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power in transportation applications. Energy production for notive power is
a large and growing fraction of the contribution of troubl esone "greenhouse
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general interest as a means of sohd-state hydrogen storage generally and for

20 reliable on-demand or as-needed storage and dispensing of hydrogen for motive
power in transportation applications.

Energy production for motive power is a large and growing fraction of the
contribution of troublesome “greenhouse gases” being constantly added in huge
volumes to the Earth's atmosphere. Of these, carbon dioxide, being produced

25 in greater volumes, is particularly onerous of these simply because it is
produced in extremely large volumes as a product of combustion of carbon-
based fuels, as well as carbon monoxide, another of the greenhouse gases
carrying additional burdens of toxicity during respiration. Use of hydrogen as a
fuel simply eliminates the production of the oxides of carbon and produces only

30 water as a product of its combustion. Replacement of gasoline, liquefied

petroleum gases (LPG's), alcohols, fuei oils, or other carbon-based fuels with



inventors here have devel oped and now provi de hydrogen fuel carrying and 25
storage capacity for notive vehicles of any use, shape, or size including,
but not limted to cars, trucks, trains, aircraft and watercraft.
Application of hydrogen fuel to nove these vehicles will be a large step
toward serious and useful reduction of the currently, and sonetines
catastrophically, occurring global warmng. JO 3 SUVWARY OF THE | NVENTI ON
The i nst anthyidregsnt ipericetarlyr insestive fuerpglisrtionsr wileptswislesyemensausi ch
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15 with in the bed of storage material coupled with means for conveying heat or
cooling capacity to distant areas in such a storage bed. Also of consideration,
and part of the below-described invention is thermal insulation of the inside of
the storage container from the atmosphere to assure that the thermal
management is conducted as intended for smooth operation of whatever motive
20 vehicle is being operated from such a fuel-storage bed.

Additionally, the storage containers of this invention may be sized in
generally infinite volumes and dimensions, they may aiso be combined into
systems by addition of multiple usefully-sized containers. Effectively, the
inventors here have deveioped and now providé hydrogen fuel carrying and

25 storage capacity for motive vehicles of any use, shape, or size including, but not
imited to cars, trucks, trains, aircraft and watercraft. Application of hydrogen
fuel to move these vehicles will be a large step toward serious and useful
reduction of the currently, and sometimes catastrophically, occurring global

warming.



distribution fins thermally coupled to the heat pipes and dispersed wthin
the 25 hydrogen storage alloy. Once again, the heat distribution fins are
formed froma material selected fromthe group consisting of thermally
conductive graphite, stainless steel, nmagnesi um and magnesi um al | oys. The
hydrogen storage alloy is selected fromthe group consisting of T-Zr based
all oys and My based all oys. The preferred high capacity Mj-based 30 storage
all oys contain greater thaSUMGARYIDF WEiEGNVENTH@NNesi um and contai n at

| east one nodifier elenment. The at |eas ne nmodifie | ement creates a 4
magnesi um based '&€ B AR08 C@EE&'BP%%WSQQSP isﬁﬂiagﬁ E?géﬁq&? WREYht %
hydrogen angdcl ges @Paak&re fconlasr Pa 'Hgm%@% Qlorddieaidyl dissd¥aaggnis amaci ty of
hydrogen in under 1.5 mnutes at 300 C. The nodifier elenments mainly

i nclude Ni RIABSUBNCOREEEH anst 2 tegiated dhermal anaeemeaet systeim irdegrelel ement s

vl gt o ni AR pE bR NG Rl B e o

and La and $sem Rokidek hest gameratiopanents; aoolingneears, and deaf distributien ght % Al ,
0.1-1.5 weight %Y and 0.3-1.5 weight silicon. The hydrogen storage all oy
is in the f'o¥3%f powder, pellets or a mixture thereof, with the latter

preferred. 10 ThecleabgeHSatM¥haamLond &r Mefd B kidtocal PRELRY cRRidtdmat eri al s
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Finally, the system may include a hydr_rgqqen as distribution systemto
enhance the spe&e BeatIFRWICAGIRERFARITHTYRE b7at shks esmalecanles o The

both said heat generation means and said cooling means and heat distribution

fins thermally coupled to said heat sinks ‘and dispersed withirithe hydrogen

storage alloy. The heat distribution fins and heat sinks are formed from a

20 material selected from the group consisting of thermally conductive graphite,

stainless steel, magnésium and magnesium alloys. Alternatively, the heat

distribution means can include heat pipes thermally coupled to both said heat

generation means and said cooling means instead of heat sinks. The heat

distribution fins thermally coupled to the heat pipes and dispersed within the

25 hydrogen storage alloy. Once again, the heat distribution fins are formed from

a material selected from the group consisting of thermally conductive graphite,
stainless steel, magnesium and magnesium alloys.

The hydrogen storage alloy is selected from the group consisting of T-Zr

based alloys and Mg based alloys. The preferred high capacity Mg-based

30 storage alloys contain greater than about 90 weight % magnesium, and contain

at least one modifier element. The at least one modifier element creates a



25 distribution systemtypically includes a distribution manifold and one
or nore hydrogen perneable gas distribution tubes. BRI EF DESCRI PTI ON OF THE
FIGURES Figure 1 is a schematic depiction of a transverse-cross-sectional
view of 30 one enbodi nent of a hydrogen storage bed system of the instant
invention; 5 Figure 2 depicts an external view of a storage bed system1
according to the instant invention having a nultilayered pressure

contai ner; IrigheSiud besed aRbPivhief isdapase @fst@ﬁr@&%d@ﬂ%%ﬂ%\r@eﬁi@%ntl e in

m nutes for both air and water cooling of a storage bed system 1 according
to the inst&nd;is FRBERIE of apsorping: 8Xk of Higplel stairge 9@@% qfuhwﬁlrcwn. iAg

di schar ge olrydf 896ALEL b0 & O AOBAE: SURLARIkifs 501 ng 4 ghiie [ st ant)

t he terrperatures whi ch were take er nocoupl es t'hr oughout
t he storage (inéth metdi) @atiesntdtst intlde raedmonamd@aemmsusryas AmY sneéff.ecti ve;

