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reference to the accompanying drawings, in which: Fig. 1 is a top view of a
first embodiment of the The invention concerns solid-gas adsorption
invention incorporating a series of plates spaced and desorption reactions
involving volume changes    along a heat transfer tube with a column of
wire in the solid reactant, and apparatus for containing   5  mesh
volumetric restraining means secured ar- such reactions.
ound the periphery of the trays; The use of complex compounds, zeolites,
ac-       Fig. 2 is a sectional view taken along lines 2-2 of tivated
carbon, metal hydrides and metal oxide-       Fig. 1; hydroxide reaction
compositions as heat pump          Fig. 3 illustrates another apparatus
embodiment working materials is known in the art. Complex   10
comprising a plurality of reaction chambers de- compounds are materials
formed by adsorption of      fined within an enclosed tubular wall with gas
molecules on a solid adsorbent. Suitable com-   spaced plates secured
therealong and incor- plex compounds comprise metal salts on which
porating a concentric perforated tube for direct- gaseous ligands such as
water, ammonia, metha-       ing gas to and from the reaction chambers;
nol, methane, ethane and the like are alternately  15  Fig. 4 is a partial
sectional view taken along adsorbed and desorbed. A number of such materi-
lines 4-4 of Fig. 3; als are described in U.S. patent US-A-4,822,391,
Fig. 5 illustrates an apparatus modification incor- issued April 18, 1989
and US-A-4,848,994, issued     porating layers of spaced reactor beds in
which July 18, 1989. These complex compounds are           the spaced
reactor bed plates are secured with- highly advantageous in heat pump
technology,  20    in an elongated tube comprising the volumetric thermal
storage or in other heat-transfer systems,   restriction means; since they
are relatively inexpensive, yield higher  Fig. 6 is a sectional view taken
along lines 6-6 of refrigerant density as compared to liquid-vapor me-
Fig. 5; dia, and are useful in relatively simple and inexpen-  Fig. 7
illustrates another embodiment incorporat- sive heat pump apparatus.
25    ing a porous sleeve along a heat transfer tube to Other solid-gas
reaction systems, such as met-    provide a second path for gaseous
reactant, al hydrides, inclusion compounds (zeolites and ac-   Fig. 8 is a
sectional view taken along lines 8-8 of tivated carbons), and metal
oxide-hydroxide and      Fig. 7; metal oxide-carbonate reactions have
application     Fig. 9 is a side view showing another embodi- as heat
pumps, refrigeration and power cycle work-  30  ment incorporating upper
and lower layers of ing media, desiccants, scrubbers, adsorbents for
solid complex compound held against a central solvent recovery, or thermal
energy storage. The      heat exchanger by volumetric expansion restric-
subject invention is applicable to any such systems  tion means; which
involve a volume change on adsorp-             Fig. 10 is a sectional view
showing yet another tion/desorption.                              35
embodiment using multiple heat transfer plates Solid-gas chemisorption
reactions involving ad-   separating layers of a solid-gas complex com-
sorption and desorption are generally accompanied    pounds all secured
within volumetric expansion by significant volume and density changes of
the     restriction means; solid material. Such solid-gas reactions are
typi-    Fig. 11 is an end view illustrating yet another cally conducted in
fluidized beds, on flat plate heat  40  embodiment of the invention
incorporating a col- exchange surfaces on which the solid reactant, is
umn of solid reactant surrounding a heat transfer located, or with heat
transfer and gas flow tubes    tube with a volume restraining wire mesh
sur- embedded in a mass of solid reactant. These sys-     rounding the
column, tems allow free expansion of the solid reactant.      Fig. 12 is a
sectional view taken along lines 12- However, if the solid is allowed to
expand without  45  12 of Fig. 9, restriction, a large void fraction
results thereby sub-  Figs. 13-17 are graphs showing comparisons of
stantially reducing composition density with con-    reaction rates of
various complex compounds comitant reduction of thermal conductivity and
re-   using the system of the invention vs. free, un- action rates because
of limited heat transfer in the  controlled expansion. solid mass and at
the interface. It is an object of  50  Solid-gas or solid-vapor reactants
comprise the present invention to reduce or obviate such    complex
compounds which normally expand in vol- problems.
ume between about 1.5 and about 10 times as the Accordingly, the invention
provides a chemisor-  gas moiety is adsorbed into the solid component.
ption reaction process according to Claim 1, and   The Improvement of the
invention in maintaining apparatus according to Claim 12 for performing
55  optimum reaction density by restricting volumetric that method.
expansion is particularly advantageous for systems Preferred embodiments of
the invention will    incorporating the substantially expanding solids. In
now be described, by way of example only, with     another embodiment of
the invention in which solid 2.    
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relatively low expansion are   restricting the volumetric expansion of the
expand- used, the compositions are initially packed into the  able solid
complex compounds. More specifically, reaction chamber at density greater
than the free,  the volume of the reaction chambers in which the unpacked
pour density, and maintained at the high-  complex compounds are contained
during reaction er density throughout the reaction. In other sub-   5   are
limited by providing reactant containment stances, such as metal hydrides,
inclusion com-    means which creates closely spaced thermal con- pounds,
and metal oxides, volumetric expansion     duction paths and also allows
for passage of the ranges from that of the aforesaid complex com-
reacting gases to and from the solid reaction ad- pounds to near zero.
