4 May 2005 HYDROGEN STORAGE BED SYSTEM | NCLUDI NG AN | NTEGRATED THERVAL
MANAGEMENT SYSTEM FI ELD OF THE | NVENTI ON 5 The instant invention solves the
vexatious thermal managenent problens that have, to date, plagued hydrogen
storage bed systens. The revolutionary design includes an integratedsthermal
managenent system which evenly and efficiently heats and cool s hydrogen
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hydrogen must be conpressgd coRbaNEBRITHE INVENTION

Hydrogen, as a fuel, has enormous energy capacity and, when oxidized
or burned, produces only water as a product of that combustion. The facts of its
ease of burning, its effectively pollution-free burning, combined with the relative
ease of modification of existing power sources, including the internal combustion

20 engine makes hydrogen an ideal source of energy for energy-hungry economies.
Stanford lOvshinsky and his research teams with Energy Conversion Devices
have long recognized the potential value of hydrogen as the ultimate fuel. In
light of that recognition, development efforts have continued in support of means
for storage (USSN 09/435,497 filed November 6, 1999) and transportation of

25 hydrogen including an infrastructure in support of a hydrogen economy (USSN
00/444,810 filed November 22, 1999).

While hydrogen is the ultimate fuel, its storage and transportation
presents difficulties. Inthe liquid state, hydrogen is subject to severe losses due
to vaporization; additionally there is an initial high energy cost in compression

30 and refrigeration to attain its liquid state. In the gaseous state, to approach

economic storage capacities, hydrogen must be compressed, containment of
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to assure that such a system and its container is able to withstand the constant
vibration associated with motive transportation. As previously described by .the
Ovshinsky teams, metal hydride materiais have recently become a focus of
general interest as a means of solid-state hydrogen stcrage generally and for

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

Energy production for motive power is a Jarge 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 Jarge volumes as a product of combustion of carbon-
pased fuels, as well as carbon monoxide, another of the greenhouse gases
cérrying additional burdens of toxicity during respiration. Use of hydrogen as a
fuel simply eliminates the production of the oxides of carbon and produces onty

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

petroleum gases (LPG's), alcohols, fuel oils, or other carbon-based fuels with
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carrying a 80 Storage capacity Tor notive vehicles of any use, shape, or
si ze1§ ncl udithdy Heutecholt storage material coupled with means for conveyin 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 also be combined into
systems by addition of multiple usefully-sized containers. Effectively, the
inventors here have developed and now provide hydrogen fuel carrying and
25 storage capacity for motive vehicles of any use, shape, or size including, but not
limited 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.



limted to cars, trucks, trains, aircraft and watercraft. Application of
hydrogen fuel to nove these vehicles will be a |arge step toward serious and
useful reduction of the currently, and sonetinmes catastrophically, occurring
global  warming. 10 3 4 May 2005 SUMVARY OF THE | NVENTI ON Thg i st yat
i nvention conprises a hydrogen storage bed system which includes a pressure
contai ner, a hydrogen storage alloy disposed within the pressure contai ner,
and an integrated thermal ggNAWERYQF SHEINWENTI@YErally 5 di sposed within the
pressure container. The integrated thernal mana emsn{3 system i ncl udes heat
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water or organic coolants. Air, hydrogen and water are the preferred coolants.
The heat generation means and the cooling means can be combined into a
15 single unit designed heat and cool.

The heat distribution means can include heat sinks thermally coupled to
both said heat generat'ion means and said cooling means and heat distribution
fins thermally coupled to said heat sinks and dispersed within the 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



-distribution fins thermally coupled to the heat pipes and dispersed within
the 25 hydrogen storage alloy. Once again, the heat distribution fins are
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15 the operating temperature of the system, 2) a middle layer formed from a
lightweight insuiating 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-sectionat view of

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



-state of charge of the system by observing tenperature spikes in discharged
areas of the alloy. Finally, the systemmay include a hydrogen gas
distribution systemto enhance the speed of hydridi ng/ dehydridi ng of the
'storage alloy. The 25 distribution systemtypically includes 4%%»?66. buti on
mani fol d and one or nore hydrogen perneabl e gas distribution tubes. BRI EF
DESCRI PTION OF THE FI GURES Figure 1 is a schematic depiction of a
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transverse-cross-sectional view of 10 a second enbodi nent of a hydrogen

st orage bedthgl@edpabmappgenend sysiem ineleetiven, similar to, but |arger than,

the system of Fipgui 8 54z a &k &iBdoxtifn® jobedent St £
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including a combined heating/cooling means;
15 Figure 7 is a schematic depiction of a transverse-cross-sectional view of
a fourth embodiment of a hydrogen storage bed system of the instant invention
including planar combined heating/cooling means layered between layers of
hydrogen- sterage-zalloy:
Figure 8a is a schematic depiction of a lengthwise-cross-sectional view
20 of a fifth 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



20 of a fifth enbodi nent of a hydrogen storage bed system of the instant

i nvention, including heat pipes instead of heat sinks in the heat
distribution nmeans; Figure 8b is a schematic depiction of a
‘transverse-cross-sectional view of the fifth enbodi nent of a j ?

storage bed systemof Figure 5a;, Figure 9a is a schematic deplc Yon of a
| engt hwi se-cross-sectional view 25 of a sixth enbodi nent of a hydrogen

storage bed system of i j i i i a different
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transver se- cr osstgefHstamh ahvatitew m@fudémoﬁmme EFReslIHyBAYe Ohydkobydlr ogen
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maintaining a uniform temperature throughout the entire system. Details of the
15 instant invention will be discussed herein below with respect to specific
embodiments.
Figure 1 is a schematic depiction of a transverse-cross-sectional view of
one 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
20 hydrogen storage alloy 3. The integrated thermal management system includes
heat generation means 4 and cooling means 5. As used herein, the 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 therma! contact with a heat distribution system which
25 includes a heat sink & 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.



-The system 1, includes a pressure container 2 within which is contained a 20
hydr ogen storage alloy 3. The integrated thernmal managenent systemincl udes
‘heat generation neans 4 and cooling nmeans 5. As used herein, the terns
"“heating neans" and "heat generation nmeans" are used inter chaqg@%bbgo nd are
meant to designate in-situ heat generation nmeans. The heating and cooling
nmeans are in intimate thermal contact with a heat distribution system which
25 incl udes a hekte meriuré cantamed 2stanibefordedam ahyshatehiuk dranaterias 7. Duri ng

char gi ng dr oge |nt t he hydro tora aIIo 3, heat generated by
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fins 7, whighné Storddtared $yabsd er Tad rﬁa%ﬁd?@nhu@ﬁélséb@'ﬁoﬁfreéﬂﬂre‘%lfﬁ fretely to the
cooling neans 5. During discharge of hydrogen from storage alloy 3, heat is

gener at ed i ot EegeBaNGdih Sydrogenr £HEpes Aday Soarthaust aithsiank the f urt her
transtserr ech b e dirlibhButh 8 of issystorinthd hﬁ%&ln!abzédﬁlgstta%] e whangge alloy 3,

where it is'used to release the hydrogen e pressure
cont ai ner 2ot divdsegarordifubion ghergtyrongh eandchl n@r bﬁatselbjeatl dot hatﬁrogent ains the