Figure 5 is e on_ of ransyer.se SS n vi ew of
10 a s®cond T@Hﬁﬁlﬁ %th Wégglg'cﬁ PR Oa"i%ﬁé’beég@e/(‘si “é%f%’m %}0”% ﬁ@'ghst ant
invention, sigHt 3 Mn® (prgéminangetorit&ias Cetdne L&yzmdmn) oThéhipyrBaylalski gure 6 is
a scherratl c depiction of a transverse-cross-sectional view of a third

enbodi nent @pntalrwm dgarref srayeiohbd Ay ghy Wﬁ'qhh% Y R8¢ 8T -PAdStti on
I ncluding ag ﬁ@ﬂ@b:‘i‘e%B?th{Cg@@%?&Jagé%ll ‘?ﬁ“ﬁa  thd Jorf 5‘# 9P;5<?wc7er @eu’% nf)SPQmat' ¢

depiction of a transve Ss-Séctli o VI ew ourt odi nent of a
hydr ogen st oiistgre theckof yttete ddtter ipeefemed.ant i nventi on incl udi ng pl anar

conbi g(ﬁd heat | ng'hi?o ﬁr%;ggrﬁng%?gln%alg%rﬁ%dl}?i olr?ry ?r%a??rbar[ls %ﬁle%{ted

hydr ogen- st or age-
| engt hwi se- goostbe seodp coralisting exvsiniess steéli drtfibeerdmmfdruedrﬁolytn‘iera_ firer ogen

SO0 e Bt EA AR et B AP 5 e LR oo
depi cti on oktractlifeaRBi¢RIBEUEEDSFars @tler @Iyal forinewform a lightweight material
which is non-reactive with hydrogen and said storage alloy, and can withstand
15 the operating temperature of the system, 2) a middie tayer formed from a
lightweight insulating material; and 3)an outer layer formed from a fiber
reinforced polymer composite material which contains the operating pressure of
the bed system.
The hydrogen storage bed system may also include thermocouples
20 disposed throughout the interior of the hydrogen storage alloy to determine the
state of charge of the system by observing temperature spikes in discharged
areas of the alloy.
Finally, the system may include a hydrogen gas distribution system to
enhance the speed of hydriding/dehydriding of the storage alloy. The
25 distribution system typically includes a distribution manifold and one or more

hydrogen permeable gas distribution tubes.

BRIEF DESCRIPTION OF THE FIGURES
Figure 1 is a schematic depiction of a transverse-cross-sectional view of

30 one embodiment of a hydrogen storage bed system of the instant invention;



of the fifth enbodi nent of a hydrogen storage bed system of Figure 5a;
Figure 9a is a schematic depiction of a | engthw se-cross-sectional view 25
of a sixth enbodi ment of a hydrogen storage bed system of the instant
invention, including a different configuration of heat pipes; and Figure 9b
is a schematic depiction of a transverse-cross-sectional view of the sixth

enbodi nent of a dr n.storage bed system of Figure 6a. 30.6 DETAI LED
DESCRI PTI ON OF TP i e gsle Ftr?\r/ae‘%?tt?eg%yﬁf‘?é‘? ﬁ&‘é%org'BPit%-state,_
net al - hydr i ghe,indiyelrie@sitios having e meldiayysdgressird foritaihegr at ed heat generation
and heat exchange. The instant stor g&g@ixstem i ncludes storage all oys that
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h , f ' j t e bed
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requi red heat t Frigwet désmot dfeerspenabe hgdustme duriogdishlearigy df bgdrogern or age

alloy. The heat generation device is also integrated with the coolin
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alloy is beyae take gedeimhdddupled dagsuted ihtomreLieR alcFagd Péd itasatbeat

distribution neans to transfer heat between |locations wthin the system
whi ch are rl8abihe hesbmenseerrl SYHEMI 6Testlyedevi ces. The heat distribution

Teans are provi ¢edl b @ (€Y B ASUOIIR BPY fah8Rksd GBI LBRICHYRIENr  huS

mai ntaining a u orm tenperature throughout the entire system tails of
t he 18 i nstasacondembediorenikbia hyseogtinstarsgsepdrysiemmofited iostant inventioppect to

specific e I ent s.. ELgur i S i,c depiction of a
transverse?sg&@éséyssé@tl?ﬂéégﬁﬁaﬁi té&vsg?t%gn@ﬁé@%(]f ment of a hydrogen storage bed
system 1 of t he Figwsé 8ri¢ a schermdticalepiclibre oy s arsvedse-¢ross-selgional yevestur e

cont ai ner 2 Wi thi hi ch i.s .cont ai ned a 20 hydr og storage alloy 3. The
i nt egr at ed %W@Pﬁﬂ%%ﬂ%ﬂé‘&éd}&%{‘ PHE 88§}§lgﬁ@a¥%%ﬁ‘é{aﬁglr8ﬁn ns 4 and
cool i ng meanciuding Asconinsediedating)coblirey heams "heating neans” and "heat
generation nmeans” are.used inter changgg‘b%é and are neant to designate

i n-silfu heat genidYie i &he ticFgRIc ARG ST PPFIgesHeRRLview & i n
intimate theipiRh chdBbRtENt W 4 Rydohedbtofdde! bd dXybieRorSNeS s fBnMalvEhtion

including planar combined heating/cooling means layered between layers of

hydrogen- sterage-alloy;
Figure 8a is a schematic depiction of a lengthwise-cross-sectional view
20 of afifth embodiment of a hydrogen storage bed system of the instant invention,
including heat pipes instead of heat sinks in the heat distribution means;
Figure 8b is a schematic depiction of a transverse-cross-sectional view
of the fifth embodiment of a hydrogen storage bed system of Figure 5a;
Figure 9a is a schematic depiction of a lengthwise-cross-sectional view
25 of a sixth embodiment of a hydrogen storage bed system of the instant invention,
including a different configuration of heat pipes, and
Figure 9b is a schematic depiction of a transverse-cross-sectional view

of the sixth embodiment of a hydrogen storage bed system of Figure 6a.

