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FLUIDZED BED REACTOR SYSTEM 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

The present application is the national stage of interna 
tional application PCT/AT2011/000254, filed on Jun. 8, 
2011, published as WO 2011/153568 A1 on Dec. 15, 2011, 
and claims the benefit of the filing dates of Austrian applica 
tion Serial No. 964/2010 A, filed on Jun. 11, 2010, and U.S. 
provisional application Ser. No. 61/353.985, filed on Jun. 11, 
2010. 
The present invention relates to an improved fluidized-bed 

reactor System consisting of at least two fluidized-bed reac 
tors provided in the form of circulating fluidized beds. 

STATE OF THE ART 

Both in physical procedures and chemical reactions, 
involving an exchange of material between two phases, large 
contact Surfaces and thorough mixing of the phases are just as 
decisive as long residence times in corresponding contact or 
reaction Zones in order to obtain high turnover and yields. 
This equally applies to all phase transfers, regardless whether 
the material exchange is to take place between Solid, liquid or 
gaseous phases. 
One possibility for extending contact times and increasing 

contact surfaces or the number of contacts with discrete par 
ticles in the case of Solid-liquid and solid-gas contacts con 
sists in leading the two phases to be contacted in countercur 
rent flow, as it is, for example, described for spray columns, 
(sometimes multi-staged) fluidized-bed reactors, countercur 
rent contactors and packed columns by A. W. M. Roes and W. 
P. M. Van Swaaij, Chem. Eng. J. 17, 81-89 (1979). In DE 10 
2007 005 799 A1 (published on 24 Apr. 2008), the counter 
current principle is described as a specific example of com 
bustion reactions. Therein, pyrolysis coke is used as a fuel and 
converted into a product gas which is rich in hydrogen and has 
a high calorific value, wherein bulk material serving as heat 
transfer medium is circulated by means of a bulk material 
conveyer and is conducted in countercurrent flow to the gas 
stream containing the product gas. 

Another possibility for increasing the Surface, which is also 
Suggested by Roes and Van Swaaij (Supra), provides for inter 
nals, which are well known in the field of packed columns or 
rotating disk columns. 
An increase of the residence times in contactors or reactors 

may, for example, also be achieved by providing flow con 
trollers or restrictors to create Zones of differing flow rates of 
the phases to be contacted with each other. One example of 
such a fluidized-bed reactor is described in Kersten et al., 
Chem. Eng. Sci. 58, 725-731 (2003). Therein, a circulating 
fluidized-bed reactor for biomass gasification is described, 
which is partitioned into Zones of different densities of both 
the circulating Solid and the carrier and combustion gases by 
means of a regular sequence of conical expansions in the riser, 
wherein solid particles and gases are conducted in the riser in 
cocurrent flow. A similar example for improving the flow 
profile in a fluidized-bed reactor is described by J. Bu and 
J.-X. Zhu, Canadian J. Chem. Eng. 77, 26-34 (February 
1999), where annular internals are provided in the riser of a 
circulating fluidized-bed reactor, having a similar effect as the 
conical expansions of Kersten et al. (Supra). 

For fluidized-bed reactor systems in which two or more 
fluidized reactors communicate with each other, the above 
measures for improving contact or material exchange 
between two phases, specifically between a Solid and a liquid 
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2 
or gaseous phase, have been unknown so far. This is, of 
course, partly due to the fact that, in the past, particle dis 
charge from a second reactor absolutely had to be fed into a 
first reactor as long as there were two fast fluidized, i.e. 
particle-transporting, bed reactors, in order to close the Solids 
flow cycle. See, for example, EP 1,637,574 A1. FIGS. 1 and 
2 therein show a fluidized-bed reactor system consisting of 
two communicating reactors that may both be fast fluidized 
bed reactors. Since solids discharged from one reactor have to 
be cross-charged into the other reactor, the gas and solid 
streams of the two reactors have to flow cocurrent-wise. FIG. 
3 of EP 1,637,574 A1 also shows a system consisting of two 
communicating reactors where a gas and a solid are contacted 
in the second reactor in countercurrent flow. However, the 
second reactor is a bubbling fluidized bed reactor without 
Solid discharge at the reactor head. The reactor System 
according to FIG.3 thus comprises only one fast fluidized bed 
reactor, in the particle recirculation of which, formally, a 
bubbling fluidized bed reactor is inserted, through which the 
particle flow descends before being recycled into the first 
reactOr. 

In contrast thereto, the inventors of the present subject 
matter presented a fluidized-bed reactor system in their prior 
applications ATA 1272/2007 and WO 2009/021258, where 
two fast fluidized, i.e. particle-transporting, bed reactors 
communicating with each other are connected via a particle 
line in their lower halves, preferably their lower thirds or 
quarters, so that the Solid particles circulating between the 
two reactors do not necessarily have to pass two particle 
separators at the reactor heads. Instead, or additionally, the 
particles may be transferred directly (or via an optional third 
interposed reactor) from one reactor to the other in order to 
close the solids cycle. However, an improvement of the con 
tact between the circulating solids and the feed treated in the 
reactor system would also be desirable in the new system of 
the inventors. 

