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Int. CI. be coupled to the reaction zone to recerve a reaction product
FOIN 3/08 (2006.01) from the reaction zone.
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ENGINE EXHAUST MANIFOLD
ENDOTHERMIC REACTOR AND
ASSOCIATED SYSTEMS AND METHODS

TECHNICAL FIELD

[0001] The present technology 1s directed generally to
engine exhaust manifold endothermic reactors, and associ-
ated systems and methods. Such systems and methods can
include endothermic reactors positioned within an exhaust
manifold to receive heat for conducting endothermic reac-
tions.

BACKGROUND

[0002] Renewable energy sources such as solar, wind,
wave, falling water, and biomass-based sources have tremen-
dous potential as significant energy sources, but currently
suffer from a variety of problems that prohibit widespread
adoption. For example, using renewable energy sources in the
production of electricity 1s dependent on the availability of
the sources, which can be intermittent. Solar energy 1s limited
by the sun’s availability (i.e., daytime only), wind energy 1s
limited by the vanability of wind, falling water energy 1s
limited by droughts, and biomass energy 1s limited by sea-
sonal variances, among other things. As a result of these and
other factors, much of the energy from renewable sources,
captured or not captured, tends to be wasted.

[0003] Theforegoing inetliciencies associated with captur-
ing and saving energy limit the growth of renewable energy
sources 1nto viable energy providers for many regions of the
world, because they often lead to high costs of producing
energy. Thus, the world continues to rely on o1l and other
tossil fuels as major energy sources because, at least in part,
government subsidies and other programs supporting tech-
nology developments associated with fossil fuels make 1t
deceptively convenient and seemingly inexpensive to use
such fuels. At the same time, the replacement cost for the
expended resources, and the costs of environment degrada-
tion, health impacts, and other by-products of fossil fuel use
are not included 1n the purchase price of the energy resulting
from these fuels.

[0004] In light of the foregoing and other drawbacks cur-
rently associated with sustainably producing renewable
resources, there remains a need for improving the efficiencies
and commercial viabilities of producing products and fuels
with such resources.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIG. 1 15 a partially schematic, partially cross-sec-
tional 1llustration of a reactor system that receirves energy
from a combustion engine 1n accordance with an embodiment
of the presently disclosed technology.

[0006] FIG. 2 1s a partially schematic, partially cross-sec-
tional 1illustration of a reactor system that receives energy
from a combustion engine and returns reaction products to the
engine 1n accordance with an embodiment of the presently
disclosed technology.

[0007] FIG. 3 15 a partially schematic, partially cross-sec-
tional illustration of a reactor system that includes a reactor
vessel positioned within an exhaust manifold 1n accordance
with another embodiment of the presently disclosed technol-

OgYV.
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[0008] FIG. 415 apartially schematic, cross-sectional 1llus-
tration of a representative reactor vessel suitable for position-
ing within an exhaust manifold 1n the manner shown 1n FIG.
3.

[0009] FIG. 51sapartially schematic, cross-sectional 11lus-
tration of a representative reactor vessel of the type shown in

FIGS. 1 and 2.

[0010] FIG. 61s a partially schematic, cross-sectional 11lus-
tration of a representative reactor vessel configured 1n accor-
dance with another embodiment of the present technology.

DETAILED DESCRIPTION

Overview

[0011] Several examples of devices, systems and methods
for etficiently producing hydrogen fuels and structural mate-
rials are described below. The efficiencies can result from
using waste heat produced by a combustion engine to heat the
reactor, and by returning at least some reaction products to the
engine for combustion or other purposes. The overall process
can result 1n clean-burning fuel and re-purposed carbon and/
or other constituents for use 1n durable goods, including poly-
mers and carbon composites. Although the following descrip-
tion provides many specific details of the following examples
in a manner suificient to enable a person skilled in the relevant
art to practice, make and use them, several of the details and
advantages described below may not be necessary to practice
certain examples of the technology. Additionally, the technol-
ogy may include other examples that are within the scope of
the claims but are not described here 1n detail.

[0012] References throughout this specification to “one
example,” “an example,” “one embodiment™ or “an embodi-
ment” mean that a particular feature, structure, process or
characteristic described 1n connection with the example 1s
included 1n at least one example of the present technology.
Thus, the occurrences of the phrases “1n one example,” “in an
example,” “one embodiment” or “an embodiment™ in various
places throughout this specification are not necessarily all
referring to the same example. Furthermore, the particular
features, structures, routines, steps or characteristics may be
combined 1n any suitable manner 1n one or more examples of
the technology. The headings provided herein are for conve-
nience only and are not intended to limit or interpret the scope
or meaning of the claimed technology.

[0013] Certain embodiments of the technology described
below may take the form of computer-executable nstruc-
tions, ncluding routines executed by a programmable com-
puter or controller. Those skilled 1n the relevant art will appre-
ciate that the technology can be practiced on computer or
controller systems other than those shown and described
below. The technology can be embodied 1n a special-purpose
computer, controller, or data processor that 1s specifically
programmed, configured or constructed to perform one or
more of the computer-executable instructions described
below. Accordingly, the terms “computer” and “controller’ as
generally used herein refer to any data processor and can
include internet appliances, hand-held devices, multi-proces-
sor systems, programmable consumer electronics, network
computers, mini-computers, and the like. The technology can
also be practiced 1n distributed environments where tasks or
modules are performed by remote processing devices that are
linked through a communications network. Aspects of the
technology described below may be stored or distributed on
computer-readable media, including magnetic or optically

2 L
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readable or removable computer discs as well as media dis-
tributed electronically over networks. In particular embodi-
ments, data structures and transmissions of data particular to
aspects of the technology are also encompassed within the
scope of the present technology. The present technology
encompasses both methods of programming computer-read-
able media to perform particular steps, as well as executing
the steps.

[0014] A system 1n accordance with a particular embodi-
ment of the technology includes an engine having a combus-
tion region and an exhaust passage coupled to the engine to
receive exhaust products from the combustion region. The
exhaust passage can at least partially enclose a passage inte-
rior region. The system can further include a reactor having an
external heat transfer surface positioned 1n the passage inte-
rior region, and a reaction zone positioned in a region
enclosed by the external heat transfer surface. A hydrogen
donor source can be coupled 1n fluid communication with the
reaction zone of the reactor vessel via a donor passage, and a

product passage can be coupled to the reaction zone to receive
a reaction product from the reaction zone.

[0015] A system in accordance with another embodiment
of the disclosed technology includes an engine having a com-
bustionregion, and an exhaust manifold coupled to the engine
to recerve exhaust products from the combustion region. The
exhaust manifold can have a manifold external surface and a
manifold internal surface at least partially enclosing an inte-
rior region, with insulation positioned around the external
surface. The system can further include a reactor having a
shell positioned 1n the interior region of the exhaust manifold,
the shell having a shell external heat transfer surface, and a
shell internal surface positioned around a reaction zone. A
spiral heat transfer element 1s carried by the shell and projects
into the passage interior region. A first wall 1s positioned
annularly inwardly from the shell internal surface and 1is
spaced radially apart from the shell internal surface to define
a first annular passage. A second wall 1s positioned annularly
inwardly from the first wall and spaced radially apart from the
first wall to define a second annular passage positioned
between the first and second walls, and a third passage posi-
tioned mwardly from the second wall. The second wall can
include a porous medium that 1s transmissive to hydrogen but
not transmissive to carbon compounds.

[0016] In still further embodiments, a representative sys-
tem further includes an electrically-powered heater posi-
tioned in the second annular passage, and a galvanic circuit
coupled across the second wall to pressurize the third pas-
sage. A hydrogen donor source 1s coupled to the first annular
passage via a donor passage to direct a hydrogen donor to the
reaction zone. A first product passage 1s coupled to the third
passage to receive hydrogen, and a second product passage 1s
coupled to the second annular passage to receive a carbon-
bearing product. A liquid cooling system can be coupled to
the engine to cool the engine, and can include a working fluid
passage. A first heat exchanger can be coupled between the
donor passage and the working tluid passage to transier heat
from the working fluid passage to the donor passage. The
system can further include a second heat exchanger coupled
between the donor passage and the exhaust manifold down-
stream of the reactor to transfer heat from the exhaust mani-
fold to the donor passage. A third heat exchanger can be
coupled between the donor passage and at least one of the first
and second product passages to transier heat from the at least
one product passage to the donor passage. A turbine can be

Sep. 13, 2014

positioned downstream of the reactor and the spiral heat
transier element to extract energy from the flow that has
passed around the reactor.