30



25 includes a heat sink 6 with distributed heat distribution fins 7. During
chargi ng of hydrogen into the hydrogen storage alloy 3, heat generated by
hydride formation in the storage alloy 3 is transferred to the distribution
fins 7, which is then transferred to the heat sink 6, and ultimately to the
cooling neans 5. During discharge of hydrogen fromstorage alloy 3, heat is
generated in the heat 30 neans 4, transferred to the heat sink 6, further

transferred to the diﬁ%f“ﬂlﬁj ﬁgsg)sg;mégﬁgﬁ:}ﬂﬂgv%ﬂ@w he storage alloy 3,
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other_materials .(I. a i l.ayer._pressur [ ner). . e.adyant age of
such{i ber lr}sgsiirﬁfxéy%rﬁgnpgmjhérdlg%u&s%@ﬂe{%‘lgﬁerlg\gg&@{ ?gsc%elctt);wnsé)tegﬁgal sis

savi ngs i newdbgintentsi gure 2 depicts an external view of a storage bed
system 1 accordf':.ng tﬂ.the insha t .itnve ti,on havi ng&a muj. t i Ila. ered pressure
contai ner 2, hydP8EehSaSENS fﬁﬁ‘f’ck%‘rot PN SHERSS LY &’Ogorts 13.
The inset ohe Eig@uamwéiﬁoﬂammeb b&)rfgd béddwf mStdfiﬂlﬁ,‘é UTsﬁarmfnvbhﬁorpreSSiJrSm ]
contai ner 2, The inner yver 10 is forne rma |jghtwei ght teria iC
i s non-readPPESIEM A W@S@&p@ﬁwrﬁﬁ@”ga('%‘?ragé"%inl ] '%E,'S &ﬁgpaéré?raiﬁn t hst and
the oper at hidtogemerajciey of Thoimtspratea RerfFmsfadhfent ysesm htiddes a

| i ght wei ght i nsulating material desjigned specifical to mnimze heat | oss

ly t
from t he bBgaisyafestiaomenrs drand eppliBatmeans Ay, UseH &g tne terms

“heating means” and "heat generation means” are used interchangeably and are
meant to designate in-situ heat generation means. The heating and cooling
means are in intimate thermal contact with a heat distribution system which
25 includes a heat sink 6 with distributed heat distribution fins 7. During charging
of hydrogen into the hydrogen storage alloy 3, heat generated by hydride
formation in the storage alloy 3 is transferred to the distribution fins 7, which is
then transferred to the heat sink 6, and ultimately to the cooling means 5.
During discharge of hydrogen from storage alloy 3, heat is generated in the heat
30 means 4, transferred to the heat sink 6, further transferred to the distribution fins

7 and finally to the storage alloy 3, where it is used to release the hydrogen.



30 layer is a fiber reinforced polynmer conposite that contains the
operating pressure of the bed system 8 Any al l oy which safely and
efficiently stores and rel eases hydrogen may be used as the hydrogen
storage alloy 3 in the storage system 1 of the instant invention.
Specifically useful are alloys such as Ti-Zr based AB2, roomtenperature
hydr ogen storage alloys and hi gh capacity "&I\;/jg based storage 5 all oys. Most
useful are the erem@mmamfawambﬁé@r f50rp Ay enaleliadyos nﬁaielllglsdescrl bed

in copend| | ed "High
St or age Capgg%ﬁoﬁt%ﬁﬁhgg&\éf@rﬁﬁﬁ%%%&%ﬁﬂdr@# aéhg&%gﬁéﬁ‘@?%%;%mre%ed on
NﬁveﬂbeL 6, of 49O etot e tﬁbédsdysrwky §hea1&iter(als im@st algﬂbaﬂpth@@dtllveﬁnﬂ'\ théta) n general
t he hi gh capaci - based storage allo in greater than about 90

Wbt ght 10" SHARG T thRn Rt APReas TSR Eha STk MIBHaRGHbe The  at

| east sone @?ﬂeéucﬁferélr@r{embe@m@fo%easya@%eﬁhémﬂeﬁa@%@tb@é by ! S capable
of storl ng at | east ht k(:é_’en and is capabl e of absorbing 80% of

the full stfor dwr@@mncﬂlﬁtysm th?@ﬁfﬁg i ancdiritfdr be . sUbeefuteshydroge® C. The
nodi fier el al so
el e addinaeRisveyink ek e AR ASBRNE dndilesRs 5 2% 1
typically oativbgaurse degend qmmegpaam%larﬁkﬁage&rﬂdy altralis Used: FypPicaky fght % Mm

redom nantl cont ai ns a and The allo y. al so cont ain one
E)P nore of B %@Pb’m b@% aﬂﬁy'lhf 8“?/35}" t 81 VA39R- ?-J?Osb

wei gho- % SltbrME@r@tur&lelﬁaﬂg@g@) ® 450/°C3 (F?,ﬁhcblecdﬂ%ﬁdctidh hﬁ%r%ﬂ@fa’r\gﬁe system 1
in the farmof a 20 powder or can be | eti zed as described in U S

Appl i cat i ol %UT%FO’NB'”E@F%B'HC H‘?%meﬁarﬁ syqheas staipless steebndePapssHrainsport  of
Hydr ogen i 'Eoﬁ%'uﬂé?tﬁ c%%%lfc%é%adé tHe‘?rﬂaW-lSé!ﬁétl\/@ by22RStrHQin Wé?bﬂé*ﬁﬁr et al.