sorbent. The containment means comprises a vari- Salts which adsorb gaseous
ligands and which   10  ety of materials including wire mesh, perforated
are useful for the aforesaid purpose include nitrites,  plates or tubing,
or other materials including foams nitrates, oxalates, sulfates, sulfites
and halides, par-  porous to gas. These materials are provided on at
ticularly chlorides, bromides and iodides of alkali  least one or more
walls or barriers defining and metals, alkaline earth metals, transition
metals,  surrounding the reaction chamber. The remainder zinc, copper,
cadmium, tin and aluminum. Magne-  15  of the walled reaction chamber may
be the heat slum and manganese salts are also particularly     exchange
surface and/or the conduit for the heat useful as are double salts of the
above metals gold,  exchange fluid. Using such reaction chambers al- silver
and cobalt with oxides of calcium, sodium,  lows for adequate exposure and
transfer of the gas strontium, magnesium  and  manganese oxide.        into
and from the solid reaction mass from outside These salts are disclosed
generally in the aforesaid  20  of the reaction chamber, while at the same
time U.S. patents. Complexes of these salts with ammo-  affording good heat
transfer within the reactor to nia, water, methanol and other lower
alkanols, sul-  and from the solid reaction mass. Optimization of fur
dioxide, polyamines, particularly lower alkyl dia-  the system involves
providing the optimum rela- mines, carbon dioxide, phosphine and
methylamine  tionship between the thickness of each reaction are most
useful.                              25  chamber, the loading density of
reactant in the As the complex compounds are formed by          chambers,
and the chamber depth, (diffusion length adsorption of the gaseous ligand
on the solid ma-  from gas passage to furthermost reactant). Spacing
terial, substantial heat is created. This energy is to  between plates or
other barriers is adjusted as be recovered in the reactor by heat transfer
plates,  required to optimize thermal conduction path tubes or other heat
exchange surfaces of the ap-  30  lengths and give proper system thermal
conduc- paratus. Conversely, when the complex releases a   tance. In the
systems utilizing the improvement of portion or all of the gas moiety
during a desorption  the invention, solid is maintained at densities phase,
the solid complex compound decreases in     (based on solid reactant mass)
typically between volume, but to a lower extent, and at the same time  0.2
and 2.5 g/[err]. absorbs heat, again with the energy being trans-  36  In
Figs. 1 and 2 there are illustrated a first ferred through the heat
exchange surfaces to which  means for restricting the solid reactant
composition the compounds are exposed in the reactor. During   20 which has
been placed in a series of reaction such sorption reactions, it is
important to maximize  chambers defined between heat transfer plates 12 the
reaction rates. Reaction rates are controlled by  mounted along heat
transfer tube 14. The plates thermal conductance, mass transfer and
intrinsic  40  are shown as being annular in shape, although any kinetics.
Such rates are maximized by achieving    suitable shape may be used as may
the cross- high thermal conductivity of the solid for the en-  sectional
shape of the heat transfer tube to which ergy transfer while also
maintaining adequate po-  they are secured. Around the outside of the
reactor rosity for diffusion or transfer of the gas. If the solid  is a
wire mesh 10 which provides free movement is allowed to expand without
restraint, large void  45  of the gaseous reactants to and from the solid
fractions in the solid structure result causing sub-  reactant material as
well as restraining expansion stantially reduced thermal conductivity
thereby    of the solid reactant within each of the reaction limiting the
heat transfer and reaction rates. By  chambers. The heat transfer plates
also provide for maintaining density of the solid reactant different  heat
transfer to and from the solid reactant material and typically greater than
that of the reactant in its  50  and the heat transfer tubes. A suitable
heat ex- free sorbed state an optimal balance between ther-  change fluid
passes along the interior 16 of heat mal conductivity and porosity is
achieved and reac-  transfer tube 14. tion rates are maximized. Thus, the
loading density   The wire mesh is only one example of a volu- of the
unreacted solid sorbent is very important in  metric expansion barrier
which is porous or other- obtaining preferred results.                  55
wise provides a path for the gaseous reactants. These improvements and
advantages are re-       Typical mesh size will be about 250 mesh, al-
alized by maintaining the solid reactants at their  though larger or
smaller mesh may also be used. optimum reaction densities during the
reactions by  The particle size of the solid reactant is not so 3    



5                 EP 0 462 226 B1                    6 important, and it
has been found that even particles  transfer and increasing reaction rates,
but returns that are smaller than the wire mesh opening size   diminish at
very thin layers because diffusion be- do not create a problem since the
expansion bar-   comes limiting and heat transfer no longer controls rier
will be effective once the chemisorption reac-  the reaction rate. Optimal
thickness is a function of tions begin as the solid reaction mass will
become   5   reactant properties. Thus, deeper reaction cham- somewhat
stiffened. The solid complex compound     bers may be preferred for some
sorption reactions is shown as substantially filling the reaction cham-
since it will maximize the ratio of solid reactant bers as it will in an
expanded condition. However,  mass to the total mass of the system by
utilizing when initially charging a solid complex forming salt  fewer
reaction chambers, fewer reactant support into the apparatus, particularly
with substantially  10  trays, thereby further decreasing reaction vessel
expanding solids it is usually preferred to charge  costs and weight.
Moreover, where reaction cham- the reaction chambers to less than full
chamber    ber space is increased to provide a concomitant volume, for
example 40%-90%, thereby leaving       increase in the amount of solid
reactant used in the some space for solid expansion. There may also
reactant vessel, the free volume of gaseous reac- be means for moving the
reactor bed plates and/or  15  tant is also minimized or reduced. This
advantage the wire mesh to create reaction chambers having   is further
enhanced since the limitation of the volu- variable volumes to compensate
for solid expan-    metric expansion of the solid complex compound sion and
contraction as will be explained in more  reduces the porosity of the solid
reactant thereby detail hereinafter.
minimizing the amount of free gas used. Such gas Tests using the apparatus
of Fig. 1 with SrCI2  20  utilization reduction is important for cyclic
pro- loaded into the reactor chamber at densities of 0.6  cesses in which
temperature and pressure vary, g/[err] have given ammonia adsorption rates
as       because energy is consumed in heating/cooling high as 18 moles
ammonia/mole [err] per hour       and/or compressing or expanding free gas
with initially, with average rates of 8-12 moles/mole after  additional
energy use or loss thereby affecting the 15 minutes. Comparable tests
without density con-  25  efficiency of the overall system operation. trol
gives rates of about 2 to 5 moles/mole-hr.       Another reactor
configuration is illustrated in Similar results have been obtained with
[err]    Figs. 5 and 6 in which heat transfer conduits 42 carbon, and
Na-zeolite.                       30  duits. Again, a suitable heat
exchange fluid will In Figs. 3 and 4 there is illustrated another   pass
through the heat transfer tubes to take advan- example of a chemisorption
reaction system  in    tage of the alternate heating and cooling caused by
which the reaction chambers are located within one  the chemisorption
reaction occurring as the gas- or more elongated sleeves or reaction
columns 30.  eous reactant is alternately adsorbed and desorbed Within the
column are a plurality of stacked reac-  35  from the solid reaction mass.
