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(57) Abrege/Abstract:

In accordance with one or more embodiments, a tubular catalyst-containing reactor system Is provided. The system Includes a
housing and a vaporizer unit in the housing comprising a helically wound tubular assembly for receiving and at least partially
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(57) Abrege(suite)/Abstract(continued):
vaporizing a liquid chemical reactant stream. A reformer unit in the housing recelves a vaporized chemical reactant stream from the

vaporizer unit. The reformer unit comprises a helically wound tubular assembly connected to and positioned coaxially relative to the
helically wound tubular assembly of the vaporizer unit. The helically wound tubular assembly of the reformer unit contains a catalyst
for catalyzing formation of gas product stream from the vaporized chemical reactant stream. A burner unit heats the vaporizer unit
and the reformer unit. The burner unit receives a fuel stream and an air stream and produces a flame generally inside the helically

wound tubular assemblies of the vaporizer unit and the reformer unit.
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(87) Abstract: In accordance with one or more embodiments, a tubular catalyst-containing reactor system 1s provided. The system
includes a housing and a vaporizer unit in the housing comprising a helically wound tubular assembly for receiving and at least par -
tially vaporizing a liquid chemical reactant stream. A reformer unit in the housing receives a vaporized chemical reactant stream
from the vaporizer unit. The reformer unit comprises a helically wound tubular assembly connected to and positioned coaxially relat -
1ve to the helically wound tubular assembly of the vaporizer unit. The helically wound tubular assembly of the reformer unit contains
a catalyst for catalyzing formation of gas product stream from the vaporized chemical reactant stream. A burner unit heats the vapor -
1zer unit and the reformer unit. The burner unit receives a fuel stream and an air stream and produces a tlame generally inside the

helically wound tubular assemblies of the vaporizer unit and the retor

‘mer unit.



CATALYST-CONTAINING REACTOR SYSTEM AND ASSOCIATED
METHODS

Background

0001] Cancelled

[0002] Tubular packed bed catalytic reactors are well known in the art for numerous
chemical reaction processes. In general, a reactor tube is filled with a particulate
catalyst and chemical reactants are flowed through the tube where they undergo a
chemical reaction. The chemical reactants are usually in a gaseous form, but in some
cases may be liquid, and the same applies to the products of the reaction. In most

cases, heat is either generated or consumed by the reaction, which itself may require

elevated temperatures to achieve practical reaction rates.

[0003] Numerous criteria influence the design of a catalytic reactor. Among the
typiCal considerations are: (1) the reaction rate and corresponding amount (volume) of
catalyst needed per unit of reactant flow; (2) the heat and temperature requirements

for the reaction; and (3) the fluid flow and pressure requirements on the inside of the

tubes.

[0004] Some of the typical design implications and tradeoffs for reactor geometry,
particularly tube length and diameter are as follows. Relatively small diameter tubes
provide better heat transfer characteristics since they have a hi gher external surface to
internal volume ratio. However, small diameters restrict flow, réquiring higher inlet
pressure. They also require longer lengths of tubes for a given catalyst volume due to
smaller volume per unit length. On the other hand, relatively large diameter tubes
provide less resistance to flow, requiring a shorter length for the same catalyst
volume. However, tubes with larger diameters generally have poor heat transfer

characteristics due to a relatively lower external surface to internal volume ratio.

CA 2856558 2018-12-21
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[0005] The balance between these factors will ultimately lead to a designh decision
where a given catalyst volume is packed into a tube of a given diameter and length. In
order to manage pressure drop in the catalytic reactor assembly to a practical level, it is
typically favored to arrange a number of tubes in parallel, rather than a single, long
tube. Such tube bundles are commonly encountered across a wide array of

applications.

[0006] In the field of relatively small scale reformer systems, additional constraints
are imposed upon the design. Typically, the catalytic reactor assembly must be
confined to a small external volume, while maintaining good temperature and heat
transfer characteristics. The cost of the system can be an overriding factor in the
design, and designs that minimize fabrication steps are therefore favored —so
minimizing the number of tubes is favored for cost reasons. These additional
constraints may be at odds in some cases. For example, a desigh might be feasible with
a single long length of tube of a given diameter, but for space constraints, this design

would be discarded in favor of a tube bundle, with higher fabrication costs.