Whi | e the use powdered materials may in some cages facilitate | oadi ng of
t he powder Quhanﬁlldiétl\s%/@ﬁ@ﬂﬁlsmmmat@@\ﬁﬂ%ﬁx@aﬁf (Efe'ﬂtﬁfrpf pathermelhhandl e and

hazar dous Qg aﬁﬁwew%.él@uafg?g%%t DSABHERof AGYhS Brdsdfres .%eﬁa%n%ézwth

pelletized sporage a e advant ageous. is often
di ffilsul t tioingelated Willghpmdmgﬂwh@hek@mgﬁ eéxtesial Vedingsamﬂménglhrovgrﬁ in the
st orage be r. seful to | oad
t he storaggha ﬁ%tégu M}ﬁ%cr%ié Q&B é @gﬁggy%? gtié a&'rggrfcg??ﬁqu a mxture
of powder Ewiml‘llpaildatetgsthe B&s&uencmgtaﬂna«ﬂm@@deﬁeathe pimymbs@geeresf ofted in these

af orenenti oned hydrogen storage,al heat.is required t Iease t he
hydr ogen fPEHSHReCYMEIN rlf glg%@ﬁé?%% ?/P”qeﬁé?'gfoé?eéf%&mﬁ%%wagelf 'Afays in

whi C|h tgl s sherabs @éﬂboh@llef m(nr:)fdﬂ:@d E@cbxy&ﬁ@t@ﬂbl@, ewheanbd@ydﬂﬁ@emuhfaudrp bﬁ
supplied to _an internal, conbus |ne t n cone fromthe
exhaddt of WHEtRIGNAE RIS dLs 2 ”Nm@‘\? essHEe F%?'&ﬁs ﬁ?ﬁeﬁ?Y%ﬁaQ%oﬁem gned to
be used wheicH fiidr! reinfircdtPp@Yher aad w@lth@ferr cbﬁstﬂ)bﬁbhﬁiﬁt@malﬁbcihvﬁgsmen the
hydrogen is to be supplied to a fuel . Thus, another source of heat is

needed. Th& W@!ﬁhtge’:rié‘l‘r&t?d’r?m?é%ﬁ@ ﬁXtﬁFW|V®% of 1 sosage heddvatam Ir el ease t he
s U e e e B e B e 2 oy 5.
’ hydrogen input/output port 14 and heatmg/coolmg ports 13. The inset of Fsgure y
25 2 shows the multilayer structure of the pressure container 2. The inner layer 10
is formed form a lightweight material which is non-reactive with hydrogen and
the storage alloy 3, and can withstand the operating temperature of the system.
The middle layer 11 is a lightweight insulating material designed specifically to
minimize heat loss from the bed system to the environment. Finally, the outer
30 layer is a fiber reinforced polymer composite that contains the operating

pressure of the bed system.



| 0 Specifically, the heat generation nmeans may include electrical heating
el ements, catalytic conbustors. Catal ytic conbustors and the catal ytic
conmbustion process is well known in the art and are the preferred nmeans for
heat generation. Catalytic conbustors essentially work by chemcally
conbining a fuel (such as hydrogen or a hydrocarbon) and an oxidi zer (such
as oxygen or 15 air) in the presence of a catalyst upon which the fuel and
t he oxi di zer arfAnyabytwiich sefélpand efiictendy storesparoldelsbses ayttoperamay Thi s heat
is then transferred, directly or indirectly, the surrqundi ngs he hydr ogen
Storage al Toyesaes e fskasetohe POt AT ekuhes sien THa thd M 'c
conmbust or jpy&MtioRes SecifRhfy Babfuned Heu cach & Tieat based A, 2Rdiydr ogen
storage alloy 3 of the instant invention. A typical catalytic comnmbustor

conpri ses tamperAigicohiydiepantiieraghiatRytcad Meh cperdiytMathased siprage ei t her

oxygen, hy e i | ; : i i t he

cor nBust or1sag SS EREr RS YR RHER, ARERERIC ValsBb 0Bt Bl Cons

Pr ef er abl ydesttired racdpending . 8r Fetdnf AgpticatioroBertal dios 0S/MBEARE] énfitlednduct i ve
mat erial . Hoysgd 25 withi.n,the chanber js a catalyst. neral | t he

catal yst i Eﬁh@%@%ﬁ”ﬁwy %é:qa?? ”%HV@@PF%%%‘?%‘?W@%%J%&% on
reaction. N\@Imbaresa998 RirOwhhskeugh("thee4goamuisteon’ Bl ongn \WehBragonpr essed
air or oxyggg. The catal yst catal yzes the reaction between the fuel and the

oxygen (orthekigherperitaMpbaseglorrgaeligerraniaivareatesihaabay) 0 weightbustion i s
useqt o he%tmé@?esrﬂ%fﬁ,r?ﬁ::@%@%jﬁiragg@a@'ohe}fndd?ﬁér@erﬁ&ﬁt'ﬂfeaﬁlele%ﬁéﬁé“ up to a

tenperature at” whi e material desorbs .hydrogfen. At this point,
t he heat prediiferiemgnt ¢reates aneanssiurbessadaiioy Whitlds camable pfistpring mai nt ai ns

For heat (9Hef LRelshP® Rkl BY s Pl e o a Sk e fsiorgddP o0y °°

desor pt i orcaphcilyodf lngkogdm inmndee 1 Hymmoitesnats300r°&g eThe inogifienlidmeertiy dr ogen

eat to r draayeneRge fh s Mydiusan medr EHCTE abS, ReOe e ar ogen
avaiikabl e dism@stesuchtdenl, deand 85, Tisuctheasiogs Miktypicelly coritbing. 54208 easi ng t he
wei ght and vol . of the stor bed required ta supply a fixed mass of
hydr ogen. W—‘%&thil‘!}h%tcgﬁ'@é‘g @H“Q-@%&%@PW%% {Pé?qowaﬂ?ﬂg’%g?l‘taé €819 t he stored
lh)édr Ogendf[ﬁ)/aéﬂ@rmeﬁﬁ@dlldﬁonéyél% d@w‘tbime:rieeﬁm?jqaeeessawgrﬁmmcﬂ(cpases all of the

