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RECONFIGURABLE CHEMICAL PROCESS
SYSTEMS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] Pursuant to 35 U.S.C. § 119(e), this application
claims benefit of priority from provisional patent application
Ser. No. 60/861,660, filed Nov. 28, 2006, the contents of
which are hereby incorporated by reference herein in their
entirety.

BACKGROUND OF THE INVENTION
[0002]

[0003] The invention relates generally to the structure and
control of reconfigurable chemical reaction environments,
and as such is applicable to micro-scale hybrid-process
“chips,”lab-on-a-chip,” multiple “lab-chip” systems, field-
scale chemical instrumentation, laboratory-scale instru-
ments and devices, chemical production plants, controlled
catalytically-activated systems, enzyme networks, and vari-
ous types of exogenously-activated (optical, electric field,
thermal) chemical reaction systems.

[0004] 2. Discussion of the Related Art

1. Field of the Invention

[0005] Processes, procedures, and equipment for commer-
cial chemical production and experimental laboratory activi-
ties have a rich history and one of extensive continued
development. In these, standard components (tanks, reaction
chambers, flow reactors, dryers, piping, stirrers, cracking
towers, and so forth in chemical plants; flasks, condensers,
tubing, drying tubes, stirrers, bubbles, heating mantles and
so forth in chemical laboratories) are configured in various
ways to create environments for controlled chemical pro-
cesses. In some applications, these standardized components
are configured into a fixed arrangement that, subject to
repairs, remains intact for the duration of the lifetime of the
standardized component. In other applications, the standard-
ized components may be assembled into first one configu-
ration, then dismantled, cleaned, assembled into a second
configuration, and so forth, thus hosting a variety of chemi-
cal reaction environments over the standardized component
lifetimes. In a few selected applications, one or more stan-
dardized components may be assembled in mildly flexible
arrangements, for example, a reaction vessel port may be
connected by a “T-valve” to two alternative tanks, etc.
However, in chemical plant and laboratory environments,
such minor reconfiguration capabilities are rare, localized,
and non-systemic.

[0006] In more recent times, automated specialized field
and laboratory instruments have emerged for performing
specialized tasks such as gas spectroscopy, electrophoresis,
chromatography, and specialized segments of analytical
chemistry. Such systems, especially more contemporary
ones, often involve computer control of valves, pumps,
heating elements, electric-field-inducing electrodes, etc.
Although reconfiguration capabilities may be present in such
systems, the range of possible configurations is again rela-
tively limited and the overall resulting systems are suitable
only for specific specialized tasks.

[0007] Inrecent years, the notion of “lab-on-a-chip” tech-
nology has emerged and shown considerable promise. Incor-
porating photolithography techniques perfected in semicon-
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ductor fabrication, ink jet technology, micro-fluidic and
capillary hydrodynamics, micro-electromechanical system
(MEMS) technologies, nano-scale processes, and other tech-
nologies and techniques, it is envisioned that miniature
“instruments” or “laboratories” on the scale of micropro-
cessor chips can be cost-effectively manufactured. In the
currently accepted view, each such miniature laboratory
would have a specific design exclusively dedicated to highly
specified tasks, such as those relating to sample evaluation,
matrix-array DNA sequencing, etc.

[0008] Each of the aforementioned environments,
although involving various degrees of automation, are either
dedicated to specific configurations and applications, or are
flexibly reconfigurable only by extensive human interven-
tion and handling. In the most flexible of these environ-
ments—i.e., the experimental chemical laboratory—indi-
vidual glassware elements and associated devices are
assembled in a configuration, used in that configuration,
retrieved after the configuration is dismantled, cleaned,
stored in inventory, retrieved from inventory, assembled into
another configuration, etc.