[0007] On top of these high level design considerations, other practical matters
need to be taken into account. In the case of a single or bundle of straight tubes,
orientation of the tubes can be significant for long term performance stability. This is
due to processes of catalyst particle attrition and settling that can occur slowly over
time and may be accelerated by external factors such as vibration. The result of these
aging processes is a reduction in the volume occupied by the catalyst over time, and
the resulting empty volume in the tubes can allow the reactant flow to bypass the
catalyst in the case of horizontal orientation. In the case of vertical orientation, catalyst
settling can lead to a high pressure drop developing at the bottom of the tube, where
the fine particles will tend to collect. The corresponding empty volume at the top of
the tube can lead to potential problems since the empty volume will have different
heat characteristics from the packed tube and may, in instances where external heat is
applied, lead to local overheating and accelerated tube failure. In large scale
installations, these problems are usually managed by appropriate maintenance

schedules and procedures on the catalyst bed. In small scale systems, however, regular
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maintenance on the catalytic bed is generally not practical, instead requiring

replacement of the entire catalytic reactor assembly when performance has degraded

to an unacceptable level.

[0008] For reactor designs having multiple tubes operated in parallel, consideration
must be given to equalizing reactant flow between the multiple tubes and maintaining
the flow equal during operation. For reactions involving an increase in the number of
moles from the reactants to products, the potential for aggravated flow mal-
distribution exists since a relatively underperforming or “dead” tube will provide a path
of lower resistance for flow of reactants, which will thereby remain unconverted. A
dead tube might result from a degraded, lower activity catalyst or from relatively poor
heat transfer in relation to other tubes, resulting in a cold tube or tubes with lower

catalyst activity.

[0009] For incorporating a catalytic reformer assembly in a system to, e.g., produce
hydrogen by steam reforming of methanol (methyl alcohol, or CH;0H), consideration
must be given to providing the required heat input into the reformer assembly both for
maintaining the temperature of the reformer and to provide the necessary heat of
reaction. This heat may be provided by a burner for example. As it is advantageous to
provide equalized heat input to the reformer tubes, the burner design and tube
arrangement are mutually dependent. Again, when multiple tubes are operated in
parallel, the heat input and concomitant burner design become significant in order to

avoid the occurrence of dead tubes as described above.

Brief Summary of the Disclosure

[0010] In accordance with one or more embodiments, a tubular catalyst-containing
reactor system is provided. The system includes a housing and a vaporizer unit in the
housing comprising a helically wound tubular assembly for receiving and at least
partially vaporizing a liquid chemical reactant stream. A reformer unit in the housing
receives a vaporized chemical reactant stream from the vaporizer unit. The reformer
unit comprises a helically wound tubular assembly connected to and positioned

coaxially relative to the helically wound tubular assembly of the vaporizer unit. The
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helically wound tubular assembly of the reformer unit contains a catalyst for catalyzing

formation of a gas product stream from the vaporized chemical reactant stream. A

burner unit heats the vaporizer unit and the reformer unit. The burner unit receives a
fuel stream and an air stream and produces a flame generally inside the helically

wound tubular assemblies of the vaporizer unit and the reformer unit.

[0011] In accordance with one or more further embodiments, a method is provided

for catalyzing formation of a gas product stream from a liquid chemical reactant

stream. The method features the steps of: (a) providing a vaporizer unit comprising a

helically wound tubular assembly and a reformer unit comprising helically wound

tubular assembly containing a catalyst, the helically wound tubular assemblies of the
vaporizer unit and the reformer unit being coaxially arranged; (b) heating the vaporizer

unit and the reformer unit by combusting a fuel stream to produce a flame generally

inside the helically wound tubular assemblies of the vaporizer unit and the reformer

unit; (c) at least partially vaporizing the liquid chemical reactant stream in the vaporizer

unit; and (d) catalyzing formation of the gas product stream in the reformer unit from

the chemical reactant stream at least partially vaporized in the vaporizer unit.

Brief Description of the Drawings

[0012] FIG. 1 is a front perspective view of a tubular packed bed catalytic reactor in

accordance with one or more embodiments.

[0013] FIG. 2 is a rear perspective view of the catalytic reactor of FIG. 1.

[0014] FIG. 3 is a bottom perspective view of the coiled reactor tube assembly used

in the catalytic reactor of FIG. 1 in accordance with one or more embodiments.