[0017] A method for operating an engine and a chemical
reactor 1n accordance with a particular embodiment of the
disclosed technology includes combusting a fuel in an engine
to produce power and combustion products, directing the
combustion products through an exhaust passage and around
a reactor positioned within the exhaust passage, and transier-
ring heat from the combustion products to a reaction zone
within the reactor, via an external surface of the reactor. The
method can further include directing a hydrogen donor into
the reaction zone of the reactor, and dissociating the hydrogen
donor into dissociation products 1n the reaction zone. The
products can include a hydrogen-bearing constituent, and a
non-hydrogen bearing constituent.

Representative Reactor Systems

[0018] FIGS. 1 and 2 illustrate representative reactor sys-
tems for producing hydrogen-based fuels and structural
building blocks or architectural constructs in accordance with
several embodiments of the technology. FIG. 1 illustrates the
general arrangement of a reactor that uses waste heat from a
combustion process. FIG. 2 illustrates further details of the
reactor system, and 1llustrates mechanisms and arrangements
by which the combustion engine and reactor can be coupled in
a closed-loop fashion. FIGS. 3-6 illustrate further embodi-
ments 1 which the reactor 1s positioned within an exhaust
manifold.

[0019] FIG. 1 1s a partially schematic 1llustration of a rep-
resentative system 100 that includes a reactor 110. The reac-
tor 110 turther includes a reactor vessel 111 that encloses or
partially encloses a reaction zone 112. In at least some
instances, the reactor vessel 111 has one or more transmissive
surfaces positioned to facilitate the chemical reaction taking
place within the reaction zone 112. Suitable transmissive
surfaces are disclosed 1n co-pending U.S. application Ser. No.
13/026,996, titled “REACTOR VESSELS WITH TRANS-
MISSIVE SURFACES FOR PRODUCING HYDROGEN:-
BASED FUELS AND STRUCTURAL ELEMENTS, AND
ASSOCIATED SYSTEMS AND METHODS” (Attorney
Docket No. 69545.8602U8S), filed on Feb. 14, 2011, and
incorporated herein by reference. To the extent of the forego-
ing reference and/or any other references incorporated herein
by reference contlict with the present disclosure, the present
disclosure controls. In a representative example, the reactor
vessel 111 recerves a hydrogen donor provided by a donor
source 130 to a donor entry port 113. For example, the hydro-
gen donor can include methane or another hydrocarbon. A
donor distributor or mamifold 115 within the reactor vessel
111 disperses or distributes the hydrogen donor into the reac-
tion zone 112. The reactor vessel 111 also receives steam
from a steam/water source 140 via a steam entry port 114. A
steam distributor 116 1n the reactor vessel 111 distributes the
steam 1nto the reaction zone 112. The reactor vessel 111 can
further include a heater 123 that supplies heat to the reaction
zone 112 to facilitate endothermic reactions. The power for
the heater (e.g., electrical power) can be provided by a renew-
able energy source 165. The renewable energy source 165 can
include a solar, wind, water and/or other suitable sustainable
sources. The reactions performed at the reaction zone 112 can
include dissociating methane or another hydrocarbon into
hydrogen or a hydrogen compound, and carbon or a carbon
compound. In other embodiments, the reactor 110 can disso-




US 2014/0260195 Al

ciate other hydrogen donors, e.g. nitrogenous hydrogen
donors. Representative reactions are further described 1n co-
pending U.S. application Ser. No. 13/027,208 (referred to
herein as the “208 Application) titled “CHEMICAL PRO-
CESSES AND REACTORS FOR FEFFICIENTLY PRO-
DUCING HYDROGEN FUELS AND STRUCTURAL
MATERIALS, AND ASSOCIATED SYSTEMS AND
METHODS” (Attorney Docket No. 69545.8601US), filed on
Feb. 14, 2011 and incorporated herein by reference. The
products of the reaction exit the reactor vessel 111 via an exit
port 117 and are collected at a reaction product collector

171a.

[0020] The system 100 can further include a source 150 of
radiant energy (e.g., waste heat) and/or additional reactants,
which provides constituents to a passage 118 within the reac-
tor vessel 111. For example, the heat/reactant source 150 can
include a combustion chamber 151 that provides hot combus-
tion/exhaust products 152 to the passage 118, as indicated by
arrow A. The combustion products 152 and associated waste
heat are produced by a process separate from the dissociation
process (e.g2., a power generation process). A combustion
products collector 1715 collects combustion products exiting,
the reactor vessel 111 for further recycling and/or other uses.
In a particular embodiment, the combustion products 152 can
include hot carbon monoxide, water vapor, and/or other con-
stituents. One or more transmissive surfaces 119 are posi-
tioned between the reaction zone 112 (which can be disposed
annularly around the passage 118) and an interior region 120
of the passage 118. The transmissive surface 119 can accord-
ingly allow radiant energy and/or a chemical constituent to
passradially outwardly from the passage 118 into the reaction
zone 112, as indicated by arrows B. By delivering the radiant
energy (e.g., heat) and/or chemical constituent(s) provided by
the tlow of combustion products 152, the system 100 can
enhance the reaction taking place in the reaction zone 112, for
example, by increasing the reaction zone temperature and/or
pressure, and therefore the reaction rate, and/or the thermo-
dynamic efficiency of the reaction. The foregoing process can
accordingly recycle or reuse energy and/or constituents that
would otherwise be wasted, 1n addition to facilitating the
reaction at the reaction zone 112.

[0021] The composition and structure of the transmissive
surface 119 can be selected to allow radiant energy to readily
pass 1rom the interior region 120 of the passage 118 to the
reaction zone 112. Accordingly, the transmissive surface 119
can include glass, graphene, or a re-radiative component.

Suitable re-radiative components are described further 1n co-
pending U.S. application Ser. No. 13/027,0135, ftitled

“CHEMICAL REACTORS WITH RE-RADIATING SUR-
FACES AND ASSOCIATED SYSTEMS AND METHODS”

(Attorney Docket No. 69545.8603US), filed on Feb. 14, 2011
and incorporated herein by reference.

[0022] As noted above, the combustion products 152 can
include steam and/or other constituents that may serve as
reactants 1n the reaction zone 112. Accordingly, the transmis-
stve surface 119 can be manufactured to selectively allow
such constituents into the reaction zone 112, in addition to or
in lieu of admitting radiant energy into the reaction zone 112.
In a particular embodiment, the transmissive surface 119 can
be formed from a carbon crystal structure, for example, a
layered graphene structure. The carbon-based crystal struc-
ture can 1nclude spacings (e.g., between parallel layers ori-
ented transverse to the flow direction A) that are deliberately
selected to allow water molecules to pass through. At the
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same time, the spacings can be selected to prevent useful
reaction products produced in the reaction zone 112 from
passing out of the reaction zone. In particular embodiments,
the transmissive surface 119 can be formed by using the same
type of archutectural constructs produced or facilitated by the
reactor 110.

[0023] The system 100 can further include a controller 190
that recerves nput signals 191 (e.g., from sensors) and pro-
vides output signals 192 (e.g., control instructions) based at
least in part on the inputs 191. Accordingly, the controller 190
can include suitable processor, memory and I/O capabilities.
The controller 190 can receive signals corresponding to mea-
sured or sensed pressures, temperatures, flow rates, chemical
concentrations and/or other suitable parameters, and can
1ssue 1nstructions controlling reactant delivery rates, pres-
sures and temperatures, heater activation, valve settings and/
or other suitable actively controllable parameters. An opera-
tor can provide additional inputs to modify, adjust and/or
override the instructions carried out autonomously by the
controller 190.

[0024] FIG. 2 1s a partially schematic illustration of system
100 that includes a reactor 110 1n combination with a radiant
energy/reactant source 150 in accordance with another
embodiment of the technology. In this embodiment, the radi-
ant energy/reactant source 150 includes an engine 180, e.g.,
an mternal combustion engine having a piston 182 that recip-
rocates within a cylinder 181. In other embodiments, the
engine 180 can have other configurations, for example, an
external combustion configuration. In an embodiment shown
in FI1G. 2, the engine 180 includes an intake port 184a that 1s
opened and closed by an intake valve 183a to control air
entering the cylinder 181 through an air filter 178. The air flow
can be unthrottled 1n an embodiment shown in FIG. 2, and can
be throttled 1n other embodiments. A fuel injector 185 directs
tuel into the combustion zone 179 where 1t mixes with the air
and 1gnites to produce the combustion products 152. Addi-
tional fuel can be mtroduced by an 1njection valve 189a. The
combustion products 152 exit the cylinder 181 via an exhaust
port 1845 controlled by an exhaust valve 1835. Further details
of representative engines and 1gnition systems are disclosed
in co-pending U.S. application Ser. No. 12/653,085 (Attorney
Docket No. 69345.8304US) filed on Dec. 7, 2010, and 1ncor-
porated herein by reference.

