WD 2011/ 088132PCT/ US2011/ 021007 HEAT TRANSFER | NTERFACE [ 0001] Thi s
invention relates to the field of heat managenent. In particular,

enbodi nenwe 20f1/a8B1s2i nvention relate to systens and met heds/ustoigternng heat
fromindustrial operations, and recovering such heat at constant
tenperature over |ong periods of tinme. BACKGROUND [ 0002] Many i ndustri al
operations today generate | arge anounts of waste heat, which is dissipated
in evaporation towers (i.e., cooling towers), transferred to cooling water,
converted into steam or wasted to the surroundi ng environnent.
Furthernore, numerous industrial activities are intermttent in nature, so
t he heat generated i n t hHHIAAPERANSIERSINGERBAIGCKuous but only lasts for
alimted tine, and the tenperature of those heat sources varies greatly,
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reactors with cooling water. HowevBACEGROWKDUgh such reactors utilize
| arge vol unmes of cooling water in the outer shell and turbul ence,

t enper at ur é/3ht r oMany influstriab apratipns dedse graaratd laregearmauatsed waskdisghatich he
I nner ;¢ QﬁﬁgQ[Ed Y@é&%ﬁra@%ﬂ uﬁ)&@rk’ { &0 o‘iiﬂgt %), BndiBdd to\RIoBRY Slater! QRS Erted
cooling syStens generate [arge volunes of cooling water at~tenperatures
t hat amte stoonmswal Wadtal tefthecturmwentiegt emvemomenty . Fustheamores uluimerduso selustrial

petrocheni.cal aperatjons ste signi ficant amupts of heat .and, water, and
bhey PREGHCS SSRGS obgtare; 3o (i et ERETRERL tosi Pprefells P pahtious

di schaugbhlg 1846 forv@Eied [R04hMid Rmpsaliire DY Sh@ithchdsrrhe earideyRhOPatud 0
store heat at high tenperatures, are used primarily with solar

d
concemakatohast resQEHy $9d heatgeqyslipe g%ﬁ@%ande%tmt@rsw- A GO &452¢ gmewIss efy | y

much | r : i £ t i , d I

o1 oacRe@fiard PARbROERAFIld ol REL wtihirh, By TRSE wf of SnP \fstifiod,

met al ths radlsog siwbdndwtridheptrasormsmagre catrghiigiessive tapecatssares, al t hough in the
case of sodj he t orage occurs inly heating. the |jquid sodiumto
roher t oot o7 hudiRORRT BRI <SefRihc Lo mEGe mafiohnan by afireBhl

syst engdusM réQid (8813 2Rpblad Qba{rOR k3oh &ubhfhory @bRiEVed R OdoudIQREBEE :
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[ 0008] Sone technol ogies relate to energy storage systens based on phase
change materials, and enpl oy heat pipes in connection with such heat

st orage swetenwssisat i ncl ude heat exchangers. O hers enpCogsphiaseloochange
materials that are conpacted in powder form and encapsulated by a rolling
process. However, the normal problens encountered with the use of heat
exchangers using nolten salts are exacerbated, and the encapsul ation
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readily upon heating, and such chemical changes typically occur at or before reaching the
melting point of those substances. As a result, any free water is likely to evaporate, leading to
pressure build up within any enclosure. Accordingly, key features of these technologies make

them inappropriate for use in the applications described above.



[0015]FIGS. la and Ib are elevation views of two enbodi nents of

encapsul ated heat transfer devices. [0016] FIGS. 2a and 2b are enbodi nents
of heat tweansfienssdevi ces with inner coatings. [0017] Fl GBCTA®2@na28B7 ar e
el evation views of heat transfer devices with inner and outer coatings.

[ 0018] FI GS. 4a and 4b show two possi bl e enbodi nents of heat transfer
devices inside different heat transfer reactor configurations. [0019] FI G

Bais a sch |c doub) e-wal | ed petrochemni cal , r eact or chanber.
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oxygen converter with a heat recovery chanber. [0022] FIG 7 is a schematic
di agrémt@mséhatwmgratﬁﬁryséalwbﬂ@mwuth a heat recovery chanber.
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[0012] Still other technologies employ describe anhydrous sodium sulfate and similar
phase change salts in connection with a heat exchanger configured to provide uniform heat
distribution throughout the phase change materials. However, the common deficiency of such
systems is the same described earlier, namely the fact that upon freezing such materials
completely lose flowability.