Solid reactant 44 is tion chambers each containing a suitable amount of
illustrated in the plurality of reaction chambers lo- solid reactant 34 on
reactant support trays 32.    cated between the reactant support trays,
with a These support trays are secured to column 30       wire mesh
volumetric expansion barrier 45 secured which allows the heat transfer from
the complex    around the exterior of the reactant support trays. compound
to and from the reactant support trays   40  Figs. 7 and 8 illustrate yet
another embodiment to the column and refrigerant fluid. The gaseous
similar to that of Figs. 1 and 2 but incorporating a reactant is diffused
into the solid reactant 34 via  porous sleeve 46 which surrounds heat
transfer perforated tube 36 which restrains the solid reac-  tube 47 to
allow gaseous reactant to have access tant from excess volumetric expansion
within the   to solid reactant 49 from both the inside and out- reaction
chambers. Again, other suitable means   45  side periphery. Larger overall
diameters can be such as a wire mesh, foam, pumice or other porous  used
because the diffusion path is reduced by a means which allow the gaseous
reactants to move    factor of two. Wire screen 48 surrounds the solid to
and from the reaction chambers may be substi-   reactant column. Although a
plurality of reactant tuted for the perforated tube 36.
support trays are shown in Figs. 1-8, only an upper The shape of the heat
transfer column 30 and   50  and lower end plates may be used, with the
solid the reactant support trays 32 is not critical. It  reactant formed in
a column therebetween and should also be appreciated that the depth or di-
encased within the wire mesh. Alternatively, any mension of the reaction
chambers may be varied     number of trays may be used along the column. to
obtain optimum thickness, depending on the         In Fig. 9 there is
schematically illustrated yet type of reactant used and the density of the
com-   55  another embodiment of the invention incorporating plex compounds
being used. Reactant layer thick-   a wire mesh support screen 50 secured
entirely ness typically varies from over 2.54 cm (11") to 0.13  around a
heat exchanger 56 to create upper and cm (0.05"). Thin layers usually
provide better heat  lower reaction chambers. These reaction chambers 4
7                 EP 0 462 226 B1                    8 are initially
partially or completely filled with solid  on the solid reactant. The
components and features 



reactant 52 and 54, respectively, depending on the  of such a gaseous-solid
thermal system are known solid expansion, so that each reaction chamber is
to those skilled in the art and are not explained in defined between the
wire support screens 50 and    any further detail herein. the surface of
the heat exchanger. The heat ex-   5    Figs. 13-17 illustrate the
improvement of the changer illustrated is shown from a side view so
invention showing a comparison between various that the heat exchanger is
viewed along its narrow  complex compounds during adsorption or desorp-
component and having relatively wide upper and     tion when allowed to
expand freely and when the lower surfaces 51 and 55, respectively. The heat
expansion is limited according to the invention. In exchanger may also be
circular or shaped dif-  10  the examples as shown, each of the adsorbents
is ferently and the specific shape is not particularly  placed in an
apparatus as shown in Figs. 1 and 2 critical. It is to be understood that
the heat ex-  whereby the expansion is restricted during the ad- change
surface exposed to the solid reactant may   sorption or desorption process.
The salts as shown be configured to maximize heat exchange efficien-  are
complexed with ammonia ligand which is ad- cy to and from the solid
reactant. An advantage of  15  sorbed or desorbed from the complex between
the the design of this embodiment is the relatively    moles of ligand
shown after the salt. Thus, in Fig. large surface area of the solid
reactant exposed to  13, [err]s desorbed to [err] with a gaseous reactant.
Again, other materials which   the heat transfer fluid temperature in the
apparatus will restrict volumetric expansion and at the same  at 45 C, and
the pressure in the reaction vessel at time offer suitable gaseous movement
to and from   20  1.37 Bar. The reaction rate is shown in moles of the
reaction chambers and solid reactant may be    ammonia per mole of salt per
hour. The graphs used. A suitable heat exchange fluid will be trans-  show
clearly the improvement of the invention over mitted via pipes 57 and 59 to
and from the heat    free expansion of salts with significant improvement
exchanger 56. The thickness of the solid reactant  in reaction rates being
achieved. layers can be varied to achieve a desired gas   25    In another
embodiment of the invention the diffusion path length.
reaction chamber volume is variable in the walls, In Fig. 10 wire mesh 62
or other similar porous  trays and/or other components defining the cham-
material for restraining the volumetric increase of  ber are movable. For
example, the reactant trays solid reactants 65 is shown. In this
embodiment,   may be free to move up and down along the heat the perforated
or mesh volume restriction member  30  transfer tube. Thus, in this
embodiment, in the is on the outside of the plurality of reaction cham-
apparatus shown in Figs. 1-8, the reactant support bers in which a
plurality of heat exchange plates  plates, are free to slide upwardly or
downwardly 61, similar to that shown in Fig. 9, are positioned.  along the
heat transfer tube, gravitationally biased Thus, the exterior or outside
reaction chambers    or urged toward one another when the tube is in a have
the advantage of the relatively large solid  35  vertical or upright
position. With the reactant solid surface exposed to the gaseous reactant
with the   between the trays, the trays are urged together interior
reaction chambers being more limited with  against the solid to maintain a
constant force and only their ends being exposed. However, the heat
compression both during expansion and contrac- exchangers may have any
suitable shape, including  tion. The wire mesh or other porous restraining
curved or otherwise differently shaped surfaces for  40   means may also be
slidable or movable in the taking advantage of the solid reactant to which
apparatus. The reaction plates and/or the wire each is exposed.
mesh may also be biased utilizing springs or other Figs. 11 and 12
illustrate yet another embodi-  biasing means. Thus, in this embodiment,
observ- ment in which volume restraining wire mesh 72     ing Figs. 1-11,
the wire mesh screen is biased surrounds a column of solid reactant 76
supported   45  such that it is urged and compressed against the around a
plurality of heat exchange fins 74 extend-  solid reactant in the reaction
chambers. Such a ing radially from heat transfer tube or conduit 75. In
feature provides for automatically varying the reac- Fig. 12, the fins not
in the cross-section plane are  tion chamber volume as the reacting solids
expand shown with a phantom or hidden line. The length,   and contract.