SUMMARY OF THE INVENTION

[0009] In one aspect, a flexible software-reconfigurable
multipurpose reusable “Lab-on-a-Chip” is realized. In
another aspect, a flexible software-reconfigurable multipur-
pose reusable laboratory glassware setup is realized.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The above and other aspects, features, and advan-
tages of the present invention will become more apparent
upon consideration of the following description of preferred
embodiments, taken in conjunction with the accompanying
drawing figures, wherein:

[0011] FIG. 1a depicts a sequence implemented in a
laboratory or chemical production plant setting;

[0012] FIG. 15 depicts a sequence utilizing a common
reconfigurable arrangement;

[0013] FIGS. 2a-2c illustrate further exemplary cases of
the situation depicted in FIG. 1a;

[0014] FIG. 3a illustrates an exemplary embodiment of a
common reconfigurable arrangement of FIG. 154;

[0015] FIG. 3b illustrates additional cleaning outflow rout-
ing;

[0016] FIG. 3¢ shows an example that allows for pairwise-
overlapping concurrent processing of Products A, B, and C;

[0017] FIG. 4a illustrates one exemplary representation of
a particular class of sequential chemical reactions;

[0018] FIG. 4b illustrates another exemplary representa-
tion of a different class of sequential chemical reactions;

[0019] FIGS. 5 and 6 depict an exemplary implementation
in which a strategic control element controls a single thread
of process flow;

[0020] FIG. 7a depicts a strategic control element control-
ling two or more configuration managers;

[0021] FIG. 75 depicts a strategic controller element that
spawns and retires configuration-managed processes
as needed;
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[0022] FIG. 7c illustrates an example of supporting fork-
and-join operations;

[0023] FIG. 7d depicts one or more chemical reaction
elements serially shared between two or more concurrent
chemical reaction networks;

[0024] FIG. 8a illustrates an abstract operational element
consuming various possible inputs and producing various
possible outputs;

[0025] FIG. 8b illustrates an exemplary classification and
organization, structured with exemplary environment and
utility entities;

[0026] FIG. 8¢ depicts an interconnected version of FIG.
8a to form a larger system;

[0027] FIG. 9 shows a view of how the reconfigurable
principles and techniques of the invention may be applied
tow a wide range of applications;

[0028] FIG. 10a depicts a general concept of a multiple-
port selection valve that is operated responsively to control
signals so as to select from a plurality of species flows and
a solvent flow;

[0029] FIG. 105 depicts a variation of the arrangement of
FIG. 10a wherein two or more solvents are additionally
supported;

[0030] FIG. 10c depicts a multi-port distribution valve
implementation;

[0031] FIGS. 11a-11e depict examples of a “matrix-valve”
configuration;

[0032] FIGS. 12a-12e¢ depict an example sequence of
operation for an exemplary arrangement of multiple port
valve structures or complexes selecting among a number of
chemical species and/or solvent and cleaning gas inflows
that are directed to a chemical reaction subsystem and
multiple outflow destinations;

[0033] FIGS. 13a-13f highlight various uses of a multi-
port selection valve;

[0034] FIGS. 14a-14d depict exemplary larger-scale sys-
tems of arbitrary complexity and physical scale;

[0035] FIGS. 15a-15c¢ illustrate exemplary control sys-
tems employing distributed computational task control;

[0036] FIGS. 16a-16f depict exemplary valve complex
arrangements;

[0037] FIGS. 17a-17d depict exemplary abstracted views
of an exemplary operation of a multiple-species system such
as that depicted in FIGS. 16a-16f;

[0038] FIGS. 18a-18g depict the exemplary operation of
another exemplary valve complex configuration employing
on-off valves and providing a single outflow path;

[0039] FIG. 19 illustrates an exemplary vector structure
comprising n species inputs for n distinct species each
directed to a separate port of a common reaction chamber;

[0040] FIG. 20 depicts an alternate implementation of the
general arrangement of the valve complex depicted in FIG.
16a;

[0041] FIG. 21a-215 depict various valve complexes com-
prising a cascade of SPDT valves;
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[0042] FIGS. 21c¢ and 22aq illustrate exemplary multi-port
distribution valve complexes comprising a cascade of SPDT
valves;

[0043] FIG. 22b illustrates a modification of the valve
structure of FIG. 22a;

