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CIRCULATING FLUIDIZED BED WITH MOVING BED
DOWNCOMERS AND GAS SEALING BETWEEN REACTORS

This invention was made with government support under Grant No. DE-
ARO000017 awarded by the U.S. Department of Energy. The government has
rights in the invention.

The present invention is generally directed to systems and methods for
chemical processes that involve solids circulation. Non-mechanical solids
transfer and gas partitioning devices are generally utilized to ensure proper
solids circulation gas distributions. A differential pressure based gas stripping
technique is generally utilized to generate gas seals and gas partitions between
reactor sections and to measure global and local solids flow rates within the
system.

A chemical process can involve multiple reactors or reaction zones with
one or more solids interchanging among them. In the transfer of solids from one
reactor section to another, undesired fluid (gas and/or liquid) mixing among the
reactors can occur in the absence of flow restriction devices such as mechanical
and/or non-mechanical valves. To prevent product dilution, contamination,
and/or potentially more hazardous situations, it is often desired to minimize or
eliminate the gas mixing between reactor sections while still allowing solids
movement. The use of a differential pressure based non-mechanical gas-
stripping device can be an effective and efficient means to prevent gas transfer
between reactor sections. Generally, a neutral, non-reactive, or less-reactive
gas is injected into this region to replace, or strip, the zone.

Mechanical solids transferring devices such as lock hoppers and air-lock
rotary valves are susceptible to frequent maintenance at extreme operating
conditions and grow exponentially expensive with scale up. The operation of
mechanical valves in solids handling systems is a challenge due to valve erosion
by solid particles, particle clogging and attrition, failure of gas sealing, etc. The
non-mechanical valves use specific combinations of pipe configurations and
aeration gas to control the solids circulation rate and prevent gas mixing
between the reactor sections. The gas-stripping devices utilize gas injection to
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generate the gas seal through the interstitial space. The challenges for
mechanical valves, such as valve erosion and particle attrition, are less
significant for properly designed non-mechanical valves. With no moving parts
within the reactor system, the process operation will be simplified and more
reliable and scalable.

In chemical reactor systems similar to a circulating fluidized bed, the
solids circulation and gas flows through the reactor sections are highly
dependent on the pressure distribution within the system. The stripping gas
injection into the interstitial sections on the downcomer side can assist in
generating the proper pressure distribution for the desired solids circulation,
processing gas flow rates, and gas seals between reactor sections. Additionally,
the gas injection provides the system with flexibility to operate the process under
multiple processing capacities and/or under fluctuating pressure situations as the
stripping gas and the non-mechanical gas stripping device can be utilized to
absorb the pressure changes within the system.

Non-mechanical gas stripping devices can be used in various chemical
processes and systems such as circulating fluidized bed combustion, and can be
specifically applied to chemical looping processes. Thomas et al., U.S. Patent
No. 7,767,191; Fan et al, PCT Application No. WO 2007/082089; and Fan et al.,
PCT Application No. WO 2010/037011 describe methods for producing
hydrogen gas by the use of a chemical looping process in an oxidation and
reduction reaction scheme with carbon-based reducing fuels and oxidizing gases,
respectively. The non-mechanical system design is directly applicable to the
chemical looping process.

Previous publications have discussed the use of gas stripping devices as
well as solids transferring devices such as J-valves and L-valves. Knowlton et al.
discussed the use of a pipe as a stripping device to prevent the gas mixing
between a fluidized bed and the lift line. However, many of these studies were
discussed independently with no intent to utilize the devices to generate gas
seals, balance pressure, and control solids flow in the proposed process

configuration, and there was no specific application to a chemical looping
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process. In addition, previous studies have never utilized multiple gas stripping
devices in a series of reactors.

Accordingly, the need still exists for designs in which non-mechanical gas-
stripping and solids transfer devices provide cost-effective means of operating
an industrial solids circulation process.

Embodiments of the present invention address those needs. The
pressure developed from the gas-stripping zones assists in allowing the process
to be more robust against process fluctuations and parameter changes.
Embodiments of the present invention provide systems and methods for
circulating gaseous and solid materials through a series of reactors in an
effective manner. In some embodiments, the systems and methods include the
use of non-mechanical solids transfer devices and/or non-mechanical gas
partitioning devices.

In accordance with one embodiment, a system for carrying out one or
more chemical reactions is provided and comprises a first chemical reactor
having an inlet and an outlet for particulate solids, with the particulate solids
forming a bed in the first reactor. The outlet includes a transition zone which
narrows the internal diameter of the first reactor. The first reactor also includes
an inlet for a solid or gaseous reactant and an outlet for a process gas. A
second chemical reactor having an inlet and an outlet for particulate solids is
also provided, with the particulate solids forming a bed in the second reactor.
The second reactor includes an inlet for a solid or gaseous reactant and an
outlet for a process gas. A gas stripping zone forms a non-mechanical seal
between the first and second reactors and comprises a conduit connecting the
first reactor with the second reactor. The conduit includes a first end
communicating with the outlet of the first chemical reactor and a second end
communicating with the inlet of the second reactor, the conduit includes an inlet
for a stripping gas located between the first and second ends. The gas stripping
zone is adapted to prevent process gas from the first reactor from entering the
second reactor while permitting the particulate solids to pass from the first
reactor into the second reactor. In one embodiment, the gas stripping zone

comprises a zone seal standpipe.
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In other embodiments, the system includes a third chemical reactor
communicating with the second chemical reactor, the third reactor having an
inlet and an outlet for particulate solids, and with the particulate solids forming a
bed in said the reactor. The system may also include a riser section
communicating with the particulate solids outlet of the third reactor, with the riser
section adapted to recirculate entrained solids to the first reactor. The third
reactor further includes a source of gas.