Such a movable reactor support shape and number of such heat exchange fins
or  50  and/or porous volume restraining means feature their equivalent,
may be selected to suit the par-  may be incorporated in any of the
apparatus shown ticular needs of the apparatus and its intended    and
described herein. This embodiment may be function and performance
requirements. The solid   used with complex compounds having substantial
reactant column may be used in a heat exchange     expansion as previously
described. However, the reactor in which the solid reactant alternately ad-
55  embodiment is also particularly useful where the sorbs and desorbs
gaseous reactant. In such a      reacting solids do not undergo substantial
expan- reactor the open space may be flooded with suit-   sion, for
example, certain metal hydrides and ox- able gaseous ligand which would
then be adsorbed   ides and particularly zeolites, activated carbon and 5
9                 EP 0 462 226 B1                    10 silica gel.
tion-desorption reactions. These processes include 



In another embodiment of the invention, opti-   pressure swing and
temperature swing adsorption mum reaction density of a solid reactant is
main-  reactions for separating gases, recovery of solvents tained in a
reaction chamber having a fixed volume  from gas streams, removal of
contaminants, ad- by mixing the solid reactant with a solid material   5
sorption heat pumps, thermal storage systems, re- which is inert to both
the solid reactant and gas-  frigerators, and the like. The invention
provides for eous reactant at the chemisorption reaction con-   decreased
cost and higher reaction rates because ditions. The inert solid materials
mixed with the  of the substantially increased thermal conductivity solid
reactants are preferably porous or particulate  at high density and ability
to achieve optimum solid and of high thermal conductivity. With such prop-
10  reactant porosity and thermal conductivity. Low erties, these additives
allow for movement of the  cost and efficiency is further achieved by use
of gaseous ligand reactants to and from the solid     extended heat
transfer surfaces as reactant support reactants, as well as to provide for
heat transfer to  plates, thus providing short thermal paths through and
from the solid reactants and complex com-      the solid reactant at low
cost. pounds in the reaction chambers as previously  15     In systems in
which the initial state of the solid described. For this purpose, examples
of suitable  reactant has excessive porosity, particularly the materials
include[err]aluminum wool, po-  inclusion compounds such as zeolites,
activated rous metal granulates, alumina-silica solids, and the  carbons
and silica gel, the reactant is compressed like. Such examples are not
intended to be limiting  to the optimum density in the reaction chamber at
in any way, and any porous and highly thermal  20  the time of loading and
held to that density by the conductive solid which is inert to the
reactants as  volume restricting means. Thus, when loading the previously
described in the chemisorption process  inclusion compounds, or other
solids having little conditions for example, temperature ranges be-
volumetric expansion, they are introduced into the tween about -65[err] C
to about 1000 [err] C and pres-      reaction chamber, space and
compressed, for ex- sures  of between  about 100  and  1.5  x   25  ample
up to 20%, or more of their uncompressed 107Nm[err](.001 and 150
atmospheres) may be used.      or pour density. Such solids are also loaded
into The amount of inert solid material will depend on  the reaction
chamber to substantially fill the cham- the particular solid reactant being
used, as well as  ber space. The invention also improves systems in the
particle size of the solid reactant and inert  which the initial state of
the solid reactant mass is material. However, for most reactions, the
amount  30  of insufficient porosity, whereby the reactant is of inert
solid material between about 1 and about  decompressed, typically by
particle size reduction, 60%, by weight of the mixture, will be suitable.
or with addition of inert materials, and contained in In using the mixture
of the inert solid material  the reactor at optimum density. In addition,
be- and solid reactant, the reaction chamber may be    cause of compression
of the reactant to optimum partially or totally filled. However, where the
cham-   35  density against the heat transfer surface in each ber is
partially filled, the amount of mixture will be  reaction chamber, improved
heat transfer and ther- such that when the solid mixture expands due to
mal conductivity is achieved throughout the reactor. the formation of the
complex compound, expansion   Moreover, the systems incorporating the
invention will be limited by the volume of the reaction cham-  have higher
reaction rates and provide greater heat ber. Thus, the volume of mixture
used, even if less  40  flux at heat transfer surfaces, require minimum
than the fixed volume of the reaction chamber will  volume of gaseous
reactant, and maximize the ratio be such that the expanded solid reaction
mixture   of solid reactant mass to total reactor mass. Such would be
greater than the volume of the reaction   advantages over prior art systems
yield lower cost chamber if the reaction was carried out without    per
unit area supporting the solid reactant. These volumetric restriction to
the solid reactant. With  45  as well as other advantages of the invention
will be such a system, one skilled in the art may select the  evident to
those skilled in the art as will various optimum density of the solid
reactant desired to be  modifications, adaptations and features of appara-
maintained during the chemisorption reaction, and  tus components utilizing
the concepts disclosed select the amount of inert material to be mixed as
herein. well as the desired volumes of the solid mixture to  50 be
introduced into the fixed volume reaction cham-  Claims ber. The
improvement and advantages achieved uti-    1. A chemisorption reaction
process in which a lizing a system and method employing solid-gas
gaseous reactant is alternately adsorbed and reactions as disclosed herein
include industrial pro-  55  desorbed on a solid reactant to form a com-
cessing, and especially in cyclic processing in        plex compound, said
complex compound hav- which the solid reactant is not consumed, but is
ing a substantially different volume from the continually regenerated in
the alternating adsorp-     unreacted solid reactant, characterised by re-
6    9                EP 0 462 226 B1                    10            C
L  M   S silica gel.                                        tion-desorption
reactions. These processes include 



In another embodiment of the invention, opti-    pressure swing and
temperature swing adsorption mum reaction density of a solid reactant is
main-   reactions for separating gases, recovery of solvents tained in a
reaction chamber having a fixed volume  from gas streams, removal of
contaminants, ad- by mixing the solid reactant with a solid material   5
sorption heat pumps, thermal storage systems, re- which is inert to both
the solid reactant and gas-  frigerators, and the like. The invention
provides for eous reactant at the chemisorption reaction con-    decreased
cost and higher reaction rates because ditions. The inert solid materials
mixed with the   of the substantially increased thermal conductivity solid
reactants are preferably porous or particulate  at high density and ability
to achieve optimum solid and of high thermal conductivity. With such prop-
10  reactant porosity and thermal conductivity. Low erties, these additives
allow for movement of the   cost and efficiency is further achieved by use
of gaseous ligand reactants to and from the solid      extended heat
transfer surfaces as reactant support reactants, as well as to provide for
heat transfer to  plates, thus providing short thermal paths through and
from the solid reactants and complex com-      the solid reactant at low
cost. pounds in the reaction chambers as previously   15     In systems in
which the initial state of the solid described. For this purpose, examples
of suitable   reactant has excessive porosity, particularly the materials
include [err] aluminum wool po-   inclusion compounds such as zeolites,
activated rous metal granulates, alumina-silica solids, and the  carbons
and silica gel, the reactant is compressed like. Such examples are not
intended to be limiting  to the optimum density in the reaction chamber at
in any way, and any porous and highly thermal  20  the time of loading and
held to that density by the conductive solid which is inert to the
reactants as  volume restricting means. Thus, when loading the previously
described in the chemisorption process   inclusion compounds, or other
solids having little conditions for example, temperature ranges be-
volumetric expansion, they are introduced into the tween about -65  C to
about 1000[err] C and pres-       reaction chamber space and compressed,
for ex- sures  of between  about  100  and  1.5  x   25  ample up to 20%,
or more of their uncompressed [err].001 and 150 atmospheres) may be used.
or pour density. Such solids are also loaded into The amount of inert solid
material will depend on   the reaction chamber to substantially fill the
cham- the particular solid reactant being used, as well as  ber space. The
invention also improves systems in the particle size of the solid reactant
and inert   which the initial state of the solid reactant mass is material.