[0013] Other methods employ heat pipes and mechanisms for scraping an eutectic of
salt from the pipes, while molten salt provides the heat for boiling water. However, eutectic
compositions present the problem that such salt mixtures tend to exhibit greater solubilities for
materials that enclose the phase change salt.

SUMMARY

[0014] Embodiments of the present invention provide an improved method for heat
management, one that allows for the rapid capture of heat at temperatures in the range of 120° C
to 1,300° C from a variety of heat sources, and the subsequent release of such heat at constant
temperature for a long period of time. The system can include an inner heat transfer medium
encapsulated in an outer container that can cylindrical, spherical, or other shape, and that is inert
with respect to the heat source. The heat transfer medium can include salts, metals, or ceramic
compositions and is capable of removing heat by absorbing the heat of fusion from a heat source.
The encapsulating container can include a metal, plastic, or ceramic composition that is non-
reactive with respect to the heat source and non-reactive with respect to the heat transfer
medium. In embodiments of the system, the size and shape of the encapsulating container is
determined by the nature and chemical characteristics of the heat source, and by the heat transfer

requirements in terms of heat removal or release per unit volume and per unit of time.



[ 0025] Enbodi nents of the invention include systens, nethods, and apparatus
for heat managenent, recovery and recycling froma variety of industrial
oper at i or80 2Priaf8er3zed enbodi ments provide a broad spect Pamustothmatoo?
absorption chanbers that operate within the tenperature range of 120 C and
1,300 C, and that provide for fully automated heat recovery at tenperatures
simlar to that range over several hours, days or nonths w thout user

i ntervention. For exa iSC e rei n run w thout user
control or interventi gﬁkﬁgﬁ?ﬁ%@ﬁﬁ)@%@ (Slf?riﬁlt%tﬁwﬁ\i(gﬁger In preferred
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available, ‘it is readily absorbed by the phase change material being
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i s trahshest ed to anot her heat transfer chanber where the nolten phase
change materij al ins to solidify, thus releasing the sane heat of fu5| on
that was pr{@%%us| IGab%botsb%almqltﬁeémehealtertlpaﬁete?r WHE ety Hisnsesedrheghy
shape (gicresiiagcdshat is conpatible with the anpbunt of heat available, the
length of time such heat is available, and its tenperature. Those three
vari abl es d8824ini nElG.Heissd gehemmatic siiv@p%n@lf atdtexl thesic oxygansémvcdevivitks Hyef ng
used, so _that th)ely will have a residence tine in the transfer chanber equal
to thétcoé{?fyh%% Bei ng available, and their nass of phase change materi al
Wil be adggeme tPIG.he ianDyetenthich@airaAnof taetmepalsUbsiicaighicAbWth a heat
[0028] Inportant characteristics of the heat transfer chanbers is that they
al | owtICYR@HBAt of heat transfer devices in and out of such chamber,
such as by ity - TRC i .
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effective. Durability requires lack of chem cal interaction between the
encl osure material of the dey ' hase change materi al .
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inorganic salt or a mixture of salts. The cylinder or sphere is nade of a
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scremmpapgy&ﬁggihﬁﬁ@ures 2a and 2b illustrate an alternative enbodi nent of
a heat transfer device (1) in which the inner surface of the encl osing
material is coated with an inert substance (21) that is chemcally
non-reactive with the enclosing materials (2) or with the phase change
material (3). As used in this applicatdon, "non-reactive" enconpasses both
conpletely non-reactive materials and naterials that do react chem cally,
but in which the reaction is so slow or slight that it has no appreciable
affect on the chem cal properties of the materials or the structure of the
heat transfer device. Suitable coatings include el ectrodeposited netals and
al l oys, paints, ceram c conpositions, or polyners. Exanples of iInexpensive
coatlngs on copper, aluntnuntand S|n1Iar naterials i ncl ude car bi des,
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[0032] Figures 3a and 3b illustrate alternative enbodi nents of a heat
transfer device (1) in which both the inner and outer surfaces of the

