructed of micro polished stainless
steel or other highly reflective and thermally conductive material. The reflectivity of outer dome
21 will reflect concentrated solar energy 57 which may fall on this surface. The reflectivity of
inner dome 22 will reflect radiant energy from within the structure, back into the structure. Heat
absorbed through conduction may be transferred to water flow 16 between the structures 21 and
22. This heated water may be added to the process preheat. Outer dome 21 and inner dome 22
can be separated by spacers or other various construction methods to hold the domes together and
provide a consistent spacing between the domes. The dome shape is not necessary and other

shapes can be implemented.

The water may finally be drawn down the center 25 of the hollow support structure 23. In
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and the counter-flow snmaller helixes feeding the products of hydrogen and
oxygen down. wb9/57058 shown is the thermal break prevent iPEF/GAMEIBARI
short circuit. 5 FIG 10A, 10B, 10C, 10D show ot her

enbodi nents of the fluid transfer channels with i ncr eased, ﬁu face
area for isemeembohiorents, thersirfagecaf thih SUpROreyiTustyre 34 can be made of micro polishedt| g

11 shows a_ _detail of ot.her enbodi t.of. & - i on of
the - Sanipgstoe oy SRR R SRR 8P gty MG ERL O, D
path of thgdneh Eﬁ‘er%ﬁrgm the various components ¢fltfe rehdtoP B616and othieNCorpdrients in the
representation of e FIG 10 heat exchanger. The wavy lines

represent enbreyhepturesnitks-35HE/r67 are Reflectetibavk into theenergsicaptureiunit Ke2hPsrhe

wat er. i n-feed |ine feedin p and the four |lines on each side

bei ng t he ARYcRbSERRC S?Ri%ﬁ’%wl%g"t g‘?d&gdoﬁ}?mgcef%@fﬁ Ay down. 15
FIG 13 shows anot her enbodi nent of the heat exchanger of FIG 10 in which
a doubl e hel i x out-feedi ng hydrogen and oxygen, helix around the
water in-feed helix, formng a conmpound hel i x.

Radiant energy which is absorbed by the radiant energy capture unit 16-25, 58-67 may be
used to heat the cooling water of the radiant energy capture unit 16-25, 58-67. This iléated water
may be fed by pipe 26 to pressurization pump 27. Pressurization pump 27 may be used to raise

10 the pressure of this water to about ten atmospheres. Other pressures are possible. This high
pressure water may be fed by pipe 28 to the high temperature heat exchanger 29. High
temperature heat exchanger 29 may be used to superheat the water. The water traveling through
channel 30 of heat exchanger 29 is heated by thermal conduction of heat transferred from the
superheated exhaust gases of adjacent channels 41 and 42. This superheated steam may then be

15 fed directly to the first stage reactor 32, still under a pressure of about ten atmospheres (in some
embodiments). High pressures may be used in some embodiments to increase the equilibrium
temperature of the thermal splitting of the water, and to keep the steam from disassociating into
hydrogen and oxygen. This may allow for greater thermal absorption of the solar energy
bombarding the first stage reactor 32. Concentrated solar energy 57 bombarding reactor target 37

20 may be thermally conducted to the 1* stage reactor 32 as well as 2™ and 3" stage reactors 34 and
36 respectively. Reactor target 37 is shaped to provide the best solar energy 57 absorption and

minimize reflective losses.

In the illustrated embodiment, the top, or output of the 1" stage reactor 32, connects to an
25 orifice 33, Orifice 33 may be used to restrict the flow of gases, allowing a higher pressure to be
built up in the 1" stage reactor 32. Higher pressures may in some embodiments increase the

volume of flow through the reactors 32, 34, and 36, and may increase the amount of product flow

18



20 FIG 14 shows anot her enbodi nent of the heat exchanger of
FIG 10 in whi »0 %/57958pl e helix exists and this triple ReTCAP9/00382
hel i xes around t he exchanger formng a corrpound hel i x.

FIG 15 shows down vi ew, of_ anot her I .ex I

o 1 G 30 Mrough PSR RIS, I vemaacess A panct s of Sl S anSH 3 kb,

| ayer as o te of hvd d

19 %ﬂﬁ:eﬁ hey bebid tg?dckéi%l, pressures aézdslﬁe ce 1\1}<|;rees\?eo e fate o 1% rogen product uctxon

| ayer is cdiviecdieagsten. Thobinpot cbfatyﬁﬁ:e 33 feeds dxrsatyabahem“" lstaga rédoayraa. Anﬁﬁhedme

| ayer thus preventln a thermal short circui FIG 17
shows the IREESSELE| r%tﬂﬁymmhﬁpdt%tmm@tqube %ﬁ% prigigelady whpp wpartal ppeyum i

= $howg r&t&l"ﬁf%&s\{ 'bgl\gn&tg ptpxgpsl 19 an%tsalg(%egcnlb% il 8% d¥kail betow with reference to
further aspects of the process). This lower pressure may cause an endothermic expansion of the
superheated steam, facilitating absorption of additional thermal energy for dissociating the super
heated steam. A lower pressure may also lower the equilibrium dissociation temperature. An
appropriate catalyst may be placed within the flow channel 35 of the 2™ stage reactor 34,
10 Channel 35 of the 2" stage reactor 34 is, in some embodiments, sufficiently long to allow water

splitting to occur to equilibrium.

As illustrated, the output of the 2™ stage reactor 34 is fed into the 3™ stage reactor(s) 36.

One or more 3® stage reactor(s) 36 may be used in parallel. The 3™ stage reactor 36 is a vortex

15 tube reactor in which a reaction mixture (typically comprised of H, H,, O, O,, hydroxyl’s, and
H,0)is rotated in a vortex, subjecting the reaction mixture to centrifugal forces. There is radial
stratification of the hydrogen gas and the oxygen gas in the interior space of the vortex
tube reactor. O, typically migrates to the outside of the vortex in the 3" stage reactor 36, from
where it may be extracted, while the lighter elements of H and H, typically migrate towards the

20 axial center of the vortex. The removal of hydrogen from the axial region of the vortex, or the
removal of oxygen from the periphery of the vortex; pushes the equilibrium of the dissociation
reaction further. A catalyst can also be used within reactor 36 to reduce the temperature required
to split H,O. The catalyst structure may foltow the helical flow of the gases in the 3™ stage
reactor 36 in a manner that is adapted not to interfere with the helical flow of the gases. The

25 vortex tube reactor 36 will generally be elongated and cylindrical, but may have a number of
conformations to facilitate dissociation, such as conical or tapering conformations. The tubular
wall qf the reactor will generally be symmetrical about the longitudinal axis of the reactor, to

facilitate formation of the vortex.
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FIG 19 shows the helical path within the 2nd stage solar reactor shown in

FI G 20. WO 99/57058 FIG 20 shows a cutaway view of telg/Avdebisage
solar reactor. 10 FIG 21 shows the pictorial view of the
outside of the vortex tube within the 3rd stage react or.

FIG 22 shows Hydsegensmaywbe pxhaustedthorughipon 3 whiteoxggen isexbaistednht digh ome3Br d
T A TN T
o S R, F SRR Byt b A
stage reaxchangeh2nidsgllustrated; themydrogen feedcthosughntlamiebdt agl thexyger @eshgh

ran! § ol d. channel 41 of the high temperature heat exchanger 29. Thermal energy is transferred by thermal
conduction and thermal radiation from the exhaust gas channels 42 and 41, to the steam input

channel 30. This exhaust heat is used to superheat the steam feeding to the 1* stage reactor 32.

The cooled hydrogen and oxygen may be fed from high temperature heat exchanger 29,
10 by connecting pipes 43 and 44 respectively, to the combination solar distiller heat exchanger 8
where the hydrogen feeds through channe] 46 and the oxygen feeds through channel 45. The
heat is transferred from these channels to channel 9 where the heat is used to heat the inflow
water to distillation temperatures. Sufficient heat still remains after the high temperature heat
exchanger 29 to distill water in the combination solar distiller heat exchanger 8. Cooled hydrogen
15 may then be removed from the combination solar distiller heat exchanger 8 and fed by pipe 47 to
the hydrogen vacuum pump 49. The output of the hydrogen vacuum pump 49 may be fed to
water scrubber 50, where water is removed from the hydrogen gas. It will be understood that the
hydrogen exhaust may not be 100% hydrogen and the oxygen may similarly not be 100% pure.
Any oxygen hydrogen mixture from the 3™ stage reactor which exits the high temperature pipe 38
20 may recombine to water as the temperature is cooled through the high temperature heat
exchanger 29. After the water is r_emoved by water scrubber 50, remaining hydrogen may then
be sent to hydrogen storage S1. Water which is removed from water scrubber 50 may be
recycled through pipe 55. Cooled oxygen is likewise removed from the combination solar
distiller heat exchanger 8 and fed by pipe 48 to the oxygen vacuum pump 52, The output of the
25 OXygen vacuum pump 52 may be fed to water scrubber 53 where water may be removed from the
oxygen gas. After water is removed by water scrubber 53, remaining oxygen may then be sent to
Oxygen storage 54. The water which is removed from water scrubber 53 may be recycled

through pipe 55,
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FIG 25 shows t‘pggplgﬁggrred enbodi nent of the detail constructl%ﬂéAgglnﬁg,@r
st age sol ar

react or which incorporates the vortex tube. FI G 25A

shows anot her ennwﬂmﬁ% Pimpsi9 280 $25hB0R: el & creRRGhatuth For 1B 2&dﬁlxut3|“’0§w§e
oxygen draw tube. Fig. 26 shows a cutaway view of

plurality cﬁoluacmsﬁébeé 3gsesprttivels Therpvimpstihay rBaidtain a balanced yeauyen inodrder for
react or and r’rg ynted on of. the 2nd s sol af reactor

FI G 27 Shobe AR ErUSIb IR furoB OPURBLE, §oS FHGh VEGRET o BACPsn WouPRIRSRRIYY
in relation,t@adodio oxykBevadnShagesS Blafin SRRACERBodiREAtE result in excessive oxygen

5 being drawn into the hydrogen exit line. In similar fashion, too much vacuum on oxygen vacuum
pump 52 in relation to hydrogen vacuum pump 49, may in some embodiments cause excessive
hydrogen to be drawn into the oxygen exit line. The vacuum pumps may operate under
automated or computer control, followir;g algorithms and look-up tables for variable operating

conditions.

10

- oy

FIG. 3 shows an outside view of the solar hydrogen tower. The superstructure of tower

56 may be constructed using various well known techniques. The top of the tower shows the
radiant energy capture unit 16-25, 58-67. The top outside dome 21, water cooled struts 58, outer
one way mirrored window 19, and outer window support structure 17 are visible, The

15 concentrated solar energy 57 enters through the mirrored one way windows 19. The concentrated
solar energy 57 comes from computer steered mirrors 81, 82, or 83 as shown in FIG. 31, FIG.
32, FIG. 33, FIG. 34, and FIG. 35. A portion of this concentrated solar energy 57 is used on the
combination solar distiller heat exchanger 8 during process startup at the beginning of the day.
After process startup, all of the concentrated solar energy 57 can be focused towards the reactor

20 target 37 of FIG. 2 within the radiant energy capture unit 16-25, 58-67.

FIG. 4 shows a simplified cutaway side view and general placement of the struts and one
way window design for the radiant energy capture system 16-25, 58-67 of the solar hydrogen
generator. Purified water 16 passes between the inner and outer structures 18 and 17

25 respectively. Structure 18 and 17 can be made of micro polished stainless steel or other highly
reflective and non-tarnishable material. The high reflectivity may prevent meltdown of the

material in the event of misguided concentrated solar energy 57, and high temperature radiant
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FIG 28 shows a close up side view of another enbodi ment of the 3rd stage

sol ar react orwo99/570s8 shown in FIG 27. 15 FPGI/CX98K8hs a
top down view of the 3rd stage sol ar reactor enbodi ment as described in
FI G 28. ows ano ment of the 3rd
stage sol &Rergiss ¥fithin the strygjures. s The p Punf‘se watgrdo B&g' Sté'i‘ﬁlér SRR a
typical s Shat ch woul d be geogr aphical |y

| ocat ed I%b%b@?(&?fgggws %5%)9@6% romthe equator, where the sun is high in
t he sky. FIG 32 shows the top down view of FIG 31.