[0015] FIG. 4 is a cross-section view of a tubular packed bed catalytic reactor in

accordance with one or more alternate embodiments.

[0016] FIGS. 5A and 5B are perspective and cross-section views, respectively, of an

air intake manifold in accordance with one or more embodiments.



CA 02856558 2014-05-21

WO 2013/086190 PCT/US2012/068244

[0017] FIG. 6 is a schematic block diagram illustrating a fuel delivery process in

accordance with one or more embodiments.

[0018] FIG. 7 is a schematic block diagram illustrating fuel processing in accordance

with one or more embodiments.

[0019] FIG. 8 is a schematic block diagram illustrating an exhaust system in

accordance with one or more embodiments.

[0020] FIG. 9 is a schematic block diagram illustrating a hydrogen conditioning

process in accordance with one or more embodiments.

Detailed Description

[0021] Various embodiments disclosed herein are directed to tubular catalyst-
containing reactors and, more particularly, to tubular packed bed catalytic reactors,
including coiled reactor tubes filled with a particulate catalyst. The catalytic reactors
are suitable for use in a variety of known chemical processes that broadly include gas
phase reactions conducted over stationary catalyst particles, which are also known as
“heterogeneous chemical reactions.” In exemplary implementations, methods and
apparatus disclosed herein are used for hydrogen production by the steam reforming
of alcohol or hydrocarbon-based fuels conducted over pellets of catalyst suited to the
particular reaction of interest. Of particular importance is the reaction of methyl
alcohol with water. The methyl alcohol reaction with water is accomplished in a process
where the typically pre-mixed reactants in a molar ratio of about 1:1 are fully vaporized
and the gaseous mixture introduced to the packed bed catalytic reactor maintained at
temperature in the range from about 200 to 450°C and preferably in a range from 300
to 400°C. The resulting gas mixture at the reactor exit contains hydrogen, typically over
60% by volume, and potentially as high 75% by volume admixed with carbon dioxide,
carbon monoxide, and any unreacted methyl alcohol and water. This mixture is well
suited to a variety of hydrogen separation processes, including separation by hydrogen
selective membranes, and the by-product stream resulting from the separation can be
burned to provide the necessary heat for the vaporization and reaction processes.

When coupled with hydrogen separation such as with hydrogen selective membranes
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or pressure swing adsorption (PSA), it is desirable to conduct the process described

above at an elevated pressure, preferably between about 100 to 400 psig so that the

resulting gas mixture is at a suitable pressure to drive the hydrogen separation.

[0022] FIGS. 1-3illustrate one example of a catalytic reactor 10 in accordance with
one or more embodiments. As shown in FIG. 1, the reactor 10 includes a vaporizer unit
12, a coiled reactor tube assembly 14 connected to the outlet of the vaporizer unit 12,
and a reactant tube assembly 18 connected to the outlet 16 of the coiled reactor tube
assembly 14. A burner 22 is provided for heating reactant in the vaporizer unit 12. The
reactor 10 is enclosed in an outer housing (not shown), and anchored at suitable points

in the housing.

[0023] As shown in FIGS. 1-3, the coiled reactor tube assembly 14 includes two
connected coiled reactor tubes 24, 26. Each coiled reactor tube comprises a
continuous series of regularly spaced spirals. Each coiled tube includes an inlet at one
end of the tube and an outlet at the opposite end. The outlet 28 of the first reactor
tube 26 is connected to the inlet 30 of the second reactor tube 24 in this example.
Each tube is filled with a particulate catalyst. A chemical reactant or reactants
introduced at the inlet 16 of the first tube 26 (from the vaporizer assembly 12) flows
through the first tube 26 and the second tube 24, where it undergoes a desired
chemical reaction. Products of the reaction flow from the outlet 20 of the second tube
24 into the reactant tube assembly 18, which functions to moderate the temperature

of the product gas exiting the reactor.

[0024] In the exemplary catalytic reactor 10 of FIGS. 1-3, the coiled tubes 24, 26 are
arranged in series. |n alternate embodiments, the tubes can be arranged in a parallel

configuration. Also, while the illustrated coiled reactor tube assembly 14 includes two

coiled reactor tubes, any number of coiled tubes can be used, depending on reactor

design and space constraints.