Libri
ctor age bedByATEE U HERERARb e ciooE T8 P BATPERR 58St t no
stored hydr\mgehccamsb dde]:mnldmnb@aamsmlersigmgaldlloySi&laﬁEiumdStTdeahﬁtoand the 5

typi cal operatin ur.e Oh@f’ he s stem The nmateri aﬂs nmust aI S0 not
allow for Syl EW'TH 4Ryt Bf%s TohCahdanet Y (el &af. 889 hydr ogen
enbr it | eW&Bﬁ]F@r\eﬁ.ﬁreé el rarfgetupm 460 the Topical eistrudtivh hA@RNSiges and
pressures of course depend on the %artl cul ar storS%g all oy 3 that |s
sed, Typl FAEFNTE 6?”ta'ﬁeh%16€‘fb'§F'H pgtadtisunn a5\ staipless pleslss Jhedresivre ange up t

0 bar, - andohRine manalsy 1RSmukis thefABGANAMaHE bﬂ;i%ns@ctmnh&aéntsﬁaﬁ”uc“ on
mat erlals for the ressure container 2 can include netals such as stainless

steel s. Th@ubPEEsUFEve BRIRfIAISHE DY INiing|tee eerianeldntanier aba fhermaliyl at i ve by
const 1 ucti Rgnbigive 8l Slc 84ih nifiall VEHEREE YEndHhé brldreoniindip Ul aling the

exterior or Interior her nal y conductive material such as a netal.
Wiet Rér or lmﬁuiﬁwéiVnggmndsort\amtberr@rnozeatsmaéheaigw andeboling thrdegrend on

whet her or tﬁ@ﬁre@éﬁr@r&ﬂ{ai%a‘a}é lepﬂ:@gd.c ﬂ%ér@% EI&%M P.eating and cooling,
then insulating the pressure container 2 would defeat the purpose thergof. The
—pressure-container2 can also be made of fiber reinforced polymeric materials

such as carbon fiber reinforced epoxy materials, etc., alone or in conjunction

20 with other materials (i.e. a multilayer pressure container). The advantage of

such fiber reinforced polymer and multilayer construction materials is savings

in weight. Figure 2 depicts an external view of a storage bed system 1

( according to the instant invention having a multilayered pressure container 2,
hydrogen input/output port 14 and heating/cooling ports 13. The inset of Figure

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. Finaliy, the outer

30 layer is a fiber reinforced polymer composite that contains the operating

pressure of the bed system.,



‘the pressure container are enployed. If there is external heating and
cooling, then insulating the pressure container 2 would defeat the purpose
thereof. The -pressure -container-2 can also be nade of fiber reinforced
‘polynmeric materials such as carbon fiber reinforced epoxy rrat4el{/|i aE 5 etc.,
alone or in conjunction 20 with other materials (i.e. a nultil ay3¥ g(?essure
container). The advantage of such fiber reinforced polyner and nmultilayer

construction maagy kb Pwhish ANy effiflentiyi dtes aftl prlesse yemigehsnan ext er nal
view of a storage bed system | according to the instant _i{nvention having a

mul ti | ayer b8 Usedgsire hrdrean serage allowydp Sarepioraas s pof thsorstenl and
heati ng/ Coﬂ-l[\)eﬁﬁori?oréﬁeé'iﬁtallgh%eimsé‘r% Afoys! Qihead T Zr hawa ABE fpahi i | ayer

structure o0 e pressure ctontainer 2. "The inner layer 10 1s formed forma

| i ght wei ghtermeretural hwindgsm steragenalieyacand, Biohi eapariid Miyeaseshetoragee st or age
alloy_3, ang can W fh t e | : £ U, m  The

mi ddi® | ay8O%1 M&%@%@ﬂ %‘Pgﬁ?&} %%{ﬁcggl 'ﬁg%@%g 3 "%’%%%Sﬁfe%@‘ ecifically to
m ni m ze haatcrlbessn topanditeUlse dasyrs eplicadiot BerieNe. rASMRSM97, Entittldd v, t he outer

30 layer is a fiber reinforced polyner copposite that contains the operating
pressure ofH’QH§t‘Efé’Se§?§?‘é'&’% kagya%l%aﬁy e&rq’%ﬁd\rﬁ%ﬁ?@rﬁf'g@%d

ef fi ci ent| Wo9b@RESE 2Tby 18l OAs8RsKy Y RO gaRe MBY dpplictiiod”)as t hegéyeiapgen storage
alloy 3 in the storage system | of the instant tie?é%gébon. Specifically

usef ul ar eths higly saparti MgsbasedAloragrallpyABONtalgR? et RAVHgEk ogen st or age
al | oys a”d;{é‘gﬁaggéeﬁf iy MirhRseRast HAgRdifial bRWent MIBE S84dilorr @ the high

capacity, Inetrcs storage alloys full ﬁlﬁ descri bed in copending U S
E\Iatent Applicciifier efersunticeatesor magnasisnigeed aliny whighyis capalle ofisteriige Capacity

| oys Enalb] ] = ) i 6, 1999 for
oushi msky 8t B T B B S oo apaci ty
My- based stapauitg clydscgeoamtnder oo exnetes @had0 bodhe gdifiergriemeotsds magnesi um

creat oo a MetedraPBAlcaE by gD andsfabisg Ffaeabanhel (L2751 et
wei g % hgrihegensattd as AlCepabl 3. dhuabise rboysgriB Ogpicd]lytdoatdini0l5-26or age
capacity O]:Ne%gg/oor%gknel iagd gggu%.01-4.5w@g’?wlt't’/ﬁtcﬂm%re%g%in%tlyIrgr‘ftamg@efain%r el ement s
lLa and Pr). The alloy may alse contain one or more of 3-7 weight % Al, 0.1-1.5
weight % Y-and-0:3-1:5weight-% silicon.-
The storage alloy 3 can be used in the storage system 1 in the form of a
20 powder or can be_ pelletized as described in U.S. Application Serial No.
09/634,678, entitled “Safe, Economical Transport of Hydrogen in Pelletized
Form”, filed August 8, 2000 for Ovéhinsky et al. While the use of powdered
( materials may in some cases facilitate loading of the powder into the system.
However, powder can be difficult to handle and hazardous to use, thus in some
25 instances loading the system 1 with pelletized storage alloy will be
advantageous. Additionally, it is often difficult to get a high enough packing
density of storage alloy 3 in the storage bed system 1 when using orly powder.
Thus, it may be useful to load the storage alloy 3 into the storage bed system 1
in the form of a mixture of powder and peliets.
30 During discharge of the hydrogen stored in these aforementioned

hydrogen storage alloys 3, heat is required to release the hydrogen from the



mai nly include Ni and Mm (nmisch netal) and can al so include additional 15

el ements such as Al, Y and Si. Thus the alloys will typically contain 0.5-2.5
wei ght % ni ckel and about 1.0-4.0 wei ght % Mm (predom nantly contains Ce and
La and Pr). The alloy may al so contain one or nore of 3-7 wei gm (%2@6