14

The purified water flows upward between the one way mirrored glass windows 19 and
5 20. Concentrated solar energy 57 can pass from the outside into the radiant energy capture
system 16-25, 58-67, however radiant energy within this structure is reflected back into the
structure, The material used in the windows 19 and 20 may be quartz glass. Purified water 16
also flows upward between the outer and inner windows 19 and 20 respectively. This water
keeps the glass cool while absorbing energy from thermal conduction and thermal radiation.
10 FIG. 4 also shows the construction struts consisting of inner strut 59, outer strut 58, and center
strut 60 which are detailed in FIG. § and FIG. 6. These construction struts form part of the
radiant energy capture unit 16-25, 58-67 structure and act to hold and join the one way mirrored

glass pains 19 and 20 together,

15 FIG. 5 shows a top down view detail of the one way window and strut design of the
radiant energy capture unit. The flat quartz glass one way mirrored glass pains 19 and 20 are
joined with silicon rubber seals 61. These seals may be made of any material which can form a
water tight seal, withstand hot water temperatures, and afford some pliability so small
movements may occur due to thermal expansion and contraction. Center strut 60 1s a spacer strut
20 which holds the outer glass pain 19 and inner glass pain 20 apart. Strut 60 remains cool since

water is present on both sides of the strut.

Outer strut 58 is shaped so that incident concentrated solar energy hitting it is reflected
into the radiant energy capture unit 16-25, 58-67 and onto target 37. The struts shape is long and
25 pointy so that incident angles of the concentrated solar energy 57 is reflected at a low reflective

angle and therefore enters the radiant energy capture unit 16-25, 58-67. A shorter strut with less
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FIG 33 shows_the side view of a typical solar hydrogen station which would
be geY@RHPBal 1y 1 ocated in the latitudes far from t ECHGAYERS2

where the angle of the sun is | ow on t he hori zon. 5

FIG 34 s ' : FIG 35
shows a srra‘BT I thggl rtgﬁfsitoﬁglr%‘ ﬁ%dcf?}g%%%d g(%lg?no%yvﬁ Oging Jeflected %Vﬁ@'cﬁg?ll tbe Eﬁﬁizéa;%d
refl ecti vendyp bapti@ unitl 16036 38b67. STHis QHt@ifaBz'b}é-cor_i_sﬁgﬂeQed of mib¥s BbllsBEY stainjess steel

Description of the |nvention ) foll ow ng description
rel ates t @r piheimatesgkwhich schighly reflegtivaand s tbérmal eahduntood Cleorhe plating of the safit

he | [ O WMd L. b ) f th ticul f th
(et i s i PR0BRGR e SR BL L1 BeEbCULar Belg O ihe
I nverst i on Phﬂ@ tidoligioft th keePiiRO MRS moPEidrdiRhe Hakttohl\6F the Strpt to thggtﬁ {’f}#é g{ntlto

enbodi mentfs that are described have equivalents that may be su
achi eve t hpthepmal convgstiont $n sdme erebodiments,itbsbottdn tiessgna beedrmes tie mbretvagter

I nvention _is specifically recited as essential to the invention, it
i s not re&%ﬁs?setgfq"g Ity hee‘ﬁ%?f(ﬁoﬂgl?ﬁ 3’,3“%“353 PHigInstelg S8 imayi becqfnay shape and may
cont enpl at&s ARfdur to the general outside shape of the strut. This contouring could provide better

cooling to the strut,
10

Inner strut 59 is shaped so that radiant energy from the target 37 is reflected back to target
37 within the radiant energy capture unit 16-25, 58-67. This strut may be constructed of micro
polished stainless steel or other material which is highly reflective and a thermal conductor.
Chrome plating of the strut would make it highly reflective. Inner cooling channel 66 within the
15 strut 59 allows water to pass through it to keep it cool. Water moves from the bottom of the strut
to the top of the strut by thermal convection. The hotter the strut becomes, the more water passes
through it. The inner cooling channel 66 within strut 59 may be of any shape and may even
contour to the general outside shape of the strut. This contouring could provide better cooling to

the strut.

20

FIG. 6 shows the side view detail of the one way window and strut design of the radiant

energy capture unit 16-25, 58-67. The flat quartz glass one way mirrored glass pains 19 and 20
are sandwiched between outer strut 58, middle strut 60, and inner strut 59. Center strut 60 is a
 spacer strut which holds the outer glass pain 19 and inner glass pain 20 apart. Strut 60 remains

25 cool since water is present on both sides of the strut,

The water cooling channel 63 can be seen on outer strut 58. Water is drawn by thermal

23



enconpasses a fulll range of equivalents for that part of the invention.

Referring to W@99/3703nd Fig. 2, in the illustrated enbodi ment PGTHEARNOIS2
supply and feed 20 punp | feed water by supply pipe 2 to a water filter
3. Water filter 3 renoves particulate matter, partially purifying

the water.
conbi ned

compgctiop through port pris thier cnoned op cliagnel $3nvithini stioyt §§ bretharmal sdnyestion,

i, t | t f n pi 55, d feeds th i 5
o an oppdSt el ) 2 PR s 45 ke pater, oothelier i puEhipes T Taes ot SL RERGEH
6 heats t gt:gor{ %L’ﬂ’# WatkLthehiote hahtid? 88 Heh{nSAndr'sG 5’5“3}‘7 f¥eftmal convectioR@hl Of

t he proce eated water tromthe heat exchanger then feeds by pipe
7 to 25 finattpetispatt €&h sol ar distiller heat exchanger 8. Solar distiller
heat exchanger 8 uses solar energy to distill the water at the
startgof the process; however, after the process is running the hot exhaust
15 gases from pi pes 44 and 43 transfer heat by heat
et hod 1 0 ¢ he TG 71FaRP O 'SR APTBTEY Ghtbefol PHdEogee FRHger A BeCoB JORBFaRoved
CTETEY Tt AABHECARA kRISt Bl . gl I
center. Surrounding this reactor assembly is.one embodiment of the one way window and strut
design based on flat glass components. Outer “one way quartz glass mirrors™ 19 surrounds the
10 outer perimeter of the radiant energy capture unit 16-25, 58-67. Inner “one way quartz glass
mirrors” 20 are also visible. The outer struts 58, inner struts 59, and center struts 60 are also
visible. The number of these struts may vary depending on the design and size of the radiant
energy capture unit 16-25, 58-67. Concentrated solar energy 57 comes in from all sides to heat
the reactor core target 37 evenly on all sides.
15
FIG. 8 shows the same view as FIG. 7, but shows another embodiment of the glass
structures in which struts are not required and the tapered one way mirrored glass cones 19 and
20 form the structural members as well as the radiant energy capture windows. This embodiment
simplifies the complexity by not requiring the unique strut design as shown in FIG. 7. The outer
20 tapered one way mirrored quartz glass cone 19 allows concentrated solar energy 57 to enter. The
concentrated solar energy 57 then passes through the cooling water stream 16 and then through
the inner tapered one way mirrored quartz glass cone 20. The water stream 16 sandwiched
between outer cone 19 and inner cone 20, keeps the outer cone 19 and inner cone 20 cool. Any
energy absorbed by the outer cone 19, or inner cone 20, or water stream 16, is added to the
25 process in the form of preheating the water for further downstream processing.
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Distilled water fromthe conbination solar distiller heat exc r
be fed by pi p09%57058 10 pack to heat exchanger 6, where th?ﬂggﬁg%og%y
the distillation process is recovered and used to preheat the

O R el R B B2
D still edpabas dagq&mmngmﬁg%ha etBf FIG. 165 Tifchdny ,is%eR?ca.ﬂ}ltﬁeiséﬁ%% !r:]f“a?"

wat er pur?ficatlo stage 1 wat er purification stage

be a revegmimgo RIGs Dshows atréveanghiagbr symate simatureto thethelrd hoRever, asy oz sécsions
a | ow energy process, ) but normal ly requires periodic naintenance
due to fi fh@ﬁ!ﬁ%ﬁs‘hlé%?}hfﬁfﬁe‘ércbllaﬂgghpﬁﬁﬁl or9theh e- distilled water
fromsolar distiller heat exchanger 8 however, should | ack nost of the

m nebal contam nants, thereby reducing mai ntenance on a reverse
osnosi s or other high purification 15 met hod 12. The out put of the

final wat i £l e | i
Lo rai S the wali T Lioph A albB ety bERENER oL, FR MR banger 20 whicRHEF BT

pressuri zeelicpluwdtér feed channel 30 helbdhg p tiedivav@ichinged 2D hiudiile beliagiflicture. The
pressurization system 12 is fed by fpi pe 13 to ﬁéqessure regulator =~ °
14. Al t hoelx mayareyide agree thermal srapsier ez W sreadlalerag of spaceli The heli manalset

s not a A r : I I_men .

Thi 5 r equ8Vide ERBRlesl Bce, freing she P B WERTE R bssadiilet e suteqarqls of sfees
radl@nt engi®0. The force of EEOVREYandYsdagiPréinttagale8t i€ inseFinf@diRaN 30tedy 14
limts the pressure to safe |evels so damag IS not done due to

excessi veingreasssthe thermnal transfer afheahfromrthe gx)mngtymdyc@ysmamd 63 28hiclsBraiF theThe
be- 1 oot ctigPeape R M s SHeS ESedtBECtd 4 80O Pl BB by 3 55
ﬁind h36, qgwra@?tdo%qgaga&e; %%nlog)posite direction ttg) tthe in-ﬂgﬂr&{it@:%ﬂdasg@a% B RélrRbl ©
gh purity water fed by pipe may go up between outer w ndow
16 cannel 30. These out-flow helixes 41 and 42 are adjacent and effectively parallel to the in-feed
15 helix 30. Four oxygen out-flow helixes 41 and four hydrogen out-flow helixes 42 are shown in
FIG. 10. These helixes are in parallel to each other. The number of out-flow helixes is not
critical; however, a larger number would be preferable to effectively act as thermal transfer
conduits of the higher volume of exhaust gases of oxygen in out-flow helix 41 and hydrogen in
the out-flow helix 42. In general, a larger number of out-flow helixes 41 and 42, will provide
20 better thermal transfer. The inside surfaces of the in-flow helix 30, and outflow helixes 41 and
42 do not necessarily have to have be square, circular, or rectangular shapes. The cross sectional
shapes of in-flow helix 30 and out-flow helixes 41 and 42 can be such that the surface area is
significantly increased as is shown in FIG. 10A, 10B, 10C, and 10D. This increased surface area

results in more effective thermal transfer to the thermally conductive material 68.