However, for most reactions, the amount  30  of insufficient porosity,
whereby the reactant is of inert solid material between about 1 and about
decompressed, typically by particle size reduction, 60%, by weight of the
mixture, will be suitable.    or with addition of inert materials, and
contained in In using the mixture of the inert solid material  the reactor
at optimum density. In addition, be- and solid reactant, the reaction
chamber may be     cause of compression of the reactant to optimum
partially or totally filled. However, where the cham-   35   density
against the heat transfer surface in each ber is partially filled, the
amount of mixture will be  reaction chamber, improved heat transfer and
ther- such that when the solid mixture expands due to     mal conductivity
is achieved throughout the reactor. the formation of the complex compound,
expansion    Moreover, the systems incorporating the invention will be
limited by the volume of the reaction cham-  have higher reaction rates and
provide greater heat ber. Thus, the volume of mixture used, even if less
40  flux at heat transfer surfaces, require minimum than the fixed volume
of the reaction chamber will  volume of gaseous reactant, and maximize the
ratio be such that the expanded solid reaction mixture    of solid reactant
mass to total reactor mass. Such would be greater than the volume of the
reaction    advantages over prior art systems yield lower cost chamber if
the reaction was carried out without     per unit area supporting the solid
reactant. These volumetric restriction to the solid reactant. With  45  as
well as other advantages of the invention will be such a system, one
skilled in the art may select the  evident to those skilled in the art as
will various optimum density of the solid reactant desired to be
modifications, adaptations and features of appara- maintained during the
chemisorption reaction, and   tus components utilizing the concepts
disclosed select the amount of inert material to be mixed as  herein. well
as the desired volumes of the solid mixture to  50 be introduced into the
fixed volume reaction cham-  Claims ber. The improvement and advantages
achieved uti-     1. A chemisorption reaction process in which a lizing a
system and method employing solid-gas          gaseous reactant is
alternately adsorbed and reactions as disclosed herein include industrial
pro-  55  desorbed on a solid reactant to form a com- cessing, and
especially in cyclic processing in         plex compound, said complex
compound hav- which the solid reactant is not consumed, but is       ing a
substantially different volume from the continually regenerated in the
alternating adsorp-      unreacted solid reactant, characterised by re- 6
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stricting the volumetric expansion via volumet-    reaction mass. 



ric expansion control means and thereby main- taining an optimized density
of said complex    7. A process according to claim 1, wherein said compound
during said reaction process where-       volumetric expansion control
means is mov- by the reaction rates at which said gaseous   5    able
between a first position in which a reac- reactant is capable of being
adsorbed and          tion chamber in which the reaction is carried
desorbed on said solid reactant are greater        out has a first volume
and a second position in than the reaction rates for the complex com-
which said reaction chamber has a second pound when it is formed without
such restric-      volume, greater than said first volume, loading tion and
control during said initial reaction; and   10  said solid reactant into
said reaction chamber by carrying out said chemisorption reaction        at
said first volume, and exposing said solid process at said greater reaction
rates using the   and gaseous reactants to form said complex complex
compound thus formed.                      compound having a second volume.
2. A process according to Claim 1, in which the   15   &  A process
according to claim 1, comprising solid reactant is selected from:
introducing said solid reactant uncompressed (a) a metal hydride,
carbonate, halide, ox-      at a first density into a reaction chamber hav-
ide, sulfate, sulfite, nitrate, nitrite or oxalate  ing one or more movable
barriers for varying in which the metal is an alkali metal, alkaline  the
volume of said reaction chamber, corn- earth metal, transition metal,
aluminium or  2o  pressing said solid reactant to a second den- zinc;
sity greater than said first density so that it still (b) a double metal
salt in which the two         substantially fills said reaction chamber,
and metals are selected from strontium, sodium,      exposing said gaseous
reactant to said solid aluminium, silver, gold, calcium, magnesium
reactant to form said complex compound while and cobalt,
25       maintaining compression of the solid in said (c) ammonium
chloride; or                        reaction chamber with said one or more
mov- (d) a double metal salt in which one metal is    able barriers. an
alkali or alkaline earth metal; and wherein said gaseous reactant is
selected from  9. A process according to Claim 4, comprising ammonia, water
vapour, carbon dioxide, sulfur  30  introducing a mixture of said solid
reactant and dioxide, a lower alkanol vapour, an alkyl amine,   an inert
solid material into one or more reac- a polyamine or a phosphine.
tion chambers each having a first volume, said mixture being introduced to
fill each of said 3  A process according to Claim 1, in which said
reaction chambers to a second volume, less solid reactant is introduced
into one or more  35  than or equal to said first volume, and expos-
reaction chambers at a first, uncompressed         ing said gaseous
reactant to said solid reactant density, and compressed to a second
density,       to form said complex compound. greater than said first
density, prior to said chemisorption reaction.                         10.