[0025] The engine 180 can include features specifically
designed to integrate the operation of the engine with the
operation of the reactor 110. For example, the engine 180 and
the reactor 110 can share fuel from a common fuel source 130
which 1s described 1n further detail below. The fuel 1s pro-
vided to the fuel injector 185 via a regulator 186. The engine
180 can also receive end products from the reactor 110 via a
first conduit or passage 177a, and water (e.g., liquid or steam)
from the reactor 110 via a second conduit or passage 1775.
Further aspects of these features are described in greater
detail below, following a description of the other features of
the overall system 100.

[0026] The system 100 shown 1n FIG. 2 also includes heat
exchangers and separators configured to transier heat and
segregate reaction products in accordance with the disclosed
technology. In a particular aspect of this embodiment, the
system 100 includes a steam/water source 140 that provides
steam to the reactor vessel 111 to facilitate product formation.
Steam from the steam/water source 140 can be provided to the
reactor 110 via at least two channels. The first channel
includes a first water path 141q that passes through a first heat
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exchanger 170a and into the reactor vessel 111 via a {first
steam distributor 116a. Products removed from the reactor
vessel 111 pass through a reactor product exit port 117 and
along a products path 161. The products path 161 passes
through the first heat exchanger 170a 1n a counter-tlow or
counter-current manner to cool the products and heat the
steam entering the reactor vessel 111. The products continue
to a reaction product separator 171a that segregates usetul
end products (e.g., hydrogen and carbon or carbon com-
pounds). At least some of the products are then directed back
to the engine 180, and other products are then collected at a
products collector 160a. A first valve 1764 regulates the prod-
uct flow. Water remaining 1n the products path 161 can be
separated at the reaction product separator 171a and returned
to the steam/water source 140.

[0027] The second channel via which the steam/water
source 140 provides steam to the reactor 110 1ncludes a sec-
ond water path 1415 that passes through a second heat
exchanger 170b. Water proceeding along the second water
path 1415 enters the reactor 110 1n the form of steam via a
second stream distributor 1165. This water 1s heated by com-
bustion products that have exited the combustion zone 179
and passed through the transier passage 118 (which can
include a transmissive surface 119) along a combustion prod-
ucts path 154. The spent combustion products 152 are col-
lected at a combustion products collector 1605 and can
include nitrogen compounds, phosphates, re-used 1lluminant
additives (e.g., sources of sodium, magnesium and/or potas-
sium), and/or other compositions that may be recycled or
used for other purposes (e.g., agricultural purposes). The
1lluminant additives can be added to the combustion products
152 (and/or the fuel used by the engine 180) upstream of the
reactor 110 to increase the amount of radiant energy available
for transmission into the reaction zone 112.

[0028] In addition to heating water along the second water
path 1415 and cooling the combustion products along the
combustion products path 154, the second heat exchanger
1705 can heat the hydrogen donor passing along a donor path
131 to a donor distributor 115 located within the reactor
vessel 111. The donor vessel 130 houses a hydrogen donor,
¢.g., a hydrocarbon such as methane, or a nitrogenous donor
such as ammonia. The donor vessel 130 can include one or
more heaters 132 (shown as first heater 132a and a second
heater 132b) to vaporize and/or pressurize the hydrogen
donor within. A three-way valve 133 and a regulator 134
control the amount of fluid and/or vapor that exits the donor
vessel 130 and passes along the donor path 131 through the
second heat exchanger 1705 and into the reactor vessel 111.
As discussed above, the hydrogen donor can also serve as a
tuel for the engine 180, 1n at least some embodiments, and can

be delivered to the engine 180 via a third conduit or passage
177c.

[0029] In the reactor vessel 111, the combustion products
152 pass through the combustion products passage 118 while
delivering radiant energy and/or reactants through the trans-
missive surface 119 into the reaction zone 112. After passing
through the second heat exchanger 17056, the combustion
products 152 can enter a combustion products separator 1715
that separates water from the combustion products. The water
returns to the steam/water source 140 and the remaining
combustion products are collected at the combustion prod-
ucts collector 1605. In a particular embodiment, the separator
1715 can 1include a centrifugal separator that 1s driven by the
kinetic energy of the combustion product stream. If the
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kinetic energy of the combustion product stream 1s insudfi-
cient to separate the water by centrifugal force, a motor/
generator 172 can add energy to the separator 1715 to provide
the necessary centrifugal force. If the kinetic energy of the
combustion product stream 1s greater than 1s necessary to
separate water, the motor/generator 172 can produce energy,
¢.g., to be used by other components of the system 100. The
controller 190 recerves inputs from the various elements of
the system 100 and controls flow rates, pressures, tempera-
tures, and/or other parameters.

[0030] The controller 190 can also control the return of
reactor products to the engine 180. For example, the control-
ler can direct reaction products and/or recaptured water back
to the engine 180 via a series of valves. In a particular embodi-
ment, the controller 190 can direct the operation of the first
valve 176a which directs hydrogen and carbon monoxide
obtained from the first separator 171a to the engine 180 via
the first conduit 177a. These constituents can be burned 1n the
combustion zone 179 to provide additional power from the
engine 180. In some 1nstances, it may be desirable to cool the
combustion zone 179 and/or other elements of the engine 180
as shown. In such instances, the controller 190 can control a
flow of water or steam to the engine 180 via second and third

valves 176b, 176¢ and the corresponding second conduit
1775.

[0031] Insome instances, it may be desirable to balance the
energy provided to the reactor 110 with energy extracted from
the engine 180 used for other proposes. Accordingly, the
system 100 can included a proportioning valve 187 1n the
combustion products stream that can direct some combustion
products 152 to a power extraction device 188, for example, a
turbo-alternator, turbocharger or a supercharger. When the
power extraction device 188 includes a supercharger, 1t oper-
ates to compress air entering the engine cylinder 181 via the
intake port 184a. When the extraction device 188 includes a
turbocharger, 1t can include an additional fuel injection valve
1895 that directs fuel into the mixture of combustion products
for further combustion to produce additional power. This
power can supplement the power provided by the engine 180,
or it can be provided separately, €.g., via a separate electrical
generator.

[0032] Asis evident from the forgoing discussion, one fea-
ture of the system 100 1s that 1t 1s specifically configured to
conserve and reuse energy from the combustion products 152.
Accordingly, the system 100 can include additional features
that are designed to reduce energy losses from the combustion
products 152. Such features can include 1nsulation positioned
around the cylinder 181, at the head of the piston 182, and/or
at the ends of the valves 183a, 1835. Accordingly, the 1nsu-
lation prevents or at least restricts heat from being conveyed
away from the engine 180 via any thermal channel other than
the passage 118.

[0033] One feature of at least some of the foregoing
embodiments 1s that the reactor system can include a reactor
and an engine linked 1n an interdependent manner. In particu-
lar, the engine can provide waste heat that facilitates a disso-
ciation process conducted at the reactor to produce a hydro-
gen-based fuel and a non-hydrogen based structural building
block. The building block can include a molecule contaiming
carbon, boron, nitrogen, silicon and/or sultur, and can be used
to form an architectural construct. Representative examples
of architectural constructs, 1n addition to the polymers and
composites described above are described 1n further detail 1n

co-pending U.S. Application No. 13/027,214, titled “ARCHI-
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TECTURAL CONSTRUCT HAVING FOR EXAMPLE A
PLURALITY OF ARCHITECTURAL CRYSTALS” (Attor-
ney Docket No. 69545.8701) filed on Feb. 14, 2011 and
incorporated herein by reference. An advantage of this
arrangement 1s that 1t can provide a synergy between the
engine and the reactor. For example, the energy mputs nor-
mally required by the reactor to conduct the dissociation
processes described above can be reduced by virtue of the
additional energy provided by the combustion product. The
eificiency of the engine can be improved by adding clean-
burning hydrogen to the combustion chamber, and/or by pro-
viding water (e.g., 1 steam or liquid form) for cooling the
engine. Although both the steam and the hydrogen-based tuel
are produced by the reactor, they can be delivered to the
engine at different rates and/or can vary in accordance with
different schedules and/or otherwise 1n different manners.