[0025] The coiled tubes can be inexpensively formed by shaping a straight tube into
a coiled configuration. The choice of tube material is determined by the operating

conditions of the process, which can in some examples include temperatures ranging
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from about 200 to about 500°C and inside pressures between 0 psig and 400 psig. As
such, the materials of construction are chosen to maintain integrity at the full range of
operating conditions. Suitable metals can include stainless steel, including 316 stainless

steel and higher temperature alloys known in the art, including inconel, and hastelloy.

[0026] The coiled tubes should have minimal wall thickness to improve heat
transter while being thick enough to sately maintain the internal operating pressure of
the reactor. However, if the wall is too thin, the tube may become oval-shaped in
cross-section when formed into a coiled configuration, and be subject to stress fatigue
and possible failure. Smaller diameter tubes provide better heat transfer
characteristics. However, if they are too small, they will restrict flow, requiring higher
inlet pressures. They will also require longer tube lengths to provide sufficient catalyst
volume. Larger diameter tubes provide less resistance to flow, but have poor heat
transtfer characteristics. The following are examples of coiled tube dimensions have
been found to be suitable for use in a moderate scale hydrogen production reactor.
The coiled tubes can be manufactured from a straight tube having an inner diameter
ranging from 0.5 inches to 1.25 inches with a wall thickness ranging from 0.05 inches to
0.125 inches. The coiled tube can be made from a straight tube having a pipe length of
10 to 40 feet. The coiled tube structure can have an outer diameter ranging from 4
inches to 8 inches. The coil tube structure inner diameter is approximately the coil
outer diameter minus the outer diameter of the tube. The length of the coiled tube
structure can be 6 to 24 inches. The pitch, i.e., coil spacing, can range from 0 to 0.125
inches. These dimensions are by way of example only as a variety of other suitable
dimensions are possible depending on the particular process involved and design

constraints.

[0027] The so coiled tubes are filled with the catalyst chosen for the given reaction

process. Many such catalysts for steam reforming of alcohols or hydrocarbons are

known in the art. One example for the steam reforming of methanol is the family of
catalysts comprised of copper, zinc, and aluminum oxide, which is very well suited for

low temperature steam reforming of methanol as is well known in the art.
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[0028] The catalytic reactor 10 also includes heating units 32 for maintaining the
reactor tubes 24, 26 at a given temperature (e.g., greater than 300°C in certain
hydrogen production processes) when the reactor 10 is in a “standby” state, a state
where no fuel is being fed to the process and the burner is therefore not operating.
Such a standby state is necessary if the system is required to produce hydrogen with a
minimal start time as is required in certain applications such as for back up power
supplies in a range up to 10’s of kilowatts electric power. By maintaining the system
hot, the heating units 32 allow the reactor 10 to move quickly to an operational state
when needed by allowing the then administered fuel to be quickly vaporized, reformed,
and ultimately directed to the burner for ignition. The burner then provides the needed
process heat, and the electrical heating is no longer required. The heating units 32,
which are shown in FIGS. 1 and 2, are positioned concentrically within the inner
diameter of the coiled reactor tubes 24, 26. This arrangement allows the heating unit
32 to be in close contact with a significant outer surface area of the reactor tubes,
allowing efficient heat transfer to the tubes. Each of the heating units 32 comprises a
metal (e.g., aluminum) block 34, which includes a central hole forming a receptacle for
receiving an elongated electrical cartridge heater 36. The electrical cartridge heaters
36 can be periodically removed and replaced as needed. Apertures in the outer
housing (not shown) of the catalytic reactor 10 can be used for accessing the cartridge
heaters 36. A typical electrical cartridge heater would be a 3/8” to 2” diameter

cylinder type heater from 3 to 8 inches long with a power rating from 100 to 1000

watts.

[0029] In preferred embodiments, the metal blocks 34 have a non-circular cross-
section. In FIGS. 1 and 2, the metal blocks are shown to have a hexagonal cross-
section. By having a non-circular cross-section, gaps are formed between the inner
surfaces of the coiled tubes 24, 26 and the metal blocks 34. The gaps allow airflow
therethrough, which increases transfer of heat to the coiled structure during operation

24, 26 through convection from the burner flue gas.