0.1-1.5 weight %Y and-0:3-1.5 weight-%silicon. The storage aFYoy 53 can be

used in the storgéje systeml1l in the formof a 20 powder or can be,

pel | eti zed AWYdesetr®adlyi hee sre Appimbeait ofomaySeini ahicNathis 0634, 658, entitl ed
"Saf e, Eco ig Ty o] i elletized. Form, filed August 8,
2000 for Ot}gmlngé{y E@ng%ﬁ%’i I(Nglé%{ﬂi:}%nog g)ob e%l‘éoé’(ﬁeﬂéfje‘?'? AMEMRhy in sone
cases faci |dontustibozdging, tfe hdw cpowdere fram the dthatigB bt eneaulr, powder can

be difficult to hapndle, and hazardous to, use, thus in sone 25 instances
Poadi ng + hd RUSELE MR MYENTEL SEaoeRt TG w e erviitia os Servaht ageous.

Addi L5 onal Ineat Istaasiablet eardad bihewlifie biRir6gin @ 1biaMeRALOR, R3GkiAg density of
storage alloy 3 in the storage bed system | when using only powder. Thus, it

may be usefuusfti'f’qﬂ&%chOPFF@ Ji6eheearPdy 3 into the storage bed system!| in
the formof a nirxéues gnPRWehe B@vld’eﬁihe AP d4Rg tg}eﬁégs?e{) e of the

- hydrogen stored in these aforementi oned drogen storage 3, heat is
required t §9red ReoRMET R Red gerertionmenes 4 cambé/apy BREAS teeddreyde, CGeneral |y,

there are @, i i i an .pe provi ded. For exanple,
when hydr o@eﬁw@ﬁt{ao aév%\ég%{jir}g\c,iﬁ],fcg%éé?ihi?ésﬁélfFOQéﬁ%ﬁ?rﬁgﬁ @ﬁ&ige, t he heat
can &one f Spacifitalyetkhbestgeobration meags may irchelefelectiienpying eldigerit) St ant

i nvention i [ 0_be.used. when little or no external 5 heat is

vai | abl e, Cgtﬁg’ﬁga%%’éﬁorf"hecﬂf?g'gtgg‘é‘?m'i"?t?rﬁ ﬂﬁéhuﬁ)ﬁ’lafaéﬂ'ct gPBbystien cel |, Thus,
not her soprocesofis hvesl khevmerdhd. arf adhe@t tHee pRITairb@ mERR for dhddi OVi des the
heat needed to release h The heat generation neans 4 can

s he stored dr ogen. ,
be any nmeaf&'F81Ykn ?g{yb; COWE‘J%‘PWSS W@?’géﬁ‘?{ k Ry ebermicetly enmlinagge hydr ogen
fromthe sfuef @gch aklgyrogen bp adiafddatio) bid ahRidiga < GeN&! &LG8R opeans nay
I ncl ]usde el Eeai(r:)t irnlt glprgsegr%clengf g lceag;]s:[t Su’porl which the fuel and the oxidize
r are
reacted to form combustion products, and heat. This heat is then transferred,
directly or indirectly, the surroundings (the hydrogen storage alloy in the case
-of the-instant invention}.-
The catalytic combustor provides an internal heat source for heating the
20 hydrogen storage alloy 3 of the instant invention. A typical cataiytic combustor
comprises a nonporous chamber which does not permit the flow of either
oxygen, hydrogen or combustion products between the interior of the combustor
( and the metal-hydride material or other heat transfer means. Preferably, the
chamber is formed from a nonporous, thermally conductive material. Housed
25 within the chamber is a catalyst. Generally, the catalyst is one which can lower
the activation energy of combustion reaction. Fuel passes into and though the
combustor along with compressed air or oxygen. The catalyst catalyzes the
reaction between the fuel and the oxygen (cr oxygen in air). The heat generated
from catalytic combustion is used to heat the hydrogen storage alioy in the
30 storage system up to a temperature at which the hydride material desorbs

hydrogen. At this point, the heat produced by the combustor does two things:

10



-catal ytic conbustors. Catal ytic conbustors and the catal ytic conbustion
process is well known in the art and are the preferred neans for heat
generation. Catalytic conbustors essentially work by chenically conbining a
fuel (such as hydrogen or a hydrocarbon) and an oxidi zer (sucQ1 @Ig gééffgen or
15 air) in the presence of a catalyst upon which the fuel and t heY 6x1ti zer
are reacted to form conbustion products, and heat. This heat is then

transferredy) |tdhéfﬂ£‘&ﬁﬂl§’tf@r telnmarataﬁé oy thet h@taa-thwmmdﬂomfe Iﬁ’lbmlam(ﬂb' ogen storage
aIonlnthe case -of the-instant invent ? %&)f/ Cc conbust or
provi des afeMREBFHEP IHdget SRR 6F thﬁé‘?ﬁti‘"ﬂ% @H% (2 ﬁoﬁﬁ‘ %Gél?aé%r age alloy 3

of the instggl IBM%PHy&Bger'?\frbh‘thQﬁbdr%@éﬁ%ﬂé?é%é ARybust or corrpr| Seés a
nonpor ous cha oes not perm't | ow of either ggn hydr ogen

or conbustion pVdilgdtysragenieelhcarmes btﬁﬂ%ﬁ@r@ﬁta&ﬁw@lw@mt@sﬁt@pro t he
met al z hydri r‘?eené@és%% f%ea‘lﬁo?&@ﬁée {%%a%torle ﬁgo?tnnﬁ%nr%dugése{h%ri.%laﬂe the chamber
rmal 1y condu

isforrred roma nonpor ous I've materi a sed 25 within
t he chanbehyd&gancaaamusta pdaatisdrideyickh esuchbab st cel, thueinaldasihgcan | ower

t he activat,j on ene stion reaction. Fuel s jnto dthoughthe
comblst or AMHHG'SN laﬁgé’ﬁ’[‘rﬂ? eg’bt éqr?g%ge X%Jérﬁd tcrﬁgp@ taafe’ﬁ‘?gtmﬁsaﬁ W yzes the
reaction bﬁft,zu@gant heof etangsdirt BeypssioRsl Car vepiyigesome cﬁlth)s stdhg heat

gener at ed rom catal ytic combustion |s used to heat the hydr ogen st or age
alloy in thyd @Qegmyaé%newcbm RIpVIAs tBe heRlJesceptATy tafe! apaecHl of ®hydri de

mat ef) al d%&%@ﬁydﬂageﬁ%aemea%p Hé(ﬁjrﬂﬁinﬂﬁn’g ddMponeals (PBOEHIGRA, RYatt he conbust or

does two things it maintains theterrperature of the
t al - hydr treesist epagensius, eﬁﬁﬁ?él O(qv:oysly 'b@rﬁ%ﬁ%ﬁﬂé@ nYmEe dpistesieff er out of

‘he materi %béllab?@q¥cfrgéelpvﬁl¥Lr§j§§e& Qﬁaél rﬁéy H@&c@ﬁ%ﬁ%%&gen from the

hydr ogen storage a I tsel can "be burne r catalytically
conbust ed myptpe)\anue‘ue‘swtulab lﬁéé@@@a@{ﬁllh@&t inegpensdiveaged eaeils stored hydr ogen,

thi's reducgsohestrsahl en.dud GABMa YA bkl BRYEI N8I Hgul ces, such as

a fuel cel Ncr easi n orurre o t he st ordage bed
requised t etcs uphe prefefred el massnptaﬁe and the preferred method of storing the

propane is in liquid form. Specifically, it is noted that merely two gallons of
propane would be needed to release all the stored hydrogen required to travel
300 miles with a typical hydrogen powered fuel cell vehicle. This makes the
vehicle a very low emission vehicle.