encl osi ngvoebawassi32(2) are coated with inert substancesPC2IS2an21081) t hat
are chemcally non-reactive with either the enclosing material (2), the
phase change material (3), or the external environnment in which the heat
transfer device is operating. Suitable coatings |nclude el ectrodeposited
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the dissolved carbon in the nolten ironis a exotherm c reaction

t hat maanséasturhacquargpghatt tm eenelosechpharo| chemgac hategel an d:ncatrzsatae@ inamqwmousu mes
of ver§ﬂpot gglgs at te r.at ures that nor g ¥t§ ce f SOOIC The

gases WAIFEWcolsi®st “tar 8@ Prisicodpiey ?tcr‘PFPS f RLEEeS HECRYIS O 8“%%

col | egpksted, Ané thvoldict. (hbpmal ThecthRhc@as@sires akidt Yhathicknodsnafubic amtdosiig Mhtchiant
that is Iargeh{ captured by . the heat transfer devices é}%bthat are flomnng
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Cha”b%hw%rﬁﬁéﬁi towléﬂﬁ ﬁ{éq{%%t bPfhcamRHR cirdRBRht @ﬁh@gh&l’e%ﬁétfg%%&%é(mtlhe hot
gases. [0036] F gure |'ustrates heat recovery froman i1ndustrial boiler
(8). Typically, a burner (81) provides the necessary heat by burning a fuel

inthe fir . The het conbustion gas |t| nsfer hea
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exit through chi mey ﬁ, A heat transfer chanber % connected to
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time to capture the heat contalnedlrtihe flue gases WO
2011/088132PCT/U82011/021007 [0037] Figure 8a and 8b illustrate an el evation
and a plant view of a system (9) for recovering useful heat fromthe heat
transfer devices (1). In figure 8a, two concentric chanbers (91) and (92)

al l ow high tenperature heat transfer devices (11) at very high tenperature
to transfer heat to |lower tenperature heat transfer devices (12), so as to
prolong the perlod of heat _recovery at Iomer tenperatures Thus heat that
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[0039] Table 1 [0040] Table 2 lists several salts and provides nelting
points arranged in ascending order, as well as the correspondi ng heat of

f usi on.

TWo 20nfossysati on in Table 2 serves to sel ect sui pablts2phas®oThange

media for different industrial applications and heat recoveries at various
t enper at ures. Forrmula Table 2 Melting point, C a+ 28.33333 Na3PO4
36.11111 BiBr3 218i 233.5

similar inexpensive metal. In other embodiments, the enclosing material (2) may be a thin
ceramic or polymer material that is made thermally conducting by incorporating metallic
powders or shavings. In preferred embodiments, the enclosing material (2) consists of a crimped
aluminum, copper or similar metal tube, a welded tube, or a tube or similar shape fitted with a
SCrew cap.

[0031] Figures 2a and 2b illustrate an alternative embodiment of a heat transfer
device (1) in which the inner surface of the enclosing material is coated with an inert substance
(21) that is chemically non-reactive with the enclosing materials (2) or with the phase change
material (3). As used in this application, “non-reactive” encompasses both completely non-
reactive materials and materials that do react chemically, but in which the reaction is so slow or
slight that it has no appreciable affect on the chemical properties of the materials or the structure
of the heat transfer device. Suitable coatings include electrodeposited metals and alloys, paints,
ceramic compositions, or polymers. Examples of inexpensive coatings on copper, aluminum and
similar materials include carbides, nitrides, oxides. Examples of coating methods include
chemical vapor deposition, electrostatic deposition, anodizing, electrolysis, and painting. Useful
information relating to corrosion and coatings is provided in Handbook of Corrosion
Engineering, which is incorporated herein by reference in its entirety.