DISCLOSURE OF THE INVENTION 

The present invention thus provides a fluidized-bed reactor 
system consisting of at least two fluidized-bed reactors, com 
prising a first and a second reactor, each being a circulating 
fluidized bed, a particle line comprising a particle separator 
for transferring fluidized-bed particles from the first to the 
second reactor, and a particle line exiting at the lower half of 
the second reactor for transferring fluidized-bed particles 
back to the first reactor and characterized in that, at least in the 
second reactor, reaction Zones separated by one or more flow 
controllers are provided and the particle line for transferring 
fluidized-bed particles from the first to the second reactor 
opens into the second reactor above at least one flow control 
ler. 

With this inventive interpretation of a fluidized-bed reactor 
system comprising two fast fluidized bed reactors transport 
ing particles, it is for the first time possible to combine the 
advantages of the countercurrent principle with those of flow 
profiles regulated by means offlow controllers, which leads to 
better intermixing, longer contact times and thus generally 
better contact between a circulating solid and phases to be 
contacted therewith, regardless whether Solid, liquid or gas 
eous phases. Furthermore, a lower fluid volume flow is 
required for elevating the fluidized-bed particles, i.e. forgen 
erating and maintaining a fluidized bed, than without flow 
controller. Among other things, all this allows a more eco 
nomic operation of Such a fluidized-bed reactor system. 

Partitioning at least one reactor of the inventive fluidized 
bed reactor system into several reaction Zones allows, for 
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example, the conduction of different physical or chemical 
reactions, e.g. a predetermined sequence of chemical reac 
tions, in the individual reaction Zones. In addition to gener 
ating a counterflow between the particles from the first reactor 
and the fluid flow in the second reactor, an appropriate selec- 5 
tion of the junction position of the particle line from the first 
to the second reactor allows controlling the reactions taking 
place in the reaction Zones. 

Herein, the term “fluid means generally liquids, gases and 
mixtures thereof, wherein, for special applications of the 10 
inventive fluidized-bed reactor system such as CLR (chemi 
cal looping reforming), CLC (chemical looping combustion), 
coal or biomass gasification and the like, the fluids are pref 
erably gases. Conversely, when there is no reference to spe 
cific applications where the use of other fluids than gases is 15 
technically impossible, "gas herein also stands for the gen 
eral term “fluid. 
Due to the facts that the particle line from the first to the 

second reactor opens into the second reactor above a lower 
most flow controller and that below that junction a counter- 20 
current is generated between particles descending in the sec 
ond reactor and the ascending fluid flow, there is at least one 
reaction Zone where the countercurrent exerts its full effect. 
For example, if two flow controllers, i.e. three reaction Zones, 
are provided and said particle line opens into the second 25 
reactor in the central reaction Zone, there is additionally one 
reaction Zone, i.e. the uppermost, in which the fluid and the 
solids are in cocurrent flow. On the other hand, if the fluid and 
the solids are to flow countercurrent-wise, the particle line 
preferably enters above the uppermost flow controller. 30 

Depending on the strength of the fluid flow in the second 
reactor and on the characteristics of the particles circulating 
between the two reactors (i.e. specific weight, shape, Surface 
characteristics, etc.), the particles are carried along by the 
fluid flow to different extents and are thus distributed in the 35 
various reaction Zones to different extents. This results in a 
controllable probability of presence of the particles in the 
individual reactions Zones of the second reactor, so that lower 
reaction Zones usually comprise a higher particle mass than 
higher ones. If the particles (also) serve as heat carriers, e.g. in 40 
CLR applications, different amounts of heat are available for 
chemical or physical reactions in the various reaction Zones of 
the second reactor, in the case of CLR reactors for reforming 
the fuel in the “fuel reactor. 

If particles having different characteristics, e.g. particles of 45 
different weights and/or shapes, are present in the system, an 
accumulation of particles of less weight or larger Surfaces (in 
the following collectively simply termed “lower-weight par 
ticles, for the sake of simplicity) may be achieved in upper 
reaction Zones, while consequently heavier particles or par- 50 
ticles with a smaller surface-volume ratio (in the following 
collectively termed “higher-weight particles) accumulate in 
lower reactions Zones. Thus, “lower-weight' particles are 
more often discharged at the head of the second reactor, while 
the particle line for transferring back fluidized-bed particles 55 
to the first reactor preferably circulates “higher-weight par 
ticles. This means that, in addition to the countercurrent effect 
and the generation of various reaction Zones, there is also a 
sifting of the particles present in the system. Different par 
ticles may be specifically introduced into the system and may 60 
also be formed therein by physical or chemical reactions, for 
example by abrasion or combustion (e.g. fly ash). 
The flow controllers are not particularly limited and any 

constriction or expansion of the reactor cross-section, diver 
sion of the particle flow or any combination thereof may be 65 
used. Thus, the scope of protection of the invention comprises 
“ZigZag paths of the reactor pipe as well as the provision of 