stored hydrogen and heat u e .surroundi ng conponents (i.e. casings,
heat trané"feg—"ﬁ?ht br)(p"i‘f?fﬁarﬁsigé’@%“%/"h%‘?ﬁrbusl y it is necessary to mininize this
| oss of avail alyhg shyrdg@amsy): 3 ddtHse BsBif M sbdadeUsbtefRY inBe YeRflof aThe

secondary fuel may be any fuel which is r,eadlls% avai | abl e, inexpensive and
easi2fy st prwder BxA7pI b8 refletizaghas deselbest B gdsblArpdicatiareSegall Nopr opane,
diesel T uelypnadiy alniddsrsde, EE&non%Ba Papbsdr SfjHWr@gehsmﬁfé?lQﬁiFd and the
preferred nmethod of stori ng the propane Is in liquid form Specifically, it
i s noted tFeam’, ideckAygusid, §8P0 darsOvshipskypeiral WNiledthpaisged rotvdeted el ease al |

pover o 1 TATELT P A Eheh fadlieSopdhO o eGutier g A B, Lono°"

vehi cl e. PowEher, poeidencamizndifficBlt ta eanzileandbazesdeusgo odedbds hsomeg char gi ng

of e hydrogen storage alloy.3. That,is rin har gi of, hydrogen to
theEgt or a{:fés?%?qeay %ﬁﬁrﬁ;eatﬁei g%ii%me S dlm( ip?ga%ﬁga?tog?gaeh%&lggdi”H'g)b?é To mai ntain
t he propeadentagéousy hadgiensilyyites dfien dificiitao gieng,highesolgrapaokimgt be
renoved. The coal i ng ma:ims 5 Fre t ica%é?ls heat exchangﬂy devj ces such as a
cool ant f ABUFNPTSHIBag A3 I thasteraye Beherstend Ve SEgRY POWEE cool ant  may
be any conMgd it rRBAbe cOSLARLOSIHR sBSragh bIIGY 3 WA Bie-stdrage ©EQLAMMARY al so be
hydr ogen, which, as described in U S. Application Serial . 091558, 827,
entitled MAheendbeen Mbddlec PRydPbarhPEiadt-age Unit Havi ng Maxi mi zed Cool i ng
Efficiency”, filed i 0 i n excel |l ent
coo%(ang medi um Thelf@yg:da’t%?ﬁaﬁ%y&g%é Q* Cgéw e t@%@%&%ts ﬁéfocg?rggﬁt?%eramt erials
used i n t hgdragén aerageolbdyar®, hedhie reguieed & eldase the hpinogen fremetkehanger wil |,
or course, depend upon the specific coolant used. 11
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The materials nust be non-reactive wth the cool ant, hydrogen, and the
storage alloy 3 and nust be able to withstand the typical operating
tenperatures of the system 1. Specific materials will be thermally
conductive and may include netals such as stainless steel or other
thermally conductive materials. 5 In an alternative enbodi nent, the heat
generation neans 4 and the cooling neans 5 may be conbined into one neans
(see for exkaysl eGENgially, Bere Bye connbemef vaxs® whishnieinbestream bae, the
overal | wej nd I f ; y 1 1 Js_si.gnjficantly
reduced. Thr%g{dgg'nbrégteg%ﬁp%aﬁ'& Hr%@sﬁ@é@%ﬁf%é@@%s?é@@@u@ %ﬁéﬂeﬁaﬂ or

hydr ogen i sornisedioaseright, ¢t haatt canebimentrorh Ghd biisaliss ob #eagrgindgitddifig heat i ng
of the systeméﬁ[re ui.red for di scgﬁar%i n 2 bot h %fuel and air are inserted
into the cHPYPYAT BedeHBldtGEoRRFerERRY 1q F wird Wieielide 6F RYBXBEW! syst em 1.
Al t esnat i Vigdat is Siilabk, G06H bE WHeh QA GBS guh |NtcCRREGhAIBY to @ fiePteihYdr 0gen i's
individually inserted into the catal yti ¢ conbustor and the 1 nserted gas
acts as a Cous anether equioe abheaids meededof hydride formation. If this 15
alternative is I . f [ of catal yst
on the interi orﬂgﬁf’ﬂaﬁgg?\%@ﬁ?'ﬂ@eﬁﬁgﬁyﬁaﬁ Sr@gyﬁg%t &}etP 3%%3?9'?% t he

cool ant neslorethhyditvgehed@he heatrdenération nreansedl day becamyaudad tb getdrateheat

generation neang 4 and th oling neans, 5. The heat sink 6 evenly

di stribut 08 Sidaing PER; Pﬁ%deeé’g?%é‘%ﬁﬁf@eﬁéyaﬂﬁ%g% Pf8mt 8 HOMYSRYDY Bout i on fins

7 dupi ng dSSBTREDE RS hd gemaetion eshsar@entiaddeattricenBatiRgelBpahtsdi stri buti on
fins 7 transferring it to the cooling neans duri ng char gi ng_of hydr ogen.

. ) > ;
The conbi r3Igif 6PTREHP s Hately iR FOMPXEIoH A bEt FRIIAIVIE FOMPUBYRILr es pr oper
heat trangf8iesshisOWaN WHownB &Y iaFtCasd Ur8@dRe NRbret¥tf RiBahs 18P Gedl SO i nNsures
that the entire storage bed system1 is at as uniform25 a tenperature as
possi bl e. gemeratieat Cataikticeanmtetstare epeantialy wors Buehammicallyrepmbining sor ef er abl vy,

s 1 ght aergRrkey hASpErer ol PRckaBoR TR SRERULS (s B T TThe

mat é6i al raigtin dhe presench eofra asteiyst upbn Whidhethet foekdndhjiur oxjdiaenaret he hydr ogen

st orage al | d I 1 pi¢al 2ratin ratures of
the 30 sydranpdREn Srilsfil pRUEHR. HERtRT HER SRR TRBEMBR Tl ne™7 Can
pr ef er abl ireetlyf arindidedtly ottre sumetiadlingsi(the agdrepean sleesge siegeh thertdde t he
preferred g}ﬁ{?al tbei .n? r[aoﬁ esiumor a structural magnesium alloy. Mgnesium
and al | oy® tH7ePEEF BYe 1 Ner mal |y conductive, 1ight weight, thermally and

structural |y sTUhedatalytic gembustbt pronidss an irteeki heat sotitefibrthesiting #@ hydr ogen
and _the storage alloy 3. The heat sink 6.and the heat distribution fins may
2153 e i SBRR SRR A SRR TGS bBe oWl TS T | ar ge
enough t 0 cagbriess a8 M@PordiRSEHamber WHich RiveSBIot TREMItfPE ftRAbf fhdrt 1S
transferred 1nto or out of the s%rzjtpem 1. Th tge, reservoir insures that