[0032] Figures 3a and 3b illustrate alternative embodiments of a heat transfer device
(1) in which both the inner and outer surfaces of the enclosing material (2) are coated with inert
substances (21) and (31) that are chemically non-reactive with either the enclosing material (2),
the phase change material (3), or the external environment in which the heat transfer device is
operating.  Suitable coatings include electrodeposited metals and alloys, paints, ceramic
compositions, or polymers. Examples of inexpensive coatings on copper, aluminum and similar
materials include carbides, nitrides, oxides. Examples of coating methods include chemical
vapor deposition, electrostatic deposition, anodizing, electrolysis, and painting.

[0033] Figures 4a illustrates one possible embodiment of a heat transfer chamber (4)
that consists of a cylindrical configuration containing a plurality of heat transfer devices (1) that
are arranged randomly so as to provide for sufficient porosity to the flow of a fluid media
containing heat. Figure 4b illustrates another embodiment of a heat transfer chamber (4) that
consists of a rectangular configuration containing a plurality of heat transfer devices (1) that are
arranged randomly so as to provide for sufficient porosity to the flow of a fluid media containing

heat. Other geometrical shapes used to contain the heat transfer devices are also possible. Those
6
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skilled in the art will recognize that cylindrical or rectangular shapes are exemplary only, and

that other shapes may be utilized to fit space restrictions imposed by the type of heat source in

different industrial applications.

[0034] Figure 5a is a simplified diagram of a double-walled petrochemical reactor,

typical of catalytic processes involving exothermic reactions. In Figure 5a, the reactor (6)

consists of two concentric cylindrical tanks that allow cooling water to enter through ports (62)

and exit through ports (63), so as to provide cooling for the exothermic heat generated in the

reactor volume (61). Such reactors are used extensively to control reaction temperatures in the

chemical industry, and are notorious for requiring large volumes of cooling water and extensive

use of pumps. Figure 5b illustrates a simplified reactor configuration that consists of a reactor (6)

comprising a single tank and a plurality of heat transfer devices (1) that provide for more

efficient cooling of exothermic reactions.

[0035] Figure 6 illustrates heat recovery from a basic oxygen furnace (7) in a steel

plant. Typically, those furnaces are lined with special refractories (71) and are initially charged

with molten iron (72) from a blast furnace, some fluxes and some steel scrap (73) that serves to

cool the molten iron. Once the furnace is charged, an oxygen lance (74) blows oxygen into the

molten iron so as to oxidize the excessive amount of carbon in the molten iron, and create steel.

The reaction of oxygen with the dissolved carbon in the molten iron is a highly exothermic

reaction that raises the temperature of the molten charge and creates large volumes of very hot

gases at temperatures that normally exceed 1,500° C. The hot gases which consist largely of CO,

exit the furnace at the top and are collected in a hood (75). The hot gases carry an enormous

amount of heat that is largely captured by the heat transfer devices (1) that are flowing inside a

heat transfer chamber (5) such that the residence time inside the chamber precisely balances the

amount of heat being produced by the hot gases.

[0036] Figure 7 illustrates heat recovery from an industrial boiler (8). Typically, a

burner (81) provides the necessary heat by burning a fuel in the fire box. The hot combustion

gases initially transfer heat to a plurality of high-pressure steam tubes (82), and subsequently to a

plurality of water boiling tubes (83), and a pre-heater chamber (84), and exit through chimney

(85). A heat transfer chamber (5), connected to chimney (85), recovers the heat contained in the

hot flue gases by transferring the heat to a plurality of heat transfer devices (1) that move

through the chamber (5) at a rate commensurate with the required residence time to capture the

heat contained in the flue gases.
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[0037] Figure 8a and 8b illustrate an elevation and a plant view of a system (9) for
recovering useful heat from the heat transfer devices (1). In figure 8a, two concentric chambers
(91) and (92) allow high temperature heat transfer devices (11) at very high temperature to
transfer heat to lower temperature heat transfer devices (12), so as to prolong the period of heat
recovery at lower temperatures. Thus, heat that has been captured at very high temperature but
for limited amounts of time becomes available on a continuous basis at lower temperature. As
will be appreciated by one of skill in the art, different configurations can be used for transferring
heat from high to low temperatures, and other shapes than cylindrical or rectangular chambers
may be used.