The system may also include a solids recovery device communicating
with the riser section. The solids recovery device may comprise a particulate
separator for removing fine solid particulates from said system. The system may
also include a solids inventory device adapted to contain particulate solid
particles. The solids inventory device communicates with the solids recovery
device for receiving recovered particulate solids and communicates with the first
chemical reactor for supplying particulate solids to the first reactor.

In another embodiment, the system may also include a gas stripping zone
between said solids inventory device and said first reactor. The gas stripping
zone comprises a standpipe forming a transitional gas discharge device. The
standpipe has an end communicating with the first reactor, the end including a
gas outlet communicating with the outlet for process gas in the first reactor for
discharging gas from the standpipe. The gas outlet in the standpipe may
comprise, for example, a plurality of porous filters, straight slits, angled slits, and
holes. The system may also include a fines discharge device positioned on the
circumference of an inner wall of one or more of the reactors.

In another embodiment, the system may include a solids circulation
control device positioned between the second and third reactors and adapted to
control the circulation rate of the particulate solids and to prevent gas mixing
between the second and third reactors. The solids circulation control device may
comprise, for example, a non-mechanical seal device selected from a standpipe,
a loop seal, a V-valve, an L-valve, a J-valve, and an H-valve. In a further
embodiment, the system may include a solid particulate bed height monitoring
device positioned in one or more of the reactors comprising a capacitance

Sensor.
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Embodiments of the present invention also provide a process for
circulating gaseous and solid materials through a series of chemical reactors
comprising controlling the flow of solids and gases through each reactor such
that process gases from one reactor are prevented from entering a different
reactor while permitting solids to pass from one reactor to another by positioning
a stripping gas zone having first and second ends between said reactors and
injecting a stripping gas into the zone between the first and second ends such
that the gas pressure where stripping gas is injected is greater than or equal to
the pressure at either end of the stripping zone.

These and additional features and advantages provided by the
embodiments of the present invention will be more fully understood in view of the
following detailed description, the accompanying drawings, and the appended
claims.

The following detailed description of specific embodiments of the present
invention can be best understood when read in conjunction with the drawings
enclosed herewith and where like elements are identified by like reference
numbers in the several provided views.

Fig. 1 is a schematic representation of one embodiment of the system;

Fig. 2 is a schematic representation of one example of a stripping zone
showing and angled solids outlet transition to a reduced internal diameter
standpipe;

Fig. 3A is a schematic representation of another embodiment of the
system; and Fig. 3B is a graph of an exemplary pressure balance profile of the
embodiment of Fig. 3A;

Fig. 4 is a schematic representation of one embodiment of a transitional
gas discharge device in accordance with embodiments of the invention;

Fig. 5 is a schematic representation of non-mechanical sealing valves in
accordance with embodiments of the invention, where Fig. 5(a) depicts an L-
valve, Fig. 5(b) depicts a J-valve, and Fig. 5(c) depicts an H-valve;

Fig. 6 is a schematic representation of one embodiment of a fines

discharge device in accordance with embodiments of the invention;
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Fig. 7 is a schematic representation of one embodiment of a solids
makeup device and its integration with a reactor in the system;

Fig. 8 is a schematic representation of one embodiment of an electric
guard heater suitable for use in the invention;

Fig. 9 is a schematic representation of one embodiment of a solids flow
measurement device suitable for use in the invention;

Fig. 10 is a schematic representation of an alternative embodiment of a
solids flow measurement device suitable for use in the invention;

Figs. 11(a) and 11(b) are schematic representations of alternative designs
for the third chemical reactor in the system;

Figs. 12 (a) and 12(b) are schematic representations of a capacitance
sensor suitable for use in the invention; and

Fig. 13 is a schematic representation of an embodiment of the system for
chemical looping applications.

Referring generally to Fig. 1, an embodiment of the invention is directed to
a chemical processing system and method for non-mechanical solids circulation
through multiple vessel sections connected in a manner similar to chemical
looping processes which are described in the Thomas et al. and Fan et al.
patents and published applications discussed above. As shown, the processing
gas in each vessel is constrained to that section via the gas stripping zones. Fig.
1 schematically illustrates one embodiment of a system 100 configured so that
gas-stripping zones 7, 8 are placed between each reactor 1, 2, and 3 with non-
mechanical solids transferring and gas-solid separation devices 5, 6, and 9.
Reactors 1 and 2 represent chemical reactors with at least one chemical reaction
occurring in each reactor sections. Fig. 1 shows an example where only one
global solids circulation control is applied. In other embodiments, additional
solids circulation control devices can be built into the system such that solids are

both locally and globally circulated within multiple solid circulation loops.

Gas stripping zones 7 and 8 can be part of any device that prevents the
processing gas from each reactor section from entering the other while allowing

the solids to pass through. Reactors 1 and 2 can be either a moving or fluidized
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bed design where the solids enter the top of each reactor section and exit
through the bottom similar to a downcomer design. Ports 10 through 13 can be
either inlets or outlets for gas flow such that reactors 1 and 2 operate as either
co- or counter- current gas-solids flow devices. Solids circulation control device
9 is positioned such that an aeration gas is used to transfer solids from the left
downcomer-like side to reactor 3. Reactor 3 is a fluidized bed, and the solids are
transferred to the riser 4. The riser 4 entrains particulate solid media to a solids
recovery device 5 where the solids are separated from the gas. Additionally,
solids recovery device 5 may allow abraded solid fines below a specified size to
pass with the entrainment gas flow removing the abraded particles from the
system. The fines passing with the entrainment gas flow may be separated and
collected from additional solids recovery devices positioned downstream of the
entrainment gas for reuse. Any solid particles larger than a specified cutoff size
are taken from solid recovery device 5 and pass through solids inventory and
gas stripping zone device 6.