[0044] FIGS. 23a-23c¢ depict various types of surface
texturing, rib, or fin elements attached to or fabricated into
the form of the passive interconnection pathway element
conduit walls;

[0045] FIG. 24 depicts an example of a two-index array
arrangement wherein a plurality of chemical system ele-
ments are interconnected to correspond to an matrix of j
rows and k columns;

[0046] FIGS. 25a-25¢ depict exemplary state transition
diagrams for configuration changes;

[0047] FIGS. 26a-26e depict exemplary procedures for
directly controlling hardware resources;

[0048] FIG. 27 depicts an exemplary sequence of events in
an exemplary chemical reaction process life-cycle;

[0049] FIG. 28 illustrates a temporal sequence of two
chemical reaction life-cycles reflecting the potential for
interleaving generic and process-specific transition costs;

[0050] FIG. 29 illustrates an example control software
structure and interfaces comprised by an exemplary a multi-
level control hierarchy;

[0051] FIG. 30 illustrates an exemplary software devel-
opment environment used with native system aspects asso-
ciated with underlying hardware infrastructure.

[0052] FIG. 31 shows a detailed taxonomy of exemplary
attributes and applications for reconfigurable chemical pro-
cess systems;

[0053] FIGS. 324-325 illustrate views of currently active
“Lab-on-a-Chip” technology research and development
combined with selected aspects of the invention;

[0054] FIG. 33 depicts multi-configuration and multi-use
over a lifetime;

[0055] FIG. 34 shows a representation of a metabolic
network representing a high-level view of the overall
(glutamate-rich substrate) constituents and metabolic path-
way structure associated with the bacterium Escherichia
coli; and

[0056] FIGS. 35a-35/ depicts a laboratory setup compris-
ing an arrangement of standard conventional chemical labo-
ratory glassware items and related technology.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0057] In the following detailed description, reference is
made to the accompanying drawing figures which form a
part hereof, and which show by way of illustration specific
embodiments of the invention. It is to be understood by
those of ordinary skill in this technological field that other
embodiments may be utilized, and structural, electrical, as
well as procedural changes may be made without departing
from the scope of the present invention.
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[0058] As each of “lab-on-a-chip,” field-scale and labora-
tory-scale automated instrumentation systems, and econo-
mies of chemical plants continue to evolve, there is consid-
erable opportunity for the perfection and incorporation of
flexible reconfigurable chemical systems, particularly those
that can support a wide range of chemical reaction environ-
ments under full or partially automated operation and reor-
ganization.

[0059] Through the use of controllable valve subsystems,
specific reactants may be selected and routed to reaction
chambers whose temperature, pressure, optical properties,
and other attributers may be automatically controlled and/or
measured. Reaction chambers and transport conduits may be
cleaned by pumping appropriate solvents and gases through
them. By ganging such valve subsystems and structures
together with additional networks of valves and transport
conduits, increasingly arbitrary networks of chemical reac-
tion and handling elements may be configured and operated
under automated reorganization and control. In some appli-
cations, the design may be extended to include mid-transport
reagent recovery and solvent recycling, while other appli-
cations may employ disposable valve, transport, and reac-
tion elements. Additionally, partitioned subsets of the ele-
ments may be reserved for specialized reagents, reagents
with divergent properties (Vviscosity, reactivity, etc.),
reagents of frequent use (sample fluids, water or other
reaction-supporting fluids, catalyst, indicators, etc.).

[0060] Although the approaches described thus far involve
conventional chemical process control attributes and actions
such as temperature, pressure, mixing, etc., the automated
processes can be readily extended to a number of more
exotic approaches including optical activation, color sens-
ing, acoustic stimulation, electric field stimulation, flow-
induced faraday induction, ferrite agitation, and the like.