A process according to any preceding claim, in 40      which each
adsorption or desorption cycle is 4. A process according to Claim 1,
comprising          carried out in less than 60 minutes, respec- mixing
said solid reactant with a solid com-      tively. position inert to
reaction with said solid reac- tant and  said  gaseous reactant in said
11. A process according to any preceding claim, chemisorption reaction.
45       wherein said complex compound comprises a reaction product of
ammonia with a solid reac- pound and expanding or compressing said sol-  Bo
[err] id  reactant  and   complex   compound         12. A reaction
apparatus comprising one or more thereagainst during said reaction.
reaction chambers containing a solid reactant and a gaseous reactant
exposed to said solid 6. A process according to claim 1, in which said
reactant and reacting therewith to form a solid solid reactant is
introduced into a reaction   55  reaction product having an increased or
de- chamber at a density to provide for optimised      creased volume as
compared to the volume of relationship between gaseous reactant diffusion
said solid reactant prior to said reaction, said and thermal conduction
throughout the solid        apparatus characterised by movable volumetric 7
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S  * expansion control means for contacting said        dehnung Ober Mittel
zur Steuerung der volu- solid reactant and said reaction product and
menmaBigen Ausdehnung und dadurch Auf- optimizing the density thereof
during said reac-   rechterhalten einer optimierten Dichtheit der Uon by
limiting the volumetric expansion there-    Komplexverbindung wahrend des
Reaktions- of.                                        5       prozesses,
wodurch die Reaktionsgeschwindig- 



keiten, bei denen der gasformige Reaktionsteil- 13. Apparatus of claim 12
further characterized in     nehmer geeignet ist, an dem  Feststoffreak-
that at least a portion of said volumeric expan-   tionsteilnehmer
adsorbiert und desorbiert zu sion control means comprises a heat transfer
werden, grdBer sind als die Reaktionsge- surface for exchange of heat with
said solid  70   schwindigkeiten fOr die Komplexverbindung, reactant during
said reaction.                     wenn sie ohne eine derartige
Einschrankung und Steuerung wahrend der Anfangsreaktion 14. Apparatus of
claim 12 further characterized in     gebildet wird; und durch Durchf~hren
des akti- that the geometry of said reaction chambers        vierten
Adsorptionsreakionsverfahrens bei den provides for optimized relationship
between   15   groBeren  Reaktionsgeschwindigkeiten  unter gaseous reactant
diffusion path length and         Verwendung der so gebildeten
Komplexverbin- thermal conduction path length throughout the      dung.
solid reaction mass. 2. Verfahren nach Anspruch 1, bei dem der Fest- 15.
Apparatus of claim 12 further characterized in  20
stoffreaktionsteilnehmer ausgewahit ist aus: that at least a portion of
said reaction cham-       a. elnem Hydrid, Karbonat, Halogenid, Oxid, bers
include a heat exchange surface member           Sulfat, Sulfit, Nitrat,
Nitrit oder Oxalat elnes extending from a wall of a heat exchange fluid
Metalles, bei dem das Metall sin Alkalime- conduit.
tall, Erdalkalimetall, Obergangsmetall, Alumi- 25        nium oder Zink
ist; 16. Apparatus of claim 12 further characterized in       b. einem
Doppelmetallsalz, be! dem die that at least a portion of the reaction
chambers     zwei Metalle aus Strontium, Natrium, Alumi- include a surface
of a heat exchange fluid           nium, Silber, Gold, Kalzium, Magnesium
conduit exposed therein.                              und Kobalt ausgewahlt
sind; 30        c. Ammoniumchlorid; oder 17. The apparatus of claim 12
further character-         d. einem Doppelmetallsalz, be! dem ein Me- ized
in that said volumetric expansion control       tall ein Alkali- oder
Erdalkalimetall ist; und means comprises a movable reactant support
wobei der gasformige  Reaktionsteilnehmer surface.
ausgew~hIt ist aus Ammoniak, Wasserdampf, 35      Kohlendioxid,
Schwefeldioxid, einem niederen 1& The apparatus of claim 17 further
character-        Alkanoldampf, einem Alkylamin, einem Polya- ized in that
said reactant support surface is      min oder elnem Phosphin. biased for
being urged against said solid reac- tant and reaction product during the
reaction.  3. Verfahren nach Anspruch 1, bei dem der Fest- 40
stoffreaktionsteilnehmer in eine oder mehrere 19. The apparatus of claim 12
further character-       Reaktionskammern mit einer ersten nicht kom- ized
in that said volumetric expansion control     primierten Dichte eingef~hrt
wird und auf eine means comprises a porous wall for allowing         zweite
Dichte verdichtet wird, die hoher als die said gaseous reactant to pass to
and from the      erste vor der aktivierten Adsorptionsreaktion solid.
45      vorliegende Dichte ist. PatentansprUche
4. VeRfahren nach Anspruch 1, bei dem der Fest- stoffreaktionsteilnehmer
mit einer Feststoffzu- 1. Aktiviertes Adsorptionsreaktionsverfahren, bei
sammensetzung gemischt wird, die gegenUber dem ein gasf6rmiger
Reaktionsteilnehmer al-  5o    einer Reaktion mit dem
Feststoffreaktionstell- ternierend an elinem Feststoffreaktionsteilneh-
nehmer und dem gasformigen Reaktionsteil- mer adsorbiert und desorbiert
wird, um eine        nehmer in der aktivierten Adsorptionsreaktion komplexe
Verbindung zu bilden, wobei die           neutral ist. komplexe Verbindung
ein sich von dem Volu- men des nicht in Reaktion gebrachten Fest-  5s  5.
Verfahren nach Anspruch 1, das die Schritte stoffreaktionsteilnehmers
wesentlich  unter-      umfagt, eine WArmelbertragungsoberfliche
scheidendes Volumen hat, gekennzetchnet            zum Einschranken der
volumenmaiigen Aus- durch Einschranken der volumenmdliigen Aus-
dehnung der Komplexverbindung vorzusehen 8    15                EP 0 462
226 B1                    16    * c   L          S und den
Feststoffreaktionsteilnehmer und die         - Aussetzen des gasformigen
Reaktions- Komplexverbindung  wahrend  der Reaktion
teilnehmers dem festen Reaktionsteilneh- hiergegen auszudehnen oder zu
verdichten.               mer, um die Komplexverbindung zu bil- den. 6.