Ports 10 through 13 represent inlet and/or outlet gas lines for each reactor
section, as these ports can be located anywhere along a respective reactor. In
most cases, gas is distributed into the reactor system through ring spargers
and/or multiple nozzles. Gas control devices such as, for example, valves 110-
140 can be placed in each port to control both the gas flow through as well as
the local pressure of the reactor system to ensure that a proper pressure
balance is achieved. The gas control devices can be a type of proportional
control valve, pressure regulation device, or a combination thereof. Port 14 is the
gas outlet line from the riser and solids recovery device 5. In certain
embodiments, the gas outlet streams on each reactor may contain abraded solid
fines and may require a solids removal device to be used for each port affected.
In certain embodiments, solids can be introduced and/or removed from the
reactor sections along with the gas through respective inlets and/or outlets.

In certain embodiments, the solids circulation through the chemical
process may have more or fewer reactor sections. In Fig. 1, reactor 2 and
stripping gas zone 7 can be either repeated by adding more reactors connected

in series via a gas stripping zone or removed where only reactor 1 is separated
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from reactor 3 and riser 4. Reactor 3 can also alternatively be removed or
placed at the bottom, top, or anywhere in between riser 4.

In certain embodiments, reactors 1 and 2 in Fig. 1 are operated as moving
packed beds or fluidized beds. Gas stripping zones 7 and 8 and the gas
stripping zone part of solids inventory and stripping zone 6 are operated as
counter-current moving packed beds. In the case of a countercurrent moving
packed bed, the gas velocities within the reactor sections can be operated as
high as several feet per second or higher so long as those velocities are below
the minimum fluidization velocity of the particles used in the system while being
maintained in moving packed bed flow. In the case of co-current gas-solids flow,
the gas flow rate can be much higher.

In certain embodiments, a zone seal standpipe 20 can be used as the gas
stripping zone device. Fig. 2 schematically illustrates such a standpipe design.
Standpipe 20 is in the form of a hollow conduit having a first end 22
communicating with the outlet of reactor 1 and a second end 24 communicating
with the inlet of reactor 2. Stripping gas is injected into standpipe 20 at inlets 26,
28. Solids flow downwardly through reactor 1 of Fig. 1 and through standpipe 20.
A stripping gas is injected into the standpipe so that the stripping gas can travel
both upwards against solids flow and downwards as shown by the directional
arrows. The stripping gas injection point can be anywhere along the height of
the gas stripping zone. There can be either single or multiple injection points.

The stripping gas can also be injected into the lower portion of the
reaction zone above as long as it is below the reactant gas injection point. To
prevent processing gas contamination in either reactor, the pressure in the
system at the height of the stripping gas injection point, Ps, should be greater
than or equal to the top and bottom of the gas stripping zone, P, and Py,
respectively, to ensure that stripping gas flow splits. Pressure Pz should also be
greater than or equal to the pressure P» at the tapered transition of standpipe 20.
In certain embodiments, it is desirable to maintain the stripping gas injection
point at a higher location, for example in the bottom of the reactor zone above,
because the downward movement of the stripping gas will not fluidize the solids

whereas the upward movement of the gas will be at much lower velocity due to
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the larger cross-sectional area of the reactor zone compared with the stripping
pipe.

Generally, to reduce the stripping gas flow requirements, the standpipe
design as depicted in Fig. 2 has an inner diameter (ID) less than the reactor to
which it connects. The tapered transition from the reactor ID to the reduced
standpipe ID should be at an angle 30 such that all of the solids are in motion in
the transition section. The angle of the transitional taper is dependent on the
solids media shape and material properties as well as the material properties of
the inner reactor wall. Generally, an angle of 30 degrees from the horizontal or
greater is required to minimize axial movement.

In one embodiment shown in Figs. 3A and 3B, a solids circulation process
is represented where reactors 1 and 2 and the gas stripping zones B and E
therebetween are operated in a counter-current moving packed bed regime while
reactor 3 and riser 4 are operated as turbulent fluidized and entrained bed
systems, respectively. In packed bed operation, the differential pressure across
the reactor is related to the bed height, gas velocity and composition, particle
properties, operating pressure and temperature. Gas stripping zone seal
standpipes are used in this embodiment where the ID of the standpipes is less
than the ID of reactors 1 and 2.

An exemplary system pressure profile for this embodiment is provided in
the graph of bed height versus pressure shown in Fig. 3B. From this figure, the
system pressure at points A, C, and F are controlled by either inherent reactor
design or through use of control devices placed on each gas outlet port.