[0038] The heat transfer devices can be made of any suitable material. Exemplary
materials for enclosing the phase change media include but are not limited to metal, glass,
composites, ceramics, plastics, stone, cellulosic materials, fibrous materials and the like. A
mixture of materials can be used if desired. One of skill in the art will be able to determine a
suitable material for each specific purpose. The chosen material will preferable be capable of
standing up to long term high temperature use without significant cracking, breaking, other
damage, or leaching toxic materials into the environment. If desired, the differently sized
devices can be made of different materials. For example, the enclosures for high-temperature
heat transfer devices can be made of metals such as steel, titanium, or various alloys, and the
phase change media can consist of salts that have high melting points. The chosen material can
preferably be resistant to breakage, rust, or cracking due to the heating process. Table 1 lists
several metals with their melting points and their heat of fusion to facilitate selection of suitable

enclosure materials.
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[0039] Table 1

76.68:kcal/kg
15.05kcal/kg

[0040] Table 2 lists several salts and provides melting points arranged in ascending
order, as well as the corresponding heat of fusion. The information in Table 2 serves to select
suitable phase change media for different industrial applications and heat recoveries at various

temperatures.
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Formula

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 310.5556 62.78 kcalkg |

: 338.8889: §kcaI/kg
: 373 ‘kcal/kg
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[0041] In addition to phase-change materials, chemical reactions involving
reduction/oxidation (REDOX) can also provide heat storage and controlled heat release and,
thus, can be used as media for heat transfer applications. For example, the carbonate/bicarbonate
reaction typically involves a chemical change that can be reversed upon minor changes in
temperature. Thus ammonium bicarbonate decomposes into ammonium carbonate when
temperature changes a few degrees centigrade, and the heat of this reaction can either be
absorbed or released, thereby providing a functionality similar to that of phase change materials.

[0042] As used in this application, REDOX reactions include those in which one or
more electrons are exchanged, and thus encompass a broader group of chemical reactions than
simply those involving oxygen as an oxidant.

[0043] Typically, the chemical reactions of interest in this application include those
in which one of the reactants is an organic material. Such chemical reactions are characterized by
heats of reaction that are sharply dependant on the temperature of the system

[0044] One skilled in the art will appreciate that these methods and devices are and
may be adapted to carry out the objects and obtain the ends and advantages mentioned, as well as
various other advantages and benefits. The methods, procedures, and devices described herein
are presently representative of preferred embodiments and are exemplary and are not intended as
limitations on the scope of the invention. Changes therein and other uses will occur to those
skilled in the art which are encompassed within the spirit of the invention and are defined by the
scope of the disclosure.

[0045] The invention illustratively described herein suitably can be practiced in the
absence of any element or elements, limitation or limitations which is not specifically disclosed
herein. The terms and expressions which have been employed are used as terms of description
and not of limitation, and there is no intention that in the use of such terms and expressions
indicates the exclusion of equivalents of the features shown and described or portions thereof. It
is recognized that various modifications are possible within the scope of the invention disclosed.
Thus, it should be understood that although the present invention has been specifically disclosed
by preferred embodiments and optional features, modification and variation of the concepts
herein disclosed may be resorted to by those skilled in the art, and that such modifications and

variations are considered to be within the scope of this invention as defined by the disclosure.
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each éﬁﬂ%?%??% “6Pan inner heat transfer medium encapsulated in an outer
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capabl e of the rdpid capture of heat at tenperatures in the range of 120 C
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constant tenp over. . erhod. of, ti T tem.o laim1,
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gr oup sabigicss ity chbmécadigl eactn@takiveandmacratiranmhd tbanipo abdarenhanhdati & thapabl e
of renovi.ng heat from an environnent by absorbing the heat of fusion from

t he héang-urce. _ 3. The systemof claim1, wherein the container
conprises @ mat eiealstsalo?elad & MARctNEc QERURNSRP Rlcdfun @ Binpdsdd®it Alsiven
plastic, or ceramc conposition that is non-reactive with respect to the
heat doupwetuzanndribercheieasescthomhedi of egagtion tarthe emerdmezant.t r ansf er medi um