Verfahren nach Anspruch 1, bei dem der Fest-   5 stoffreaktionsteilnehmer
unter einer Dichte zum  10. Verfahren nach einem der vorhergehenden An- 



Bereitstellen eines optimierten Verhaltnisses      sprUche, bei dem jeder
Adsorptions-oder De- zwischen der Diffusion des gasf6rmigen Reak-
sorptionszyklus in weniger als 60 Minuten tionsteilnehmers und der
thermischen Leitung       durchgefUhrt wird. durch die Masse des
Feststoffreaktionstellneh-   ?0 mers in eine Reaktionskammer eingebracht
11. Verfahren nach einem der vorhergehenden An- wird.
sprOche, wobei die Komplexverbindung ein Reaktionsprodukt von Ammoniak mit
einem 7. Verfahren nach Anspruch 1, wobei das Mittel
Feststoffreaktionsteilnehmer aufweist, der aus zur Steuerung der
volumenmROIgen Ausdeh-  i5       SrCI2, CaCI2, CoCI2, MgBr2, MgCI2, NaBr,
nung zwischen einer ersten Position, in der        SnC12, BaCI2 MnCI2,
MnBr2, NiCI2 SrBr2 oder eine Reaktionskammer, in der die Reaktion
ZnCk2 ausgewAhIt ist. durchgef~hrt wird, ein erstes Volumen hat, und einer
zweiten Position, in der die Reaktions-  12. Reaktionsvorrichtung mit einer
oder mehreren kammer ein zweites Volumen hat, das groBer  20
Reaktionskammern, die elnen Feststoffreak- als das erste Volumen ist,
beweglich ist, wobei    tionsteilnehmer und einen gasformigen Reak- der
Feststoffreaktionsteilnehmer in die Reak-      tionsteilnehmer, der dem
Feststoffreaktionsteil- tionskammer bei dem ersten Volumen einge-
nehmer ausgesetzt ist, enthalten und der damit bracht wird und die
Feststoff- und gasformigen     reagiert, um ein Feststoffreaktionsprodukt
zu Reaktionsteilnehmer exponiert warden, um die  25   bilden, das ein
erhohtes oder verringertes Vo- komplexe Verbindung mit einem zweiten Volu-
lumen im Vergleich zu dem Volumen des Fast- men zu bilden.
stoffreaktionsteilnehmers vor der Reaktion hat, wobei die Vorrichtung
gekennzelchnet ist &  Verfahren nach Anspruch 1, mit den Schritten
durch bewegliche Einrichtungen zur Steuerung - EinfUhren des nicht
verdichteten Fast-  3o     der volumenmaBigen Ausdehnung zum Kon-
stoffreaktionsteilnehmers mit einer ersten    taktieren des
Feststoffreaktionsteilnehmers und Dichte in eine Reaktionskammer, die
des Reaktionsproduktes und zum Optimieren eine odor mehrere bewegbare
Schranken         von deren Dichte wahrend der Reaktion durch zum Verandern
des Volumens der Reak-          Begrenzen deren volumenmaBiger Ausdeh-
tionskammer hat,                      35      nung. - Verdichten des
Feststoffreaktionsteilneh- mers auf eine zweite Dichte, die hoher     13.
Vorrichtung nach Anspruch 12, dadurch ge- ist als die erste Dichte, so daB
er im        kennzelchnet, daB wenigstens ein Tell der wesentlichen noch
die Reaktionskammer         Mittel zur Steuerung zur volumenmaBigen Aus-
fUIt, und                             40      dehnung eine
Warme~bertragungsoberflache - Aussetzen des gasformigen Reaktions-
zum Austausch von W~rme mit dem Feststoff- teilnehmers dam
Feststoffreaktionsteil-      reaktionsteilnehmer w~hrend der Reaktion auf-
nehmer, urn die Komplexverbindung zu          weist. bilden, wahrend der
Druck des Feststof- fes in der Reaktionskammer mit der ei-  4s  14.
Vorrichtung nach Anspruch 12, dadurch go- nen oder mehreren bewegbaren
Schran-          kennzelchnet, daB die Geometrie der Reak- ken
aufrechtoerhalten wird.                   tionskammem  fUr ein optimiertes
Verh~ltnis zwischen der Diffusionsweglinge des gasfdr- 9. Verfahren nach
Anspruch 4, mit den Schritten        migen Reaktionsteilnehmers und der
thermi- - EinfUhren elner Mischung des Feststoff-  5o    schen
Leitungsweglnge durch die Feststoffre- reaktionsteilnehmers und eanes
neutralen      aktionsmasse sorgt. Feststoffmaterials in eine oder mehrere
Reaktionskammern, deren jede ein erstes    15. Vorrichtung nach Anspruch
12, dadurch ge- Volumen hat, wobel die Mischung einge-        kennzeichnet,
daB wenigstens ein Teil der bracht wird, um jade der Reaktionskam-   55
Reaktionskammern ein Oberflachenbauteil zum mern zu elnem zweiten Volumen
zu fUI-         Warmeaustausch aufweist, das sich von einer len, das
kWeiner oder gleich dam ersten       Wand einer Wgrmeaustauschfluidleitung
or- Volumen ist, und                              streckt. 9    17
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nach Anspruch 12, dadurch go-           (b) un sel metallique double dans
lequel les kennzelchnet, daB wenigstens ein Teil der           deux metaux
sont choisis parmi la stron- Reaktionskammern eine Oberflache oiner darin
tium, le sodium, I'aluminium, I'argent, I'or, le freiliegenden
Warmeaustauschfluidleitung auf-       calcium, le magnesium et le cobalt;
weist.                                    6         (C) le chlorure d'
ammonium; ou (d) un sel metallique double dans lequel l'un 



17. Vorrichtung nach Anspruch 12, dadurch go-           des metaux est un
metal alcalin ou alcalino- kennzelchnet, daB das Steuermittel f~lr die
terreux; et volumenmK8igs Ausdehnung eine bewegliche          dans loquel
le r6actif gazeux est choisi parmi I' Trageroberflache fOr den
Reaktionsteilnehmer  1o  ammoniac la vapeur d'eau, le dioxyde de car-
aufweist.                                         bone, le dioxyde de
soufre, une vapeur d'alca- nol inferieur une amine d'alcoyle, une polyami-
18 Vorrichtung nach Anspruch 17, dadurch go-         no ou une phosphine.
kennzelchnet, daB die Trageroberflache far den Reaktionsteilnehmer
vorgespannt lst, um   is   . Proced6 selon la revendication 1, dans lequel
wahrend der Reaktion gegen den Feststoffre-      le reactif solide est
introduit dans une ou plu- aktionsteilnehmer und das Reaktionsprodukt
siours chambres de reaction a une premiere. gedrangt zu werden.