[0034] FIG. 31sapartially schematic, cross-sectional 11lus-
tration of a system 200 that includes a reactor 210 having a
reactor vessel 211 positioned in an engine exhaust manifold
or passage 220. The exhaust manifold 220 can be coupled to
an engine 180 having a reciprocating internal combustion
configuration generally similar to that described above with
reference to FIG. 2. In other embodiments, the engine 180 can
have other configurations, for example, a gas turbine configu-
ration. In any of these embodiments, exhaust products from
the engine 180 pass 1nto the exhaust manifold 220 and around
the reactor vessel 211 to provide heat to a reaction zone 212
located within the reactor vessel 211. Further details of a
representative manner 1n which the reactor 210 1s integrated
with other features of the system 200 are described below
with continued reference to FIG. 3. Further details of the
reactor itsell are described later with reference to FIGS. 4-6.

[0035] As shown 1n FIG. 3, the exhaust manifold 220 can

have an interior region 221 through which exhaust gases from
the exhaustport 1845 pass. The exhaust gases pass around the
reactor vessel 211 as indicated by arrows E, and as they pass
the reactor vessel 211, transier heat into the reactor vessel
211. One or more heat transfer elements 213 can project into
the interior region 221 of the exhaust manifold 220 to facili-
tate this heat transter process. In particular embodiments, the
reactor vessel 211 can also include an internal heater 214 that
can, on an intermittent or continuous basis, supplement the
heat provided to the reaction zone 212 by the exhaust gases

passing through the manifold 220.

[0036] In aifurther aspect of an embodiment shown in FIG.
3, the externally projecting heat transier elements 213 can be
arranged to 1mpart a spiral or radial flow component to the
exhaust gases. Accordingly, when the exhaust gases pass
downstream to a turbine 288 or other energy extraction
device, the turbine 288 can extract the rotational kinetic
energy. The turbine 288 can be coupled to an electric genera-
tor 277 via a shatt 287. The generator 277 can 1in turn provide
the electrical energy to an energy storage medium 206 e.g. a
battery, a bank of capacitors and/or another suitable medium.
The electrical energy can be retrieved from the energy storage
medium 206 to power the reactor heater 214 and/or other
components of the system 200.

[0037] Exhaust gases exiting the turbine 288 can proceed
downstream along a tlow axis F past a heat exchanger 24056
which will be described later, and to an exhaust product
separator 226. The exhaust product separator 226 can sepa-
rate one or more constituents from the exhaust gas stream, and
provide the constituents to an exhaust product collector 260c.
Separated exhaust products can then be directed to any of a
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number of suitable uses, for example, sulifur applications,
tertilizer applications, and/or others, depending upon the
composition of the exhaust gas products. Any remaining
exhaust gas exits the exhaust mamfold or passage 220 at an

exit 225.

[0038] At least some portions, and 1n particular embodi-
ments, all portions, of the exhaust manifold or passage 220
can include isulation 224 that prevents or at least restricts
heat from escaping the manifold 220. Instead, this heat 1s
directed to the reaction zone 212. This 1s unlike most conven-
tional exhaust gas manifolds, which typically facilitate heat
transier to the external environment for purposes of cooling.

[0039] The system 200 can include one or more reactant
vessels 230 (e.g. donor sources) that supply one or more
reactants (e.g., hydrogen donors) to the reaction zone 212.
The reactant 1s gaseous 1n several embodiments, and can be
liquid and/or solid, or any suitable combination of phases 1n
others. In particular embodiments, the donor includes a
hydrogen donor, e.g., methane or another hydrocarbon. Suit-
able hydrocarbons include ethane, propane or butane, along
with cetane and/or octane rated compounds. In still further
embodiments, the reactant can include alower grade constitu-
ent, e.g., ofl-grade cetane or octane rated hydrocarbons, or
wet alcohol. In at least some embodiments, the donor sub-
stance can include compounds other than hydrocarbon fuels
(e.g., carbohydrates, fats, alcohols, esters, cellulose and/or
others). In yet further embodiments, the hydrogen donor can
include hydrogen atoms in combination with constituents
other than carbon. For example, nitrogenous compounds
(e.g., ammonia and/or urea) can serve a similar hydrogen
donor function. Examples of other suitable hydrogen donors
are described in the 208 Application, previously incorpo-
rated herein by reference.

[0040] Inyetfurther embodiments, the donor substance can
donate constituents other than hydrogen. For example, the
reactor 210 can dissociate oxygen from CO2 and/or another
oxygen donor, or the reactor 210 can dissociate a halogen
donor. In other embodiments, the donor can have other com-
positions and/or donate other constituents. In any of these
embodiments, the donor 1s dissociated 1n the reaction zone
212 to produce two or more products. Accordingly, the sys-
tem 200 can include multiple product collectors that collect
the resulting products. In a particular embodiment shown in
FIG. 3, the product collectors include a first product collector
260a and a second product collector 26056. In particular
embodiments, as was discussed above with reference to
FIGS. 1 and 2, the reactant vessel 230 can supply a hydrocar-
bon to the reaction zone 212. In the reaction zone 212, the
hydrocarbon can be dissociated into hydrogen or a hydrogen-
bearing compound (directed to the first product collector
260a) and a carbon or carbon-bearing compound directed to
the second product collector 2605. The hydrogen can be
stored and/or delivered to the combustion zone 179 of the
engine 180 via a product delivery passage 262 and the tuel
injector 185. The hydrogen alone or in combination with
other constituents can accordingly form a hydrogen-charac-
terized fuel. An optional water source 275 can deliver water to
the combustion zone 179. The system 200 can include a
number of heat exchangers (e.g., counter-current or counter-
flow heat exchangers) and/or other features that increase the

overall efliciency of the reactor 210, as will be described 1n
further detail below.

[0041] As shown in FIG. 3, the reactant vessel 230 can
perform multiple purposes. For example, in addition to sup-
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plying a reactant to the reaction zone 212, the reactant vessel
230 can supply fuel to the engine 180. In particular, 1n a
manner generally similar to that described above with refer-
ence to FIG. 2, the reactant 230 can provide fuel (e.g. a
hydrocarbon fuel) to the engine 180 via the fuel injector 185,
under the control of the regulator 186. The reactant vessel 230
can include features for preheating the fuel/reactant/donor
prior to delivering the reactant to the fuel injector 185 and/or
the reaction zone 212. For example, the reactant vessel 230
can include an internal heater 232. In a particular aspect of
this embodiment, the internal heater 232 can be a resistive
heater, which receives electrical current from the energy stor-
age medium 206 described above. The reactant vessel 230 can
receilve heat from other sources, 1n addition to or in lieu of the
heater 232. Such sources can include a burner 233 that burns
a portion of the reactant contained within the reactant vessel
230 (and/or another suitable fuel) and provides the resultant
heat to the reactant vessel 230 via a heat pipe 234 or other
suitable thermal transfer device. The heat provided to the
reactant vessel 230 can vaporize and/or pressurize the reac-
tant therein. As described above, suitable reactants can
include methane or methanol, optionally with water, which
can operate as an oxidant.

[0042] The reactant or donor (both terms are used herein to
refer to the compound delivered to the reactor 210) exits the
reactant vessel 230 via a reactant passage 231, which directs
the reactant to the reaction zone 212 via one or more addi-
tional heat transier arrangements that can further preheat the
reactant before 1t arrives at the reaction zone 212. For
example, the system 200 can include a first heat exchanger
240a having a first heat exchange passage 241q and a second
heat exchange passage 242qa that are positioned 1n a counter-
flow arrangement relative to each other. The reactant can pass
through the first heat exchanger passage 241a so as to receive
heat from the second heat exchanger passage 242a. The sec-
ond heat exchanger passage 242a can be coupled to an engine
coolant circuit 276. The engine coolant circuit 276 can
include antifreeze or another heat transter working tluid that
receives heat from the engine 180. In most conventional
arrangements, this heat 1s rejected to the environment via a
radiator. In the present embodiment, this heat 1s instead trans-
terred to the reactant passing through the first heat exchanger
passage 241a. In a representative embodiment, the fluid in the
second heat exchanger passage 242a can have a temperature
of up to about 105° C., and 1n other embodiments, the tem-
perature can have other suitable values.

[0043] Thereactant passage 231 can further be coupledto a
second heat exchanger 2405 positioned at the exhaust mani-
told 220. The second heat exchanger 2405 can 1include a heat
exchange passage 2415 that 1s 1n direct thermal communica-
tion with the exhaust flow passing through the exhaust mani-
told 220, to further preheat the reactant 1n the reactant passage
231. The temperature of the exhaust gas at this location (e.g.,

downstream of the turbine 288) can be up to about 600° C. 1n
a representative embodiment.