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
alioy 3, heat is released (i.e. heat of hydriding). To maintain the proper

( B 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 uponthe specific coolant used.

11



‘hydrogen. For instance, in a typical fuel cell vehicle, some of the stored
hydr ogen nay be needed to provide the heat necessary to release all of the 10
stored hydrogen and heat up the surroundi ng conponents (i.e. casings, heat
transfer conponents, etc.). Cbviously it is necessary to mni rgﬁg %&?jss | oss
of avail abl e hydrogen. Thus a secondary fuel may be used. The seton ary fuel
may be any fuel which is readily avail abl e, inexpensive and easily stored.
Exanpl es of Téeoteteridlagiustrengmsaciiveayitifthecodant, hpdropaneanddheserageuel , nat ur al
gas, 15 etc. ,Th r.ef [ . : f od of
storing the a”?%gﬁﬁﬂénq%gB?%b{#gmngﬁﬁﬁé?ﬁéat 'Séﬁﬁéé%’pfgy&f?’te%@%%o@ft hat nerely
two gal | ons spétempt oSpeiflsomktiriats witidske thetmallye berdiestiab lantiheag iratede hydr ogen

required to travel A 300 mles with t ypi cal hydrogen wered fuel cell
vehi cl e. ThitE!@aRES" Bh&eNRtH UFY 0503’&?’}? f%‘ﬁ)’%ﬁ%’%cgicgﬁe ##%. 20 The cooling
nmeans 5, renove [hgn ReaihaRye GumRdintkit e IKRA@hBEtRN hBens Byshipgen st orage
alloy 3. That is, during charging of hydrogen to the stora all oy 3, heat

e
i s rel easedcppling meanftS BEY RedRMUINgs)ntorhe mgansdpee M@X@rﬂelsiﬁgursﬁér ating
tenperature i : I IS i r isNg neans 5
are typical qu?’ég)?“egﬁegﬁgg? ﬁﬁb?éﬂg%bﬁ'gﬁétggg’gallqoo gﬁjq‘ﬁmﬁgf)#ﬁr ough 25 a
t ube or ot hetorage bed sitstepatds skmiicaotly seducady Dus aembimivsmanomast cool ant

such as air _qr er ..T l.ant : i . descri bed
T U & apprrtat e R ReARl 3 <Rieh RRY AR ol Bt O

Hydr ogen St gnadsbtiradsetdavingeding ofitzeslystolieqgiréd fardisshesding)f bdted April 26,
2000 for Ovshinsky et al. kes an cellent coolin [ u The cool ant may
0 al so be i‘fﬁ;aﬁé atlrh%redp@%nﬁr%m {r@r?ai%ﬁgu%g%[abﬁio@h%ncgﬁ%%gto g\e oBfant. The
aterials kradeowed %@térﬁlﬂ. exehedtigely, auring,cooling (eysiesd dhpeoidargipgy the
specific cool ant used. 4 M The materi al e non-reactive with

. 4 May. 2005 : st
t he cool ant airdSRIeN ‘érfad’t"ﬁjé’ag)f Hisgged 4ite dhe §a%98}énmbb%é°r£ﬂdet o wit hstand
the typi cal ;RRREQLbSEcts RRREEIAHERNRIirghRe he¥SsM™ipdtide SoemitibhC ImBAkeri al s wil |
be thermally conductive and may 1 nclude netals such as stainless steel or

ot her 1% her malt¢rpatisnigusedvibmayiemnespesansta ieduse Hie EVRERIS @iedient, the
heat gener af{OpdRANS the@htifdemeans to enhance heat transfer to the coolant

medium. _
The heat sink 6 is thermally connected to the heat generation means 4
and the cooling means 5. The heat sink 6 evenly distributes heat from the
20 heating means 4 to the heat distribution fins 7 during discharge of hydrogen, and
-accepts heat from the heat distribution fins 7 transferring it to the cooling means
5 during charging of hydrogen. The combination of heat sink 6 and heat
( 7; distribution fins 7 ensures proper heat transfer throughout the entire storage bet
system 1, and also insures that the entire storage bed system 1 is at as uniform
25 a temperature as possible. The heat sink 6 and the heat distribution fins 7 are
preferably, but not necessarily, formed from the same material. The material
should be as light weight as possible but needs to be thermally conductive. The
material must also not be reactive with the stored hydrogen or the hydrogen

storage alloy and able to withstand the typical operating temperatures of the

30 system 1.



-cool ing means 5 may be conbined into one nmeans (see for exanple Figure 6).
By conbining these two neans into one, the overall weight and vol une of the
storage bed system1 is significantly reduced. This conbination can nost

‘advant ageously occur when air or hydrogen is used as the cool nlﬂ é,lm 10
This is because during heating of the system (required for disc ngu ng), both
a fuel and air are inserted into the catalytic combustors and react to heat

the storage bed system 1. Alternative d cooling (required when
charging), air 161 RAISHEEANELNE Regted Lé’lt‘loﬂ?t‘é' gglaf‘é’&ef?ﬁ%&’ Refermed al yti c
combust or gpg Ebﬁetai Qﬁﬁrats%%lﬂ%s A64SwRsIha FeehaRnetsl HEMG Msridikimeat  of

hydri de formatlon his 15 alternative is used, it nmay be necessary to
reduce the mrca/artag@rabfna@ae%wrysadlonnMa@ﬁ%wrﬁta@fil%lpy%fhemé e tharmgllyeans to

S e ot BRL St QoL 1RARR] bng 0Ll TaEnESRE RhBIID doh. ! Ne! T8 LY

connected tO [2) héa ration ans he co
si nk 6 evenkyctiliestith MtMeueadrogemandﬂest%gheMy &ngmaem sihktthandie heat

distributiaq i ns ur i di sc cepts heat fromthe
neat  di ot r BapPaEry AU s ThErR P oo R PRER N ARBS R e ur | g

chargi ng of THyKEAak 6 Bhargeasrdugte act ofa hwtreserm&ﬁr Or thathAleadss faf st ri buti on
fins 7 ensures proper heat transfer throu t he entire storage bet system