10.  The system of claim 3, wherein the container comprises a material selected from
the group consisting of a copper, aluminum, chromium, iron, lead, magnesium, nickel, metal
alloy, high-temperature plastic such as fluorocarbon or chlorofluorocarbon, and a ceramic, such

as silicate, alumina, and similar refractory composition.
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tenperature within a range of 120 C - 1,300 C 5. The system of claim
2, Wwhereiwotzhe/dsest transfer nedi um conprises a materi alPC3alSeatimeiohT om t he
group consisting of a chloride, oxychloride, fluoride, sulfate, sulfite,
carbonate, bicarbonate, borate, arsenate, alumnate, brom de, chronate,
hydri de, manganate, silicate, sulfide, titanate, telluride, selenide,

oxi de, hydroxid metal , and nj xtures therefro 6.. The system, of

ol i m 2, wlar ef RS HEA S Bt PRI oM s¥ehs QB BEERSENER A s a
boi | i RELRICBEhRNs BondREATRASiH iheheharmefcatidiRint.hat is at [east 100 C hi gher
than the fusion tenperature thereof. 7. The system of claim 2,

wher ei n t hd2heatThersastemenrt C&?emi3um@mﬁhm@eraﬁuéfa%qfd%@éonwa@r K&eatgd yathya | ow
vapor e [ r re. 8. The system of claim 2,
wher eisﬁgﬁﬁggﬁ%é?stqdrna%g&g%Vﬁe%ﬁ%%%&%&ﬁses two or nore substances that
chem cal | y 1BeactThatsystemi ofeaitnedypereatinitiee evating lo€ ttebyonadhsacbntphisesheamtentl t hat
reaction. 9. The systemaf claim8, wherein the heat transfer medi um
decomsBlEed fiom U et FRANNIE( e HEC 1 RIS Bl crlst RIYEET TR 8BTS Rr P8R on
t o t hecRAvE cARAPRXon with respd@ to tHGcavedfer @fedfiln@i m 3, wherein the contai ner
conprises a nmaterial selected fromthe group consisting of a copper, |

al umi num  dHr omThesystemref claead 0, wheigastha spatiicciddhe consaingr compsises a material

hi gh-t p [ Q . r.of r ] nd a
cer amsglg&g%(?{?ﬁgglesérﬁ&ﬁcg %S?Slﬁglguoﬁdn%ll,rﬁg%fd&@ ér?rgﬁlgrg % g\% agf’or}rlé;[glé g?r%%@ %? 5118% 12
WO 201ddcfi88 tRRAPESTHdUSROH tdsPect @®the heat soukt. The system of claim 3, wherein

t he i nner rfa of the container is coated w Lh a slybﬁt ance g‘:]at i.@
non-reacti Ve wit ot Bt Rt s PsFemngd " ! W crey thor @tsw RIS m
3, wher@id: 4 BRHQH& S pﬁ&gefc@lﬁﬁg@ﬁlafeﬁﬁlscsgﬂﬁlﬁé & a fa'ﬁg:GL gﬁftej?lgﬁbe‘ﬁéthﬂ%s,asu% bisdt IRce

that is non-reactive with the heat source. 3. e systemof claim9,
wher eiskisteaceoyarsiheat afvaripes opterl thapcrebmipy ireadheparagler.i al sel ected fromthe
group consistin f r bi [ SiJi.c . yner .. r.simlar
non-reacti vlg corg}rpl)%sslyt@}e%ﬁ ngcgﬁmr g%(p\g@?re]?loihte hlgetaﬁg%@% rcgﬁlg (SE%EIF@%}F uhmat Foff

14. Thacmical enctofs lmhdlinp &Kothendnér readtionke coating of the container conprises
a material selected fromthe group consisting of a carbide, oxide,

silicate, g Iymcellrh,e Saem of i s heeh W SFeC QOGS PG ot 9m Pshect
to theyhgads source. 15. The heat managenent system of claim 1l wherein
the heat transfer particles include a plurality of phase change material s
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cl ai mﬁ@,%g%zé&é%mﬁ t he heat source conprises waste heat from chem cal
reactors handling exotherm c reactions. 17. The system of claim13,
wherein the heat source conprises waste heat from steel furnaces. 18.
The system of claim 13, wherein the heat source conprises waste heat from

i ndustrial boilers.
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