[0044] The system 200 can further include a third heat
exchanger 240c¢ that directs heat from products exiting the
reactor 210 to the reactants entering the reactor 210. Accord-
ingly, the third heat exchanger 240¢ can include a first heat
exchanger passage 241c having a counter-flow arrangement
relative to one or more second heat exchanger passages 242c¢.
In a particular embodiment shown in FIG. 2, the third heat
exchanger 240¢ includes two second heat exchanger passages
242¢, one coupled between the reactor 210 and the first prod-
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uct collector 260a via a first product passage 261a, and the
other coupled between the reactor 210 and the second product
collector 2605 via a second product passage 2615. Accord-
ingly, both products exiting the reactor 210 can preheat the
reactant. In other embodiments (e.g., for which more than two
products are separated) the third heat exchanger 240c¢ can
include additional second heat exchanger passages 242c.

[0045] In at least some 1nstances, the system 200 can fur-
ther include a supplemental reactant vessel 230a coupled to
the donor passage 231. Accordingly, the system 200 can
supply an additional reactant (1n addition to the reactant pro-
vided by the reactant vessel 230) into the reaction zone 212.
Suitable constituents carried by the supplemental reactor
230a can include but are not limited to methanol.

[0046] In a typical embodiment, the system 200 includes a
vehicle 201 (e.g., a truck, a locomotive or another transpor-
tation medium) that carries the engine 180, the exhaust mani-
fold 220 and the reactor 210. Accordingly, the system 200
includes one or more wheels 202, one of which 1s shown
schematically in FIG. 3. The wheel or wheels 202 can be
coupled to a regenerative brake 203 that converts kinetic
energy from the wheel to electrical energy during a braking
operation, and directs the electrical energy to the energy
storage medium 206. The energy storage medium 206 can 1n
turn direct the electrical energy to the reactant vessel heater
232, the reactor heater 214 and/or other electrically powered
subsystems to increase the overall etficiency of the vehicle-
based system 200. Further embodiments of regenerative

brakes and other vehicle-based energy capture techniques are
disclosed 1n U.S. application Ser. No. 13/384,786 (Attorney
Docket No. 69545.8615U83) filed Feb. 11, 2013 and 1ncor-

porated herein by reference.

[0047] When the vehicle 201 1n not 1n use (or 1f the system
200 1s fixed 1n place), the energy source 206 can be coupled to
an electrical grid 204 via a power outlet 203 or other suitable
arrangement. Accordingly, the energy source 206 can be
recharged, e.g., during non-operational periods, so as to pro-
vide energy on an as-needed basis during operational periods.
Power management tasks and other coordination tasks used to
direct the operation of the reactor 210 and associated sub-
systems can be controlled by a controller 290 that recerves
iputs 291 and provides appropriate outputs 292. The con-
troller 290 can accordingly include one or more computer-
readable media programmed with instruction that, when
executed, carry out one or more of the tasks and operations
described herein. Further details of the structure and opera-

tion of the reactor 210 are described below with reterence to
FIGS. 4 and 5.

[0048] FIG. 4 15 a partially schematic, side cross-sectional
illustration of an embodiment of the reactor 210 positioned
within the exhaust manifold or passage 220. The manmfold
220 can have a manifold internal surface 222 facing toward
the reactor 210, and a manifold external surface 223 facing
outwardly away from the reactor 210. As discussed above, the
manifold 220 can be surrounded or at least partially sur-
rounded with mnsulation 224 (e.g., a ceramic or other suitable
material ) that prevents or at least restricts heat from escaping,
via the manifold external surface 223. Instead, such heat 1s
available for transier by convection, conduction, and/or radia-
tion to the manifold iterior region 221 and the reactor 210.

[0049] The reactor 210 can include a shell 215 having a

shell internal surface 2164 and a shell external surface 21654.
The external surface 2165 can include a highly thermally
conductive, heat-resistant and oxidation-resistant material
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(c.g. a super alloy that includes nickel and/or cobalt, or
another high temperature furnace alloy) to facilitate transier-
ring heat from the exhaust gas to the reaction zone 212 within
the reactor 210. Unlike the arrangement described above with
reference to FIG. 2, the shell 215 can prevent constituent
transters into the reactor 220 from the adjacent exhaust flow,
while permitting heat transfer from the exhaust flow. As dis-
cussed above, the reactor 210 can further include one or more
heat transier elements 213 that project from the shell 215 1nto
the interior region 221 of the manifold 220 to extract addi-
tional thermal energy from the exhaust gas and conduct that
energy to the reaction zone 212 via the shell 215. In a par-
ticular embodiment, the heat transfer element 213 can have a
generally spiral shape that, 1n addition to extracting heat from
the passing exhaust flow, imparts a rotational motion to the
exhaust flow, which can be extracted by the turbine 288
described above with reference to FIG. 3. In one embodiment,
the heat transfer element 213 can include a single screw-
shaped annular element. In other embodiments, the heat
transier element 213 can have multiple components, e.g.,
multiple vanes, fins, or other surfaces that are at least partially
inclined relative to the axial gas tlow direction indicated by
arrows E. Accordingly, any of these arrangements can gener-
ate the spiral tlow pattern indicated by arrows S. The heat
transier elements can generally have a high surface area-to-

volume ratio so as to increase the efficiency with which they
collect and transmit heat.

[0050] The reactor 210 can have one or more annularly-
positioned flow passages, defined by one or more correspond-
ing walls. For example, the reactor vessel 211 can include a
first wall 251 (e.g., 1n the form of a capped tube) positioned
inwardly from the shell 215 to define, at least 1n part, a first
passage 253a. The vessel 211 can further include a second
wall 252 (e.g., 1n the form of a capped tube) positioned
radially inwardly from the first wall 251. Accordingly, the
second wall 252 can define, at least 1n part, a second passage
253b positioned between the first wall 251 and the second
wall 252, and a third passage 253 ¢ positioned inwardly from
the second wall 252. The first wall 251 can be generally solid
and thermally insulated or non-transmissive, so as to restrict
or prevent the loss of heat generated by the reaction heater
214. Accordingly, a reactant flow provided by the reactant
passage 231 can recerve heat from the shell 215 as 1t travels
axially along the annular first passage 253a, as indicated by
arrows D. The first wall 251 can include openings or perto-
rations 250 toward a distal end DE of the first passage 253a,
allowing the reactant to pass inwardly 1nto the second passage
253b. The reactant then travels back 1n a proximal direction
through the second passage 2535 toward a proximal end PE of
the reactor 210.

[0051] As the reactant recerves heat 1n both the first and
second passages 253a, 2535, 1t begins to oxidize, partially
oxidize, reform, and/or dissociate 1n a non-combustion,
endothermic reaction process, forming one or more first prod-
ucts and one or more second products. These processes can be
conducted 1n accordance with the parameters described in the
"208 Application previously incorporated herein by refer-
ence. Representative reactions include:

Heat+CH4+H20—=CO+3H2 Equation 1
Heat+CH4—=C+2H?2 Equation 2
Heat+CH30OH—=CO+2H?2 Equation 3
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Heat+CH3OH+H20—=CO2+3H2 Equation 4
Heat+CH3IH+*“C”+H20—=2C0O+3H?2 Equation 5
Heat+CxHy+xH20—=xCO+(0.5v+x)H?2 Equation 6
Heat+2NH3—=N2+3H?2 Equation 7
Heat+CO(NH2)2—CO+2H2+N2 Equation &
Heat+CO(NH2)2+H20—=CO2+3H2+N2 Equation 9
CH4+0.502—=CO+3H2+Heat Equation 10
HxCy+y/202—=yCO+x/2H?2 Equation 11
HxCy=yH20—=yCO=(y+x/2)H2 Equation 12

[0052] Inatleast some cases, various carbon donors (1den-
tified as “C” 1n Equation 5) can contribute further carbon to
the foregoing reactions. Suitable carbon donors can include
coal, grain dust, food and/or farm wastes. In addition to or 1n
lieu of such sources, optional surfactants can be added to
improve emulsion stability, including surfactants that may
also contribute carbon 1n the endothermic reaction. In at least
some embodiments (e.g., as indicated by Equations 10-12),
exothermic and/or partial oxidation reactions can contribute
heat to the foregoing endothermic reactions.

[0053] In particular embodiments, the first products
include hydrogen or hydrogen compounds, and the second
products include carbon or carbon compounds. The second
wall 252 can be constructed to separate these two products
and direct each to a respective one of the first product collec-
tor 260a or the second product collector 2605 described
above with reference to FIG. 3. In a particular embodiment,
the second wall 252 can include a porous medium 254 having
porous surfaces 255 and being selectively transmissive to
hydrogen or selected hydrogen compounds, but 1s not trans-
missive to carbon or carbon compounds. Accordingly, hydro-
gen can pass mnto the third passage 253¢ as indicated by
arrows H, and carbon or carbon compounds can remain in the
second passage 2335, as indicated by arrows C. The hydrogen
1s then collected at the first product passage 261a, and the
carbon or carbon compounds are collected at the second
product passage 2615.