> e |ar
the heat WYIEMNYHRILYAEMPLSHAN Pradpety DEMEED HIR IPIEHPE e eRBRYSINr oughout t he
10 bul k ofpfiage ﬁ%%él@%@rdrj]% ﬁrﬁtérh# omsg{ega;sat ﬁ%r%ifgrﬁeé%. elf’r'e?érﬁbl?,lntﬂet he heat

distribution fins 7). eat sin i's shap such that a of the heat

di st ri but cbemberis farmegrirase agvaawpipusi heosally eandoatiteoneterine Kovsede mass of

t he,hydr oggn: | t. ed according
to %ie o Eintho b ;501ﬁb%i"ég%%éiy.sg%g"@@ef %’aﬁ'%&e%ﬁ"g%gl“@ﬁ&?“ﬁ%& i ndri cal
pressure temdivatean energooimmintfuston staation.eBigel passds intoi daridi thowdhithé i s

contai ned_a nesi um based hydrogen storage-alloy 3.. Th | 1 oy,

desi gnat eBOPORT SRl iR SRS onT oS HSTL e RE e 08 we. 06 S
and 2. 0 wdchibn bdiveeh Hesgsiaineidnd bgigen (ormanggeinen). Bystieayéneeitudes

el ectrical heat generation neans 4 and tube-type heat 20 exchange cooling
means 5 t KPBRARIEG EAMBGRIRNES Lsgr do RgekiecEr Gers Stngsee plipydadhe The heati ng
andycool i Bg RS Qipl 1 & MéhPBraurk NEWIMEh BRNRRGHdMalbtnBedingd Sink 6
which is forrmed from pure magnesi um and i s shaped generally as a

rect angul bydregeib Ahistpairy, thedieat proddcad Phihe eamebusiarideds iwathingsessur e
container 2 such that the length of the slab traverses the length of the
cylinder and the 25 width of the slab traverses a dianeter of the cylinder.
Heat distribution has 7 are thermally attached to the heat sink 6. The heat
distribution fins 7 project out fromthe heat sink 6 and are fairly evenly
di stributed throughout the nmass of hydrogen storage alloy 3. The heat
distribution fins 7 are formed fromfornmed from pure magnesi um and are
shaped as rectangul ar plates. The rectangul ar 30 plates or foil heat
distribution fins 7 are disposed within the cylindrical pressure container
2 such that the length thereof traverses the length of the cylinder. One 13
edge of the rectangular plate heat distribution fins 7 is in thernal
contact with the heat sink 6 and the opposing edge is adjacent to the

o T ]



One and a third kilograns of the FC-76 nmagnesi um based hydrogen storage
all oy powder 3 was packed into the bed system 1l at a packing density 5 of
about 0.6 g/cc (this could be enhance by packi ng both powder and pellets).
The system was charged and had a storage capacity of about 85 grans of
hydrogen. As shown in Figure 3) which is a plot of grams of stored hydrogen
versus tinme in mnutes, both air and water cooling were effective to all ow

forl proper (nhgmnmg;nsguewsmeeﬁdmoﬂthe nlséterle,wnhycht@gga NRBASS(i 6, e folr ai r
cool i ng and curve B is wat er_ coolin seen, both cool ants
are effect PQ@peTﬁﬁ‘G%fﬁéhﬁ%}tt@”S%BM Hghe mess '%9 & @ﬁlngfVMeSfﬂa%h@% t&har gi ng,

essenti al | ye ngp({;r%p Mr@gm,gltﬁgghﬁygé@ dthrab€2foy han 10 mnutes. Figure 4

is plot of te ature versus tinme during discharge of hydrogen fromthe
storage bed. Th\é/mi@hm@noaermﬂwfcwerbebume@imrbgtawmlm@mbmte@tmﬁowdstr| but ed

t her mocoupl ) Te5E e e TBeL s to/ @Rl St Ebi b, (PR E AR ey Rl b o
di scharge hmogémamllab}aibcp@mr other devices, eacH a5 dRiesesn thushecreasingr at ure of

t he storage-fed-
fairly--un OW%QF%?%Q‘HH”"? of g, storaapelrd ERHIARHLQ SHRP!Y AEXPH 81388t t her mal

management haysE&N 'Fsor%étﬁﬁéé VB a Typfcd! SBIedeNt WEHREId NEdTRADE the&kordd the end of
the curves Indicated arise i'n the tenperature of the systemas the charge

of hydr ogefydragereplagthedneadegdp @rovide the ked aieaessendwpistaaserpliasf the
trangyverse [ f ogen

st orgoge be%itgéé&?t?ye% qéd ?ﬁ@heéﬁ @thgﬁtuﬁoﬁﬁﬁwggﬁ @l mg%z;gr ngm?f‘u?{ ési{t/st em of
Figure 1, ﬂrm’sfsrymrmnrtentsf etch). sObwibosly ﬁtﬁﬂhe@é‘ssanydbmﬁesmm thlselrsaroé cont ai ner