The pressure differences between points C and D and points F and G of
Fig. 3B represent the pressure drops across the moving packed bed reactors 1
and 2, respectively. The stripping gas injection at point B generates a local
pressure greater than at point A in the solids recovery device 6 as well as at the
reactor 1 gas outlet (point C) to prevent gas mixing from each reactor. The
differential pressure profile between points B and C is first a linear pressure drop
and is then curved as the standpipe penetrates into reactor 1. This is caused by
the reduced gas velocity by the transitional gas discharge device at the bottom of

the zone sealing pipe as explained in paragraph [0042] below. The pressure
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transition from B to A is due to the stripping gas flowing upwards in the moving
packed bed section. The stripping gas injection at point E will generate a greater
pressure at point E than at the reactant gas injection point into reactor 1, point D,
as well as the gas outlet of reactor 2, point F, to prevent gas mixing. The curved
pressure profile experienced from point E to D is due to the gradual decrease in
velocity caused by the transition from a smaller diameter stripping standpipe to
the larger diameter reactor 1 as the gas volumetric flow rate is constant through
this transition. The pressure profile seen from point E to F is similar to the curve
shown from point B to C.

Referring to Fig. 4, a transitional gas discharge device 30 is schematically
shown for gas discharge from the solids inventory device 6 to the freeboard area
of reactor 1 connected to the standpipe 20. In certain embodiments where the
standpipe has to not only strip but to dissipate pressure to balance the pressures
in the system, the transitional gas discharge device 30 is comprised of a number
of porous muffler filters 32, 34, 36 distributed on the bottom section of the
standpipe dip-leg inside the reactor. The transitional gas discharge device
prevents local solids fluidization at the interface between the smaller ID
standpipe opening and the larger ID reactor when dissipating pressure over the
standpipe. Local fluidization at this interface can cause controllability problems
in the system which can affect the pressure imbalance within the standpipe
damaging the effectiveness of the zone gas seal.

The multiple porous muffler filters in the transitional gas discharge device
serve as gas outlets to gradually discharge the gas coming from the standpipe to
the freeboard area of the reactor. As a result, the reduced gas velocity through
the standpipe-reactor vessel interface is not sufficient for local fluidization to
occur. The filter size, pore size, number, and distribution of the muffler filters can
be determined by the size of the standpipe, gas flow rate in the standpipe,
particle parties, cost, and other properties of the like in the system. The
transitional gas discharge device can be applied to one or more the places
where a standpipe is connected by a reactor in the reactor system. Alternatively,
a pipe that is made of a screen can also be used. The screen retains the solids

while allowing gases to flow through. In yet another embodiment, openings are
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made through the wall of the pipe. The hole is angled upward to prevent solids
from flowing out while allowing gas to flow through.

The transitional discharge device 30 shown in Fig. 4 gradually dissipates
the gas within the gas stripping standpipe into the freeboard of the reactor.
Alternatively to the muffler design described above, the transitional gas
discharge device can be a distribution of straight or angled slits, holes, or tubing
attached to the standpipe dip-leg within the reactor. Additional alternative
designs can be used to generate gradual gas dissipation.

Referring back to Fig. 1, in the reactor system, the solids circulation rate is
controlled by a solids circulation device 9 installed between the standpipe and
reactor 3/riser 4. The solids circulation control device has two functions in the
process: controlling the solids circulation rate; and preventing gas mixing
between Reactor 2 and Reactor 3. A non-mechanical valve such as, for
example, an L-valve, a J-valve, or an H-valve as schematically illustrated in Fig.
5 can be used as the solids circulation device to control the solids circulation rate
and prevent gas mixing between the reactors. In addition, one or more of the
aforementioned standpipes can also be replaced by any of the loop seal,
reversed V-valve, L-valve, J-valve, or H-valves illustrated in Fig. 5.

In certain embodiments, the primary solids are separated from the gas
stream in riser 4 by a solids recovery system 5 as shown in Fig. 1. The solids
recovery device serves to remove abraded solids fines less than a specified size
from the solids circulation process while allowing the solids greater than the
cutoff size to be recycled into the solids inventory and gas stripping Zone 6. By
reducing the amount of abraded solids within the system, the chances of reactor
plugging and pressure drop variation due to the accumulation of fine powders in
the reactor sections can be mitigated. A cyclone or drum can be used as the
solids recovery device. Other types of solids recovery devices that are known to
one of ordinary skill in the art to separate larger particles from smaller particles
can also be used. Any abraded solids fines within gas stream 14 can be
removed using a filter element, secondary cyclone, or a combination thereof as
explained below. In certain embodiments, the solids collected from gas outlet

stream 14 can be reprocessed and reused in the reactor system.
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Referring to Fig. 6, a fines discharge device 38 is schematically shown.
The fines discharge device is integrated with the reactor 1 to remove solids fines
accumulated at the bed surface in the reactor. Fine powders which form due to
particle attrition need to be discharged from the system to maintain the system at
a steady state and to avoid bed plugging. Discharge of fine powders through the
fines discharge device 38 can avoid significant entrainment of fine powders in
the freeboard area of reactor 1. Other types of fines discharge devices that are
known to one of ordinary skill in the art can also be used. The fines discharge
device shown in Fig. 6 comprises collection vessels 44, 46, and 48 and first and
second valves 40, 42 that act as a lock hopper when the reactor system is
operated at elevated pressure. The discharge point is at the thin layer of
accumulated fine powders on the wall of reactor 1. Alternatively, multiple fine
discharge devices can be introduced along the circumference of the thin fine
powder layer on the wall of the reactor to achieve a high efficiency for fines
discharge. The fines discharge device can also be integrated at other locations
such as Reactor 2 shown in Fig. 1 in the reactor system.