[0030] Coiled tube reactors in accordance with various embodiments can be

positioned to have generally any orientation in use, including horizontal or vertical
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orientations. As discussed above, catalyst settling, particle attrition creating fine
particles, and aging in horizontally oriented straight conventional reactor tubes can
create catalyst voids, allowing reactant flow to bypass the catalyst. Moreover, in
vertically oriented straight conventional reactor tubes, catalyst settling can lead to a
high pressure drop developing at the bottom end of the tube where the smaller, fine
catalyst particles will tend to accumulate over time. Moreover, the corresponding
empty volume at the top of the tube can lead to local overheating. The coiled tube
configuration of reactors in accordance with various embodiments avoids these and
other problems. With the coiled structure, there are no clear channels for reactant
flow to bypass catalyst. Also, in the coiled configuration, catalyst settling is more
evenly distributed among multiple coils along the length of the coiled structure,
thereby reducing pressure drops at the bottom of the structure and avoiding significant

empty volumes at the top of the structure.

[0031] Additionally, alternative system configurations may be employed depending
on the relative temperatures of the various steps on the process depending on
preferred operating conditions for a chosen catalyst material/reaction process. It may
be advantageous to locate the reformer coil directly above the burner, essentially
swapping places with the vaporizer section if the desired reaction and/or chosen
catalyst must operate at higher temperatures than in the above described
configuration, which is well suited for the relatively low temperature methanol steam

reforming over a copper/zinc/alumina based catalyst.

[0032] FIG. 4 is a cross-section view of a tubular catalyst-containing reactor 100 in
accordance with one or more alternate embodiments. The reactor 100 includes a
housing 102 supported on legs 106. A vaporizer unit 108 and a reformer unit 110 are
mounted inside the housing 102. A burner unit 112 is provided for heating the

vaporizer unit 108 and the reformer unit 110.

[0033] The burner unit 112 receives a fuel stream at fuel inlet 114 and an air stream
at an air inlet manifold 116. The air inlet manifold 116 (shown in greater detail in FIGS.

G5A and 5B) forms a generally cylindrical annulus arranged so that air flow completely

enshrouds fuel flow from a fuel nozzle 118. The air flow manifold 116 includes a
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plurality of tangentially-oriented air flow passages 120 that introduce a tangential or

swirl component to the air velocity vector so as to stabilize the combustion and provide

enhanced air/fuel mixing, improve combustion efficiency, and reduce emissions. The
burner unit 112 also includes a spark igniter 122 to start the burner, and a nearby

thermocouple to verity and monitor the flame.

[0034] The vaporizer unit 108 comprises a helically wound tubular assembly with

two helical sections, an inner helix 124 and an outer helix 126, which are coaxially

aligned. The two heli 124, 126 are preferably wound in opposite directions so that they

form a continuous coil when joined at the base. The heli 124, 126 are joined at a base
by either a fitting, a weld, or other suitable fabrication method. Liquid fuel mixture (or
other chemical reactant stream) is introduced at the top of the inner helix 124, allowing
liguid flow to move downward under the influence of gravity. Partially or preferably

fully vaporized mixture then flows upwardly through the outer helix 126, and flows

from the top of the outer helix 126 into the reformer unit 110.

[0035] The reformer unit 110 comprises a helical coil connected to and arranged
coaxially around the helical coils 124, 126 of the vaporizer unit 108. Other
arrangements are also possible. For instance, in accordance with one or more
embodiments, the vaporizer unit helical coils 124, 126 are arranged coaxially around
the reformer helical coil 110. In accordance with one or more further embodiments,
part of the vaporizer helical coils 124, 126 are outside the reformer helical coil 110 and

part are inside the reformer helical coil 110.

[0036] The reformer helical coil 110 is filled with a catalyst. In accordance with one
or more embodiments, the reformer helical coil 110 is a packed bed catalytic reactor

with the catalyst material being a particulate matter. In one or more alternate

embodiments, the catalyst is wash coated and fixed on the interior surfaces of the

reformer helical coil 110.

[0037] The vaporized fuel exiting the top of the outer helical coil 126 of the
vaporizer unit 108 enters the top of the reformer helical coil 110 and flows in a

generally downward direction, exiting at the bottom. The fuel mixture is partially or

10



CA 02856558 2014-05-21

WO 2013/086190 PCT/US2012/068244

preferably fully converted to a hydrogen rich gas mixture by the catalytic reaction in

the reformer coil. Temperatures on the reformer can be measured near the inlet and

near the middle of the reformer coil.