2 t hi n whi nt e rated
th\(lamr rra: rra%\l/aglgﬁjgﬁ?y%g? et%hﬁgl%gés{% 8%5 FL{%@%@@%%% sﬁaor?fga%gueigand seven
coo: i ng rremayz o] (aWNf@sh wadeh ﬁxerstjawggwanaﬂel inegpethgink we?sm fteaétdhng alnd
coolin an ans ar [ e therma

cont ac? Wi 'ﬁ%Sf‘{?S HP?l?ﬁiﬁgﬁﬁo Wsi"'@ﬁ?ﬂﬁfoﬁ?n?rfﬁ? IP aﬁ%@%o heat
sink;g 6 Wlétb W;brléféﬂéifubbwt@dfék@tarﬂitﬁérdréfaﬁré@méthdtﬁoﬁstohﬁ tthé s system

the three heat sinks,K 6 enly aced .t hr oughout t ressure
cont aj ner PFOR@Ne ISR i a%ﬂ"r‘é%'l‘?@ﬁ)f 'Fﬁog?‘gﬁ’taltd?ler?|yﬁ§’°7ga§PES@Fsposed such

that 0pposhBPafsFes dMecthdelet REFdIBdscCMhasiora hydrdddh fegafediotksvep, Figure 6
is a schematic _depiction of a transverse-cross-sectional view of a third

enbodi ment3 Miehwih GylyRicat Bydigeenrevered fieghcell yehicise THsMmakesithventi on. 5
The systemgchicid BGLHARY dnicdibh Deibeal pressure container 2 within which is

20 The cooling means 5, remove the heat produced during charging of the
hydrogen storage alloy 3. That is, during charging of hydrogen to the storage
alloy 3, heat is released (i.e. heat of hydriding). To maintain the proper
operating temperature during charging, this heat must be removed. The cooling
means 5 are typically heat exchanger devices such as a coolant flowing through

25 a tube or other enclosed space. The coolant may be any conventional coolant
such as air or water. The coolant may also be hydrogen, which, as described
in U.S. Application Serial No. 09/558,827, entitled “A Hydrogen Cooled
Hydrogen Storage Unit Having Maximized Cooling Efficiency”, filed April 26,
2000 for Ovshinsky et al., makes an excellent cooling medium. The coolant may

30 also be any of the organic materials used in the art as a coolant. The materials

for forming the exchanger will, or course, depend upon the specific coolant used,
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cont ai ned a hydrogen storage alloy 3. The integrated thermal managenent
system i ncl udes a conbi ned heating/cooling neans 8, which is a holl ow
coiled spiral disposed within the cylindrical pressure container 2, wherein
the central axis of the hollow coiled spiral is coincidental wth the
central axis of the 10 cylindrical pressure container 2, The interior of

t he hol |l ow coil ed 'SPI ral 'is coated with a catal ytic material to forma

cat al yti c cObnstesgls muslbe nefreeagivewit ihegootant ygragsn. @l thegtasage al acts as

a heater r S a cool er
when a cool%@ty 353249 ?Q%c?%r}ﬁé(%%'%qar@ﬁ? %@%fglésrggggsed% %gfeeadzmegh 15 1t
shoul d be mykteth tthaSpeadific endtéréalholill bevtioariviabiy copductivei and may rindludg e t her mal
cont act vvithad hi ghl dlstrlb e out hydrogen storage all oy
3, additiordfte e%{cln%ss%?m'ﬁﬁ? Pt(?ﬁ c"g'ﬁﬁfg{\ H%E.]y CQG‘&‘PFG{K S)?aeii“l nks and t her mal
di stribution finganadiRriiveGfesHREN; tHdoneatedenardtidr meané Quasd that heat is
not evenly distributed within the system 1, these heat distributions

conponent s GPRYNHSR0S & AP THRIDEL i gne TF?@{’LP(@W foreexgmplerdgerei®. depi ction
of a cross- B%ﬁcz&rhtﬂﬂl% Y S%Ww%f I’ISQH{O‘ILEI ch QYELR9R o or age bed

system 1 of e 1ns I nven , h%:?rﬂdes a pressure
cont ai ner ZStavagéllhedV\tkysth i1siscoigriibdandd raddmpdr ogkin csctnmuag@nad:aromo?.t The

pressure cont ai.ner h S a rectanqul a r square Cross 25,sectipn and may
have an el (ﬂgtdﬁ'ﬂtége% %O?ﬁl"rﬁ'@ ﬁgor ﬁ%ﬂg?g’%'s @Wﬁoﬁéjrl?rg {SUYR alloy 3 is
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30 system 1.



20 distribution system which includes heat pipes 9 and distributed heat
distribution fins 7. One end of the heat pipes 9 is in thermal contact with
one of the circular surfaces of the conbined heating/cooling nmeans hol | ow
di sk 8. The heat pipes extend along the length of the cylindrical pressure
container 2 fromthe conbi ned heating/cooling nmeans 8, in the both
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schemati c depiction of a transverse-cross-sectional view 15 of the sixth
enbodi mrent of a hydrogen storage bed system 1 of Figure 9a. The figure
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i ncludes a distribution manifold and one or nore hydrogen perneabl e gas

‘di stribution tubes distributed throughout the hydrogen storage alloy. Wile

the invention has been described in connection with preferred enbodi nents
and procedures, it is to be understood that it is not intended to 5 limt

the invention to the described enbodi nents and procedures. On the contrary
it is intended to cover all alternatives, nodifications and equi val ence
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a second embodiment of a hydrogen storage bed system 1 of the instant
invention. Similar to the system of Figure 1, the system 1 of this embodiment
25 includes a pressure container 2 within which is contained a hydrogen storage
alloy 3. The integrated thermal management of this system includes seven
heating means 4 and seven cooling means 5 (which can be integrated into dual
purpose heating and cooling means). The heating and cooling means are in
intimate thermal contact with a heat distribution system which includes a three
30 heat sinks 6 with evenly distributed heat distribution fins 7. In this system, the

three heat sinks 6 are fairly evenly spaced throughout the pressure container 2
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10 cylindrical pressure container 2. The interior of the hollow coiled spiral is coated
with a catalytic material to form a catalytic combustor. Thus, the interior of the
hollow coiled spiral acts as a heater when fuel and an oxidizer are passed
therethrough, and as a cooler when a coolant gas (such as air or hydrogen) is
passed therethough.