25

Material 68 may in alternative embodiments be any suitable thermally conductive

material which can withstand the high temperatures required in heat exchanger 29. Typical
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WD 99/ 57058

PCT/ CA99/ 0038%0 99/570s8  support structure 17 and inner w ndow BEIEMAIN00382
structure 18. These support structures may be made of mcro
polished stainless steel or other highly reflective thernmally conductive
mat eri al . materials can ifjedg Gemeallyicendyctive ceramiss sydhrad owides o girconss andomanyeotliets

il fl t trat | £ Q) 7 .. ich fall to thi
Surface. A FAUPRUBETINED PEVICLRHER oH HEBdE dispipures F Bt Petarilsnagd ey o
adapt ed t Oallrlﬁéb?%cof‘&ggtgﬂ by ?&@Fsﬂ&’ei)];] RE Y driAl 69 $Ho% mSih e 40 8s a H%Jgaélyr\g%la e

structure. Heat “absor rough conduction nmay be trans

t he wat er rhitenial iWhidhas aisleto titbstand thethighasmpétatarsd rdguired for the highhtemplemaire tleat
wat er. may be added tQ the, process pr.eheat.. ) . In the

11 ust r at XCARBEAIEhPIC sulgnecmateriplmayinglpde qnides of alurinym.erany oshesr gy
recovery : 25. 5 n | ndow nd
the | nnor "oeriel SENCE RS dibicaion” 1R A e it R Mol 1 sl
quartz gl afeuitd¥fitbendiacknt edild of Cherthyrniatly 0omiueENEe material 68 JFitREIBME stRlche Ng
concentrated solar energy 57 to enter the radiant energy capture unit

16- 25, Matenaleﬁgfgrm%glennﬁ inshlating barsienigeprevent thditaalshem sirguitsia dklomatesal
the unit. Energy absorbed by these . w ndows 19 and 20 nay be

di ssi pated by cooling the water flow 16 goi ng up between the 15

wi ndows. Energy absorbed in water flow 16 may be added to the overall

ey
o

pro s to inprove efficiency. The water may further travel up the
structure to the dome, which consists as illustrated . of outer hull
21 and inner huhbn@embddimes, 8aiEess NG CERIS tHlGe tbniferdthel R aPSldhelRA29

st ai nl ess steel or _other highly reflective and thermally conductive

mat eri al . MAdehETtheprocessof inyestmentetasidngrel he internal haltbwithapes effHigle temperature
fg?f:g: |r 3;%[%% e%?ﬂa%rgereﬁeﬂmgy be5 gon‘é%&@d oF, %aéh%a%le%‘ax? . & n%zlxjtcra;i §for o-lc;pxstmcting the
high temperature heat exchanger 29 are poured around these wax shapes. The ceramic material
15 may be available as a powder which mixes with a liquid binder material forming a slurry. The
material is layered together to form alternate layers of conductive material 68 and insulating
material 69. In some embodiments, the machinable wax material may not support its own weight
for the entire length of the helix, in which case it may be constructed in stages. It may however
be necessary in some embodiments to assemble the unit 29 quickly, so that the ceramics are still
20 in the green state. This may be required so that the material 68 and 69 will fuse together when
later sintered. After the entire structure is assembled, which would not necessarily only inchude
the high temperature heat exchanger 29, but may also include other components of the reactor,
then the ceramic material would be allowed to harden. After hardening, the structure would be
heated to allow the internal wax shapes to melt out. The design of the entire shape would be
25 such that the wax would flow out without any pockets of wax pooling in any of the stru.cture.
Once the wax is melted out, then the entire structure would be sintered. An alternative method of
manufacturing may be to use light cured liquid polymers in which a three dimensional (3D)

mode! of the entire structure is constructed in a computer. A computer program may be used to
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20 i nner donme 22 will reflect radiant energy fromw thin the
back into the sUPIPE Heat absor bed t hrough conducti Oﬁéﬁ/gﬁ%@ﬁz
transferred to water flow 16 between the structures 21 and 22. This
heat ed wat er r r '

dome 22" " SIS BRI Ly 15ef 5RE 65 RAHH, 5ok W p BT oy NG e

met hods t o hpdigmed eTHMIDRSER dight Weuld aidde that layer offodphéeteodhacdens il emnipdalayer b
bet ween the dones. The done shape is not _necessary and other 25 shapes

can be i npl ehasdened polymer would build the shapeqpEthgdetalinteanal hplew syrugiares vaitin theamtire
the center Zéergttlictstl%ct&%. g‘gti\'%csfg%@% ot et b"érp%u?e%' in'tfe appropriate layers around the entire

17

PCT/ CA99/ 0038atdened polymer S8IB LT e AR defamit HRardsticl athen e pdlyBersbilabe melted out
structure 24 can be made of mcro polished stainl ess steel or other

hi ghl y ref | eeftihe strudiate, and the s¢radining aeramics avowid beysinteredudnpther altgrnativelmethod of

Radi ant ener f4om.t he various .co ts of . the reactor. core and ot her
conponent s i%%&unng maygg&p@g}qu%ﬁ@ﬁ@cgsn?f{thi%g%c @%t-egall‘ are reflected
back into the energy capture unit 16-25, 58-67. 5 Any absor bed ener gy
may again be added to the process preheat.

FIG. 10A, 10B, 10C and 10D show various alternative shapes of the internal structures

10 of helixes 30, 41 and 42 of FIG. 10. These shapes may bea way to effectively increase the

TR Y

surface area of the internal structures and therefore increase thermal transfer to and from the
fluids flowing through these structures. The tooth shaped protrusions may be wider near the
walls of the fluid flow channel such as helical channel 30 in FIG. 10B and narrows as it
protrudes towards the center of the channel. The wider base provides more thermal transfer
15 material in a similar way that heat sinks are designed for cooling electronic equipment. These
protrusions may have further protrusions on them to further increase its surface area as is detailed
in FIG. 10D. These various altemative shapes of the structures for helixes may be used in
alternative embodiments of helixes 30, 41 and 42 of the high temperature heat exchanger in FIG.
10. These shapes may also be used in helix 31 of the 1 stage solar reactor of FIG. 18, and helix
20 35 of the 2™ stage solar reactor of FIG. 20.

FIG. 11 shows a detail of another embodiment of the high temperature heat exchanger 29
in FIG. 10. A section of the helix of FIG. 10 is shownin FIG. 11 in which thermal breaks are
} evident along the path of the helix. These thermal breaks consist of thermally insulating

materials 70 which could be the same material 69 of FIG. 10.

25

FIG. 12 shows a line path representation of the preferred embodiment of the FIG. 10

high temperature heat exchanger 29. The wavy lines represent the helixes as shown in high
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Radi ant energy which is absorbed by the radi ant energy capture unit 16-25,
58-67 may bewoosss70s8 used to heat the cooling water of the r RETAAIDAERgyY
capture unit 16-25, 58-67. This heated water may be fed by pipe 26
to pressurization punp 27. Pressurization punp 27 may be used to raise 1 0
t he prestamperastretivasexohanger 28, withothe center linerhsingtibe weter arfeed chanaelsif fegdiag e

b oh t eris SATRE RS fnes.oa pash ik 558 Tigeet Banhel 2 Blorbiel st f ety o
29 may bﬂgwa.e@ms%%ug@&aﬁ%a bRSNRUR arrad Péin it ?ﬁistlihléliﬂéth Ir&itedeRta088 Bf the

channel 30 of heat eXchanger 29 Is heated by thermal conduction of heat

t r ansf er pedllélrhelix ishte provide a refereme viea disdussiogatistr eghodimeots imFJGcddand FéGnel s
41 d 42. This superheated steam may_th n’é)re 15 fed directly to the
fir sté@éﬂtéﬁ@lggrte%@efa%‘qul’qatEfﬁg]@ge’éz%?fgg r}9. of about ten atmospheres (in
sone enbodi ments). Hi gh pressures may be used in sonme enbodi nents
to increase the equilibrium tenperature of the thermal splitting of
the water, and to keep the steam from di sassociating into hydr ogen

and oxygen. T'iﬂlﬁbggl%o}{&n%ﬁ@tﬂ{]eg'é?aﬂ&ﬁﬁhﬂrofttﬁlﬁﬁiglgéet rﬁ%&r%&%ﬂx‘?ﬁm BEoSPIG10 in

ener gy Irst stage r ncent Fat ed sol ar

ener gy S5whichrbdoubleiglix eandisihg ofivgrefeedhyd2éen chanigly4Dend dafesd dxygewokknneled t o
the I" stage reactor 32 as,well_ as 2nd and 3rd stage reactors 34 and

36 respedli Redixypround she watef inriged hediy 30sfosmingacampoprdhelive In Mis paedimspithe
engrgy 5 i i ni mi.ze L ef j ve | o

ke FPRERHRLL A0 Mites of hydropp{Blichéd § By Thdifie | PAST Satgr apd steam o,
32, connegthsuf v tdparallel dhahfelses isddbne @ FIGCR.33 may be used to restrict

the flow of gases, allow ng a higher pressure to be built up in the
1st stage reactor 32. Higher pressures may in sonme enbodi nents increase the
vol unme of flow through the reactors 32, 34, and 36, and nay increase the
anount of product flow . . .
18 FIG. 14 shows another embodiment of the high temperature heat exchanger of FIG. 10 in
which a triple helix exists. This triple helix, helixes.around the exchanger, forming a compound
15 helix. Another variation of these is to have non-compounded triple helix arrangements in -
parallel to each other, which are similar in arrangement to the 3™ stage solar reactors 36 of FIG.
26.  These smaller helixes would result in more centrifugal force. Smaller helixes could also
be used in other embodiments of the high temperature heat exchanger 29 of FIG. 10, the 1* stage
solar reactor 32 of FIG. 18, and the 2™ stage solar reactor 34 of FIG. 20. Other embodiments

20 may be possible,

FIG. 15 shows a top down view of another embodiment of the high temperature heat
exchanger 29 of FIG. 10 in which the thermal transfer channels are on one flat layer as opposed
to being helical. In this embodiment of the high temperature heat exchanger, thermally

25 conductive material 68 forms a disk in which the fluid channels are machined. A thermal break

70 which can consist of thermally insulating material, or an air gap, prevents a thermal short
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t hrough the systemas a whole. In sone cases, with higher |eve f

radi ati on 57 &‘(%?W%B?se, punp 27 may be used to increashéﬁ&é§§/§+3gg
and hence increase the rate of hydrogen production fromthe system
The output of ori.fic 3 feeds directly to the 2 ta react Qr Al .
e at e cireut! ittt fhedigh SRpera ih et X aRep T o o[ AEF el Sotbodhantt 30 is
orifice PfhdedbRiich HIEeh hiftBid drthodt 3¢ Wi drogth out febd BRAH 4 THEGARS and
bal anci ng punps 49 and (described in nore” detall below with reference to
furt her aspsteansinodhanirs 30 flows dsdhe oppostel dinvetiopofihs vxpgemmpd dydsgeam channels 41

endot herm ¢ expansi on_of the super heated steam facilitating
absor pt i on 3 42 ot orwhe ofithese high té‘ﬁ%‘?‘@‘}lfg brat gxepgs disksAje CRRNESERILR series as

heat edS st e:ﬁ%ﬁiﬁ%&dﬂi&%%’f’%% al so | ower the equilibriumdissociation

t enperat ur appropridate catalyst may be placed within the flow
channel 35 of the 2nd stage reactor 34, 10 Channel 35 of the 2nd stage
reactor 34 is, in sone enbodinents, sufficiently long to all ow water
splitting to occur to equilibrium As illustrated, the

out put of the 2nBIG! BOshotve agiderviedvof BIG.€I5 which id di@tlide dmbbdigent eptedidls) 36.
One or nore 3rd stage reactor(s) 36 mag be used in parallel. The 3rd stage
react or 36 emparajsehest exchanger 2 FIGe 4Bt Fach heaigrehinge lagercqansisting of thermally

(typically conpris of err] hydroxyl '.s. .an rr]0).,is rotated
YR Vor ¢ o ol E e i R Ccbaf PR Shouf iy theseps P b ke b
is rapghal channel 30, #f Aff42 | E&dH 1@9er@f seph@tddsll DBRAn %Seaﬂﬂ%'e? G@n@%&?@?tﬂ@&aﬂyﬂ
the interior space of the vortex tube reactor. 02 typically

m gr at es t onsulatingunaenid 68 fthustprewentiogx thenmalsboBrcirstiage reactor 36, from
where it may be extracted, while the lighter elements of H and H2 typically
m grate towards the 20 axial center of the vortex. The renoval of
hydrogen fromthe axial region of the vortex, or the

FIG. 17 shows the helical channel 31 within the 1* stage solar reactor shown in FIG. 18.
This helical channel is similar to the helical channel 30 of the high temperature heat exchanger
15 29 of FIG. 10. Variations of this helical channel 31 can have the same variations as shown in
FIG. 104, 10B, 10C, and 10D.

FIG. 18 shows a cutaway view of the 1* stage solar reactor 32. The entire structure may

be made of the same thermally conductive material. The superheated steam from the high

20 temperature heat exchanger 29 of FIG. 10 enters the bottom of the 1* stage solar reactor 32. The
steam helixes up channel 31. The centrifugal force of the helical motion of the steam causes it to
press against the outer walls of channel 31, and therefore increases the thermal transfer efficiency
of heat from the thermally conductive material of which the 1* stage reactor is made. This could
be the same material as the thermally conductive material 68 of high temperature heat exchanger

25 29 of FIG. 10. The steam is also under pressure to further increase its thermal transfer
efficiency. This pressure is maintained by the orifice 33 of FIG. 1 and FIG. 2, and
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renoval of oxygen fromthe periphery of the vortex; pushes the equilibrium
of the di ssocwatmsmss reaction further. A catalyst can BCI€A9%00382d
within reactor 36 to reduce the tenperature required to split H1O0.
The catal yst structure may follow the helical flow of the gases in the 3
st age pressurizationqrung62 of FIGrdrand FIGa 2t High teappratute gas exibelianneds 38ard 39 of

the helic | ow of, the gases. The.25 vortex tube reactor 36 wll .
Gener al | y BIG oSS orle aflaTy pses Pf Biroeep bl pipoRabR et vRbisam oftnel dong in the
conf or mat iﬁ}BﬁesEO facilitate dissociation, such as conical or tapering
conformations. The tubul ar wal | of the reactor will generally be
symmetrical about the |ongitudinal axis of the reactor, to

facilitate formati on of the vortex.