[0038] A purifier unit 130 (shown in the fuel process flow diagram of FIG. 7)
receives the hydrogen rich gas mixture from the reformer unit 110 and separates the
stream into two streams, one stream being rich in hydrogen (e.g., at least 95%
hydrogen on a molar basis) and a waste stream. The stream rich in hydrogen is
preferably at a high purity (e.g., at least 99% hydrogen on a molar basis) and more
preferably an ultra-high purity (e.g., at least 99.999% hydrogen on a molar basis). The
waste stream contains the remaining gases, including hydrogen, carbon dioxide, carbon
monoxide, and water as the major constituents. The separation proportion is governed
by the need to have enough fuel value in the waste stream so that when the waste
stream is combusted in the burner unit 112, substantially all of the heat required to
vaporize and reform the fuel is provided while maintaining the vaporizer and reformer
within a sufficient operating temperature range. The purifier unit 130 is well insulated
and temperature is measured by a thermocouple attached to the outside of the purifier

unit 130.

[0039] The system further includes a master controller unit 132, including a
microprocessor equipped with the capability to monitor the various temperatures and
pressures in the system and to control the various components in the system — the fuel
pump 134 and the fuel pump speed, the combustion blower or air blower 136 and its
speed, and the various other actuated valves and switchable components associated
with control of the system. The master controller 132 also includes a user
communication interface that allows a user to give commands to the system, such as to
standby or produce hydrogen. The master controller 132 runs digital algorithms stored

in memory that determine output responses to various input signal changes.

[0040] A bleed assembly comprising tubing and possibly other components such as
valves connects the waste stream from the purifier unit 130 to the burner unit 112. The

bleed assembly serves the function of passively controlling the flow of fuel to the fuel

nozzle 118 and maintaining back pressure to the rest of the system. The bleed

11
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assembly may include a fixed length of tube sized so as to produce a predetermined

range of flow rate of fuel to the burner, while simultaneously maintaining the back

pressure of the system within a predetermined range.

[0041] An exhaust assembly includes the air blower 136 (FIG. 8) in an ejector
arrangement to pull air out of the housing through an exhaust port 138, and
consequently pull air into the housing through the air intake ports 120 of the burner
unit 112. The ejector arrangement allows the system to be operated at a slightly
negative pressure with respect to the ambient, thereby causing emissions from the
burner unit 112 to be confined to exiting the system via the exhaust port 138. Varying

the speed of the air blower 136 allows indirect control of the air flow to the burner unit

112.

[0042] The fuel delivery system (FIG. 6) includes a flow metering fuel pump 134
capable of delivering fuel to the reactor 100 at an elevated pressure, a solenoid valve
140 coupled to the pump to help prevent backflow through the pump when the pump

IS hot operating and the system is under pressure, and a pressure indicating device such

as a pressure transducer 142.

[0043] The pure hydrogen conditioning system (FIG. 9) includes a cooling section
144 to lower the temperature of the product hydrogen to at least a predetermined
minimum level, a check valve 146 for helping prevent hydrogen back flow to the
purifier, an actuated valve 148 such as a solenoid valve for turning on or off the
hydrogen flow, and a buffer tank 150. In an alternate configuration, a second actuated

valve 152 such as a solenoid valve is provided for controlling flow into the buffer tank

150.

[0044] The reactor 100 includes an electric heating unit assembly 154 for
maintaining the reformer unit 110 and the vaporizer unit 108 at a given temperature
when the reactor system is in a standby state. The heating unit 154 comprises a metal

(e.g., aluminum) block, which includes holes forming receptacles for receiving

elongated electrical cartridge heaters.

12
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System Operation:

[0045] When the system is in a standby mode, the electrical heaters of the heating

unit 154 are powered to maintain at least part of the reformer and vaporizer coils 110,
108 at a startup temperature. The heater power is controlled by reading the
temperature and running the heaters at either full power or at a power level
modulated between 0 and 100% duty cycle depending on proximity to a target

temperature.