[0054] In one embodiment, the second wall 252 can be
manufactured by winding selected filaments on a temporary
forming mandrel sized to match or approximately match the
inner diameter of this tube-shaped element. The fibers can be
wound 1n a pattern that 1s selected or optimized for reinforc-
ing a pressure-contaiming vessel. Filaments suitable for such
purposes include polyacrylonitrile (PAN) including co-poly-
mers and solutions with other compounds, pitch fiber, along
with carbon fiber, silicon carbide and/or other suitable fila-
ment selections. The resulting matrix can then be heat treated
and/or subjected to other furnace operations to convert the
PAN to carbon. Additional carbon can be added to (e.g.,
deposited on) the matrix by one or more steps similar to the
reaction 1dentified above in Equation 2. The resulting struc-
ture can accordingly include a porous network that favors
hydrogen (e.g., separates hydrogen) from feedstocks such as
natural gas liquids and other reactants listed in Equations 1-9,
as well as from other products listed in Equations 1-9 above.

[0055] Inanother embodiment, the tube forming the second
wall 252 can be formed by compacting graphene, carbon,
and/or other powders with one or more suitable organic poly-
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mers and/or binders, followed by heat treating to convert the
organics and/or binders and densification to the degree
desired for separation of hydrogen and/or carbon monoxide
from other gases such as the reactants of Equations 1-9. In
particular, densifiying the matrix can include producing
nanomaterials such as nanotubes, fibers, and whiskers by the
technologies disclosed 1n U.S. Application Publication No.
2009/0186214, U.S. Pat. No. 8,158,217 and/or U.S. Pat. No.
8,168,291. Accordingly, the products formed at the reactor
210 can be used to form new structures for additional reactors.
In particular, the carbon extracted from a hydrocarbon in one
process can be used to form the porous medium that 1s used to
separate additional carbon and hydrogen in a subsequent
pProcess.

[0056] In still further embodiments, the tube forming the
second wall 252 can be repaired or repurposed after use 1n the
reactor 210. For example, the imtial use of the tube as a
component of an exhaust manifold provides a highly purified,
sterilized, and refined micro-porous electrode or filter matrix.
After such use, the tube can have deposited on 1t a carbon fuzz
so that the tube can function as a high value electrode for
clectro-dialysis or as a filter for fluids such as air, water, beer,
whiskey, wine or pharmaceutical products.

[0057] The temperature of the reaction zone 212 may vary
depending upon the operational state of the engine 180 (FIG.
3). For example, during cold engine startup, the exhaust gases
will have a relatively low temperature e.g., 120° C. As the
engine warms up, the exhaust gas temperature will increase
e.g., to 300° C. for i1dle, coasting or lightly loaded operation.
At maximum load conditions, the exhaust gas temperature
can increase to 700° C. In any of these embodiments, the
reactor heater 214 can supplement the energy provided to the
reaction zone 212. The heater 214 can be an electrical resis-
tance heater or induction heater that, under the control of the
controller 290 (FIG. 3) provides the requisite amount of heat.
In some embodiments, the heater 214 1s activated only during
engine operational phases that result in relatively low exhaust
gas temperatures. In other embodiments, the heater 214 1s
active at all times, but provides more heat during some opera-
tional phases than others. For example, a typical temperature
for hydrogen dissociation 1s at least 650° C., and 1n several
embodiments, it 1s desirable to conduct the reaction at higher
temperatures (e.g., at least 700° C. and 1n particular, from
about 750° C. to about 1600° C.). Such elevated temperatures
can produce product pressures high enough to support inject-
ing the products (e.g., hydrogen) into a high compression
rat1o engine. In at least some instances, the heat transferred to
the reactant via the engine coolant, the exhaust downstream of
the turbine 288, and the exhaust upstream of the turbine 288
may be msuilicient to elevate the reaction zone 212 to these
temperatures. In such instances, the reactor heater 214 may
operate at all times when the reactor 210 operates, but, as
described above, 1ts energy output can vary depending on the
engine operational state and by extension reaction zone tem-
perature. Temperature sensors, pressure sensors, and/or other
teedback devices are used to determine the operational states
and/or parameters of the system 200 to provide suitable infor-
mation to the controller 290.

[0058] In another aspect of an embodiment shown 1n FIG.
4, the reaction vessel 211 can 1nclude one or more galvanic
circuits 217, each of which can include one or more cathodes
218a and one or more anodes 218b. The galvanic circuit 217
can be coupled to the energy storage medium 206 (FIG. 3) to
provide a voltage across the second wall 252. When activated,
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the galvanic circuit can pressurize the hydrogen collected in
the third passage 253¢, which can in turn facilitate the disso-
ciation process conducted in the reaction zone 212 by reduc-
ing the hydrogen partial pressure in the reaction 212. In
addition, hydrogen at elevated pressures within the third pas-
sage 253 ¢ can be used to facilitate high-pressure fuel injection
at the injector 185 (FIG. 3). Representative pressures include

200 Bar (gage) or higher.

[0059] Galvanic separation can {facilitate the foregoing
hydrogen separation and pressurization processes, €.2., by
proton conduction. Composites and ceramics such as perovs-
kite (SrCeO3) oxide can provide suitable media for such
processes, and can be used 1n addition to the porous medium
described above. In particular, gas volumes at elevated tem-
peratures, that include hydrogen, can be separated at
increased rates by doped perovskite-type oxides. Such
enhanced proton conductivity 1s provided with membranes
such as doped SrCeO3, CaZrO3, BaCeO3 and/or SrZr(O3.
Suitable dopants include yttrium, vytterbium, europium,
samarium, neodymium, and gadolinium.

[0060] Hydrogen separation by such oxide ceramics can be
turther enhanced by an increased pressure gradient and/or via
a DC bias. In embodiments that apply a DC bias or galvanic
drive 1n the hydrogen separation process, the hydrogen can
permeate from a lower hydrogen pressure on one side of the
membrane to a higher hydrogen partial pressure on the other
side of the membrane, or vice versa. By contrast, in a non-
galvanic hydrogen separation process i which a pressure
difference exists across a separation membrane, transport 1s
only from the high hydrogen partial pressure side to the low
hydrogen partial pressure side of the membrane.

[0061] Catalysts may be utilized at a reaction surface to
influence surface exchange reactions such as various steps or
the processes of Equations 1, 2, and/or 7 above, and the
hydrogen permeation can be enhanced by coating the mem-
brane with a surface catalyst to reduce the activation energy
for the surface exchange reactions. In particular embodi-
ments, the selected anode material 1s also a favorable catalyst.
Representative anodes for galvanic hydrogen pumps include
porous films of N1, Ag, Pt, and N1/BCY porous layer. In such
hydrogen pumping processes, the gas mixture in the anode
and cathode zones compartments can include steam or be
humidified with water vapor to improve the proton conduc-
tivity of the electrolyte and suppress 1ts electronic conductiv-
ity.

[0062] The hydrogen separation rate increases as the
applied current i1s increased in accordance with Faraday’s
law. Depending upon factors such as reactant pressure and
temperature, dopant selection, membrane thickness, and
humidity, the applied galvanic voltage gradients can have
values 1n a representative range of from about 0.2 VDC to
about 20 VDC, which are sufficient to produce substantially
higher pressure hydrogen. Such net galvanic voltage gradi-
ents may be produced by much higher voltage AC or DC
clectricity delivered to the reactor heater 214.

[0063] Thus various mixtures of reactants and products
such as H2 along with C0, CO2, H20, and/or N2 1n the anode
zone can be separated to provide pressurized H2 at the cath-
ode zone. Such hydrogen pressurization driven by an applied
external voltage can move hydrogen from a suitably pressur-
1zed gas mixture including reactants and products to higher
pressure for delivery for denser storage and injection pur-
poses. In particular embodiments, reactants are delivered to

the anode 2185 at 61 Bar (900PSI) and are reacted to produce
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hydrogen that 1s removed to improve the reaction yield and
delivered by galvanic separation at voltage gradients 01 0.2 to

20VD to the cathode 218a, at 122 Bar (1800PSI).