In certain embodiments, the reactor system is operated with relatively
large particles, pellets, or agglomerates. The large particles may attrit, and the
fines are removed from the system. Therefore, a particle makeup device is often
installed in the reactor system. Fig. 7 illustrates schematically one embodiment
of a particle makeup device 50. The particle make up device generally
comprises a solids inventory vessel 52, a solids metering/flow control device 54,
and first and second valves 56, 58 that act as a lock hopper 60 when the reactor
system is operated at elevated pressure. Other types of solids makeup devices
that are known to one of ordinary skill in the art can also be used. With the
arrangement illustrated in Fig. 7, particle makeup device 50 is integrated with
reactor 3 of Fig. 1 in which the makeup solids are immediately fluidized after
entering the reactor. Alternatively, the makeup solids can be introduced at the
solids inventory and stripping zone 6 of Fig. 1, or any other location on the
reactor system. The solids makeup device is often interlinked with a bed height
control device such that the overall solids inventory within the reactor system is

maintained within a desired range.
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In certain embodiments, the fines resulting from attrition are purged from
the reactor system and collected for reprocessing. The purpose of reprocessing
is to collect the fines and to re-form those fines into particles having the desired
size, shape, strength, and density for reuse in the reactor system. The
reprocessing device can either be integrated into or separate from the reactor
system. Methods for reprocessing the fines may include, but are not limited to,
extrusion, granulation, and pressurization methods such as pelletization.

In certain embodiments, particulate removal devices are installed on one
or more of the gaseous outlets to remove the fines. In an exemplary
embodiment, a secondary particulate separation device is installed downstream
of the solids recovery device 5 on port 14 as shown in Fig. 1. The secondary
particulate separation device can be a cyclone, filter, bag house, electrostatic
precipitator or any other particulate separation device that is known to one of
ordinary skill of the art. In certain embodiments, the fine solids removed from the
particulate removal device are recovered for further processing and reuse.

Pressure control devices may be installed on one or more of the gaseous
outlets. In certain embodiments, a pressure control valve is installed in series
with a back pressure regulator to maintain the pressure of the reactor system
and, adjust the gaseous outlet pressure when necessary. The back-pressure
regulator is used to build up the majority of the pressure, whereas the pressure
control valve is adjusted to achieve desired pressure distributions within the
reactor system.

In certain embodiments, one or more burners (not shown) are used to
assist the start up of the reactor system. The burner(s) can be installed in one or
more of the reactors. The fuel for the burners may include, but are not limited to,
propane, methane, and butane. The burners heat up the gas and solids which
circulate within the reactor system, thereby increasing the temperature of the
reactor system. In other embodiments, the burners are used during normal
reactor operation to provide heat to the reactors. In other embodiments, fuel
gases are directly injected to one or more of the reactors in a controlled manner.

The fuel gases injected are combusted within the reactors to generate heat.



10

15

20

25

30

WO 2012/064712 PCT/US2011/059736

-14-

In certain embodiments, the reactor system is operated under elevated
temperature and a refractory lining is used inside one or more reactors to
prevent heat loss. In yet other embodiments where a refractory lining alone
cannot provide adequate insulation, a guard heater and/or a heating medium is
used to further reduce the heat loss or to increase the temperature of the
reactors. As shown schematically in fig. 8, the heating medium can be an inert
gas such as Ny, which is preheated outside of the reactor and then introduced
into a zone that is located between the reactor outer and inner walls.
Alternatively, the wall can be directly heated with electric heaters. An example of
an exemplary heater design is shown in Fig. 8. As can be seen, the heater 62 is
embedded into the refractory material 64 between the inner and outer walls of
the reactor (not shown). Inert gases such as N» can be optionally injected, at a
steady rate and a pressure slightly higher than the operating pressure of the
reactor, around the heater to prevent the reactants from approaching the guard
heater.

Referring to Fig. 9, a solids flux measurement device for the gas solids
reactor system is schematically shown. The solids flux measurement device
comprises a standpipe 70 with a gas inlet 72 on the side of the standpipe. The
top and bottom of the standpipe are connected with the main solids circulation
loop within the reactor system. In certain embodiments, the standpipe can serve
as a gas stripping zone as exemplified by gas stripping zones 7 and 8 of Fig. 1.
A differential pressure-monitoring instrument 74, such as a differential pressure
transducer, is installed on the standpipe to measure the differential pressure
(dP1) between an arbitrary section of the standpipe at and/or below the gas inlet.

In order to measure the solids circulation rate, pressure control devices
installed on the gaseous outlets of the immediately adjacent reactors are
adjusted such that dP1 is zero. Then, a tracer gas is gradually introduced to the
standpipe gas inlet. The maximum flow rate of the tracer gas before it can be
detected in the zone above the gas injection point is then determined. This flow
rate is finally translated to the interstitial gas velocity within the standpipe by
adjusting it with standpipe cross-sectional area, voidage, and temperature and

pressure. Such an interstitial gas velocity is equal to the real velocity of the
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solids within the pipe and is used to determine the solids circulation rate within
the gas solid reactor system. In another configuration, the amount of tracer gas
flowing down through the pipe is determined through gas analysis equipment
and methods. This value is again used to calculate the interstitial gas velocity
and the real velocity of the solids within the pipe. In yet another configuration,
the amount of gas flowing downwards is determined by the minimum amount of
stripping gas needed in order to provide a complete seal between the reactors.
In yet another embodiment, dP1 need not be zero as long as the relationship
between the pressure drop and relative velocity between the gas and solids is
obtained through prior experiments and/or calculations

Referring to Fig. 10, an alternative solids flow rate measurement device
80 is schematically shown. The solids flow rate measurement device is installed
below the solids recovery device 5 of Fig. 1 and comprises a pot 82 and a solids
flow control device 84 similar to device 9 in Fig. 1. The pot and the solids flow
control device are installed in series with the pot placed on the top. Bed height
monitoring devices are installed on the pot to monitor at least two levels
(denoted as level 1 and level 2) within the pot. Under normal operating
conditions, the solids flow control device is operated such that no solids are
accumulated in the pot. This is usually achieved through high aeration gas
velocity.