[0061] Additionally, although the approaches described
thus far involve physically separated structures, many of the
methods and techniques can be applied to more complex
chemical systems where enzyme and/or other selectable
activated catalysts are used to invoke, control, and/or regu-
late isolated chemical reactions in a confluent elixir, sub-
strate gel, intracellular cytoplasm, intercellular fluids, tissue,
membrane, etc. As such, various systems and methods
discloses herein may be further employed in life-science and
biomedical applications. For example, one implementation
can be used in simulated or in vitro environments for
studying or manipulating biomedical processes within and/
or among living cells. Further, although the context of the
discussions thus far and in the following are made in terms
of chemical species, chemical reactions, and chemical prod-
ucts, and chemical wastes, embodiments of the invention
can be directly applied to biosystems and life-sciences
applications. In these adaptations:

[0062] “Chemical species,” chemical products,” and
“chemical wastes” would be replaced with more com-
plex substances such as microorganism serums, etc.;

[0063] “Chemical reactions” would be replaced with
“bioreactions;”

[0064] “Chemical system elements” would be replaced
with “bioreaction system elements.”

29¢¢

[0065] One basic theme includes the creation of a con-
trollably-configurable arrangement of elements for perform-
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ing a wide range of chemical reactions, wherein the arrange-
ment is both relatively fixed and internally comprises one or
more controllably-configurable elements. The controllably-
configurable elements are typically controlled by computa-
tional processes, usually involving electrical control signals
produced by a microprocessor or other computer element.
Some aspects are not limited to simply arrangements having
a single human-operated or computer-operated valve, but
rather and in particular are directed toward scale and varia-
tions in processes that would otherwise require a rearrange-
ment of elements.

[0066] FIGS. 1a and 15 depict this more specifically for a
situation involving sequential operation of three chemical
production procedures and associated configurations. FIG.
1a depicts how such a sequence may be implemented in a
laboratory or chemical production plant setting where at
least some of the equipment (and possibly chemical species/
reagents) are involved in more than one of the procedures.
To begin, a first arrangement 101 of chemical equipment and
chemical species/reagents is assembled 102, and the first
procedure is performed. The equipment arrangement is then
likely to be at least partially dismantled and cleaned 103.
The cleaned equipment is then reassembled 104, possibly
including at least some new equipment elements and not
including other previously used equipment elements, to
form a second arrangement 105 for use with at least some
previously unemployed chemical species/reagents. The
equipment arrangement is then likely to be at least partially
dismantled and cleaned 106. The cleaned equipment is then
reassembled 107, possibly including at least some new
equipment elements and not including other previously used
equipment elements, so as to form a third arrangement 108
for use with at least some previously unemployed chemical
species/reagents. The equipment arrangement is then likely
to be at least partially dismantled and cleaned 109.

[0067] FIG. 15 depicts how such a sequence might be
done utilizing a common reconfigurable arrangement 110
provided for by the present invention. To begin, a first one
or more configuration command(s) 111 are directed to
common reconfigurable arrangement 110, causing a first
arrangement of chemical equipment and chemical species/
reagents to be internally configured 112, and the first opera-
tion is performed 113. A second one or more configuration
command(s) 114 are directed to common reconfigurable
arrangement 110, causing the equipment arrangement to be
cleaned 115 and then internally reconfigured 116 to form a
second arrangement, and the second operation is performed
117. A third one or more configuration command(s) 118 are
directed to the common reconfigurable arrangement 110,
causing the equipment arrangement to be cleaned 119 and
then internally reconfigured 120 to form a third arrange-
ment, and the third operation is performed 121. The equip-
ment arrangement is then likely cleaned 122.

[0068] FIGS. 2a-2¢ illustrate further more specific exem-
plary cases of the situation depicted in FIG. 1a-

[0069] In the process illustrated in FIG. 2a, Species
1201 and Species 2202 are mixed 211, heated 212, and
subsequently combined with Species 3203 in a reaction
chamber 213. The reaction produces a heated vapor for
an interval of time which is then condensed 214 using
a cooling operation to yield output Product A 210.

[0070] In the process illustrated in FIG. 2b, Species
1201 is mixed 221 together with Species 4204 and
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Species 5205, and the mixture is then directed to a
filtering separation process 225 to yield output Product
B 220.