4 
various internals, e.g. central or lateral baffles, annular con 
strictions, etc., which may be provided in any angle to the 
flow direction. The type of flow controller is mainly deter 
mined by the intended purpose of the respective fluidized-bed 
reactor system and the reactor wall material used. For 
example, for CLR, CLC, gasification and other applications 
which require high temperatures, mainly refractory and other 
temperature-resistant materials, e.g. chamotte bricks, con 
crete or graphite, are used as the wall materials. 
The present invention also comprises embodiments where 

not only the second reactor, but also the first reactor and/or 
optional additional reactors are equipped with flow control 
lers to define Zones of different particle densities therein. In 
CLC and CLR applications, for example, where a metal 
oxide, which serves as a heat carrier and an oxidizing agent 
and circulates between the reactors, is regenerated (i.e. reoxi 
dized) in the first reactor (the “air reactor”), different resi 
dence times may be adjusted for the oxide particles to be 
oxidized present at different heights or in Zones of different 
oxygen densities, which may together with a suitable selec 
tion of the air flow result in milder or more economic reac 
tions. 

In preferred embodiments of the inventive fluidized-bed 
reactor system, the second reactor has a particle feedback line 
with a particle separator, which opens into the second reactor 
below at least one flow controller provided in the second 
reactor and/or opens into the first reactor in the lower half 
thereof. One the one hand, this requires the particles recycled 
into the second reactor to pass at least one reaction Zone 
located above the junction of the particle feedback line before 
they are optionally redischarged at the reactor head and again 
recycled. On the other hand, when the particle feedback line 
from the second reactor opens into the first reactor at a posi 
tion in the lower half thereof, preferably in the lower third or 
quarter thereof, the residence time of the particles in the first 
reactor is Sufficiently long to make them participate in reac 
tions taking place therein. In the above example of a reactor 
system for CLR applications, this reaction is for example the 
reoxidation of the heat carrier/oxidizing agent circulating 
between the reactors. If the particle feedback line from the 
second reactor has a flow splitter, both embodiments may be 
implemented simultaneously. 

If such a flow splitter is present, part of the solid collected 
in the particle separator may also be recycled into the reactor 
system, and the other part may be discharged from the system, 
for example to Subject this solid portion to an external regen 
eration treatment or because it has lost the desired particle 
size due to abrasion and should be replaced by suitable par 
ticle material. 

Additionally, one or both of the particle separators of the 
first and second reactors may be (a) double- or multi-stage 
separator(s). For example, in addition to a gravitational sepa 
rator that directly recycles the (e.g. “higher-weight”) solids 
separated therein into the second reactor, the particle separa 
tor of the second reactor may also comprise a centrifugal 
separator, e.g. a cyclone, that recycles the (e.g. "lower 
weight') particles separated thereinata different location into 
the second reactor or into the first reactor or discharges them. 
Alternatively or additionally, a double-stage particle separa 
tor may be provided for the first reactor, in the two stages of 
which lower-weight and higher-weight particles are collected 
and introduced into the second reactor a different heights in 
order to increase their residence time in the second reactor. 

For the same reason, the two particle feedback lines of a 
double-stage particle separator of the second reactor may 
open into the second reactor at different heights, e.g. above 
and below a flow controller, respectively. The inventive flu 
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idized-bed reactor System thus not only allows directing par 
ticles countercurrent-wise to the fluid flow, but at the same 
time enables particles of different sizes to flow countercur 
rent-wise, which can be especially advantageous in cases 
where chemical reactions in the reactor system result in par 
ticles of different sizes, e.g. in order to recontact solid reaction 
products with the actual fluidized-bed particles or contact 
them for a longer period of time. 

Generally, neither the design and functional principles of a 
particle separator of the inventive fluidized-bed reactor sys 
tem or of its individual stages nor the destination of lines 
leading away therefrom are particularly limited as long as at 
least one particle line leads from the first to the second reactor 
and opens into the latter above at least one flow controller. The 
particle material accumulating in any other particle separa 
tors or lines leading away therefrom may be recycled into the 
fluidized-bed reactor system at any location or be discharged 
therefrom if it serves the respective intended purpose of the 
reactor system. 

According to the present invention, all particle lines may be 
provided with fluid or gas barriers, i.e. are preferably fluid 
ized, in order to prevent fluids, especially gases, from passing 
from one reactor to the other due to different pressures. Par 
ticle lines may be simple chutes, but belt or screw conveyors 
are also suitable. In preferred embodiments having fluidized 
lines, the gas barrier is most preferably a siphon, which is 
especially effective to prevent undesired passages of gas, but 
also of solids, from one reactor into the other. 

Particularly preferred is a fluidized particle line for trans 
ferring back fluidized-bed particles from the second to the 
first reactor, and even more preferably it is provided with a 
siphon. This does not only, as mentioned above, prevent 
undesired passages of material between the reactors, but also 
clogging of the particle line, since in particularly preferred 
embodiments these particle lines open into the first reactor at 
low heights, which guarantees the inventive reactor Systems 
to work continuously. 

In a manner conventional per se, both reactors may be 
provided with stepped fluid inlets, e.g. with several fluid inlets 
at different heights of the respective reactor, which supports 
the maintenance of the fluidized bed in the reactor. If stepped 
fluid inlets are provided in the first reactor, the lowermost 
fluid inlet may be replaced by a fluidized particle line for 
transferring back fluidized-bed particles from the second to 
the first reactor. 