In order to measure the solids circulation rate, the solids flow rate through
the solids flow control device is adjusted to zero. The time interval required for
the solids to accumulate from level 1 to level 2 in the pot is then determined.
The solids flow rate within the reactor system is then calculated by the time
interval, the bulk density of the solids, and the volume between level 1 and level
2 of the pot. After the measurement is made, the solids flow control device is
adjusted back to normal operating conditions. Referring back to device 6 of Fig.
1, in a design when the solids flow rate measurement device shown in Fig. 10 is
not needed, device 6 is used to maintain the solids inventory within the reactor
system. In an alternative design when the solids flow rate measurement device

shown in Fig. 10 is included, the solids flow measurement device is integrated
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upstream of device 6. In such a configuration, device 6 is used to store the
excess solids for the reactor system.

Referring to Fig. 11, an alternative design of reactor 3 of Fig. 1 is
illustrated. Reactor 3 is a fluidized bed reactor. The fluidization regime of reactor
3 may include, but is not limited to, a bubbling fluidization regime, a turbulent
fluidization regime, and a slugging regime. The reaction zone in reactor 3
generally comprises two sections, a main reactor section 90 and a transition
section 92. The transition section 92 is often a tapered section with the top
portion connected to the riser 4 inlet and the bottom portion connected to the
main reactor section outlet. Solids flow into the main reactor section and then
flow out of the transition section to riser 4. The main reactor section can be
rectangular or cylindrical with uniform characteristic length.

Alternatively, a tapered main reactor section with larger cross-sectional
area on the top can be used to reduce slugging. In yet another embodiment,
internals are added to the main reactor section to further reduce slugging. Gas
to fluidize and entrain particles in the reactor 3 comes from two gas sources. A
small amount of gas may be introduced from the distributor at the bottom of
reactor 3 to maintain the particles at minimum fluidization condition. A larger
amount of gas may be introduced from several vertical nozzles above the solids
charge pot in reactor 3 to achieve a turbulent fluidization regime in the reactor
and provide enough gas to entrain particles to the riser.

Bed height monitoring devices may be installed at several locations in the
system to ensure the solids bed height is sufficient for proper pressure balancing
and/or to determine solids plugging issues. In certain embodiments, a
capacitance-based bed height monitoring system can be used. Fig. 12
illustrates a capacitance sensor design for high temperature operation. In this
figure, the capacitance sensor comprises a conductive plate 96 embedded within
a nonconductive material 98. The insulated plate is suspended within the
reactor as shown. A conductive lead 99 is connected to the plate and penetrates
through the nonconductive cover and the reactor wall. An electrically insulating

sleeve 102 covers the extended lead as it penetrates through the reactor wall.
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The capacitance reading is dependent on the solids concentration between the
two capacitance sensors.

Referring now to Fig. 13, one embodiment for carrying out chemical
looping reactions is illustrated schematically. In this embodiment, iron oxide
containing particles are circulated within the reactor loop to convert a
carbonaceous fuel into hydrogen, electricity, and/or heat. The system shown in
Fig. 13 includes three reaction zones. The overall reaction scheme in each zone

is summarized below.

ZONE 1 CxH,O; + Fe;03 — CO, + HO + Fe/FeO
ZONE 2 Hgo +Fe — Feso4 + H2
ZONE 3 Og + Fe304 — Fe203 + Heat

Carbonaceous fuel is injected at the bottom of reactor 1, termed
reducer, where it reacts counter-currently with Fe Oz containing particles to
generate a CO, and HO rich gas stream. The Fe,O; containing particles within
reactor 1 are reduced to particles containing metallic iron. The metallic iron
containing particles are transported to reactor 2, termed oxidizer, via a standpipe.
A gas seal is provided through the injection of inert gases and/or steam into the
standpipe. In the second reaction zone, the metallic iron containing particles
react with steam, counter-currently, to generate a hydrogen rich gas stream.
The metallic iron containing particles are partially regenerated to FeO and/or
Fes0,4 containing particles. The partially regenerated particles from reactor 2 are
transported to the third reaction zone, reactor 3, termed combustor, through a
standpipe followed by an L-valve as shown.

Inert gases and/or steam can be injected into the standpipe as stripping
gas. The L-valve controls the global solids circulation rate. In reactor 3 the
partially regenerated particles react with an oxygen containing gas such as O,
and/or air. Heat is released from the reaction, which can be utilized for power
generation. Also in reactor 3, the partially regenerated particles are further
oxidized to Fe,O3; containing particles. These particles are transferred back to
reactor 1 via riser 4, particulate separator, POT, and standpipes which are
installed in the loop. Alternatively, a portion of the L-Valve gas, which can be an

inert gas, steam, oxygen, and/or air, may be used to provide gas stripping. In
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yet another configuration, reactor 2 can be bypassed. In such a configuration,
the metallic iron containing particles are directly transferred to reactor 3
(combustor) for heat/power generation.