] t
1, and al sdgghappdstranseredBtuioyt &f BEsYH 5‘ eHlE‘sg?ngefrﬁSgrvpg IRFUreS uni f or m 25
a tenperat Ups A8 HAaE Withinghe Hﬁﬁemelais fSir) anﬁor@rﬂf dts'ﬂ%d@ﬁfhréi.lgﬂddt gion fins 7

are preferably, but not necessaril orrre romthe same material. The

mat ertPal Shifdfdhe system (i.g e Redrgern %t@rﬁssél@atﬁrl@s Bod thedeakdistgbulion her mal |y
éonduct | ve. flny?ﬁ THEhEA! bk %%%aﬁé@&dﬂ%atba@l Jf%ﬁéa‘f%:s‘(ﬁﬁuﬂoﬁh‘?‘s '/5{:#?{ ed hydrogen

r the hydrogen storage alloy and able to withstand the typical operating
t enrper at ur é® eveniyrdisp@eddiyreuanaut thejentine miggs o008 hydneeemelanageiairy 8. and t he heat
distribution fins 7 can preferabl y-pgfppemed froma metal such as stainless
steel, with the preferred netal berng nagnesium or a structural nagnesium
al | oy. Magnesi u zatbsystdnoy svas iperdrokd aceortingrtorttid gmbodiment of Figure 1.

15 The system 1 consists of a cylindrical pressure container 2, formed from
stainless steel, within which is contained 2 magnesium based hydrogen storage

alloy 3. The Mg alloy, designated FC-76, had a composition: 95.6 wt.% Mg, 1.6

wt.% Ni, 0.8 wt.% Si and 2.0 wt% Mm. The integrated thermal management

system includes electrical heat generation means 4 and tube-type heat

20 exchange cooling means 5 thrdugh which both air and water coolants were
passed. The heating and cooling means are in intimate thermal contact with the

_ heat sink 6 which is formed from pure magnesium and is shaped generally as
( a rectangular slab which is bositioned within the cylindrical pressure container
2 such that the length of the slab traverses the length of the cylinder and the

25 width of the slab traverses a diameter of the cylinder. Heat distribution fins 7 are
thermaily attached to the heat sink 6. The heat distribution fins 7 project out

from the heat sink 6 and are fairly evenly distributed throughout the mass of

hydrogen storage alloy 3. The heal distribution fins 7 are formed from formed

from pure magnesium and are shaped as rectangular plates, The rectangular

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



-conductive, light weight, thermally and structurally. sound and generally non
5 reactive with the stored hydrogen and the storage alloy 3. The heat sink 6
and the heat distribution fins may also ne nmade fromthermally conductive

graphite, The heat sink 6 is |large enough to act as a heat ref@gv?é% or

thermal mass for heat as it is transferred into or out of the y% 1. The

| arge reservoir insures that the heat wwthin the system1l1l is fairly

uni fornl y di sdgs dfthedctahgolagpletetheah distibutan fins Gfis inhleersnss temtadtiwita.thé he hydr ogen
The heat_sink 6 is

storage materials d the heat. distribution  fins 7).

Shaped such HIRETk 25t REREBRYaE STPE I TURERbI PP ReSFuESfogBoeRent y di sposed
throughout the emrg endrastair@fkilbdranysiitagec-36 oiagesihl B¥sed hydrS§PLE A bed
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cyl i nder anm p_te?nZS wi dt h OL@ t he sl a? traverses a dianeter of the cylinder.
Eieat di stri watecooing ciearly glipw faryfasier iereing R seniialyenmpisting 6. The heat
istribution éHaI@n%ch@jrﬂ@gs Hah 10 mpiitdshe heat sink 6 and are fairly evenly

di stributed throughout the mass of hydrogen storage alloy 3. The heat
di stribution finEiopresd s Feiaiameerate varpestime ﬂ'dﬂﬁ%%ﬁ@aﬁﬂ@nﬁmdmgeand are

shaped as reghAR| Aol &elS: THRC (dnisdr ALY %regf?a%naﬁgsthgfmcgc%iublegeat
y rical p €

distribution fins 7 are disposed wthin the cylin ressu contai ner 2
such that t Histitated Wreyghoebihet starpaeded. tGuve dryjets toé terhperaiirerdiso. One 13 4

May 2005 measured by thermocouple) of the electric heater used to heat the alloy and thus
discharge the stored hydrogen. As can clearly be seen, the temperature of the
storage-bed-system-is fai—H?yunifermfthﬁaughou'trthusffemanstr-at-ingihat the
instantthermal management systemis effective. The temperature increase near

20 the end of the curves indicated a rise in the temperature of the system as the
charge of hydrogen is-depleted.

Figure 5 is a schematic depiction of a transverse-cross-sectional view of

( 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

14



-edge of the rectangular plate heat distribution fins 7 is in thermal contact
with the heat sink 6 and the opposing edge is adjacent to the pressure
container 2. One and a third kilogranms of the FC- 76 nagnesi um based hydrogen
storage alloy powder 3 was packed into the bed system1l at a g@&kigﬂggensity
5 of about 0.6 g/cc (this could be enhance by packing both pomde?y
pel lets). The system was charged and had a storage capacu%¥ of about 85
grams of  hygdregRR ofiise sdmwistibutiBngos & ag: digprsed SHSh NgbPBROSHMY §1%Ts of stored
hydrogen versus tine in mn ﬁ?s b tﬁbwyd’ and water cooling were effective
to aIIOM/foﬁﬂeﬁT$E€FaHﬁﬁFﬁ?Hﬂ. WPy Shows the stored hydrogen versus tine
for air cooling HqLﬁé‘éisCél%M%nﬁ’atic&jebmrioMaatrarG@aISEﬁgOSSA@CbarmalM,ﬁ\’s‘@fen, bot h
ec

coolants are eff Ive, but the water coolin I : faster
chargi ng, essteind iaa:lblosﬁm*rﬁf%quage“as"erﬁg?g?%ﬁvsg%/"ﬂgﬁhﬁw%&sﬁt gf‘tllgéb ni nut es.