Furthermore, in particular embodiments, one or more fur 
ther reactors may be provided in addition to the two reactors 
mentioned, which further reactors may be mounted at any 
position within the inventive fluidized-bed reactor system. 
For example, a third reactor may be operated in parallel with 
the first or second reactor so that the third rector exclusively 
communicates with the second or with the first reactor. Alter 
natively or additionally, a third reactor may in both directions 
of the circulating particle flow be interposed between the first 
and second reactors. This means that the particle flow from 
the first reactor may first be conducted into a third reactor 
before it passes from there to the second reactor, or the feed 
back of the particles from the second to the first reactor flows 
through a third reactor. In the latter case, such a third reactor 
may be positioned either in the particle line for transferring 
back fluidized-bed particles from the second to the first reac 
tor, or in a particle feedback line leading from the particle 
separator of the second reactor to the first reactor. Any com 
bination of these embodiments, i.e. by adding several further 
reactors, is possible. 
The operating mode of the third reactor and any further 

reactors is not particularly limited. They may be operated as 
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6 
fast fluidized bed reactors, bubbling fluidized bed reactors or 
in any other way, as long as the advantageous effects of the 
inventive fluidized-bed reactor system are not impaired. 

In the following, the present invention is described in fur 
ther detail with reference to specific embodiments shown in 
the enclosed drawings. 

SHORT DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows an embodiment of the inventive fluidized-bed 
reactor System, comprising flow controllers only in the sec 
ond reactor. 

FIG.2 shows an embodiment of the inventive fluidized-bed 
reactor system, comprising a different type of flow controller 
only in the second reactor. 

FIG.3 shows an embodiment of the inventive fluidized-bed 
reactor System, comprising flow controllers in both reactors 
and an interposed third reactor. 

FIG. 4 shows a similar embodiment of the inventive fluid 
ized-bed reactor system as in FIG. 3, but comprising double 
stage particle separators. 

FIG. 5 shows a similar embodiment of the inventive fluid 
ized-bed reactor system as in FIG.4, but comprising crossing 
particle feedback lines. 

FIG. 6 shows a detailed view of a reactor partitioned into 
reaction Zones by flow controllers in an inventive fluidized 
bed reactor system. 

FIG. 7 is a photograph of a reaction Zone of an inventive 
fluidized-bed reactor system. 

DETAILED DESCRIPTION OF THE INVENTION 

Generally, the invention relates to a fluidized-bed reactor 
system consisting of at least two fluidized-bed reactors, each 
being a circulating fluidized bed, wherein at least one of the 
reactors is partitioned into separated reaction Zones by means 
of one or more flow controllers. In at least some of the reac 
tion Zones, material flows to be reacted with each other are 
additionally directed countercurrent-wise to each other, i.e. a 
Solids flow is conducted countercurrent-wise to a reaction gas 
flow, and/or two Solids flows, e.g. one solid serving as reactant 
and another Solid serving as catalyst, are conducted counter 
current-wise to each other. 

This type of flow management is, as mentioned above, 
based on the prior invention of the inventors of the present 
subject-matter and described in AT A 1272/2007 and WO 
2009/021258. Without the particle line disclosed therein for 
connecting the two reactors and the (direct) feedback of the 
particle flow from the second reactor to the first reactor, an 
implementation of the countercurrent principle would be 
technically impossible. Reaction Zones could have been con 
templated, but their effects are strongly increased by coun 
tercurrent material flows therein, so that all three elements of 
the present invention together have a synergistic effect. 

Below, several preferred embodiments of the fluidized-bed 
reactor system of the invention are described in more detail 
with regard to their operating mode and with reference to the 
drawings, wherein a CLC, i.e. chemical looping combustion, 
system, is used for illustrative purposes. However, it is to be 
understood that the inventive fluidized-bed reactor system is 
also Suitable for any other physical or chemical reactions. 
CLC is an energy conversion process with theoretically no 

efficiency loss, wherein a fuel, e.g. coal or natural gas, is 
combusted, usually with the exclusion of air, in a fuel or 
combustion reactor by use of an oxygen carrier serving both 
as an oxidizing agent and as a catalyst, while the oxygen 
carrier is regenerated in a second reactor, i.e. the air reactor. 
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The oxygen carrier/catalyst is usually a metal oxide which is 
reduced in the fuel reactor and reoxidized in the air reactor. 
During combustion, mainly CO and H2O are formed, from 
which CO may be obtained after condensation of the water. 