Referring back to reactor 1, reactor 2, and the standpipe between them, in
one configuration, Fe,O3 containing particles react with gaseous fuels which are
directly introduced or produced from the partial conversion of solid fuels in a
countercurrent manner. In the case when gaseous fuels are directly injected,
they should be injected at the lower section of reactor 1. The preferred injection
location for the gaseous fuels is in the tapered section near the bottom of the
reactor 1. In the case where solids fuels are introduced, they can be injected
practically anywhere into reactor 1. A preferred injection location can be either
at the tapered section or in the standpipe. In certain embodiments, the solid fuel
is fluidized within the reactor 1 until it is at least partially converted. Before
exiting reactor 1, the iron phase in the Fe>,Os; containing particles is reduced
principally to an oxidation state that is comparable to or lower than Wustite.
These particles are then passed through a standpipe where an inert gas such as
N> and/or steam is introduced. The stripping gas flow rate is typically less than
15% of the overall product gas flow rate exiting reactor 1. The gaseous product
preferably contains at least 75% (by mole) of CO, and H-O combined.

Referring back to reactor 2, the standpipe, and L-valve below, the
reduced Fe/FeO containing particles enter reactor 2 from the gas stripping
standpipe between reactors 1 and 2. In a preferred configuration, reduced iron
containing particles react directly with steam injected in the lower section of the
reactor. The steam travels upward against the flow of solids in a counter-current
manner. The preferred injection location for the steam is in the taper section
near the bottom of reactor 2. The gaseous product from reactor 2 gas outlet
contains at least 75% (by mole) H> and H>O combined. Before exiting reactor 2,
the iron phase in the iron containing particles is partially oxidized to an oxidation
state that is less than or comparable to Magnetite. As discussed above, the L-
valve below reactor 2 controls the global solids flow rate.

An aeration gas is typically injected in the vertical section of the L-valve

where by adjusting the aeration gas flow, the global solids flow can be controlled.
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The preferred aeration gas injection location is equal to or greater than two times
the length of the inner pipe diameter above the bottom of the L-valve. The gas
stripping standpipe above the L-valve is used to prevent gas mixing between
reactors 2 and 3 as well as providing a pressure boundary for proper system
operation. The aeration gas used in the L-valve may also serve as a gas
stripping zone for the two reactors that it connects depending on the operating
conditions and pressure distribution. Alternatively, a separate stripping gas
stream can be injected at a location above the aeration gas injection point.
Further details on the pressure boundaries and distribution are provided below.
The gas flow rate into the standpipe below reactor 2 is typically less than 15% of
the overall product as flow. In yet another configuration, CO, or a mixture of
CO. and H>O, are used in reactor 2 to partially oxidize the iron containing
particles from reactor 1. In such a configuration, the gaseous product from
reactor 2 also contains CO.

Referring back to reactor 3, riser 4, the particle separator, and POT, the
partially oxidized iron containing particles enter reactor 3 (combustor), from the
L-valve. In a preferred configuration, the partially oxidized iron containing
particles react directly with air injected from the lower section of the reactor. As
discussed above, air may be used to fluidize and entrain particles in reactor 3
from a single, two, or even more gas sources. When two gas sources are used,
a small amount of gas is introduced from the bottom of reactor 3 to maintain the
particles at or above minimum fluidization conditions. Typically, a large amount
of gas is introduced from several vertical nozzles above the solids charge pot in
reactor 3 to achieve a turbulent fluidization regime in the reactor and provide
enough gas to entrain particles to the riser 4. Before exiting reactor 3, the iron
phase in the iron containing particles is oxidized to Fe,O3 containing particles.

Burners can be installed in reactor 3 to assist the startup of the reactor
system. Typically, propane, methane, or like fuels, can be used as the fuel for
the burners. The burners provide heat to the gas and solids within reactor 3.
The reactor vessel typically has a larger ID than the riser connected above to
generate a turbulent fluidized bed operating regime for increasing solids holdup.

The tapered transitional connection from reactor 3 to the riser 4 is similar to a
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frustum like shape. The cross-sectional area of the taper decreases with height
and causes an increase in the gas velocity to entrain particles to the riser from
reactor 3. The oxidized iron containing particles are carried to the solids
recovery device 5 at the top of the system through riser 4. As discussed above,
a cyclone or drum may be used as the particle separator for solids recovery to
separate solids larger than a specified cutoff size from the gas-particle mixture
from the riser. The abraded solids fines within riser gas outlet are collected
using a secondary cyclone and reused in the reactor system. The larger
oxidized iron containing particles recovered from the particle separator enter the
pot/receiver which is the top part of the solids inventory and gas stripping zone 6
above reactor 1. The pot serves as a solids inventory to maintain reactor 1 as a
fully packed bed. As previously described, two sets of capacitance-based bed
height monitoring systems are installed in the pot section to monitor the solids
level in the pot. The bed height monitoring systems are combined with the solids
makeup system to maintain the bed level at a predetermined position in the pot.

Referring generally to Fig. 13, pressure fluctuations can occur in the
chemical looping system due to, for example, processing gas adjustment in any
of the reactors, slugging effects experienced in reactor 3, loss of solids inventory
in the pot section, a sudden change in gas flow, a sudden change in solids
arrangement and distribution, and other like situations. Adjusting the pressure
differential through the stripping pipe and/or regulating the stripping gas flow
rates can maintain desired operating conditions. Desired or workable pressure
distributions in the chemical looping process refer generally to a pressure
distribution that allows each reactor to maintain its preferred operating regime
(i.e., fluidized/entrained and/or counter-current moving packed bed) with minimal
gas contamination between each reactor.