15 It should be noted that since the hollow coiled spiral is in intimate thermal
contact with and highly distributed throughout the hydrogen storage alioy 3,
additional heat distributions components, such as heat sinks and thermal
distribution fins, are not necessary. However, if it is found that heat is not evenly
distributed within the system1, these heat distributions components may be

20 added as necessary.

Figure 7 is a schematic depiction of a cross-sectional view of a fourth
embodiment of a hydrogen storage bed system 1 of the instant invention. The
system 1, includes a pressure container 2 within which is contained a hydrogen
storage alloy 3. The pressure container has a rectangular or square cross-

25 section and may have an elongated axis or be more cubelike. The hydrogen
storage alloy 3 is disposed in the pressure container in layers between which is
disposed the integrated thermal management system includes combined
heating/cooling means 8. The combined heating/cooling means 8 are hollow
plates disposed between the layers of hydrogen storage ailoy 3. The interior of

30 the hollow plate is coated with a catalytic material to form a catalytic combustor.

Thus, the interior of the hollow plate acts as a heater when fuel and an oxidizer

15
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Figure 8a is a schematic depiction of a lengthwise-cross-sectional view

of a fifth embodiment of a hydrogen storage bed system 1 of the instant

10 invention. The system 1, includes a cylindrical pressure container 2 within which
is contained a hydrogen storage alloy 3. The integrated thermal management

system includes at least one combined heating/cooling means 8, which is a

hollow disk disposed within the cylindrical pressure container 2, wherein the

central axis of the hollow disk is coincidental with the central axis of the

15 cylindrical pressure container 2. The interior of the hollow disk is coated with a
catalytic material to form a catalytic combustor. Thus, the interior of the hollow

disk acts as a heater when fuel and an oxidizer are passed therethrou, and
asacovlerwhenatcoolantgas(suchras airorhydrogen)ispassed-therethough.

The heating/cooling means 8 are in intimate thermal contact with a heat

20 distribution system which includes heat pipes 9 and distributed heat distribution
fins 7. One end of the heat pipes 9 is in thermal contact with one of the circular
surfaces of the combined heating/cooling means hollow disk 8. The heat pipes

extend along the length of the cylindrical pressure container 2 from the
combined heating/cooling means 8, in the both directions, to the ends of the

25 cylindrical pressure container 2. The heat distribution fins 7 are cylindrical disks
evenly disposed within the cylindrical pressure container 2 between the
combined heating/cooling means 8 and the ends of the cylindrical pressure
container 2. The central axis of the heat distribution fins 7 is coincidental with

the central axis of the cylindrical pressure container 2. The heat distribution fins

30 7 are in thermal contact with the heat pipes 9, and extend axially to the interior

wall of the cylindrical pressure container 2.
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A heat pipe is a device utilizing an evaporation and condensation cycle
for transferring heat from a hot or heat input region to a cold or heat output
region thereof with minimum temperature drop. One type of heat pipe comprises

10 a closed container within
which is included a layer of wicking material saturated with a vaporizable liquid
and extending from the heat input region to the heat output region thereof. The
addition of heat at the heat input region of the container evaporates the liquid
being supplied thereto. The vapor moves to the heat output region of the

15 container where it is condensed. The condensed liquid is returned to the heat
input region by capillary action in the wicking material. 1t should be noted that
while the heat pipes described in the specific embodiments of the instant
invention-are-pipe-shaped,-modern-heat-pipe-technology-allows for.nearly. any
hollow shape to be used in forming a heat pipe, and thus other shapes are

20 possible and may be useful.
Figure 9a is a schematic depiction of a lengthwise-cross-sectional view

of a sixth embodiment of a hydrogen storage bed system 1 of the instant
invention. The system 1, includes a cylindrical pressure container 2 within which
is contained a hydrogen storage alloy 3. The integrated thermal management
25 system includes at least one combined heating/cooling means 8, which is a
hollow rectangular plate disposed within the cylindrical pressure container 2
such that the length of the hollow traverses the length of the cylinder and the
width of the hollow rectangular piate traverses a diameter of the cylinder. The
heating/cooling means 8 are in intimate thermal contact with a heat distribution
30 system which includes heat pipes 9 and distributed heat distribution fins 7. One
end of the heat pipes 9 is in thermal contact with one of the large rectangular
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heating/cooling means hollow plate 8, and the length of the rectangular plates
10 or foil traverses the length of the cylinder and the width of the slab traverses
from one point on the interior wall of the cylinder to another point on the interior
wall of the cylinder. The heat distribution fins 7 are in thermal contact with the

heat pipes 9.
Figure 9b is a schematic depiction of a transverse-cross-sectional view
15 of the sixth embodiment of a hydrogen storage bed system 1 of Figure 9a. The
figure shows the positioning within the system 1, of the cylindrical pressure
container 2 and the hydrogen storage alloy 3. Specifically shown is the manner
in' which the heat pipes 9 are distributed withinthe-systemt-and-how the heat

pipes 9 extend along the a diameter width of the cylindrical pressure container

20 2 and the positioning of the heat distribution fins 7.

It should be noted that a plurality of storage bed systems of the instant
invention can be bundled together in a larger container. This container may be
insulated and may provide for external heating and cooling of the storage bed
systems. The container may also be a pressure containment vessel,

25 Additionally, thermocouples may be placed within the storage bed system to
monitor the temperature throughout different parts of the system, and thus by
measuring temperature spiking at different locations, the volume of fuel can be
determined. ]

Finally, the hydrogen storage bed system 1 of the instant invention can

30 include a hydrogen gas distribution system to enhance the speed of
hydriding/dehydriding of the storage alloy. The distribution system typically

18
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