19 Hydr ogen nmay be exhausted through port 38 while
oxygeh i s exhauEI@di% showsghe lwticl path 35 within the 23t stigergolar eenstorahore ipFHG2P.
structure 40 lch.s r f the entire reacta ryctur sjstin f
32 55 Sthsbehicalenagnd s ey tigaica emaRogen Ty thenthe beel dape sfor
hi gh tenp 2 . t ‘ en
feeds thr g%‘g#%ﬁ%‘%ﬁ%%mﬁh?ﬁ8"%%@%23%2???\%@9 ddohy%tmctﬁgﬁalntg'g&ﬁy%%he
hi gh t enpetisve thieesaheatarietieizan geowrin. FIGH ¢0 A1 0B @) vnd $0D 1 &m aficthérathbodiment of

t her mal « . conduction and thermal radiation fromthe exhaust gas
channel s 4the 2hdtage reacton e thethehenl Fiasnel 35 can also haveaeaalyst Zepteriah placedWithigithe

Tho. Kot oo FpMEoBeREAESS, SO nahER B YLk B ot st e 8 e

exchanger [3fer temperatures. Platinum, platinum group or other catalyst alloys are possible.

FIG. 20 shows a cutaway view of the 2* stage solar reactor. Helical channel 35 can be
seen going up near the outside edge of the thermally conductive reactor material. Since the
15 concentrated solar energy 57 of FIG. 2 bombards the outer edge of the reactor cores 32, 34 and
36 of FIG. 2, it is desirable to have the helix near the outer edge as can be seen in 1* stage
reactor of FIG. 18 and the 2" stage reactor of FIG. 20.

Superheated steam from the 1* stage solar reactor 32 of FIG. 18 enters the bottom of the
20 2* stage solar reactor 34 after passing through orifice 33 of FIG. 1 and FIG. 2. The steam
helixes up channel 35 of the 2™ stage solar reactor. The centrifugal force of the helical motion of
the steam causes it to press against the outer walls of channel 35 and therefore increases the
thermal transfer efficiency of heat from the thermally conductive material of which the 2™ stage
reactor is made (such as the same material as the thermally conductive material 68 of high
25 temperature heat exchanger 29 of FIG. 10). The steam may also be under partial vacuum which

may lower the equilibrium temperatures. This partial vacuum may be maintained by the orifice
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10 by connecting pipes 43 and 44 respectively, to the conbination sola
distiller heatW@R¥s@s%er 8 where the hydrogen feeds thF’S@’é-T‘f‘%’ﬂ%’ﬁ?ﬂel
46 and the oxygen feeds through channel 45. The heat is transferred
fromthese c s to.C n where t d eat hei flow
water to et AHh i FhApbra arald efies A #8732 ashrc fond BIGRE; Abe friclhedih
hi gh t enpeg@l et Bfafdral within chaf¥CSPOAGE 22 Stal 28 Gl s@liad }éal;tlor w&tbemenza Hﬁy further
conbi nation solar distiller heat exchanger Cool ed hydrogen 15 may

t hen be r clowersthé equilibrinen comperatatei Bighsahperatiiresgasl dxirchimewts I8xanid3gfiFIG. 20dre
fed by pip 7 to e hydrogen vacuum pupp.  49. The output of the
hydr ogen vfgéél?rﬁ%ﬁ}?b" a@seﬁﬁbhyééoaeean §ygen Fespectigalietrom St along o7 thmencess.
water is renoved fromthe hydrogen gas. It will be understood that the

hydr ogen exhaust may not be 100% hydrogen and the oxygen may sinilarly not
be 100% pure. Any oxygen hydrogen m xture fromthe 3rd stage
react or which St | R By 71 € ka@

wat er as the tgpn%%rat%%ggltgp Ied ?gﬁahhg esﬁtgﬁv%reer)r(perat ur%e eat gtec%olar
exchanger r%SctoABﬁ ems‘oheswlat&em this onfsmwwlv e thatenexsspinideate BOandraypenspily
hydrogen may th sent _to hydrogen storage 51. Water which is
renoved frgat® ?\&t EIGS%Z lE;IS'élz:"&)ldrfﬂﬁ Bé show cross smy@wwmfmaqaﬂﬁi pdess.

Cool ed oxygen is |likew se renoved fromthe conbination sol ar

distiller heat exchanger 8 and fed by pipe 48 to-the oxygen vacuum punp 52.
The out put of the 25 oxygen vacuum punp 52 may be fed to water scrubber
53 wWgre water %o Ve8hs SERiThd e v1ew of the%)‘tggﬂlbg‘"ﬁ mﬁintx ?{e ek ole dofar
removed by vvater scrubber remal ni ng

oxygen st areager S6witkhke itafesd makifatd174. STh@é@\&ﬁbﬁuﬁf Qe of pamanyu Biegsodidedrny be
recycl ed t hrough pi pe 55.
20 steam from the 2" stage solar reactor channel 35 of FIG. 20, enters the manifold 74. The

manifold directs the equilibrdium mixture, primarily consisting of steam (but also with hydrogen,
oxygen and hydroxyl’s), to vortex spin nozzle 72 in which injector paths 73 injects the steam on

15 a tangent into the vortex tube 71. This steam 75 vortexes or helixes around the inside of vortex
tube 71 and exits at the oxygen spill gate 76. Further details of the processes within the vortex
tube will be explained in FIG. 25.

FIG. 23 shows the end view detail of one embodiment of an injector nozzle of the vortex
20 tube’s 3 stage solar reactor. FIG. 23 shows injector nozzle 72 with one injector port 73. In this
particular drawing, the steam entering through injector port 73, spins around the inside of the
vortex tube 72 in a counter clockwise direction. It is possible to modify the design for a
clockwise direction spin. The direction of rotation is not a factor in the overall embodiment of

the invention. The steam migrates down the inside 75 of the vortex tube 71 of FIG. 22.

FIG. 24 shows the detailed view of another embodiment of the vortex tube 3% stage
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The vacuum punps 49 and 52 may be used to create a vacuum for the 2nd and
3rd stage wo 99/s3gggar reactors 34 and 36 respectively. The pgfFRSadIRy3s2
mai ntai n a bal anced vacuum in order for the 31 stage reactor 36 to
function optimally. Too nuch vacuum on hydrogen vacuum punp 49 in
rel ati on neactoxshgeving momrNapomyindRonty andshooving thetiofiedeminifoldeBiul Expefimental
excessi ve oxygen , 5 eing,drawn into the hydrogen exit line. In simlar
f ashi on, ‘FB‘B%/&%% ﬁhmﬂﬁﬁgﬁﬂugw PRIGRARIS Ay not significEibyatisct the operatien of t o
hydr ogen YUy BhBsUReAS of BB %ol N - ; .
hydrogen to bgg?gr awn elﬂ%tog thghg’;(ﬁl]ggﬁd @%M %%gﬁcfﬁagg@gc%%gﬁ%%gwm can
oper at e upadethrough the tuteutin waions embodimeftsit lefo & f¥ctar haviedebOUbedd 1alsGeH | t hirs

and Look-up tables for variable gperating conditions. 10

FIG?3 s difperys, ths graowt efsteam fow isigeraased perdiypiopemingitely th she number of
superstr Hiofs Of tower 56 may be constructed using various well
known techniques. The top of the tower shows the radi ant energy
capture unit 16-25, 58-67. The top outside done 21, water cooled struts 58,
out er one way mrrored wi ndow 19, and outer w ndow support
structure 17 are visible. The 15 concentrated solar energy 57 enters

t hrough the mKFiGr&dhowe amenbotimehn of tht Yetallbd compaeidd B3 stage solasRh&tor
energy 57 c%\rﬁ%from conmputer steered mirrors 81, 82, or 83 Aas shown in
FIG 31, 3§ - 2 which igo0rppyags theavoriek tubes A hegpateralgised i tha 3Fstagesolapfreachirs

: ; - he . . conbinat i |
e SONENTETIR M (R
day. handlingfHigl tepipemaiss. SimildrUnatedhls nl bk hged R %l@é?][sé%’lfogﬁjoﬁﬁk hventl&h ﬁy 57

can be focused towards . the reactor 20 target 37 o 2 wthin the

radi ant SHeh aythe Apend & siape solas regtorsof BIG. 18 and FIG. 20 respectivelyfanG: poftisizosfs a
sinplifi i vi ew and .general placenent.aof th truts and one
ey i nass Bith BEReral Ao SlbBas S Sn BRRETT Dyiren B s Bonp n BIGH ne

sol ar hydsageikke visibly apparent, the vortex tube and its components within the 3™ stage solar reactor,

15 even though the same material is used throughout.

The equilibrium mixture of partially disassociated steam from the 2™ stage solar reactor
channel 35 of FIG. 20 enters the manifold 74 of FIG. 25. The manifold directs the eqﬁilibrium
mixture, primarily consisting of steam (but also with hydrogen, oxygen and hydroxyl’s), to the

20 vortex spin nozzle 72 in which injector paths 73 injects the steam on a tangent into the vortex
tube 71. This steam 75 vortexes or helixes around the vortex tube 71 and exits at the oxygen
spill gate 76. While this steam is propagating from the injector nozzles 73 to the oxygen spill
gate 76, it does so in a helical or vortex fashion. This vortex action causes centrifugal force on
the equilibrium mixture 75. This centrifugal force causes the equilibrium mixture to stratify with

‘25 the heavier components of oxygen migrating to the outside circumference of the vortex tube 71,

while the lighter products of hydrogen migrate towards the center of the vortex tube 71.
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gener at or. %61‘95/5@5%/&& 16 passes between the inner and out EEEE%@%E es
e r

18 and 17 25 ctively. Structure 18 and 17 can be nad
pol i shed stainless steel or other highly refl-ective and

mater 2l in-thEolGREr R b T Bhs Kby Chod ARy o U oA R

t enper at ukéles aﬂpafﬁranons In the illustrated embodlments porous porions are provided throughout the
nergies within the structures. The purified water

; I10\c/iv| ng wierEHPRthe bGP e ey CHIEBOT Seation 75 of SheTEwEnes: (Y BoLemErdrein o
T
o ey irpushuiel temperatpre pingdt oot 72 of EratBBE 27 1 ARp B SR Ao BELIRE ! N

57 cgn pa§,§; emahéela&aﬁ&i Az ehel dxbyBerl SRl 56178 KonFHSEHIraGARANdtRe draw tube 77. The
system 16 67, however radrant energy within this structure is

refl ect edrdnmial ofhytdrazgea shifts the equﬂ@nnmmfmheereadtfm mutvec |fatcm5tadre| steannand

W ndows nd uart z f| ed wat

1 ove. upvErEOBaATe Bistesveiath bl Sork ¥ ises 24 fvG e soinaeeafbery:
Thi s wat Rherglish 67 #RE0S D9 oY And

t her mal ?cs)ar{ cc‘:atalt (t:)erfln paégggﬁecggnhgeﬂ}raa i :gtﬁ? ohéﬁé? b Fbé l;ytﬂg%ﬁsgcsh i e
const r uct fadiated fromshe anget STito he® stameasolas reastor 36, ’Ithutoatmdetmtfacds& thad® stage
ceni&r strut 60 which are detailed in FIG _5 and FIG 6. These
consVr uct $AU# 1sRctax 36 FuFoHNga the vartex fibe 71 as can be segpimFIGebror 4 FoBUm) FePPiHeR

16- 25, 58&‘3&2@%&1&'&&% xeeqaﬂgd RGhe 3+ stpgé &)Iﬁqgacitoc}i JFF &e 28 @&a@th@c%ﬁ%@o%s

disassociation of steam into hydrogen and oxygen requires a continuous supply of energy.