Figure 4 is.plot of tempefabyr 88 robgurel\wontatnedi B elitigsvhich sy dr ogen
trom the stoﬁfg%yag% .ﬁqjﬁglut%é’ LcyPUpsE pressur

enperatures were taken g t her nocoupl e 15
di stri but ed dohtainhaltydtdgensteregg@liped: COifr PEEIRatEH %/%F”Pﬁg’af‘éﬁﬁ‘g‘?ﬁfur e (al so
measured by thernoc | e)  of. : hGahsneB WhrRH i 8 hBR&W cbied al | oy and
thus di scha¥gEm W&%B?&&R}?ﬁ :&}gegl}llﬁ& &@gn cl ggfl)é be seen, tche t enper at ure
9

of the st orggardegosadssitrantriescylindriday prosairbGOMERISE dgHBEEIN the central

go
t hua-denonstrating-that the. instant ther geITe ks ef fective.
The t enper atansof %’@i‘ Bgliow goiled fﬁ'r%h@ %ﬂﬁﬁdﬁ’k?'@ﬂﬁur vegﬁtlra?lé%scfu%d arisein

the tenper at ygeq el lgi%%s@r)é%bﬁmmzt ITRe intérar githe hollywdeaigd apiral iskastadt ed.  Fi gure
e

51is aschendtic Iction of a transverse-gr - i i a second
gnbodi nment o#itaa h?@ﬂ)éigémﬁt@ﬁi%r‘%l&émﬁbﬁﬁ%l%? %qwcqu%gc?_ '? ﬁgg‘itﬁé;ﬁ é%r}/dr%%wrtlr\qgenti on.

imlar to the SYshiRd SiralkeWrss 4 hebiee wiheatioah dndoén phidizeerbddrresf 25

includes a pressure container 2 within ich is contai. en storage
al | oy 3. Thetherettwgualn,candtased mlemﬁ%@ﬁ%ﬂ?m&@s?ﬁf@‘ %Syépgﬁﬁ%ﬁ@e%g% seven

heati ng nmeans_4 cooling neans 5 (which can be integrated into dual
pur pose heat ?%@egﬂﬁ?r%@éﬁ%'

D et 10 ot o e o e Ly RO A L e
o Eesigt Qﬁféqrﬁl%c?‘%thﬁae{% hRnRVaBbudaShiduBHE RN eadrodis tstdrbgs by Bi ns 7. In
additional heat distributions components, such as heat sinks and thermal
distribution fins, are not necessary: However, ifitis 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 alloy 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



-three heat sinks 6 are fairly evenly spaced throughout the pressure contai ner
2 14 4 May 2005 and sone of the heat distribution fins 7 are di sposed such
that opposing edges are in thermal contact with two heat sinks 6. Figure 6 is
a schematic depiction of a transverse-cross-sectional vieM/of‘lﬁat?b@g

enbodi mrent of a hydrogen storage bed system | of the instant i'nVehEron. 5
The system 1, includes a cylindrical pressure container 2 wthi.n which is

cont ai ned a dny geegehthstetimaygeh, Andas B cootiewnen 8 GPAEBHIRH 125ndhdgenent

system i ncl udes a conbi ne ' copkj ; lisde it Bollvd | ow coi | ed
s)p/)i ral di spd"é’QEP%ngFﬁ A2 H tB?%ﬁ?%cgfsgﬁgﬁﬁyﬁgﬁﬁﬁer 2, wherein the

central  axigaef alehe intinlstomenadlicedtaspivitraend aredughiy. Higsiuiad HreUNeHE central

axis of the 10 cylindrical pressure. contai Q2 ' | O he hal | ow
i Ted spir dne oot BaraoRA & daiorgrieg ASTifofe orithEhl bult ag I, 1

conbustor. Thus «irkbBenk &= tisebutibe finfcdreawt cetessargpifoalevactibités a heat er
when fuel and an oxidizer are passed _theret.@ro&gﬁh, alnd aﬁ ?a]sec%%lafr when a
cool ant gas fesnat thatshest ris orothg by Sistripwed LWL G SerisMo B : t should be
- noted that sjinc | SPHctds regessary.nti mate thermal cont act
with and hi 1[’}98%#2‘%%%@}8{0@%%magﬁjgéhogf the hydrrggen storage alloy 3,
addi tional heat @igtre Bbig & echeroalieptomiaion of 3 IRNPIYLSHEIRSSSERRANAYIFY her nal
distribution fi ar.e n n Mped Gyétbml § dfomadinetaat heat is
not evenly Qii%gﬁhbm%@%?thﬁﬁgm%ﬂgmma,gét hese heat distributions
conpongnt s nRyerten. 2Re st 1 Ascludesesadingricalprgssuse zontgingr 2 WERBWIS: depi ction
of a cross-sectional view of f our e ' : rRgRMent Or age bed
€ystem 1 of lﬁﬁ@”t?lﬁ?fjérﬂydir?ﬂ?@rf??rgﬁ? A gﬁ%’?‘l et‘?@%{e#ﬁgm%}eﬁg a pressure
ont ai ner 2 wistdh fhonies ot ileast ent alomitheat Ingatinglgenling mepay 8, whidyis®  The

pressure contai ner has a rectangul ar. or. uar r : S ' d may have
an el ongat echalipivsdisl dﬁéomﬂ't]@ﬁg’&ﬁ FYJ@.dr'?%gDrﬁﬁlsgjrr%ﬁgﬁt%'ré? &t g@%l'eg Iﬂi% 3is

di sposed in L PLESS Boamio ek ié olnaicental hettvdencairat eiss of éisposed the
integrated t

15 cy?iilcrirr?clal g?egggr%rcr:%mainse)n( %t el‘@elir?tgrligrdoeflﬁwecl?oq%\ﬁ/noefg« 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 therethrowy;n, and
é"s—a—cctjlerwhen“zrcco-lantgasftsuch-asa-irforhydrageﬂ)ﬂ'-srpassed—theretheugh.
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.

16



‘heat i ng/ cool i ng means 8. The conbi ned heating/cooling means 8 are hol | ow

pl at es di sposed between the | ayers of hydrogen storage alloy 3. The interior
-of 30 the hollow plate is coated with a catalytic material to forma

catal ytic conbustor. Thus, the interior of the hollow plate %M%y%O@ heat er
when fuel and an oxidizer 15 4 May 2005 are passed therethrough; and as a

cool er when a cool ant gas (such as air or hydrogen) is passed therethough. It
shoul d be not ed Ripare & in@eschematio depialioptia Eanypsergiosstesvanal ¥ier nal cont act

wi th and are hi i Stri r 9&{}% age.al l oy 3,
addi ti onal Wetg?%ﬂ%ém%pﬁm%rﬁﬁigi*g%gﬁﬂﬁ{bg%ﬁ%%c asits&lrgli %gg{bugi% gi’sggﬁd t her mal

di stri but i ofigdrk Bowa tBe Pakitinaingssidtiy theHoyatarer!, of the cylinsricdlquassurbat heat is
not evenly distributed within the syst ’% éheie 'B’ei{[ dj ﬁ?t&ri but i ons

conponent s wyalaer%a@féweéde@@@éé%{ﬁé? al f%%r PEENCRlY ST E T e pi ction of a
| engt hwi se- ﬁr\p@éﬁ %Orﬁéa@??des\g &Y giftfibided Within teerbpgérmanindfiowatHatesegen st or age
bed system | of the instant 10 invention. The system 1, includes a

cyl i ndri cal pipee8sutendaienathedength @ thei gylingiicehPresSWe PaIaNSI 2a hydr ogen st or age
alloy 3. The int t w : ich ast one
conbi ned heati ng g%%lpﬁﬁ%knr%g%@é%%& Ic _%pg%\flﬁgl%ﬁgv% ﬁ?gg%gfgg%éégd wi thin the
cyl i ndri cal foptressfering bestairomra Bot aiteatinput FRoiorting cald endest eutRtte hol | ow