FIG. 1 shows a preferred embodiment with two fast fluid- 5 
ized, i.e. particle-transporting, reactors 1 and 2. Solids dis 
charged from the first reactor 1 are collected in a particle 
separator 3, while gas is discharged via outlet 5. For the CLC 
example, the first reactor 1 is the air reactor, so that mainly N 
and O. are discharged at 5, while the oxygen carrier, i.e. for 10 
example a metal oxide, is separated at 3 and introduced into 
the second reactor 2 via a particle line 7. The particle separa 
tor 3 is not particularly limited and may for example be a 
gravitational or a centrifugal separator, preferably a cyclone. 
The particle line 7 is also not particularly limited and may for 15 
example be a screw conveyor, a simple chute, or the like. As 
shown by black arrows in FIG. 1, it is preferably fluidized 
with an inert gas, so that for the gas barrier between the 
reactors a siphon may be preferably used, although any other 
gas barrier providing a sufficient pressure difference between 20 
the gas phases to be separated is also suitable, e.g. fluidized 
chutes or the like. 
By selecting the position at which the particle line 7 from 

the first reactor 1 opens into the second reactor 2, one may 
control to what extent the particles are led countercurrent- 25 
wise to the material flows in the second reactor, i.e. gas or 
fluid or solids flows. (Product) material flows are marked with 
white arrows in all drawings. FIG. 1 shows a preferred 
embodiment where line 7 enters at a very high position, above 
the uppermost flow controller 18, i.e. in the uppermost reac- 30 
tion Zone 10, which will be explained in more detail later. 
From there, the particles descend within the fluidized bed of 
the second reactor 2, so that a flow of these particles counter 
current-wise to the gas flow, and sometimes also the solids 
flow, in this reactor is guaranteed for the most part of its 35 
height. 

The fluidized-bed reactor 2, in the CLC example the fuel 
reactor, is also fast fluidized and comprises a gas outlet 6, a 
particle separator 4, and a particle line or feedback line 8, 
which is also shown fluidized in the present example and is 40 
thus preferably a siphon, even though the particle separator 4 
and the particle line 8 are again not particularly limited. In the 
example of FIG. 1, the particle line 8 opens into the second 
reactor 2 and thus recycles discharged solids thereto. The 
position marked in FIG. 1, at which the feedback line 8 opens 45 
into the reactor 2, is at a relatively low height, which has the 
effect that the larger part of the solids thus recycled ascends 
again in the fluidized bed of the reactor (e.g. ash particles that 
still contain a portion of combustible material) and is thus 
conducted countercurrent-wise to the particles introduced 50 
from the first reactor 1. The latter particles pass the reactor 2 
countercurrent-wise to the gas flow as well as to a solids flow 
therein. A Smaller portion (e.g. descends and, due to intro 
duction at a relatively low height, opens into 

Even though both reactors transport particles, in contrast to 55 
reactor 1, which is entirely particle-transporting, reactor 2 is 
realized in an only partly transporting manner. This means 
that all solids present in the fluidized bed of reactor 1 are 
discharged and introduced into the second reactor 2, while 
reactor 2 only discharges a small portion of the Solid particles 60 
present therein at the reactor head. In practice, e.g. in CLC 
applications, this is a more or less Small portion, on the one 
hand because, if possible, the total oxygen carrier mass 
should be cycled between the two reactors, and on the other 
hand because the solid fuel in reactor 2 should be combusted 65 
as completely as possible. In this example, the discharge from 
reactor 2 thus consists mainly of relatively fine components, 

8 
e.g. abrasion of the oxygen carrier or fly ash. However, in 
practical applications, there is always a certain portion of 
coarser-grained, “higher-weight particles in the discharge 
from reactor 2 because all particles have a defined (even 
though sometimes rather low) probability of presence at any 
location within the reactor system. 

Both reactors 1, 2 have two-part inlets 11-14, i.e. the flu 
idization gas or fluid is introduced into the respective reactor 
at different heights, which Supports the maintenance of the 
fluidized beds and makes it easier to introduce different flu 
ids/gases into the respective reactor. In the case of CLC, for 
example, fresh air may be introduced into reactor 1 at 11, 
while at 13 a nitrogen/oxygen mixture recycled from outlet 5 
may be introduced. Due to the presence of a feed-line 15, 
fresh air may also be introduced at 11 and 13, while at 15 the 
recycled gas flow is fed back, or pure oxygen oran additional 
fuel for heating the particles in reactor 1 may be introduced at 
15 (or at 11 and/or 13). However, the respective purpose of a 
fluid feed-line is not particularly limited according to the 
present invention. 
A particle line 17 connects the two reactors, preferably at 

the lowermost ends, and recycles the solids flow, in the CLC 
example the metal oxide, into the first reactor. Line 17 is 
similar to particle lines 7 and 8, i.e. it is preferably fluidized 
and provided in the form of a siphon. The fact that the exit 
point of particle line 17 from the second reactor is positioned 
between the inlets 12 and 14 has the effect that the portion of 
the gas (e.g. methane) introduced at 12 may contact the par 
ticle flow before the latter leaves reactor 2. The entry point of 
particle line 17 between the inlets 11 and 13 of reactor 1 has 
the effect that the particle flow is more homogeneously dis 
tributed in the reactor. Since particle line 17 is fluidized, its 
junction could also replace the lower fluid inlet 11. Generally, 
the relationship between the particle flows and the residence 
times of the particles in the individual reactor sections can be 
well controlled by appropriately selecting of the gas flows. 