- Although much of the energy is provided in the 1* and 2™ stage solar hydrogen reactors, a further

boost is provided in the 3™ stage solar reactor.
15

This equilibrium upset in the 3™ stage solar reactor is preferably adapted to cause a higher
percentage of disassociation than would otherwise be achievable. This feature may be used to
reduce the amount of recycle and therefore reduce the amount of lost energy in the process. This

also increases the throughput of the system as a result of less recycle.

20

Oxygen left in the vortex tube 71 of FIG. 25 may spill over the oxygen spill gate 76. The
angle of the spill gate exit is preferably such that it follows the natural flow which the exit gases
want to take. The exit angle of the oxygen spill gate in one embodiment is shown in FIG. 25, as
has been experimentally determined. Other angles may also work. The oxygen which is spilled

25 over the oxygen spill gate 76 is drawn into chamber 80. Chamber 80 is shaped so not to interfere
with the transitional flow of the oxygen from the oxygen spill gate 76 to the high temperature

oxygen exit pipe 39. Chamber 80 is adapted to prevent flow disruption which would otherwise

33



gl ass pains 19 and 20 together. 15 FIG 5 shows a top down
view detai | ofWobh¥s®Ws& way wi ndow and strut design of the PCT/CASSR03RANT

energy capture unit. The flat quartz glass one way nmirrored glass pains 19
and 20 are joined with silicon rubber seals 61. These seals may be
made of animpege ke eartaxhwidhn thervortex mba 71. water tight seal, withstand
hot water tenperatures, and afford sone pliability so small

novenents may occur due to thermal expansion and contraction. Center strut

60 is a spacer strut 20 mhich hol ds the outer gl ass pain 19 and inner

| ass pain 20 a ns_cool resent
gn bot E si des O?r?ﬁﬂlui?{atﬁ'r% exam le gpthe process of?f)e myention, asftf:ﬂtvoggx F”é’ ng’fﬂé'
that inci dgnktrated GeFigires 2 tHObaN 24008 filedRkitH 4 A E&Qs§ ﬁyd o}eﬁ‘?ifri@?ﬁb%das illystrated

into the radi ant energ}g/ capture unit 16-25 onto target
strut@ shapehemsticalisidn Bigd2R3nd annmremf;hydmgbmamd mtrogdegnsseawgﬂsmrcafucémmto the

concentrated sol ar s reflected at a |0 ctive
angl e and % adllggx(ﬁgﬁ¥ g%gmflﬁé VPHET- £hY2cURT S 2P JF’é ﬁqaf” tyge 3l ansignigable A
Z f210r ter stpad stﬁ@hﬁl@ﬂh@?eabn Iglg}rg%eéx gas was pulled from the axial region of the vortex using the

PCT/ CA99/ 08@82tube. An enrichecdmigbgenvgas istleanesat dbtained fremcspilcgne 76t ed sol ar
energy 57 being reflected away fromthe radi ant

10 In another embodiment of the vortex tube 71, a catalyst material 78 can be placed within
the equilibrium mixture 75 to facilitate lower temperature disassociation of the steam. In one
test, a platinum catalyst on ceramic tube substrates was used to lower the temperature required
for dissociation to about 1,300°C, and in another test with a different catalyst conformation to
1,426°C (the reactor was not acting to support a vortex at the time of either test). Vapor flow is

15 preferably not disturbed by the catalyst structure 78, so that stratification is not disrupted. In one
embodiment, the catalyst material is deposited on a ceramic structure which helixes in the same

path as the steam flow 75 through the vortex tube 71.

The partial vacuums created by the process balancing pumps 49 and 52 of FIG. 1 and
20 FIG. 2 may result in Jower temperatures being required to obtain the same level of equilibrium
concentrations of steain, hydrogen, oxygen and hydroxyl’s. Un-reacted hydroxyi’s may later
recombine with oxygen or hydrogen to form water during the cooling process in the high

temperature heat exchanger of FIG. 10.

25 FIG. 25A shows another embodiment of the 3™ stage solar reactor in which an oxygen

draw tube 85 is placed in the vortex tube 71. Oxygen is removed from the periphery of the
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energy capture unit 16-25, 58-67. This strut may be constructed of _mcro
pol i shed st ai nl e%9 ¥{5ax or other material which is higRGf/CA99/00382
reflective and a thermal conductor. Chrone plating of the strut

190, o A A A B g i

fromthe bot hespegf the strut to the top of the strut by therma
convection. In sonme enbodinents, the hotter the strut becomes, the nore
wat er passes through it. The inner cooling channel 63 within strut
58 may be of any shape and may even contour to the general outside

shape of the strut. This contouring could provide better . _cool i ng
to the strut. 10FIG.26 shows a cutaway vigwef a plurality sfvartex suhanassenshlies wathin thai3ant

h 37,1 fl db 4 i _t.hi
The Uadiant 8AEF S9RCGaRar 26 fnd Boutebe g g foe 4B Rasseectar 4 FG s Mibranes
of mcro eight 3% Eealéé S8 tesdits M RRRd Witk the tylHdbiedl s%iflgeefd b offect §tf§ge solar

highly reflective and a thernmal conductor. ronme plating of the
strut woul d rekwri Thiirghtively eddldnsidevdiameterrdthevarteaxrtgbeshwithie thecls siagersioter rbastors

e 1 Aot s B B R 5 s
t Her mal ' t '
R it

t Hrough it. e 1 nner cooling chan ma

shape 30d naforey ot the same volura@of product steirh eompared a6 laoger iadetahapex ofbesowever,
st?r ut. This contouring could provide better coolin t he, strut.

t to .
24 Stratfication @ay be ¥p3RSOT WEh SaTRRcecumenit & ymal digmetenyRItakdybes fasame
arid strut degjgn. h | . . ' .25
The fl at quar@{‘gg%lfgaegiss’ %Irée?\(%}aag{% %ﬁrr‘ ?%?Xetab‘gfdggg g%’é’lﬁ%gg gg g%‘éoﬂl%g’g em%gglr eents’
sandwi ched behgaivelotities of tHeltealmdn theivdetere tubercan bé ur leas thanneecuddriveloch of the

Center strut 60 is a . s(i;lqacer strut which holds the outer glass pain
19 and i nner Stgpmshenaispd indargerdipmetest YomieX BePesenai ns 25 cool since water
IS present on both sides of the strut.
. 15
FIG. 27, 28, 29 shows another embodiment of the 3™ stage solar reactor 36 positioned in
relation to the 2™ stage solar reactor helix 35. In this embodiment a much smaller diameter helix
is provided. The equilibrium mixture of steam, hydrogen, oxygen, and hydroxyl’s (steam)
stratify as the steam propagates along the helix. As the steam mixture nears the end of the first
20 helix, a set of knives cuts the flow, removing the hydrogen concentration from the inside radius

through exit port 38, while the oxygen concentration is removed from the outer radius through

R Ce

exit port 39 as can be seen in FIG. 29 which is the top view of this embodiment.

o e

The intermediate products of steam continue to the next stage as can be seen in FIG. 27
25 and closeup view FIG. 28 of the 3™ stage solar reactor. Three stages are shown in this
embodiment; however, more or less can be implemented. FIG. 28 shows that each stage is of

lesser diameter than the stage before it. This is because there is less steam and to maintain the
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The water cooling channel 63 can be seen on outer strut 58. Water is drawn

by ther nal WO 99/57058 PCT/CA92/80382
WD 99/ 57058
PCT/ CA99/ 00382 convection through port 62, is then noved up

channel 63elatitiks witbinrthe hehig fdnyeﬁ'ehévmbaradwm ecsmaﬂer radius is required nBLG.j 2faghoysexi t
at port 64, Inllke nne coQ) i uII dlntothel t 59
t hrough  close up sidgXjew ‘6@“0 %erﬁ}%ﬁdgrger{twgﬁa FERRPE Shoygn % r?sl ﬁﬂér
strut 59 [ RYgexd.ts port 67.

FIG 7 shgééﬁ{lﬁw?%&gum} 8‘;\792&}30 P ‘é"%&?s““ﬁ’f’d’"ag%en‘;t over with the top
done renoved. The center support structure 23, reactor core
section 40, and solar target 37 are visible in the center.
Surrounding this reactor assenbly is one enbodi nent of the one way w ndow
and $trut FIG. 3deﬁdvgfanb&&eénmmﬁxbﬁtofghea:§%stammmmw Guthiy eritpodémenty an

quartz glass mrrors" 19 surrounds g& out er perlmeteE of thg
radi ant eRBe@YIEHAIGKAubes pse%lrggns o@x;neqt,rﬁ{;épe re3FHROn fARFULE, QF misr Qwn the

mrrors” %8{@{ @’8@3? g)f gl'}e?ébsltﬁge rédor38! Bobmthé YofeCtozte "{Q‘?&Swac‘rtdrtﬂé ﬁynr?agfenaagt

center stru
port 38 and oxygen exit port 39, stratification occurs. Circular knives within the vortex flow cut

the product of hydrogen from the inside diameter of the flow and exit it through hydrogen exit
10 38, while the heavier oxygen which has stratified to the outside of the vortex tube is cut and exits
through the oxygen exit port 39. The intermediate products of steam and hydroxyl’s migrate to
the second stage vortex tube which is of smaller diameter since less steam is present and
sufficient centrifugal force is required to stratify the steam as it further disassociates into its
constituent components. Any number of stages may be used.
15
FIG. 31 shows the side view of a typical solar hydrogen station which would be
geographically located in the latitudes not far from the equator, where the sun is high in the sky.
The mirrors 81 track the sun and focus the solar radiation 57 towards the solar reactor dome at

the top of tower 56.

20

FIG. 32 shows the top down view of FIG 31. Computer steered mirrors 81 track the sun

to focus solar radiation to the top of tower 56. The mirrors are placed all around the tower.

FIG. 33 shows the side view of a typical solar hydrogen station which would be
25 geographically located in the latitudes far from the equator, where the angle of the sun is low on

the horizon. The computer steered mirrors would be north of the tower in northern latitudes and
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vi si bl e. The nunber: of these struts may vary dependi ng on the design and
size of the radi AYf99/57058 energy capture unit 16-25, 58-67. CoReE&ASYPEE2
sol ar energy 57 cones in fromall sides to heat the reactor core.
target 37 evenl || sides 5. FI.G. 8 ws,. the sa
View as i 6 copel gfhenyeRind i otmdss. Semnorshe sole ol ST RO MndAH are
structures i BekfedGbwards HiFoP2 NMREor'82uNERshaB6lat AdiatioR 87 €8l i ¥ar\8f/the tower 56
mrrored glass cones 19 and 20 formthe structural nembers as well
as. t he radi amthichneould othepvise rotwesetiewsslar Tadiaionrffo dvimeant82 is shaped to ficnpthieflighsinto
the conplexity b ot requiring the unjque, strut_desi s.sho in FIG 7.
The out r 20 tHe tob okt 00Tbe ARGURH of salat ErCipiaR FofesTing 8 e RisTai A proBldbe very
concent kat ed e YA t n k :
nor gy 87 ¢ neasalza @R FRALR bedsd BB 62 W0 be water cooll GFBHERRFRAE Hm copline
the inner tapifred8Dweulddy used 4sa Rehedtify the ppdoesss cone 20. The water stream
16 sandw ched bet ween outer cone 19 and inner cone 20, keeps the
outer cone 19 and inner cone 20 cool. Any ener gy absorbed by the
outer cone 19, or inner cone 20, or water stream 16, is added to the 25

priocess in the formof preheating the water for fiuther downstream i
priocessi ng. FIG. 34 shows the top down view of FIG. 33 and shows the special curvature regyired

on mirror 82 to reflect the concentrated solar energy 57 to the dark side of the tower 56.

10

3 FIG. 35 shows a small scale solar hydrogen station which uses a specially shaped

RPN

reflective dish and tracks the sun directly. In this scenario, the size of the shadow cast by the
tower S6 dome is significant in relation to the size of the collection area mirror 83. A mirrored
cone reflector 84 is placed at the top of the dome of tower 56. Cone reflector 84 reflects solar
15 energy 57 so it does not hit the dome, but is reflected to the specially contoured edge of mirror
83. The edge contours of mirror 83 reflect this solar energy 57 into the dome at the top of the

tower 56.