di sk is coincidental ,wth.t i Lindr pressure
cont ai ner ZTeQﬁ{ﬁH?rﬁPE‘fy’it%&'FB'?STE%H%%?*%%&@?SQB?ybggﬁ%%w\ﬁe{}%rﬁﬁ %(l?%t alytic
mat erj@l t oakRsEY @ostaingr within conbustor. Thus, the interior of the hollow
di sk acts as a heater when fuel _and an oxi djzer .ar hr ough, and
s a cool er WiigB#F RClugsd éﬁ%yedé?g"“@ﬁ@ﬂ“%sf' iSla{ué?teﬂygﬁoag%i%ﬁ%sbﬁ%@%@éd
her et houghgng FagndegirbMghe Redtiingut reAcrstohaheationtiuntegia thetduér Taé cont act
with a heat 20 distribution S)(stem WA c&bnclﬁdes heat gtig S E acrlld
di st ri but eda®diien of keat Ahihe RRF IMALHEEGEN RS SRYEDF" PHEPHas %Eﬁ % is in
thermal . conpgpg sibpliedPieratb. Ui GhgdtUhaves toUné aees oafput fegienrdithed
heat i ng/ cool 1 ng neans hol | ow di sk 8. The heat ﬁl es ,extend along the | ength
of the cyl i eriitaipal wheredida cendaieesi doe confensR{iREd 'R ENINGE L HediS3hg/ cool i ng
means 8, i NigklereBRinbydidpffhy 88%n ih@nd WRKAY deateialt Rehould be noted that

while the heat pipes described in the specific embodiments of the instant

invention are pipe shaped, medern-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 plate traverses a diameter of the cylinder. The

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

30 systemn 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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25 cylindrical pressure container 2. The heat distribution fins 7 are
cylindrical disks evenly disposed within the cylindrical pressure container
2 between the conbined heating/cooling nmeans 8 and the ends of the
‘cylindrical pressure container 2. The central axis of the helé iéé'bution
fins 7 is coincidental with the central axis of the cylindric Ma ure
cont ai ner 2 The heat distribution fins 30 7 are in thernal contact with the

heat pi pes and, ext end. axi.al } : I | i ndri cal
pressure C%ﬂ%@ﬁgf _cngmfélog)a}t]r}%{?%hﬂQﬁtebﬂé ﬁ@@%%!a%aésc %Epgp épl ction of a
transver sesgéqstomant tmm:a;bt aongat afth tttaehéathghoehrtga@ea&mﬁ OOfW&[d frydr ogen st or age
bed system | of Fi a] The ,fifg shows tctel gﬁsml ni ng \(/]th hin the
system 1, SRNrAY E%"IWH@FF@&P"B@@Q %éﬁ{gg.r N SifdPBgen st or age
alloy 3. S%ﬁb.ﬁb@@telaﬁnglh@awhglrﬁeéﬁtehcm@mﬁéte% tathehivaln of the clfyﬁatjncmlpes 9 are
distributed wthin the system | and how t he_heat extend al ong the

| engtth of @ﬂﬁéswfﬁlcpﬁwf?eéal Thedwsat distribgHerafingef ae regta%@&{arﬁjaé%s POl devi ce
utilizing I r fyedirth@g heat froma
ot or heal et Ciesed vifih GRTHERTRE| Pesll éﬂtfg%fg.%ﬁﬁsﬁ%‘z?sf wi th

" mi ni num t elepgthdbencef tdavepsesthe lengifeof dte dysaderpiTpe redapaulaadateg or fail cl osed
cont ai ner vmt V. ly.saturated with
a vapori zaB ﬁq%a%gctﬂ'm@eéﬂ'ﬁ ‘gaqﬁfe%ﬁ#’%r?]%ﬂ?%%wa‘%% Eag%?%nth o the heat
out put r eghartingleohey meinhmholam\cblaiecﬁa aofl tmfebngmofttherétwtgularmlmtes egi on of the

cont ai ner e rates the u i n |ed The vapor noves to

Che Renr” ot BlltPEERs s leraftibfine ety 3HE g Bt FE.San FaGréE8 " rhe

(Condensed ﬂrtbrﬁbhélpbﬁtt 6@1H€|ﬁt@doi®alt dsrehéleﬂmderﬂorwtotrrse@mebmecnawriotary action in
he wi cking mater bé |pes descri bed

ile t
in the spe¥dl ?féh%ﬁb'ﬁlﬂeﬁenﬂ%h%?t dﬂsﬁ%bqt'ﬁgt% Qﬁp ar?m/ﬁ\%'{mghc ®haped, nodern

heat pi pe ﬁé‘eﬁ Saggy allows for nearly any holl ow shape to be used in

formng a Fg@y and thus other shapes are possi bl e and may be
useful . Fi gur e Fogurp §bds §<§ﬁ€%@’i‘fcd%%|°6tqféﬁr%‘ﬁ"%{s?éﬁﬁ%‘“t%%‘%‘%ﬂ@r"éﬁ% secti onal
VI €W 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 Ihe heat pipes 9 are distributed withirnthe 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

B 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 é]so be a pressure containment vessel.

25 Additionally, thermocouples may be placed within the storage bed system to
monitar 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
hydridihg/dehydriding of the storage ailoy. The distribution system typically
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.of a sixth enbodi ment of a hydrogen storage bed system | of the instant

i nvention. The system 1, includes a cylindrical pressure container 2 within
-which 1is contained a hydrogen storage alloy 3, The integrated thernmal
‘managenent 25 systemincludes at |east one conbined heating/cqﬁMgng geeans 8,
which is a hollow rectangular plate disposed within the cylin rl%a? pressure
container 2 such that the length of the hollow traverses the |length of the

cylinder and the w.dth of the hollow rectangular, plate tr r a di aneter
of the cyl ifgedes gristiReden FEel ?ngoﬂ%é’ﬁémgeanygr&m 'Pﬁrr“r?été% g%%r mal cont act
wth a heagdiﬂh6&t‘1’drh%é;§’8is?r@>u§ébﬂhQiﬂg%@t&he hp@royeestdresd alllypes 9 and

di stributed heat distribution fins 7. One end of the heat Pi es, 9isin
thermal cont act Wihitehtheniaverttionras Beajedessapas ducapneatipn iR e ifRe  sur f aces of
t he conbi ned heat i ng/ j - i i extend from
the ther mle%%r@%ﬁgva t%ﬂ%?ﬁbgmﬂ%g{hﬁ#gf%%gﬁ?%sﬁﬁgatﬁgt %nguc{?\j\?rg%&?dﬁl)&z general ly
per pendi culimiit the dotention fo dm tbscribed genbrasimentgwngr progeduiess T thene  conbi ned
heati ng/ cool i ng neans, hal | ow pl at .t he : N ical 5
pressure cé}?f’ggﬁ’e' 'Sé?f@ﬂﬁ%" fe Ve&ﬁgtaﬁ?'%%{’f%n Wﬁf!scaggré% gﬁdr%%'{'{éﬂngﬁ eglr pl ates or
foil  Wwhi cRyaéemel BRAsREsdithimthelspire whd shpecdtheinessiones defined mer 2 such
that the |Ilength thereof trav.er§es the length of the cylinder. The

r ect angul arthpCiras appends| herglpditefi sposed within the cyiindrical pressure
container 2 generally parallel to the heating/cooling neans hollow plate 8,
and the length of the rectangular plates 10 or foil traverses the | ength of
the d9linder and the width of the slab traverses from one point on the
danterior 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 enbodi nent 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 within the system1 and
how t he heat
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pi pes 9 extend along the a dianeter wdth of the cylindrical pressure
‘container 20 2 and the positioning of the heat distribution fins 7. It
shoul d be noted that a plurality of storage bed systens of the instant