Reactor 2 of FIG. 1 is partitioned, according to the inven 
tion, into seven reaction Zones 10 by a total of six flow 
controllers 18, in which reaction Zones the solids contained in 
the system have different probabilities of presence and resi 
dence times, which again is controllable by means of the gas 
flows, but also by means of the type and design of the flow 
controllers. By means of the controllable strength of the fluid 
or gas flow through the second reactor, the contact times 
between the reaction partners in the individual reaction Zones 
are also controllable. 
The presence of the fluidized-bed particles, their global 

flow direction and fluidization in the reactors and the reaction 
Zones thereof are indicated by dashed lines in FIG. 1 and the 
other drawings enclosed. This can be seen especially in FIG. 
6 which shows a detailed view of a second reactor 2 parti 
tioned into reaction Zones by means of flow controllers in an 
inventive fluidized-bed reactor system, but does not show the 
feedback of particles into the second reactor. The type of the 
flow controller 18 is, as mentioned above, not particularly 
limited. FIG. 1 and FIG. 6 show embodiments with (e.g. 
annular) constrictions or narrowings of the reactor cross 
section. 

In the preferred embodiment of FIG. 1, feed lines into 
reactor 2 are shown at 16 and 19, the purpose of which is not 
particularly limited; in the CLC example, however, they are 
fuel feed lines. For example, at 16 a gaseous fuel Such as 
methane may be introduced, while at 19 a feed at least partly 
consisting of Solids, e.g. coal, may be introduced. 
Viewed as a whole, the inventive fluidized-bed reactor 

system shown in FIG. 1 for a CLC example allows (re)oxi 
dizing and heating an oxygen carrier in air reactor 1, which is 
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then fed via particle line 7 into the uppermost reaction Zone10 
of the fuel reactor 2, where it continuously descends within 
the fluidized bed and provides for the oxidation, i.e. combus 
tion, of one or more fuels in the individual reaction Zones, 
which fuels may be introduced at 16 and/or 19. Then, the 
oxygen carrier is fed back into air reactor 1 and regenerated. 
In fuel reactor 2, solid, but relatively finely dispersed com 
bustion residues, e.g. flyashin the combustion of coal, may be 
collected in particle separator 4 and recycled via particle line 
8 into the system, where they are again contacted with the 
oxygen carrier, which guarantees complete combustion of the 
fuel. At the same time, another, e.g. gaseous, fuel Such as 
methane may be introduced, so that different amounts of 
different reaction partners are present in the individual reac 
tion Zones 10 which may have different temperatures and thus 
provide for different net reactions. For example, these reac 
tions create varying amounts of heat and Solid reaction prod 
ucts of varying sizes, depending on the position of the respec 
tive reaction Zone. In this way, in total, completeness of the 
combustion reactions and increases of the yields and effi 
ciency of the process are obtained. 

FIG. 2 shows an alternative preferred embodiment of the 
invention, where flow controllers 18 are provided in the form 
of ZigZag paths or “chutes' with additional internals being 
shown as angles. The mode of operation of this system is the 
same as described in connection with FIG. 1. 

FIG.3 shows, in reactor 2, a combination of the designs of 
the flow controllers 18 of FIG. 1 and those of FIG. 2, i.e. 
constrictions of the reactor cross-section as well as diver 
sions, which may lead to even longer residence times of the 
particles, e.g. metal oxide oxygen carrier particles, in the 
individual reaction Zones. This embodiment also comprises 
continual cross-sectional changes within the reaction Zones 
of reactor 2. Additionally, in this embodiment, reactor 1 also 
comprises flow controllers 21 which partition it into several 
reaction Zones 9. When used for CLC, this may for example 
allow a stepwise and thus potentially milder regeneration of 
the oxygen carrier in the air reactor 1, especially when fuel for 
heating the oxygen carrier is fed into the air reactor via feed 
line 15. 

Furthermore, between the second and the first reactor, i.e. 
as seen in the direction of the particle flow circulating 
between the two rectors, a third reactor 20 is provided at the 
lower end of reactor 2, which is shown as bubbling fluidized 
bed or BFB reactor and thus is not particle-transporting. 
However, like any further reactor, the third reactor is not 
limited thereto and may be implemented at any position of the 
inventive fluidized-bed reactor system and with any flow 
state, i.e. stationary or transporting, as homogeneous, bub 
bling, slugging, turbulent or rapid fluidized-bed or with pneu 
matic transport (see Grace and Bi, 1997). From the third 
reactor 20, aparticle line 17 leads to reactor 1 for recycling the 
particles. 
The stationary fluidized-bed in the third reactor 20 either 

contains mainly “higher-weight particles, while reactor 2 
positioned above contains “lower-weight particles, or 
appropriate control of the fluid feed at 12 and 14 as well as 
corresponding sizing of the constrictions 18 make Sure that a 
certain portion of particles of the same type remain stationary 
in reactor 20 while the remainder is subjected to fast fluidi 
Zation in reactor 2. Likewise, the particles circulating through 
all three reactors, i.e. the global Solids circulation, may con 
sist of substantially equal particles or of particles of different 
weights, i.e. of different fluidizability. 