20

B
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FIG 9 shows a helical channel 30 whic re resents the path that the water
and its WORY/sSEt s nay take wit , "'" wrl "lmmlfanger of PET/GAI@382The
helix is basically the shape of a 9 shows a

rectangul or, sguare structure to the helrx welver', any cross sect i onal
shape is g@?gﬁlﬁfﬂg’“ﬁ%ﬁ as circular, elliptical or ot her .
FIG 10 shows an enbodi nent of the high tenperature heat exchanger 29 whi ch

has the 1. A preddssdibr paidacingdediropanfrein @atehebinprisggtip t he heat
exchanger 29 nultiple helix structure. The helrx may provide a

L?Lgfdéhf‘?%ﬁ;f{rg”:ffregrﬁs%sfer YRR e RiEPaRe 18 i e clidtpmated ©he
preosi ng against 1 he e Augp Rxtlre Ehmpliithg BiiSgt obnd Blen TR, °' PC

thermal transfer of heat fromthe thermally conductrve material 68 which
fornmet he (b) hdpbrming:a wertex of thecreaofior minusertd subjectéhe reastidd mamtird 2o a
rogen down the helixes in an

feeds the products of ox and
opposite direction tCGHFh%‘%P&OW‘be%&taeIPBgM@@% of am integer space OfaVQmenel
30. These out-flow ixes. 41 a ar.e and e fe ivel ar aII
Co the in-feed 15 10 HRbtoss8 Blar terdiC 2R ShERRCAiom, 6 1edly dide el
hydr ogen out-fl ow h e hel i xes

( 1 lgﬁ L s Qcc of the voﬁ': l?]e]%actz riftgd

are in parallel to ea he nunb out ’not
critical; however, a |arger nunber woul d be preferable to effectively act
as thermal trarSker preferenudlycﬂmoﬁsgéwdm@nrgagmnthermmm mexthae st spaasd s

of gen in out-flow helix 41 a the out-f] ow helix
42. (Wﬁ general, a | &P %’Eﬁsr@é? &‘gé{‘gl lr?éllﬁ akthenterqg space ofi the vprieyi de
20 better thern% etfc%?ﬁ; er. The inside surfaces of the in-flow helix
30, and outfl ow hel i’xes And 42 do not necessarily have to have
be square, circular, or rectangular shapes. The cross secti onal

shapes of in-flow helix 30 and out-flow helixes 41 and 42 can be such that
the surface area is “significantly increased as is shown in FIG

ei tect i ve X her AaPResanr o e BE B BR A I e o trac or 1 21 oB.

(@  heating water to a water dissociating temperature to form a dissociated

15 water reaction mixture comprising hydrogen gas and oxygen gas;

(b)  forming a vortex of the reaction mixture to subject the reaction mixture to a
centrifugal force about a longitudinal axis of an interior space of a vortex
tube reactor, so that there is radial stratification of the hydrogen gas and the

oxygen gas in the interior space of the vortex tube reactor; and,

20 (c)  preferentially extracting oxygen gas from peripheral portions of the vortex
at longitudinally spaced apart points along the circumference of the vortex

tube reactor.

3. The process of claim 2 further comprising preferentially extracting hydrogen gas
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s e, oo ol I oz e e sy

sui tabl e t her EPPY3®Rduct i ve qrater ma h can wi t hsPENEAPHRISA2 gh
tenperatures required in heat exchanger 29. Typi cal

e | exct ‘ | | )
25 oxides of 7i Aoy e SecRol riffhek B iR SRR PRjnef aFRAWE N ARGRRATHAS of HE
previ ousl y her eijfiterjog spate 6f the ok Bfbfeat@revant materials, and they are

all hereby incorporated by reference). The material 69 shown in FIG 10 is
a thermally insylative material which is able to withstand the

>

hi gh t errpe)lhat ur eherrgeessef daim 1keon3 grherewmihe waterds heated to s dissocéatitiganger
29. Typi [ i ti terial i.,nckude ,oxi d of .al um num or, an
other T 0" HeRbb AR | ree TR ed ol TR ion For e Ol MRBkRRbe reactor.

insulating material 69 prevents thermal short _ circuits of the
adj acént cdi.| s Fhetprecésserfrobdimyl,Q)3obicd mbereinttes water @ssotiatiig thbktature is
structure. Material 69 forns a thermal insulating barrier to
prevent thermal bskean ahautU808°C andabout 38005G. al 68. 10

I n one enbodi nent, a nmeans of nmanufacturing the high tenperature heat

exchanger ) é{? I OWTShﬁ, ggocé@%fl%?aiﬁy}t, g:'rge g;q?f?férﬁcx%ﬁn LR R i8R 1 Dntadted with

I nt ernal es of "hig
a catalyst that catalyzes the dissociation of the water into hydrogen and oxygen.

7. The process of any one of claims 1 through 6 wherein the preferentially extracting

10 step comprises applying a vacuum to extract the gas.
8. A vortex tube reactor comprising;

(2)  an elongate wall having first and second ends, the wall and ends together
defining an interior space having a longitudinal axis and adapted to house a

vortex;

15 ‘ (b)  aninlet port in the first end for tangentially introducing a gas into the
interior space to initiate circumferential movement of the gas in the interior

space about the longitudinal axis to form the vortex;

() ahydrogen draw tube concentrically located in the interior space along the
longitudinal axis, the hydrogen draw tube being porous to hydrogen gas at
20 longitudinally spaced apart points.

9. A vortex tube reactor comprising:

()  atubular wall having first and second ends, the wall and ends together

defining an interior space having a longitudinal axis and adapted to house a
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heat exchanger 29 may be constructed—ef—wachinable wax. The materials for

constructi ng W0@&9/57058 high te ! _exchanger 29 pefcRed/6Esh
around t hese wax shapes. The cerawmwmglgg ”ﬂ may be avail able as a
powder which mxes with a |iquid binder rmng a slurry. The
material is |layered wootgat her to formalternate |ayers of conductive

material 68 and insulating material 69. In sone enbodi nents, the

ont i Qai ength 4Pt el pert R R o BB, MBoucing a g 0P Biciges.
I ) . 1 4 1 .
uni £ 39 qui ckly, so TSHC SpARABYARaNe oRRIT AR JIVERREE of e ARSI € ibtdfor

This may be requiredpsce sttt tidnghtudinabhxig o #ich 82 wWirldk:; f use toget her when
| ater sintered. After the entire structure is assenbl ed, whi ch woul d not

necesgsarily only i nclude t he high.t erat yure_heat .exchanger, 29,
but ey al 0 !r(lé' udénfwanmmogmsﬁﬁm@gﬁ%%@gﬁxmz inferior spafsradjaectc
cerami c material wo r,.hardenin e structure
woul d be he:ﬂ‘ e%ﬁﬁbﬁé{a%@vﬁt ﬂ%’ Wéﬁ%?é\ﬁgﬁe gﬁﬂg%ggrqugqﬂgxp’gggtg_as#e
design of the entirgg %ﬂ%ﬂg atsuch that the wax would flow out
wi t hout any pockets orf%iwax pooli ﬁ??ﬁ%ﬁ?mﬁ the structure. Once
t he wax IanaltIﬁlg out, then the entire structure would be sintered. An

met

al ternati drostex tibe reactorh ¢laim 9 fustkere@ynpsisinga hgdrogeny drawmbel
of. the

i quid pol yners_j ' three . di nensi onal D .. JJmodel

entire struct u?gﬁ%él\gg%aﬁ&lﬁ%@gdnﬁpﬁ%wg gﬁﬂém%dlﬂﬁg%n%y be
usedqQt o : T 26

slice the 3D rnl)lgcelﬁo%eg%?wg?/bi %%/nelg p oxé%u tSSthl’(liéo%e nngééh}ong}tggglapp{espﬁgﬁ 8Pt of
that |ayer witpbint§he pol ymer. The LASER |ight woul d cause that

| ayer of polyner to harden. Layer upon |ayer of

11.  The vortex tube reactor of claim 8, 9 or 10 wherein the reactor is comprised of a

refractory material adapted to withstand a water dissociating temperature.

12. The vortex tube reactor of claim 11 wherein the water dissociating temperature is
15 between about 1800°C and about 3000°C.

13. The vortex tube reactor of any one of claims 8 through 12 further comprising a
catalyst positioned to contact the vortex and adapted to catalyze the dissociation of

water into hydrogen and oxygen.

14, The vortex tube reactor of any one of claims 8 through 13, further comprising a
20 vacuum pump in fluid communication with the draw tube for creating a lower

pressure in the draw tube than in the interior pace of the vortex tube reactor.

15.  The vortex tube reactor of any one of claims 8 through 14, further comprising a

means for focusing concentrated solar energy on the vortex tube reactor.
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har dened poI‘ynerow & build the shape of the total internal hollow
structures within the entire ceranic structure. The cerBi/€49%09882%d
then be poured in the appropriate |ayers around the entire 3 har dened
pol ymer structure. Once the ceram cs hardened, then the polyner would be
mel ted out of the structure, a d/él'ie remai ni ng ceram cs woul d be
sintered. Another alternative nmethod o - manuf acturing may be to
machi ne solid bl ocks of the ceramic material. FI G 10A
10B, 10C and 10D show various alternative shapes of the internal structures
10 of helixes 30, 41 and 42 of FIG 10. These shapes may be a way to
effectively increase the surface jarea of tthe internal structures
and therefore increase thermal transfgr—t d frgmthe fluids
flow ng through these structures. The |t ooth Efaped protrusions nay be w der
near the wal | s of the fluil3bfHow channel} such as helical channel 30
in FIG 10B and narrows as it protrudes towards the center of the
channel . The w der base provides nore “heprel trjansfer 1 5 material in a
simlar way that heat sinks are designed ffor codling el ectronic equi pnent.
These protrusions may have furthelr protrjugsions on themto further
increase its surface area as is detailfed iin FIG 10D. These vari ous
al ternative shapes of the structurgg~Hor helij xes y be used in

al ternative enbodi nents of helixes 30, 41 and 42 ¢f the high tenperature

heat exchanger in FIG 10. These jshapes |may al so be used in helix
31 of the 15 stage sol aff reacjor of FIG |18, and Iet3& 20 35 of the 2nd
stage sol ar reactor of E ). 33 7 FI G 11 shows a detail of
anot her enbodi msg17 of hi gh tenperature Neat |exchanger 29 in
FIG 10. A sectién of hel fx of FIG 10 i3SHown in FIG 11 in which
thermal breaks are evi dent al grg—thq patih|jof the heli x. These
t hermal breaks consimgt mal |y infsul atijng materials 70 which
could be the same materilal 69)of KRG J10. 25
16—851\_
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$
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FIG 12 shows a line path representation of the preferred enbodi nent of the

FIG 10 wolp/gtess enper at ure heat exchanger 29. The wavy | POPE&A99/00382
represent the helixes as shown in high

27 tenperature heat exchanger 29, with the center |ine being
the water in-feed channel 30 feeding up, and the four lines on each

si de being the hydrogen channel 42 and Z)X)Eyg_n channel 41 feeding

down. This arrangenent is a parallel helix arrangenent, This line path
representation of the parallel helix is to4Provide a reference when
di scussi ng ot her enbodi nents in Fl \\\\\\\‘6:*‘“;‘““‘\“‘4«\3\ 7 14, of the high

S N 32 38 FIG 13 shows

tenperature beat exchanger 29 of ¥ ‘
: i\\\ﬁi\gt{\: of FIG 10 in

N\
2

N
N}
anot her enbodi nent of the hi ghsPRePR4 -§‘- R
whi ch a doubl e helix consi st 4GSt ogg :-§ hydr gannel3g,2 and
out -feed oxygen channel & 4% hg I N @ ound QG\‘}\- i n-feeghelix
30, formng a conpound hgflln %is NOQN nent \»\\\ voldmne of
out-flow gases of hydrogenyand oxygen isN § 3 ‘\ “ow wat er and
st eam wi t houl+vaW & TN NETSR “\\‘:‘u- Bn FIG 12.
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: : 382
FIG 14 shows anot her enbodi ment of the high tenperature heatP%ygﬁgﬁ{%oer of

FIG 10 in WO9SGkich a triple helix exists. This triple helix, helixes
.around the exchanger, form ng a conpound 15 hel i x.- Anot her vari ation
of these is to have non-conpounded triple helix arrangenments in

parallel to each other, which are siml @/Pnlarrangenent to the 3r stage

sol ar reactors 36 of FIG 26. hese snmal |l er helixes would result
in nmore centrifugal force. Smaller helixes could al so be used in
ot her enbodi nents of the high tenpera

CRRaEXLchanger 29 of FIG 10, the
R _ :
1st stage sol ar reactor %\Q\t&%\\bx\%@\\& 2nd stage sol ar
reactor 34 of FIG 20. O her §i§%\i\§®§\\w\§\' e.
heat exchanger 29 of A \\\e\\\\\NT\\é
are on one flat layer as oppgy

\\&x%\% hi gh tenperature
.