‘i hivention can be bundl ed together in a larger container. This4p nt?hggr may
be insulated and nmay provide for external heating and cooling P st orage
bed systens. The container nay al so be a pressure contai nnent vessel. 25

Addi tional ly, thernocouples nay be placed within the storage bed systemto
moni tor the tenperature throughdWMENDEPLIgHMSparts of the system and thus by
measuring tenperature spiking at different |ocations, the volune of fuel can
be determned. Finally, the hydrogen storage bed system 1l of the instant
inventigge%ﬁ%nTSO i ncl ude a hydrogen gas distribution systemto enhance the
speed o Rydri'di ng/ dehydriding of the storage alloy. The distribution system
typically 18 4 May 2005 includes a distribution manifold and one or nore
hydr ogen per rede hstofRas PR SYSISA NGBEENEi st ri but ed t hroughout the hydr ogen
storage alloy. Wiile the invention has been described in connection with
preferred efthse$srEatcontaieprocedures, it is to be understood that it is not
intended to 5 limt the invention to the described enbodi nents and

procedur es. @hytireyetostoragfeyalidy dispdgsideniied sapd 9Féé%hréll:bnt%|iﬁeerr Eﬁ&i Ves,
nmodi fi cati ons and equi val ence which nay be included within the spirit and

f thegf i L =Y hereinafter. 10 19
3 Noy 2005 NENDED e Re R A Rt Ve R A U R A MRS E st e
including: & MRiserHSuED 1t ai ner;

heat generation means;
cooling means; and

heat distribution means.

2. The hydrogen storage bed system of claim 1, wherein said heat generation means
is selected from the group consisting of electrical heating elements and catalytic

combustors;
wherein said catalytic combustors are designed to combust at least one fuel
selected from the group consisting of hydrogen, gasoline, fuel oil, propane, diesel fuel, and

natural gas.
3. The hydrogen storage bed system of claim 1, wherein said cooling means
comprises a tube-type heat exchanger which is designed to utilize at least one cooiant

selected from the group consisting of air, hydrogen, water and organic coolants.

4. The hydrogen storage bed system of claim 1, wherein said heat generation means



a hydrogen storage alloy disposed within said pressure container; and an
integrated thermal nmanagenent systemintegrally disposed wthin said pressure
contai ner including: heat generation neans; cooling neans; and heat

di stribution neans. 2. The hydrogen storage bed system of clahqhélzxﬂprein
said heat generation neans is selected fromthe group consisting o

el ectrical heating elenents and catalytic conbustors; wherein said catalytic
conbustors are designed to conbust at | east one fuel selected fromthe group
consi sting of hydrogen, gasoline, fuel oil, propane, diesel fuel, and

nat ur al 5 4R8aiddooliRg nyshPgRNcshehadenteedsiayit @i Msiglatl 1 dataWhesIsl dbriBLS
cooling neans conprises a tube-type heat exchanger which is designed to

utilize N consisting of air,
hydrogé”?bahggiWgﬁﬁﬁgﬁggﬁgghgggﬁgﬁﬁE?g%kkﬁﬁg¥ﬁ%dggggﬁ'storage bed system of
claim1l1, wherein said heat generation neans 4 May 2005 and said cooling
means are conbined into a single unit designed to catal ytically conbust
propane_or hydrogen and utilize air or hydrogen as the coolant. 5. The

hydr ogeh st ofkgjeydiegespieragededdystam of CéﬁéﬂeWﬁeéﬁiﬁl gaiddmat digtbitiun insanseans

i ncl udes: heat sinks thermally coupled to both said heat generation nmeans and
sai d cdotiudgs: neans; and heat distribution fins thermally coupled to said
heat sinks and dispersed within said hydrogen storage alloy. 6. The hydrogen

storage bed praseRiRsahefhallytdupluties Both s theBegéndthfidh hittinstthd s418 pfingsai d
heat sinks are fornmed froma material selected fromthe group consisti na of

t her nalrh(;r(ar}sccgpgucti ve graphite, stainless steel, nmagnesi um and nagnesi um
GH oys. T 7. e hydrogen storage bed systemof claim1, wherein said heat

I'stributi Or?1eg?gg?ribuﬁio'nnfﬁwls%ﬂgrsﬁally coupled to said heat sinks and dispersed within said

hydrogen storage alloy.

6. The hydrogen storage bed system of claim 5, wherein said heat distribution fins and
said heat sinks are formed from a material selected from the group consisting of thermally

conductive graphite, stainless steel, magnesium and magnesium alloys.

7. The hydrogen storage bed system of claim 1, wherein said heat distribution means
(— : includes:

heat pipes thermally coupled to both said heat generation means and said cooling

means; and

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

hydrogen storage alloy.

8. The hydrogen storage bed system of claim 7, wherein said heat distribution fins are

formed from a material selected rrom the group consisting of thermally conductive graphite,



heat pipes thermally coupled to both said heat generation neans and said
cooling neans; and heat distribution fins thermally coupled to said heat

pi pes and di spersed within said hydrogen storage alloy. 8. The hydrogen

st orage bed systemof claim7, wherein said heat distributi on afj1Aso@yse

formed froma material selected rromthe group consisting of thermally
conductive graphite, 4 May 2005 stainless steel, nagnesi um and nagnesi um

all oys. 9. The hydrogen storage bed systemof claim1l1l, wherein said pressure
container is formed fromone or nore naterials selected fromthe group
consisting of stajnless steel . or fibe inforced polyners. 10. The hydrogen
storageStﬁgﬁe?y%t?g mAanasiThard AEPET! Eﬁsélfoalgpressure container is a three

| ayered structure which conprises: an inner |ayer forned forma |ightweight
material which is non-reactive with hydrogen and said storage alloy, and can
wi thstand the operating tenperature of the system a mddle |ayer forned
froma 9i ght Viee ghtirdgesudtatageghechngstam olutleim Maydreréiorseed presaura conbaner is
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( : 10.  The hydrogen storage bed system of claim 1, wherein said pressure container is a
three layered structure which comprises:
an inner layer formed form a lightweight material which is non-reactive with
hydrogen and said storage alloy, and can withstand the operating temperature of the
system;
a middle layer formed from a lightweight insulating; and
an outer layer formed from a fiber reinforced polymer composite which contains the

operating pressure of the bed system.