Because of the low height of the exit point of particle line 
17 from the third reactor 20 and due to the above mentioned 
probability of presence, a more or less large portion of the 
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10 
same particles as in reactor 20 is also present in reactor 1, 
which strongly depends on the control of the fluid flows in the 
three reactors and on the strength of the fluidizing flow of line 
17. Whether these form a stationary bed at the bottom of 
reactor 1 or are completely discharged at the head again 
depends on the strength of the fluid flows, in this case at 11 
and 13 and in line 17, as well as on the fluidizability of the 
particles. Corresponding fluidization and filling height of the 
fluidized-bed particles may lead to a filling level equilibrium 
between the first and third reactors, which guarantees con 
tinuous operation of the inventive fluidized-bed reactor sys 
tem. 

Again referring to an exemplary CLC process, feeding a 
fuel, e.g. coal, via feed-line 16 directly into the third reactor 
20, containing a stationary fluidized-bed, leads to an intensive 
first contact between the coal and the oxygen carrier particles 
that pass through reactor 2 and reactor 20 countercurrent 
wise to the gas flows therein and to the coal particles. After the 
first combustion phase, the reaction products formed from the 
coal are easier fluidizable and are increasingly whirled up into 
reactor 2, in the reaction Zones 10 of which they have increas 
ing contact with fresh oxygen carrier. After being discharged 
at the head of reactor 2, the particles are collected in particle 
separator 4 and via particle line 8 recycled into one of the 
lower reaction Zones of reactor 2. From there, they are for the 
most part again carried up in the fluidized bed of reactor 2 and 
again have contact with the oxygen carrier. This Supports the 
complete combustion of the fuel. 

FIG. 4 shows another embodiment of the fluidized-bed 
reactor system of FIG. 3, where the particle separators of the 
two reactors additionally have two stages, so that reactor 1 
comprises two particle separators 3 and 23, and reactor 2 
comprises two particle separators 4 and 24. Here, the two 
original particle separators 3 and 4 are indicated as gravita 
tional separators. Separator 3 discharges particles collected 
therein into particle line 7, from which they are fed into 
reactor 2 at the junction point 27, while particle separator 4 
recycles the particles directly into reactor 2 at the head 
thereof. Both second stages, i.e. particle separators 23 and 24. 
feed particles collected therein into the second reactor via 
particle lines 25 and 26, respectively. In the present case, both 
particle lines lead into the same, i.e. the lowermost, reaction 
Zone 22 of the second reactor 2. Below that, the third reactor 
20 is located. 

Other than in the embodiment of FIG. 3, higher-weight 
particles which still contain a higher portion of combustible 
components are, after discharge at the head of reactor 2. 
collected in the first particle separator 4 and directly recycled 
into reactor 2, e.g. simply allowed to trickle back. Lower 
weight particles, e.g. mainly consisting of ash, are collected 
in the second separator stage 24 and recycled into reactor 2 
via particle line 26. The particles collected in the second stage 
23 of the particle separator of reactor 1, which, for example, 
are combustion products carried along or oxygen carrier par 
ticles which have undergone abrasion and thus show higher 
fluidizability, are contacted, in the lowermost reaction Zone 
22 of reactor 2, with the fuel particles ascending from the third 
reactor 20, with particles recycled via particle line 26, with 
oxygen carrierparticles Subsiding from above, and optionally 
with solid fuel particles fed via feed-line 19 that mainly 
descend in the fluidized-bed of the fuel reactor. In this way, 
lower-weight particles contained in the system also pass reac 
tor 2 countercurrent-wise to higher-weight particles, which 
again Supports complete (combustion) reactions taking place 
in reactor 2. 
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In addition, reaction Zones 10 positioned above one 
another have different cross-sections, which leads to different 
fluidization states therein, which is again indicated with 
dashed lines. 

Furthermore, the inlets of the third reactor 20 are provided 
at other heights than in the embodiment of FIG. 3. In FIG. 4. 
the lower fluid feed-line 12 opens into the bottom of reactor 
20, which supports the fluidization of the stationary fluidized 
bed of the reactor. On the other hand, the exit point of line 17 
from reactor 20 is positioned at a relatively low height, i.e. at 
28. 

FIG. 5 shows an embodiment similar to FIG. 4 with two 
stage particle separators 3, 4, 23, 24 and a third reactor 20. The 
difference to FIG. 4 relates to the recycling of the particles 
collected in the two-stage particle separator 4, 24, the junction 
of particle line 7 with reactor 2 as well as the position of 
particle line 17. 

In the embodiment shown in FIG. 5, the first stage 4 of the 
particle separator of reactor 1 does not feed particles collected 
therein back into the head of the reactor, but, via a feedback 
line 8, back into a lower reaction Zone 10, into which also 
particle line 7 from the first reactor 1 opens. In carrying out a 
CLC process, Solids recycled from separator 4 into fuel reac 
tor 2, which mainly consist of fuel particles, are thus con 
tacted with a fresh oxygen carrier from the air reactor, which 
again supports their complete combustion. 
The lower-weight particles collected in the second separa 

tor stage 24, on the other hand, are directly fed into the first 
reactor, i.e. the air reactor. This is especially useful for a 
substantially residue-free combustion of the solid fuel(s) in 
the fuel reactor, so that the particles collected in separator 
stage 24 mainly consist of oxygen carrier, e.g. abrasion prod 
ucts thereof, which are thus transferred into the air reactor for 
regeneration without again passing the fuel reactor. 