7

N NN i\ BN\ ransfer channel s

enbodi nent of the high terrp HRTTHW N 25
mir e el | R RS
i nsul ati hg material, or an i'\\ \\§\\§§Q\§‘ S \i\\\}\\}t\\k\};\\\}{\\\\\x
28 circuit :\\\\ NN BTRIUTE " di sk.
Water and steami n-fEed 2 ‘ T~
"
_~58
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pl aced between oXXRy¥¥57888t - f eed channel 41 and hydrogen out-feed channel 42.
The water and steamin channel 30 flows in the opposite ®OTEAMD0OMS2
and 42. A nunber of these

of the oxygen and hydrogen in channels 41
hi gh tenperature heat exchange disks are connected in series as 5
FIG 16 shows a side

shown in the side view of FIG 16.
view of FIG 15 which is another enbodi ne%/%l t he high t enperat ure
heat exchanger 29 of FIG 10. Each heat exchange | ayer consisting of
conductive materi al uect ed to anot her |ayer by

thermal |y ,

the same high tenperature material g '\\\\\\\\ ARy, 30, 41 and 42. Each

| ayer is separated by a thermal '\‘*\\\“.\(\\ \$ t§- \\\ \\\‘ Iﬁthermal |y

insulating material 69 thus pre¢®rfrn ReNral o\\\

FIG 17 shows the helical changté 31 N ®e | . react or

shown in FIG 18. i PetT@al chafngq i e helical

channel 30 of the high tenpe4 e heat exfh§ ger of FIG 10.

Variations of this helid | 31 can 3:- the sa Wat i ons as shown

in FIG 10A, 10B, nd IToD. N N ; 66148 shows a

§ . N R

gutaway view of the 1st st PR ar reactdy N2. The entireN§yructure my

be made of the sane thermal{¥ “conductive ratRrial. ThebFupr at ed steam

fromthe high 20 terrper re heat exc § er 29 of FI ¥ enters the

bottom of the 1st stag ol \r eact or 32. § Q .20 St gfpdel | xes up

channel 31. The centrifugal f\gkceppf the Q-tz not i on ke >60eam causes
N Nf and t herefore

it to press _&gai ngg \"- outer wal
i ncreases the ther transfe l\ f{/%l enc
thermal Iy conductive nateriph N ch t
coul d

o<

'/////I///////I///////I WL
Y,
////////////////////////////./.’/
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be the sane -material as the thermally conductive material 68 of high

t enper at ur e heWOSETEBger 25 29 of FIG 10. The steamis af§$%ﬂﬁﬁ@9”2
pressure to further increase its thermal transfer ef ficiency. This
pressure is maintained by the orifice 33 of FIG 1 and FIG 2, and

29 pressurization punp 27 of FIG 1 and FIG 2. High
tenperature gas exit channels 38 and 39 of FIG 18 are for the
out-fl ow gases of hydrogen and oxygen respectively fromfurther along in

t he process. 5 FIG 19 shows the helical path 35
within the 2n stage sol ar reactor shomggyg‘ |G 20. This helica
channel is simlar to the helical chann€l of FIG 18, and the helical
channel 30 of t he high tenperature heat exchanger 29 of FIG 10.
Variations of this helical channel 35 can have the sanme variations
as shown in FIG 10A, 10B, 10C, and 10D. In another enbodi nent of

the 2nd stage reactor 34, the helical channel 35 can al so have a catal yst
material placed within the 10 steam fl ow channel 35. This catal yst may
have the effect of causing the steamto di sassociate at | ower
tenperatures. Platinum platinumgroup or other catalyst alloys are

possi bl e. :

S T P




FIG 20 shows a cutaway view of the 2nd stage solar reactor. Helical

channel 35 cawo b®s7oss seen goi ng up near the outside edgep©f/chbtoo3s2
thermal |y conductive reactor material. Since the 15 concentrat ed sol ar
energy 57 of FIG 2 bonbards the outer edge of the reactor cores 32, 34 and
36 of FIG 2, it is desirable to have the helix near the outer edge as can

be seen in I"t stage react or of g? 8 and the 2nd stage reactor
of FIG 20. Super heat ; mfromthe 1" stage sol ar
reactor 32 of FIG 18 enters the bottom of the 20 2nd stage sol ar

reactor 34 after passing through orifice 33 of FIG 1 and FIG 2. The steam
hel i xes up channel 35 of the 2nd stage solar reactor. The centrifugal force
of the helical notion of the steam causes it to press against the
outer walls of channel 35 and therefore increases the t her mal
transfer efficiency of heat fromthe thermally conductive material of which
the 2nd stage reactor is made EBA%SA&Be sanme material as the

thermal |y conductive material 68 aofb D BBAAA 4 @poer at ure peat exchanger
29 of FIG 10). The stgﬂm m\%\g %Wmﬁgbgmf ddﬂ@:uum i ch
may | ower the equilibriiimt %(,% DS iéééﬂi‘hﬂdM m 7 be

§§b‘>h 444

y
mai ntai ned by the orifice » 44444
30 b:»K %




33 of FIG I a and vacuum punps 49 and 52 of FIG | and FIG 2.
The i ntroducti 6’%?}054/9053 of catalyst material w thin channel 35 F&IT/GAf9/09382
stage solar reactor 34 of FIG 20 may further | owers the

equi libriumtenperature. High tenperature gas exit channels 38 and 39 of
FIG 20 are for the out-flow gases of hydrogen and oxygen
respectively fromfurther along in the piofsk. 5 FI G
21 shows the pictorial view of the outside of the vortex tube 71 of the 3'd
stage sol ar - reactor 36. Also visible fromthis outside view are the
vortex spin nozzle 72 and oxygen spill gate 76. FIG 22, FIG 23,
and FI G 24 show cross sectional views of this vortex tube. 10

FIG 22 shows a cross sectional side view of the vortex tube 71 within the
3rd stage sol ar reactor 36 with the in-feed manifold 74. The
equilibriummxture of partially disassociated steam fromthe 2nd
stage sol ar reactor channel 35 of FIG 20, enters the manifold 74. The

mani fold directs the equilibriummxture, primarily consisting of steam

(but al so with hydrogen, oxygen and hydroxyrl's), to vortex spin
nozzle 72 in which injector paths 73 injects the steamon 15 a tangent
into the vortex tube 71. This steam 75 vortexes or helixes around the

i nsi de of vortex tube 71 and exits at the oxygen spill gate 76.
Further details of the processes within the vortex tube will be
explained in FIG 25. FIG 23 shows the end view detai

of one enbodi nent of an injector nozzle of the vortex




20 tube's 3d stage solar reactor. FIG 23 shows injector nozzle 72 with
one injector worbs788 I n this particul ar draw ng, the RiTE@K99/00382
entering through injector port 73, spins around the inside of the

vortex tube 72 in a counter clockwi se direction. It is possible to nodify
the design for a cl ockwi se direction spin. The direction of
rotation is not a factor in the overall ent@gﬂzqm of t he

i nvention. The steam mi grates down the inside 75 of the vortex tube 71 of
FIG 22. 25 FIG 24 shows the detail ed view of another
enbodi nent of the ¥ ;
31

an one injector 73 4 showi{ ng

the in-feed nmani f olrd=4 Ni— testing has shg th t he
nunber of injector: ' - affect the opergplon’

vari ous enbodi ment s pe._aljt hough it may incre t \nount
of steam which can 1gh the tube. In various €mpodrients,

I 30 enbodi ment s Cike nt of
onately to the nunber ﬂj ?EP
I nj ectors. mms an enbodi rent of the detailed

construction of the
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36 of FIG 2 woiekrisgcor porates the vortex tube. The materi al sposedodinithe
3r stage solar reactor 10 of FIG 25 may be high tenperature thermally
conductive ceram cs or other materials capabl e of - handling high
tenperatures. Simlar materials may bgbzzf in other sections of the

i nvention such as the I' and tage solar reactors of FIG 18
and FIG 20 respectively and portions of the high tenperature heat
exchanger 29 as shown in FIG 10 Different shading is shown in FIG

25 to nmake visibly apparent, the vortex tube and its conponents within the

3rd stage sol ar reactor, 15 even though the same material is used

t hr oughout . q |I S iun1nixture of partially

di sassoci ated steam fromthe 2nd ‘\ eactor channel 35 of
FIG 20 enters the manifold 74 of FI -.nlfold directs the

equi librium m xture, prlnarl of steam (but also with
hydr ogen, oxygen and hydroxyl" to t «ortex spin nozzle 72 in
whi ch injector paths 73 |njects the 0 ngent into the vortex

tube 71. This steam 75 vortexes g ound the vortex tube 71 and
exits at the oxygen spi | (/et- 17 V%lle this steamis propagating
fromthe injector nozzles 73 to R OX( IS pill gate 76, it does
so in a helical or vortex fashlon\\“e Q§\ action causes centrifugal

force on t he eqU|I|br|u \ .centrifugal force causes
the equilibriummxture to stra fy WI :) ) heavi er conponents of
oxygen mgrating to the outsi3te_cihre e- e gt he vortex tube 71,

while the lighter products of _hyd 99/' ODEZ t owar ds the center of the
vortex tube 71. 42 "

32
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Hol | ow draw t ubgqy ;th porous to hydrogen and draws off the hydrogen

t hrough smal | }81 | es or perforations. In the illustratedPCT/CA99/00382
enbodi ments, porous porions are provided throughout the | engt h of

t he hydrogen draw tube, except for section 79 of the draw tube. Hydrogen is
drawn out t hr ough hi gh tenperatua0 3-38 Section 79 of draw tube
77 is adapted to hel p prevent the ngg concentration near the
oxygen spill gate 76 from being drawn into the draw tube 77. The

removal of hydrogen shifts the equilibriumof the reaction m xture, forcing
nore steam and hydroxyl's to disassociate into nore hydrogen and
oxygen in order to nmaintain an equilibrium bal ance at tenperature.
Concentrated solar energy 57 of FIG 2 is thermally conducted and

radiated fromthe target 37 to the 3rd stage solar reactor 36. The outside

surface of the 3rd stage 10 sol ar reactor 36 surrounds the vortex tube
71 as can be seen in FIG 25. A contlnual _Su ply of t hermal energy
is required in the 3rd stage solar ¢ 3 25 because the

cont i nuous di sassoci at i onaf 0 dxogen and oxygen
requires a continuous supply of BHEEOWONNHF Lﬁ \gh much of the energy
is provided in the Ist and 2ng/ZRage-N\at L ggf gtors, a further
boost is provided in the 3rd /RN WMNELNIE:SZ \ Thi s
equi libriumupset in the 3rdzZoRINEN et zarably adapted to
cause a hi gher pét s SR AP GFSas OCTRLH A ?ﬁ‘ ul d ot herw se be
achi evabl e. This featur SgmeBeigiiito I ke anount of
recycle and therefore rgouge Hignt of | | ost : it he process. This

al so increases the throu

R\sysTem as g7REsEDlnl | ess recycle.
20 A= 44

4
-

70 68




Oxyigen left in the vortex tube 71 of FIG 25 may spill over the ox% en
spidl gate 76. Th®O99/57058. angle of the spill gate exit is preferaBy/cATdn0382

that it follows the natural flow which the exit gases want to take.
The exit angle of the oxygen spill gate in one embodi ment is shown in FIG
25,5 as has been experinmentally determ nﬁg;/gmer angl es may al so
worjk. The oxygen which is spilled 25 over t oXygen spill gate 76 is

drawn into chanber 80. Chanber 80 is shaped so not to interfere
wi th the transitional flow of the oxygen fromthe oxygen spill gate 76 to

the hi gh tenperature oxygen exit pipe 39. Chanber 80 is adapted to
prevent flow disruption which woul d ot herw se

33 i npede the vortexwthtA~the vortex tube 71.