[0064] As shown in FIG. 4, embodiments of the present
technology include a coaxial tlow circuit that heats the reac-
tants 1n the first passage 253a via exhaust gases, and then
directs the gases into the second passage 2535 wherein the
foregoing galvanic process facilitates hydrogen separation
and pressurization. Accordingly, the exhaust gases can pro-
vide an mitial quantity of heat alone or in combination with
the heat recerved from heat transier processes described
above with reference to FIG. 4. Additional heat, e.g., obtained
from a regenerative braking process, can be provided at
higher and adaptively controlled temperatures to produce
hydrogen at the desired rate and/or pressure needed to opti-
mize or at least improve operation of the engine 180 (FIG. 3).

[0065] Reactants delivered to the anode within the tube
bore at 61 Bar (900PSI) can be reacted to produce hydrogen
that 1s removed to improve the reaction yield and delivered by
galvanic separation at voltage gradients 01 0.2 to 20VD to the
cathode at the outside zone of the separator tube at 122 Bar

(1800PSI). The pressurized hydrogen can be directly injected
into the engine 180 (FIG. 3).

[0066] FIG. 5 1s an end cross-sectional 1llustration of a
portion of the system 200 described above with reference to
FIGS. 3 and 4. FIG. 5 1llustrates the manifold 220 attached to
the engine 180 with an arrangement that, in addition to or in
licu of the insulation 224 reduces or prevents heat loss, so as
to preserve the available heat for heating the reactor 210. For
example, the system 200 can include a thermally msulating
gasket 274 between the manifold 220 and the engine 180. The
manifold 220 can be fastened to the engine 180 with ther-
mally 1solating or insulating elements. Such elements can
include a thermally non-conductive bolt 269 and nut 271,
thermally insulating washers 272, a compression disk spring,
270, and/or a fastener 1solator tube 273, all of which reduce
thermal losses. As a result, the efficiency with which the
reaction carried out 1n the reactor 210 1s conducted can be
improved relative to the systems that do not include such
insulating features.

[0067] FIG. 61s apartially schematic, cross-sectional 11lus-
tration of areactor 610 configured in accordance with another
embodiment of the present technology, and disposed 1n the
exhaust manifold 220 1n a manner generally similar to that
described above with reference to FIGS. 3-5. Accordingly,
aspects of the reactor 610 shown 1n FIG. 6 that are similar or
generally similar to corresponding aspects of the reactor 220
described above are not described 1n detail below.

[0068] In a particular aspect of an embodiment shown 1n
FI1G. 6, the reactor 610 includes a reactor vessel 611 that
encloses an mwardly disposed, first wall 651 having a con-
struction generally similar to the construction of the second
wall 252 described above with reference to FIG. 4. Accord-
ingly, the first wall 651 can include a hydrogen-selective
porous medium. The first wall 651 can enclose a first passage
653a through which the hydrogen donor passes, as indicated
by arrows D. Heat 1s provided to the first passage 653a via
heat transier from the exhaust gas tlow (indicated by arrows
E), supplemented in at least some operational phases with
heat provided by the reactor heater 214. Accordingly, the first
passage 653a forms a reaction zone 612. As the carbon donor
dissociates in the reaction zone 612, the hydrogen passes
outwardly through the first wall 651 1nto a second passage
653b as indicated by arrows H. The hydrogen passes out of
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the second passage 6535 via a first product passage 261a, and
the remaining carbon and/or carbon compounds pass out-
wardly from the reactor 610 via a second product passage
261b, as indicated by arrows C. The galvanic circuit 217 can
include one or more cathodes 218a positioned 1n the second
flow passage 6535, and one or more anodes 218b positioned
in the first passage 233a. Accordingly, the pressure 1n the
second passage 6535 can be higher than the pressure 1n the
first passage 633a, which can place a compressive force on
the first wall 651. As a result, the first wall 651 can be sized to
withstand a radially compressive force, rather than a radially
expansive force, which can reduce the thickness of the first
wall 651 and/or increase the material options available for the

first wall 651.

[0069] In addition to producing hydrogen for fuel or other
purposes, the reactor 210 can produce carbon and/or carbon
compounds, which can have still further uses. For example
representative carbon-based products from the reactor 210
include carbon, silicon carbide, halogenated hydrocarbons,
graphite, and graphene. These products can be further pro-
cessed, e.g., to form carbon films, ceramics, semiconductor
devices, polymers and/or other structures. For example, the
products can include carbon pipes, sheets, the second wall
described above, and/or other suitable structures. Accord-
ingly, the products of the reaction conducted 1n the reactor
210 can be architectural constructs or structural building
blocks that can be used as 1s or aiter further processing. Other
suitable products are described in the 208 Application.

[0070] One {feature of several of the embodiments
described with reference to FIGS. 3-6 1s that the systems can
include insulated exhaust manifolds, 1n combination with
reactor surfaces that are highly thermally conductive. This
combination can result in low thermal mass, low thermal
inertia, and high thermal shock resistance. As a result, the
elficiency of the dissociation reaction carried out at the reac-
tor can be significantly greater than for systems that do not
include these features.

[0071] Other features of the foregoing embodiments
include the ability to use significantly less expensive tuels,
including methane produced from sewage, garbage, farm
wastes, and/or forest slash, 1n addition to or 1n lieu of natural
gas, with considerably higher efficiencies than are available
with conventional diesel engines. In addition to being less
expensive, such fuels are generally more easily and quickly
renewed than are conventional fuels. Engines converted to
use such fuels can last longer than conventional engines,
produce higher peak power, and/or reduce objectionable
emissions. One feature that contributes to reduced emissions
1s not throttling the engine 180. The elliciency with which
such fuels are generated 1s increased by using engine heat that
1s otherwise wasted. Excess energy can be readily stored at
the energy storage medium 206.

[0072] Sull further features include capturing heat and
energy from the engine exhaust system, which has lower
pressures and kinetic energy levels than other portions of the
engine, and 1s therefore safer. In addition, the insulation pro-
vided around the exhaust manifold can provide a containment
shell that further increases engine safety. Still further, the
system 1s configured to absorb very large amounts of braking
energy, via regenerative brakes, without generating unsafe
heat levels.

[0073] In particular embodiments, the arrangement
selected for a given reactor can depend on the power of the
engine 180 to which 1t 1s coupled. For example, the arrange-
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ment shown in FIG. 2 may be more suitable for larger engines
(e.g., greater than 700 HP) for which high fuel use rates
correspond to high radiant energy rates. The reactor shown 1n
FIG. 2 1s configured at least in part to make use of these
clevated radiant energy levels. By contrast, the arrangement
shown 1n FIGS. 3-6 may be more suitable for smaller engines
(e.g., less than 700 HP) which do not generate as much radiant
energy and which tend to be cheaper. In particular, many of
the components used in the arrangements shown 1n FIGS. 3-6
can be formed from 310 stainless steel or other more reason-
ably priced materials.

[0074] From the foregoing, 1t will appreciated that specific
embodiments of the technology have been described herein
for purposes of illustration, but that various modifications
may be made without deviating from the technology. For
example, certain embodiments of the processes described
above were described 1n the context of methane. In other
embodiments, other hydrocarbon fuels or non-carbon-con-
taining hydrogen donors can undergo similar processes to
tform hydrogen-based fuels and architectural constructs. The
waste heat provided by the engine can be supplemented by
other waste heat sources, e.g., waste heat from regenerative
braking.

[0075] Certain aspects of the technology described 1n the
context of particular embodiments may be combined or
climinated 1n other embodiments. For example, 1n some
embodiments, selected heat exchangers can be eliminated or
combined. Further while advantages associated with certain
embodiments of the technology have been described 1n the
context of those embodiments, other embodiments may also
exhibit such advantages, and not all embodiments need nec-
essarily exhibit such advantages to fall within the scope of the
present disclosure. Accordingly, the present disclosure and
associated technology can encompass other embodiments not
expressly shown or described herein.

I claim:

1. A chemical reactor system, comprising:

an engine having a combustion region;

an exhaust passage coupled to the engine to receive exhaust
products from the combustion region, the exhaust pas-
sage at least partially enclosing a passage interior
region;

a reactor having an external heat transier surface posi-
tioned 1n the passage interior region, the reactor further
having a reaction zone positioned 1n a region enclosed
by the external heat transier surface;

a hydrogen donor source;

a donor passage coupled 1n fluid communication with the
hydrogen donor source and the reaction zone of the
reactor vessel; and

a product passage coupled to the reaction zone to receive a
reaction product from the reaction zone.

2. The system of claim 1 wherein the product passage is a
first product passage positioned to receive hydrogen from the
reaction zone, and wherein the system further comprises a
second product passage positioned to recetve a carbon-bear-
ing product from the reaction zone.

3. The system of claim 2, further comprising a porous
medium positioned between the first product passage and the
second product passage, the porous medium being selective
for hydrogen.