densite non comprimeo ot comprime a une seconde densit4 superieure a la
premibre 19. Vorrichtung nach Anspruch 12, dadurch ge-  20    avant la
r6action de chdmisorption. kennzelchnet, daB das Steuermittel zur volu-
menmaBigen Ausdehnung elne porose Wand        4. Proced4 solon la
revendication 1, dans lequel aufweist, uni zu ermoglichen, daB der gasfor-
on melange le r~actif solide a une composition mige Reaktionsteilnehmer zu
dem  Feststoff        solide inorte pour la r6action avec le reactif
gelangt und von ihm weggeht.              25      solide et le r6actif
gazeux dans la reaction de chemisorption. Revendications 5. Proced4 solon
la revendication 1, dane lequel 1. Proced4 de reaction a chemisorption dans
le-      on menage une surface de transfert de chaleur quel un reactif
gazeux est alternativement ad-  30  pour restreindre I' expansion
volum6trique du sorbe et d6sorbe sur un reactif solide pour       compose
complexe et l'on detend ou compri- former un compose complexe, ledit
compose         me le reactif solide et le compose complexe complexe ayant
un volume sensiblement diffe-      contre celle-ci durant la reaction. rent
de celui du r6actif solide n'ayant pas reagi, caracteris6 en ce quo l'on
restreint l'ex-  36  6. Procede solon la revendication 1, dans lequel
pansion volum6trique par des moyens de            le reactif solide est
introduit dans une chambre coptr8le d'expansion volumetrique et l'on
de reaction a une densite assurant une relation maintient ainsi une densite
optimise~ du corn-    optimieeo entre la diffusion du r~actif gazeux pose6
complexe durant le proced6 de reaction,     et la conduction thermique a
travers la masseo de sorte quo les vitesses de r6action auxquel-  40  de
reactif solide. les le reactif gazeux est capable d'8tre adsor- be et
desorbe sur le reactif solide sont plus  7. Procede solon la revendication
1, dans lequel grandes quo lee vitesses de r6action valables    les moyens
de contr8le d'expansion volumetri- pour le compose complexe quand il est
forme       quo sont mobiles entre une premiere position sans cotte
restriction et ce contr8le durant  45  dans laquelle une chambre de
r6action ob la ladite reaction initiale; et en ce quo l'on met en  reaction
s'effectue a un premier volume, et une oeuvro ledit procedd de r6action a
chemisorp-     seconde position dans laquelle la chambre de tion auxdites
plus grandes vitesses de r6action   reaction a un second volume, sup~rieur
au en utilisant le compose complexe ainsi form6.     premier, on charge le
reactif solide dans la 50      chambre de r6action ayant le premier volume,
2. Procede selon la revendication 1, dans loquel     et l'on met en contact
le r6actif solide et le le reactif solide est choisi parmi:
r6actif gazeux pour former le compose corn- (a) un hydrure, carbonate,
halogenure, oxy-     plexe ayant un second volume. de, sulfate, sulfite,
nitrate nitrite ou oxalate d'un m6tal, dans loquel le metal set un  55  8.
Procede solon la revendication 1, dans loquel m6tal alcalin un metal
alcalino-terreux un     on introduit le reactif solide non comprime a metal
de transition, I'aluminium ou le zinc;   une premibre densite dans une
chambre de reaction ayant une ou plusieurs barrieres mobi- 10    19
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varier le volume de la chambre    la longueur du chemin de diffusion du
r6actif de reaction on comprime le rdactif solide a       gazeux et la
longueur du chemin de conduc- une seconde densits superieure & la premiere
tion thermique I travers la masse de reactif de fagon qu'il remplisse
encore sensiblement     solide. Ia chambre de rsaction et l'on met en
contact   5 le rdacfif gazeux avec le reactif solide pour  15. Appareil
selon la revendication 12, caracterise 



former le composs complexe tout en mainte-        en outre en ce qu'au
moins une partie des nant la compression du solide dans la cham-
chambres de rsaction comportent un el6ment bre de reaction au moyen de
ladite ou desdi-      de surface d'echange de chalour s'etendant a tes
barribres mobiles.                   to       partir d'une paroi d'un
conduit de fluide calo- porteur. 9. Proced6 solon la revendication 4, dans
lequel on introduit un melange du r6actif solide et  16. Appareil solon la
revendication 12, caract1ris4 d'une matibre solide inerte dans une ou plu-
en outre en ce qu'au moins une partie des siours chambres de reaction ayant
chacune un  is  chambres de rsaction comportent une surface premier volume,
le melange etant introduit de     d'un conduit de fluide caloporteur qui
est a nu fagon a remplir chaque chambre de rsaction        dans celle-ci.
jusquh un second volume inferieur ou sgal au premier, et l'on met en
contact le reactif ga-  17. Appareil sslon la revendication 12, caracterise
zeux avoc le r6actif solide pour former le corn-  20  on outre en ce quo
les moyens de contr8le d' pos6 complexe.
expansion volumetrique comportent une surfa- ce mobile de support de
r6actif. 10. Proced6 solon l'une des revendications prsce- dentes dans
lequel chaque cycle d'adsorption  18. Apparoil solon la revendication 17,
caracteris6 ou de desorption est effectue respectivement  25  en outre en
co quo la surface de support de en moins de 60 minutes.
reactif est sollidcite de maniere a 8tre pressee contre le reactif solide
ot le produit de reaction 11. Proc6d6 solon l'une des revendications prece-
durant la reaction. dentes dans loquel le composd complexe comprend un
produit de reaction de l'ammo-  30  19. Appareil solon la revendication 12
caracteris6 niac avec un r6actif solide choisi parmi SrCI,    en outre en
ce quo les moyens de contr8le CaC12, CoCk2, MgBr2, MgCI2, NaBr, SnC12,
d'expansion volum6trique comportent une pa- BaCk2, MnCI2, MnBr2, NiC12,
SrBr2 ou ZnC12.      roi poreuse agence pour permettre au reactif gazeux de
la traverser a destination et en 12. Appareil de reactfon comportant une ou
plu-  35  provenance du solide. siours chambres de reaction contenant un
r~actif solide et un reactif gazeux mis en contact avec le reactif solide
et reagissant avec lui pour former un produit de reaction solide ayant un
volume augmente ou diminue   40 par rapport au volume du r6actif solide
avant la r6action, I'appareil etant caracterise par des moyens mobiles de
contr8le d' expansion vo- lumetrique, agences pour 8tre en contact avec le
r6actif solide et lo produit de reaction et  45 optimiser leur densite
durant la rdaction en limitant leur expansion volumetrique. 13 Appareil
solon la revendication 12, caract6rise en outre en ce qu'au moins une
partie des  so moyens de contr8le d' expansion volum6trique comportent une
surface de transfert de chaleur agencee pour un 6change de chaleur avec le
r6actif solide durant la reaction. 56 14. Appareil solon la revendication
12, caracteris6 en outre en ce quo la gdometrie des chambres de reaction
assure une relation optfmisee entre 11    