[0046] When a minimum standby temperature is reached, the system is ready for

hydrogen production. In some embodiments, the purifier unit 130 may also need to be
separately heated electrically to its own standby temperature in order to itself be ready

for hydrogen production.

[0047] In entering a hydrogen production mode from standby, the system

undergoes several actions:

[0048] Ignition: During ignition, the air flow to the burner unit 112 is initiated at a
relatively low flow. When the air flow is confirmed, the fuel pump 134 is started —
sending liquid fuel to the vaporizer unit 108 where it is vaporized and through the
reformer unit 110 where it is converted to a hydrogen rich gas. The hydrogen rich gas
passes through the hydrogen purifier unit 130 although the hydrogen flow out of the
system is stopped by maintaining the hydrogen solenoid valve 148 closed. Thus,
substantially all of the reformed fuel reaches the burner unit 112. At the burner unit
112, the igniter 122 is started and continues to fire until a flame is confirmed by a rapid

rise in temperature on the burner thermocouple.

[0049] Heat up: The system is brought up to a preferred operating temperature by

running the burner unit 112 at a predetermined fueling rate. Hydrogen is not allowed

to flow out of the purifier unit 130 to maintain a high fuel rate to the burner. During
the heat up, the fueling rate is increased gradually from a low starting value to a higher

finish value.

13
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[0050] Hydrogen delivery: When the reformer operating temperature reaches a
minimum preferred level, hydrogen delivery is initiated by opening the solenoid valve
148 (and subsequently opening solenoid valve 152 in embodiments where both
solenoid valves are present). During the delivery state, the control system continuously
determines two output parameters — the fuel pump speed, which determines the rate
at which liquid fuel is added to the system, and the combustion fan (i.e., the air blower
136) speed, which determines the rate at which air is added to the burner. The speeds
for the pump and fan are determined by an algorithm running on the master controller
132 that evaluates the two reformer temperatures, the fuel pressure, and the pure
hydrogen pressure and determines values to set the fuel pump and combustion fan. In
general, the control system attempts to maintain the hydrogen pressure at or above a
minimum value, while at the same time maintaining the reformer temperatures within
a temperature window and maintaining the fuel pressure below a maximum value. In
the case of the fuel pump, when a new fuel pump speed is called for by the algorithm,
the speed is approached gradually using an overriding ramping function to slow the
changes in fueling rate to correspond to the response time of the system. In some
embodiments, the purifier temperature is additionally controlled by providing electric

power to the heaters.

[0051] End Hydrogen Delivery: In general, the combustion fan 136 continues to
operate when there is still a flame at the burner, as evidenced by the fuel pressure
being substantially above ambient pressure. In some embodiments, prior to
completely turning off the fuel pump 134, the system will attempt to fill the hydrogen
buffer tank 150 to a preset level by continuing to run the fuel pump 134 at a preset low
speed until a target fill pressure is achieved. Otherwise, the system will shed excess
hydrogen pressure to the buffer tank 150 during shutdown by opening the hydrogen

solenoid valve when the internal pure hydrogen pressure exceeds a preset level. Once

the system has substantially depressurized, it can return to the standby state.

[0052] In various examples provided above, the reactor systems are described as

producing hydrogen by reforming an alcohol or hydrocarbon-based fuel. It should be
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understood however that reactors in accordance with various embodiments can be

used for a variety of other processes, including, e.g., ammonia (NH3) cracking.

[0053] Having thus described several illustrative embodiments, it is to be
appreciated that various alterations, modifications, and improvements will readily
occur to those skilled in the art. Such alterations, modifications, and improvements are
intended to form a part of this disclosure, and are intended to be within the spirit and
scope of this disclosure. While some examples presented herein involve specific

combinations of functions or structural elements, it should be understood that those

functions and elements may be combined in other ways according to the present
disclosure to accomplish the same or different objectives. In particular, acts, elements,
and features discussed in connection with one embodiment are not intended to be

excluded from similar or other roles in other embodiments.

[0054] Additionally, elements and components described herein may be further

divided into additional components or joined together to form fewer components for

performing the same functions.

[0055] Accordingly, the foregoing description and attached drawings are by way of

example only, and are not intended to be limiting.