There are several control strategies to minimize the influence of pressure
fluctuation in the system for efficient and robust operation. For example, one or
more of the stripping sections can be used to absorb most, if not all, of the
pressure fluctuations. Under such conditions, the stripping sections that absorb
the pressure fluctuations are operated with fixed stripping gas flow rates without

controlling their pressure differential. The flow rates of the stripping gas should
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be greater than or equal to the values under which the maximum pressure
fluctuation within the system can be generated in these stripping sections.
Pressure drops in the other stripping sections are maintained at a fixed or near
fixed value. In certain embodiments, the nominal pressure drops (pressure
drops in the absence of pressure fluctuation) in all the stripping sections are
greater than the maximum local pressure fluctuation in the system. When the
stripping gas is injected at the top or the bottom of the stripping zone, it is
desirable, in certain cases, to maintain adequate gas flow towards both ends of
the stripping zone because the pressure fluctuation can be bidirectional.

Referring back to the reduction reactions occurring in reactor 1, the
reducer utilizes gaseous reducing fuels such as CH4, CO, H, and the like to
reduce the iron containing particles. The preferred reducing gas is synthesis gas
produced from coal and/or biomass gasification. The reducer may also utilize
solid carbonaceous fuels such as coal, tars, biomass, oil shale, oil sands, tar
sand, wax, coke, and the like where the solid fuel is fluidized in reactor 1 for
some time while being at least partially converted as described above. The fuel
is preferably supplied to reactor 1 either in gaseous and/or particulate form.

The iron containing particles contain at least iron or iron oxide disposed
on a ceramic support. Suitable ceramic composite particles for use in the
system and process of the invention are described in Thomas et al., U.S. Patent
No. 7,767,191, and Fan et al, PCT Application No. WQ02007/082089.
Additionally, Fan et al., PCT Application WO2010/037011, describes methods to
improve the performance and strength of the ceramic composite particles. The
iron containing particle size is dependent the solids flow regimes within the
reactor system. Typically, the size of the iron containing particles should be
large enough such that the counter current moving packed bed flow is
maintained in reactors 1 and 2 and solids fluidization/entrainment is achievable
and practical in reactor 3. Thus, a preferred iron containing particle size is

between about 200 um and about 40 mm.
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CLAIMS
1. A system for carrying out one or more chemical reactions comprising:

a first chemical reactor having an inlet and an outlet for particulate solids,
said particulate solids forming a bed in said first reactor, said outlet including a
transition zone which narrows the internal diameter of said first reactor, said first
reactor including an inlet for a solid or gaseous reactant and an outlet for a
process gas;

a second chemical reactor having an inlet and an outlet for particulate
solids, said particulate solids forming a bed in said second reactor, said second
reactor including an inlet for a solid or gaseous reactant and an outlet for a
process gas; and

a gas stripping zone forming a non-mechanical seal between said first
and second reactors comprising a conduit connecting said first reactor with said
second reactor, said conduit including a first end communicating with the outlet
of said first chemical reactor and a second end communication with the inlet of
said second reactor, said first end, said conduit including an inlet for a stripping
gas located between said first and second ends, said gas stripping zone adapted
to prevent process gas from said first reactor from entering said second reactor
while permitting said particulate solids to pass from said first reactor into said

second reactor.

2. A system as claimed in claim 1 in which said gas stripping zone comprises a

zone seal standpipe.

3. A system as claimed in claim 1 including a third chemical reactor
communicating with said second chemical reactor, said third reactor having an
inlet and an outlet for particulate solids, said particulate solids forming a bed in

said third reactor.

4. A system as claimed in claim 3 including a riser section communicating with

the particulate solids outlet of said third reactor, said riser section adapted to
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recirculate entrained solids to said first reactor, said third reactor further including

a source of gas.

5. A system as claimed in claim 4 including a solids recovery device
communicating with said riser section, said solids recovery device comprising a

particulate separator for removing fine solid particulates from said system.

6. A system as claimed in 5 including a solids inventory device adapted to
contain particulate solid particles, said solids inventory device communicating
with said solids recovery device for receiving recovered particulate solids and
communicating with said first chemical reactor for supplying particulate solids to

said first reactor.

7. A system as claimed in claim 6 including a gas stripping zone between said
solids inventory device and said first reactor.

8. A system as claimed in claim 7 in which said gas stripping zone comprises a
standpipe forming a transitional gas discharge device, said standpipe having an
end communicating with said first reactor, said end including a gas outlet
communicating with said outlet for process gas in said first reactor for

discharging gas from said standpipe.

9. A system as claimed in claim 8 in which said gas outlet in said standpipe is

selected from a plurality of porous filters, straight slits, angled slits, and holes.

10. A system as claimed in 8 including a fines discharge device positioned on

the circumference of an inner wall of said first reactor.

11. A system as claimed in claim 3 including a solids circulation control device
positioned between said second and third reactors and adapted to control the
circulation rate of said particulate solids and to prevent gas mixing between said

second and third reactors.
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12. A system as claimed in claim 11 in which said solids circulation control
device comprises a non-mechanical seal device selected from a standpipe, a

loop seal, a V-valve, an L-valve, a J-valve, and an H-valve.

13. A system as claimed in claim 1 including a solid particulate bed height
monitoring device positioned in said first reactor comprising a capacitance

sensor.

14. A process for circulating gaseous and solid materials through a series of
chemical reactors comprising controlling the flow of solids and gases through
each reactor such that process gases from one reactor are prevented from
entering a different reactor while permitting solids to pass from one reactor to
another by positioning a stripping gas zone having first and second ends
between said reactors and injecting a stripping gas into said zone between said
first and second ends such that the gas pressure where stripping gas is injected
is greater than or equal to the pressure at either end of said zone.
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