Finally, particle line 17 between the third and the first 
reactors opens into or exits from the reactors, respectively, at 
their bottoms. The fluidization flow of line 17 as well as that 
of the direct fluidization 11 thus allow controlling the extent 
of the global circulation, i.e. the portion of particles moving 
from the third to the first reactor. In particular, the selection of 
appropriate fluidization conditions Supports the development 
of a filling level equilibrium between the first and third reac 
tOrS. 

As mentioned above, FIG. 6 shows a detailed view of a 
second reactor 2 partitioned into reaction Zones within an 
inventive fluidized-bed reactor system, but without recycling 
particles into the second reactor and with only single fluidi 
zation 12. The countercurrent principle between the fluid 
ized-bed particles supplied at 27 and discharged at 28 and the 
fluid flow supplied at 12 and discharged at 6 as well as the 
fluidization of particles within the reaction Zones 10 are easily 
recognizable. 

FIG. 7 is a detail photography of a reaction Zone of an 
inventive fluidized-bed reactor between two flow controllers, 
which clearly shows the distribution of the fluidized-bed par 
ticles within the reaction Zone. 

Consequently, the above examples, given for illustrative 
purposes only and thus not to be understood as a limitation, 
should sufficiently substantiate that the present invention pro 
vides an improved fluidized-bed reactor system for executing 
physical or chemical reactions, wherein reactions may be 
carried out more rapidly, more completely, with higher yields 
and thus more economically than would be possible accord 
ing to the state of the art. 
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The invention claimed is: 
1. A fluidized-bed reactor system, comprising: 
a first circulating fluidized-bed reactor; 
a second circulating fluidized-bed reactor; 
a first particle line comprising a particle separator config 

ured to transfer fluidized-bed particles from the first to 
the second reactor, and 

a second particle line exiting at a lower half of the second 
reactor, configured to transfer fluidized-bed particles 
back to the first reactor, 

wherein at least the second fluidized-bed reactor comprises 
two or more reaction Zones separated by one or more 
flow controllers, 

wherein the first particle line opens into the second fluid 
ized-bed reactor above at least one flow controller; and 

wherein the system is configured to direct particles in a 
countercurrent flow to a fluid flow of a material feed. 

2. The system of claim 1, wherein the one or more flow 
controllers are (i) constrictions of a reactor cross-section, (ii) 
diversions of a particle flow, or (iii) constrictions of the reac 
tor cross-section and diversions of the particle flow. 

3. The system of claim 1, wherein the first particle line 
opens into the second fluidized-bed reactor above an upper 
most flow controller in the second reactor. 

4. The system of claim 1, wherein the second fluidized-bed 
reactor comprises a particle feedback line comprising a sec 
ond particle separator, which opens into the second fluidized 
bed reactor below at least one flow controller in the second 
fluidized-bed reactor. 

5. The system of claim 1, wherein the first particle separa 
tor is a double-stage separator. 

6. The system of claim 1, wherein the second fluidized-bed 
reactor comprises a particle feedback line with a particle 
separator, which opens into the first reactor in a lower half 
thereof. 

7. The system of claim 1, wherein the second fluidized-bed 
reactor comprises a second particle feedback line comprising 
a second particle separator, 

wherein the second particle feedback line opens into the 
second fluidized-bed reactor below at least one flow 
controller in the second fluidized-bed reactor, and 

wherein the second particle feedback line opens into the 
first fluidized-bed reactor in a lower half of the first 
fluidized-bed reactor. 

8. The system of claim 1, further comprising: 
a third fluidized-bed reactor. 
9. The system of claim 1, wherein at least the second 

fluidized-bed reactor comprises at least three reaction Zones 
separated by at least two flow controllers. 

10. The system of claim 4, wherein the second particle 
separator is a double-stage separator. 

11. The system of claim 1, further comprising: 
a third particle line which opens into the second fluidized 

bed reactor above the at least one flow controller. 
12. The system of claim 1, wherein the fluidized-bed par 

ticles comprise particles of different weights. 
13. The system of claim 1, wherein the fluidized-bed par 

ticles comprise particles of different shapes. 
14. The system of claim 1, wherein the second particle line 

is a fluidized particle line comprising a siphon. 
15. A method of carrying out a chemical reaction, the 

method comprising: 
introducing a feed material into a reaction Zone of the 

fluidized-bed reactor system of claim 1. 
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16. The method of claim 15, further comprising, while 
carrying out the chemical reaction: 

directing particles in a countercurrent flow to a fluid flow of 
the material feed. 

17. The method of claim 15, further comprising, while 5 
carrying out the chemical reaction: 

directing particles of different sizes countercurrent-wise to 
each other. 

18. The method of claim 15, further comprising, simulta 
neously with carrying out the chemical reaction: 10 

sifting the particles therein or further particles resulting 
from the chemical reaction, according to their size. 

19. The method of claim 15, wherein the chemical reaction 
in the fluidized-bed reaction system comprises converting a 
fuel. 15 

20. The method of claim 19, wherein the fuel is introduced 
(i) between two reaction Zones, (ii) into a lowermost reaction 
Zone, (iii) into a third reactor, or any combination thereof. 

k k k k k 