[0056] What is claimed is:

15



We Claim:
1. A tubular catalyst-containing reactor system, comprising:
a housing;

a vaporizer unit in the housing comprising a helically wound tubular assembly
for receiving and at least partially vaporizing a liquid chemical reactant stream,
wherein the helically wound tubular assembly of the vaporizer unit comprises an inner
helical section and an outer helical section, the inner helical section being joined at

one end thereof to an end of the outer helical section, the inner and outer helical
sections being coaxially-aligned wherein the outer helical section at least partially
surrounds the inner helical section such that the liquid chemical reactant stream flows

in opposite directions through the inner and outer helical sections;

a retormer unit in the housing for recerving a vaporized chemical reactant

stream from the vaporizer unit, the reformer unit comprising a helically wound
tubular assembly connected to and positioned coaxially relative to the helically wound
tubular assembly of the vaporizer unit, the helically wound tubular assembly of the
reformer unit containing a catalyst for catalyzing formation of a gas product stream

from the vaporized chemical reactant stream; and

a burner unit for heating the vaporizer unit and the reformer unit, the burner
unit being centrally focated relative to the helically wound tubular assemblies of the
vaporizer unit and the reformer unit, the burner unit receiving a fuel stream and an air
stream and producing a flame inside the helically wound tubular assemblies of the

vaporizer unit and the reformer unit.

2. The reactor system of claim 1, wherein the helically wound tubular assembly

of the reformer unit is arranged around the helically wound tubular assembly of the

vaporizer unit.

3. The reactor system of claim 1, wherein the reformer unit comprises a packed-

bed catalytic reactor.
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4. The reactor system of claim 1, wherein the burner unit comprises a fuel nozzle
assembly and an air inlet manifold, the air inlet manifold comprising a cylindrical
annulus arranged so that airflow into the burner unit enshrouds fuel from the fuel
nozzle assembly, and wherein the air inlet manifold is configured to swirl the airtlow

to enhance air and fuel mixing.

d. The reactor system of claim 1, wherein the reactor system is ortented such that
the chemical reactant stream flows in a downward direction through the inner helical

section and then in an upward direction through the outer helical section of the

vaporizer unit before entering the reformer unit.

6. The reactor system of claim 1, further comprising an electric heating unit for
maintaining the reformer unit at a given temperature when the reactor system is in a

standby state.

7. The reactor system of claim 1, wherein the chemical reactant stream comprises
a mixture of water and an alcohol or hydrocarbon-based fuel, and wherein the
chemical reactant stream is catalytically reformed to produce a gas stream containing

hydrogen.

8. The reactor system of claim 7, wherein the gas stream containing hydrogen is

at least 30% hydrogen on a molar basis.

9. The reactor system of claim 7, wherein the gas stream containing hydrogen is

at least 50% hydrogen on a molar basis.

10.  The reactor system of claim 7, further comprising a puritier assembly for

separating the gas stream containing hydrogen into a first stream rich in hydrogen and
a second waste stream comprising residual hydrogen mixed with carbon dioxide,

carbon monoxide, and water.

11.  The reactor system of claim 10, wherein the first stream rich in hydrogen is at

least 99% hydrogen on a molar basis.

12.  The reactor system of claim 10, wherein the first stream rich in hydrogen is at

least 99.999% hydrogen on a molar basis.
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13.  The reactor system of claim 10, further comprising a bleed assembly for
directing the second waste stream to the burner unit to be used as the fuel stream,
wherein the bleed assembly comprises a fixed length of tube sized so as to produce a
predetermined range of flow rate of fuel to the burner while simultaneously

maintaining the back pressure of the system within a predetermined range.

14.  The reactor system of claim 1, further comprising an exhaust assembly
comprising an ejector for drawing exhaust gases out of the housing thereby drawing

airflow from outside the housing through an air intake port into the burner unit.

15.  The reactor system of claim 1, wherein the chemical reactant stream comprises
a fuel, and wherein the reactor system further comprises a fuel delivery assembly

comprising a flow metering fuel pump for delivering the fuel to the vaporizer unit.

16.  The reactor system of claim I, wherein the gas product stream contains
hydrogen, and wherein the reactor system further comprises a hydrogen conditioning
unit for cooling the gas product stream to at least a predetermined temperature and

inhibiting back-flow of the gas product stream.

17.  The reactor system of claim 1, wherein the reformer unit is configured to

receive only the vaporized chemical reactant stream from the vaporizer unit.

18
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