Inian illustrative exanple of the preesss_af the inventtom—a steel vortex
tuble reactor 71 as i I'l ust r pleg=tTFT gur €5_Zi—theadgh 24 was
fitted with a brass hydrogen draw tub atet

schhematically in Fig. 25, and a mixture of TmFor 0 ogen gasses was

i ntir oduced into the react or BTt ng a vortex. A

vag‘gjum was applied to the draw tube and g3¢ stream
enrii ched in hydrogen gas was pul | ed {6 the vortex
usiing the draw tube. An enr am was obt ai ned
fro

spill gate 76. e . .
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10 I n anot her enbodi nent of the vortex tube 71, a catalyst

materi al 78 cA¥PBYSHF&ced within the equilibrium m xt BCE/CAS9/00382
facilitate |l ower tenperature disassociation of the steam In one

test, a platinum catalyst on ceram c tube ,substrates was used to | ower the
tenperature required for di ssotifidh to about 1,3000C, and in
another test with a different catal yst conformation to 1,426C (the
reactor was not acting to support a vortex at the time of either test).
Vapor flowis 15 preferably not disturbed by the catal yst structure 78,
so that stratification is not disrupted. In one enbodi nent, the
catalyst material is deposited on a ceram c structure which helixes in the
same path as the steamflow 75 through the vortex tube 71

The partial vacuuns created by the process bal anci ng punps 49 and 52 of

FIG 1 and 20 FIG 2 may result in |ower tenperatures being required to
obtain the sane | evel of equilibrium concentrations of steam

hydr ogen, oxygen and hydroxyl's. Un-reacted hydroxyl's nmay | ater

reconmbi ne with oxygen or hydrogen to formwater during the cooling process
in the high t enper at ur e _heat exchanger of FIG 10. 25

FIG 25.4 shows anot her enbodi mept of T age solar reactor in which
an oxygen draw tube 85 iIs o] he vortextube 71. Oxygen is
removed fromthe periphery of thg =
34

- ’ i 1] '
ol [T = e

Fig. 20



H
H

vértex tube 71. Wp3ets7@gui | i briumcan occur with the renpval of ejther or -
bdth of hydrogen and oxygen. FIG 26 sholi§Az5/00382
cutaway view of a plurality of vortex tube assenblies within the 3rd 5
stfage sol ar reactor 36 and nounted on top of the 2nd stage sol ar reactor

34. FIG 26 illustrates ei ght 313§(§g§ sol ar reactors nounted
within the cylindrical shape on top of the 2nd stage sol ar

réactor. The relatively small inside dianmeter of the vortex tubes within
t@e 3rd stage solar reactors 36 may be adapted to provide high

centrifugal forces to stratify the equilibriumreaction m xture.

I? sone enbodi nents, snaller dianeter vortex tubes generate significantly
hi gher centrifugal 10 force forofthe same volume of product steam
conpared to larger dianmeter vortex bes; however, ,fératification

may be very poor with sone_enbodi ngnts of snall di anet er’ &orf®x tubes. In
es/éffg$j§u

spne enbodiment s, | arges.di aneter vortex i or
ratification. In
feamin the vortsg
[ eam when used in ortex tubes. F1t 2
7, 28, 29 shows gnoth of the 3rd stagg sol ar reactor {36
DSi tioned in relation to fhe 2nd stage $ollar reactor helifx 35. In
hi s enbodi nent a{much snall er dianpter helix s is provided.f The

egui libriumm xtuge of steam hydropgen, oxygen, akd:jhydroxyl's (§tdqam
stratify as the stfeam propagates al png the hedqi X 4 the steam nxtjure
ngars the end/ he first N

§ 75—

_ el oci ti , the’
cul ar vel ocity fof| the
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20 helix, a set of knives cuts the flow, renoving the hydrogen

concent r at i onMO¥fW@SBe i nsi de radi us t hrough exit porRCT2GANMIBE2e

t he oxygen concentration is renoved fromthe outer radius through

exit port 39 as can be seen in FIG 29 which is the top view of this

enbodi nment . The interpedi ate products of steam continue
to the next stage as can be seen in ﬂr@yF51125 and cl oseup view FIG 28
of the 3r stage solar reactor. Three stages are shown in this

enbodi ment; however, nore or |ess can be inplenented. FIG 28 shows that

each stage is of | esser diameter than the stage before it. This is
because there is |l ess steamand to nmaintain the

35 velocities within the helix for effective separation, a
smal ler radius is required FIG 28 shows a cl ose up side view of
anot her enbodi nent of the 3rd stage solar reactor showm in FIG 27. FIG

29 shows a top down view of the enbodi nent as described in FIG 28. 5
FI G 30 shows anot her enbodi nent of the 3' stage solar reactor. In this
enbodi nent, an alternative vortex tube is used. In this

enbodi ment, as the reaction m ¥Qure of mgrates down the vort ex

tube 71 of the 3rd stage reacto()36, fromthe vortex nozzle 72 toward the
hydr ogen exit

1_ 80
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port 38 and o it port 39, stratification occurs. Ci rcular knives
within the vo)r{’?(gg"%ﬁﬁ% cut t he product of hydrogen fr AEHEA08I2de

di aneter of the flow and exit it through hydrogen exit 1 0O 38, while the
heavi er oxygen which has stratified to the outside of the vortex tube is
cut and exits through the oxygp /égi port 39. The internedi ate
products of steam and hydroxyl's nlgrate t‘o the second stage
vortex tube which is of smaller dianmeter since | ess steamis present and
sufficient centrifugal force is required to stratify the steamas it

further disassociates into its constituent conponents. Any nunber
of stages may be used. 15 FIG 31 shows the side view of
a typical solar hydrogen station which would be geographical ly

| ocated in the latitudes not far fromthe equator, where the sun is high in
t he sky. The mrrors 81 track the sun and focus the sol ar

radi ati on 57 towards the solar reactor done at the top of tower
56. 20 FIG 32 shows the top down view of FIG 31.
Computer steered mirrors 81 trag1 t he sun to focus solar radiation
to the top of tower 56. The mirrors are placed all around the tower.

FIG 33 shows the side vi ew of a\t ypi cal solar hydrogen station which would
be 25 geogr aphi calgt ¥ totates-rasthetattiydes—ar—k om t he equator,
where the angle of the: un; g Gukion: the“hdrizon. The conputer
steered mrrors woul d{Bg: >y | atitudes and

36

1~ 80

\[ IHJ[ HININIRIRIRINISINIIHIRISININID

LRI I IR b 005 o

|
!

— 72

T.

Fig. 25A



south of the tower in southern latitudes. Some of the solar radiation 57
fromthe m r v 3/®essar e steered towards mrror 82. MCTAA®RN382
reflects the solar radiation 57 to the part of the tower 56 whi ch
woul d ot herwi se not receive solar radiation 57. Mrror 82 is shaped to
focus the light into the top of ?8§gt2§§. The anmount of sol ar

radi ation reflecting off of mrror 82 wou e very S concentr at ed.

For this reason mrror 82 would be water cool ed. The heated water from

cool i ng mrror 82 would be used as a preheat to the process.

FIG 34 shows the top down view of FIG 33 and shows the special curvature
required on mrror 82 to reflect the concentrated sol ar energy 57
to the dark side of the tower 56. 10 FIG 35 shows a
smal | scal e sol ar hydrogen station which uses a specially shaped

reflective dish and tracks the sun directly. In this scenario, the size of
t he shadow cast by the tower 56 done is significant in relation to
the size of the collection area mrror 83. A mrrored cone
reflector 84 is placed at the top of the done of tower 56. Cone reflector
84 reflects solar 15 energy 57 so it does not hit the done, but is
reflected to the specially contoureg%gdge of n@gror 83. The edge
contours of mrror 83 reflect this ar energy, 57 into the done at the top
of the t ower 56.
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What is cl ai m¥P 9457058 1. A process for produci ng hyBEB§aaeassm
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(a) heating water to a water dissociating tenperature to forma

di ssoci at ed wo 99/57058 wat er reaction m xture conmpidstAd/00382
hydr ogen gas and oxygen gas; 5 (b) form ng a vortex of the
reaction mxture to subject the reaction mxture to a

centrifugal force about a longitudinal axis of an interior space of a

vort ex t ube rea(lt@r/?.s'lo that there is radial
stratification of the hydrogen gas and the oxygen gas
in the interior space of the vortex tube reactor; and, (c)
preferentially extracting hydrogen gas fromthe reaction m xture at spaced
10 apart points along the |ongitudinal axis of the
interior space of the vortex t ube reactor.

wat er conpri si ng:

tenperature to forma

ion mxture conprising hydrogen
“¥grmng a vortex of the reaction

~38
TmCerior space of a

%Jo that there is radial

. oxygen gas
JGheRe 3 (c)

K portions of the vortex
e circunference of the vortex

2. A process for produci ng hydroge
(a) heating water to a water dissoc
di ssoci ated 15

gas and oxygen gas; s
m xture to subject the r on nixture*@ﬁf
centrifugal force about a |ongitTodinagaxi
vort ex t ube reagigr |t
stratification of the hydrogen gas ang:
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preferentially extracti (?t
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t ube reactor. 3. The process of claim2 further conprisin
preferential | y VEXPYEO8% ng hydrogelrcl) gas "rCTiCAS 0082
38 fromthe reaction mxture at spaced apart points
al ong the | ongitudinal axis of the interior space of the
vortex tube reactor. 4, The pra@¢Qaf claimi1, 2 or 3 wherein
the water is heated to a dissociating tenperature with
concentrated sol ar radiation focused on the vortex tube reactor. 5

5. The process of claim1, 2, 3 or 4 wherein the water dissociating
tenperature is bet ween abgsfSuSIENEAC and about 3000[err]C

6. The process of claim1l, 2, 3, 4 o B t he reaction mxture is

contacted with a cataly
the water into hydrogen and oxygen. =
of claims 1 through 6 wherein the pref

step conprises applying a vacuumto extyi#
vortex tube reactor conprising:

'zes the dissociation of
[ he process of any one
racting 10
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(a) an el ongate wal l
t oget her WO 99/57058
axi s and adapted to house a vortex; 15
in the first end for tangentially introducing a gas

| ongi t udi nal

(b) an inlet port

into the

having first and second ends, the wall and ends

defining an interior space havipge/@a99/00382

interior space to initiate circunferential

novenment of the gas in the interior 20/21 space about the

| ongi t udi nal

axis to formthe vortex; (c) a hydrogen draw

tube concentrically |ocated in the interior space along the

| ongi t udi nal
20 .
vortex tube r
first ang $
defining
a )

vortex;

drogen draw tube being porous to hydrogen gas at

tudinally spaced apart points. 9. A
Al NQ: (a) a tubular wall having
and ends toget her

33 aving a longitudinal axis and adapted to house
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(b) an | n~I EtWB%}S?&S@ the first end for tangentially i ntroduci%a as
Erdiites

into the interior space to initiate circ

novenent of the gas in the interior space about the
| ongi tudi nal axis to formthe vortex; 5 (c) an oxygen draw
tube concentrically located in the i ntgr]i}ég 3pace adjacent to

the cylindrical wall, the oxygen draw tube being porous to oxygen gas at

| ongi tudi nally spaced apart points. 10. The vortex tube reactor

of claim9 fiuther conprising a hydrogen draw tube

concentrically located in the interior space along the |ongitudinal axis,
the 10 hydr ogen draw tube bei ng porous to hydrogen gas at

| ongi tudi nal |y spaced apart poi nt s. 11. The vortex
tube reactor of claim8, 9 or 10 wherein the reactor is conprised of a
reftactoxy material adapted to withstand a water dissociating tenperature.
12. The vortex tube reactor of claim1ll wherein the water dissociating
tenperature is 15 bet ween about 1800[ err] C and about :
3000[err] C. 13. The vortex tube reagtor of any one of clains 8
through 12 further conprising a catal yst positioned to
contact the vortex and adapted to catal yze jhe dissociation of

wat er into hydrogen and oxygen. 14. The vortex,tube reactor of
any one of clainms 8 through 13, further cpnprising a 20 vacuum
punmp in fluid conmunication with the dr t ube for cr;ﬁ{:ng a | owner
pressure in the draw tube than in the i Bi/or pace of the vortex tube
reactor. / /7 84

83



15.
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