4. The system of claim 2, further comprising a galvanic
circuit coupled between the first and second product passages
to pressurize hydrogen in the first product passage.
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5. The system of claim 1, further comprising at least one
heat transfer element carried by the external heat transier
surface and projecting into the passage interior region.

6. The system of claim 5 wherein the exhaust passage 1s
clongated along a tlow axis, and wherein the at least one heat
transfer element 1s arranged in an at least partially spiral
manner relative to the tlow axis.

7. The system of claim 6, further comprising a turbine
coupled to the exhaust passage downstream of the reactor.

8. The system of claim 1 wherein the reaction zone 1s
bounded 1n part by a porous surface, the porous surface being
transmissive to hydrogen and not transmissive to carbon com-
pounds.

9. The system of claim 1, further comprising an electrically
powered heater positioned 1n thermal communication with
the reaction zone.

10. The system of claim 9 wherein the electrically powered
heater mcludes at least one of an inductive heater and a
resistive heater.

11. The system of claim 1 wherein the electrically powered
heater 1s positioned within the reaction zone.

12. The system of claim 1 wherein the engine and reactor
are carried by a vehicle, and wherein the vehicle includes a
regenerative brake coupled to an electricity storage medium.

13. The system of claim 1, further comprising a heat
exchanger coupled 1n thermal communication with the donor
passage to transier heat to a flow volume 1n the donor passage.

14. The system of claim 13, further comprising a liquid
cooling system coupled to the engine to cool the engine, the
liquid cooling system including working fluid passage, and
wherein the heat exchanger includes:

a first heat exchanger passage coupled to the donor pas-

sage; and

a second heat exchanger passage coupled to the working
fluid passage and in thermal communication with the
first heat exchanger passage at the heat exchanger.

15. The system of claim 13 wherein the heat exchanger

includes:

a first heat exchanger passage coupled to the donor pas-
sage; and

a second heat exchanger passage coupled to the products
passage and in thermal commumnication with the first
heat exchanger passage at the heat exchanger.

16. The system of claim 13 wherein the heat exchanger

includes:

a heat exchanger passage coupled to the products passage
and 1n thermal communication with the exhaust passage,
downstream of the reactor.

17. The system of claim 1, further comprising insulation

positioned around the exhaust passage.

18. The system of claim 1 wherein the reactor includes:

a first annular passage positioned inwardly from the heat
transter surface;

a second annular passage positioned inwardly from the first
annular passage; and

a third passage positioned inwardly from the second annu-
lar passage.

19. The system of claim 18 wherein:

the product passage 1s a first product passage positioned to
receive hydrogen from the reaction zone, and wherein
the system further comprises a second product passage
positioned to receive a carbon-bearing product from the
reaction zone;

the first annular passage 1s coupled to the donor passage;
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the second annular passage 1s coupled to the second prod-
uct passage; and
the third passage 1s coupled to the first product passage.
20. The system of claim 1, further comprising a fuel pas-
sage coupled between the product passage and the combus-
tion region of the engine to direct the reaction product to the
combustion region.
21. A chemical reactor system, comprising:
an engine having a combustion region;
an exhaust manifold coupled to the engine to receive
exhaust products from the combustion region, the
exhaust manifold having a manifold external surface the
exhaust manifold further having a manifold internal sur-
face at least partially enclosing an interior region;
insulation positioned around the external surface of the
exhaust manifold;
a reactor, comprising

a shell positioned 1n the iterior region of the exhaust
manifold, the shell having a shell external heat trans-
fer surface, the shell further having a shell internal
surface positioned around a reaction zone, and;

a spiral heat transier element carried by the shell and
projecting 1nto the passage interior region;

a first wall positioned annularly inwardly from the shell
internal surface and spaced radially apart from the
shell internal surface to define a first annular passage;

a second wall positioned annularly inwardly from the
first wall and spaced radially apart from the first wall
to define a second annular passage positioned
between the first and second walls, and a third passage
positioned imnwardly from the second wall, the second
wall including a porous medium transmissive to
hydrogen but not transmissive to carbon compounds;

an electrically-powered heater positioned 1n the second
annular passage; and

a galvanic circuit coupled across the second wall to
pressurize the third passage;

a hydrogen donor source;

a donor passage coupled between the hydrogen donor
source and the first annular passage to direct a hydrogen
donor to the reaction zone

a first product passage coupled to the third passage to
receive hydrogen

a second product passage coupled to the second annular
passage to receive a carbon-bearing product;

a liquid cooling system coupled to the engine to cool the
engine, the liquid cooling system including working
fluid passage;

a first heat exchanger coupled between the donor passage

and the working fluid passage to transfer heat from the
working fluid passage to the donor passage;

a second heat exchanger coupled between the donor pas-
sage and the exhaust manifold downstream of the reactor
to transier heat from the exhaust manifold to the donor
passage;

a third heat exchanger coupled between the donor passage
and at least one of the first and second product passages
to transfer heat from the at least one product passage to
the donor passage; and

a turbine positioned downstream of the reactor and the
spiral heat transier element.

22. A method for operating an engine and a chemical
reactor, comprising:
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combusting a fuel 1n an engine to produce power and com-

bustion products;

directing the combustion products through an exhaust pas-

sage and around a reactor positioned within the exhaust
passage;

transferring heat from the combustion products to a reac-

tion zone within the reactor, via an external surface of
the reactor:

directing a hydrogen donor into the reaction zone of the

reactor;

dissociating the hydrogen donor into dissociation products

1n the reaction zone;
from the dissociation products, providing:
(a) a hydrogen-bearing constituent; and
(b) a non-hydrogen bearing constituent.
23. The method of claim of claim 22 wherein transierring
heat from the combustion zone to the reaction zone includes:
transierring heat from the combustion products to at least
one heat transfer element carried by the reactor and
projecting into the passage interior region; and

transferring heat from the at least one heat transfer element
to the reaction zone.

24. The method of claim 23 wherein the at least one heat
transier element has a spiral shape, and wherein transferring
heat from the combustion products to at least one heat transter
clement includes directing the exhaust products along the
heat transfer element to impart a rotational flow component to
the exhaust products.

25. The method of claim 24, further comprising extracting,
kinetic energy from the exhaust products by directing the
exhaust products through a turbine downstream of the at least
one heat transfer element.

26. The method of claim 22, further comprising providing,
heat to the reaction zone via an electrically-powered heater.

277. The method of claim 22, wherein the engine and reactor
are carried by a vehicle, and wherein the method further
COmMprises:

braking the vehicle with a regenerative brake; and

directing electrical power obtained from the regenerative

brake to the reactor.

28. The method of claim 22, further comprising:

cooling the engine with a coolant fluid; and

directing heat from the coolant fluid to the hydrogen donor

betore the hydrogen donor enters the reaction zone.

29. The method of claim 22, further comprising directing
heat from the dissociation products to the hydrogen donor
betore the hydrogen donor enters the reaction zone.

30. The method of claim 22, further comprising directing,
heat from the combustion products to the hydrogen donor
betore the hydrogen donor enters the reaction zone.

31. The system of claim 22, further comprising at least
restricting heat loss from the exhaust passage with imsulation
positioned around the exhaust passage.

32. The method of claim 22 wherein the reactor includes:

an outwardly facing heat transfer surface positioned 1n the

flow of exhaust products;

a first annular passage positioned mwardly from the heat

transier surface;

a second annular passage positioned inwardly from the first

annular passage; and

a third passage positioned inwardly from the second annu-

lar passage; and wherein the method further comprises:
directing the hydrogen donor axially through the first pas-
sage 1n a first direction to heat the hydrogen donor;
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directing the hydrogen donor axially through the second
passage 1n a second direction opposite the first direction;
and

directing dissociated hydrogen into the third passage.

33. The method of claim 22 wherein directing the dissoci-
ated hydrogen includes directing the dissociated hydrogen
through a porous medium separating the second and third
passages.

34. The method of claim 22, further comprising combust-
ing at least a portion of the hydrogen-bearing constituent 1n
the combustion chamber.

35. The method of claim 22, further comprising separating,
hydrogen from carbon-bearing constituents of the dissocia-
tion products by exposing the dissociation products to a
porous medium that 1s transmissive to hydrogen but not trans-
missive to carbon compounds.

36. The method of claim 35 wherein the porous medium 1s
a first porous medium, and wherein the method further com-
prises forming a second porous medium from the carbon-
bearing constituents.

37. The method of claim 35, further comprising:

removing the porous medium from the reactor; and

using the porous medium to purily at least one of air or

water.

38. The method of claim 35, further comprising pressuriz-
ing the hydrogen by applying a galvanic current across the
porous medium.
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