[0071] In the process illustrated in FIG. 2¢, Species
2202 is mixed 231 together with Species 3203 and
Species 5205, and the mixture is then directed to a
fluidic layering separation process 236 to yield output
Product C 230.

FIG. 3a illustrates an exemplary embodiment of a com-
mon reconfigurable arrangement 110 of FIG. 15, which
can be controlled, in the manner depicted in FIG. 15,
for example, to sequentially perform the chemical
procedures of FIGS. 2a-2¢. As will be seen, one ele-
ment in creating this common reconfigurable arrange-
ment 110 is the incorporation of controllable valves.
Although one skilled in the art will appreciate that
many variations are possible, in this example a com-
mon mixing element 311 is fitted with a number of
controllable on/off valves 351-357 that selectively per-
mit isolated controlled flows of each of the five Species
301-305 as well as a cleaning-gas 306 and solvent 307
into the common mixing element 311. The embodiment
of FIG. 3a additionally comprises an outflow gating
valve 360 and a mutually-exclusive four-output distri-
bution valve 361 to direct the mixing element’s con-
tents to one of four destinations:

[0072] a heating chamber 312, reaction chamber 313,
and vapor condenser 314 in tandem,

[0073] a filtering separation element 325,
[0074] a layering separation element 336,
[0075] a cleaning-gas solvent outflow path 340.

Heating chamber 312 is shown having on/off isolating
inlet gating valve 362 and outlet gating valve 363.
Similarly, reaction chamber 313 includes on/off isolat-
ing inlet gating valves 364, 365 and outlet gating valve
363. In alternate implementations, the function of the
heating chamber 312 may be integrated into the mixing
element 311 and/or the reaction chamber 313. Of these,
it is noted that heating done at the mixing element 311
can increase the required complexity for backflow and
vapor isolation among the species feeds.

[0076] Referring still to FIG. 3a, the filtering separation
element 325 is provided with on/off isolating inlet gating
valve 367 and on/off outlet gating valve 372. Similarly, the
layering separation element 336 is provided with on/off
isolating inlet gating valve 368 and on/off outlet gating valve
373. The embodiment of FIG. 3a provides for the reaction
chamber outlet valve 366 to connect directly to the vapor
condensing element 314. In alternate embodiments addi-
tional flow isolation valves and coolant control valves may
be added to assist operation of the vapor condenser 314. The
vapor condenser 314 is shown with an on/off outlet gating
valve 371, which in the exemplary configuration of FIG. 3a,
subsequently controls the outflow of output Product A 310.
In alternative embodiments, additional routing and storage
elements may be provided. Similarly, the configuration of
FIG. 3a depicts the on/off outlet gating valve 372 of the
filtering separation element 325 controlling the outflow of
output Product B 320. In alternative embodiments, addi-
tional routing and storage elements may be provided. Simi-
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larly, the exemplary configuration of FIG. 3a depicts the
on/off outlet gating valve 373 of the layering separation
element 336 controlling the outflow of output Product C
330. In alternative embodiments, additional routing and
storage elements may be provided.

[0077] Vignettes of exemplary operation of the embodi-
ment of FIG. 3a will now be described. In a first production
modality, directed towards the production of output Product
A 310, inlet valves 351 and 352 are operated to allow
measured amounts of Species 1301 and Species 2302 to be
directed to the mixing element 311. During or after mixing,
control signal instruct the mutually-exclusive four-output
distribution valve 361 to later direct the mixing element’s
contents to heating chamber 312. After mixing, the mixing
element outlet valve 363 and heating chamber inlet valve
362 open in some temporal arrangement so that the contents
of the mixing element 311 are directed to the heating
chamber 312. At least the heating chamber inlet valve 362
may close during heating. After sufficient heating, the heat-
ing chamber outlet valve 363 and a first reaction chamber
inlet valve 364 open in some temporal arrangement so that
the contents of the heating chamber 312 are directed to the
reaction chamber 313. Prior, simultaneous, or subsequent to
this action, the second reaction chamber inlet valve 365
opens to allow inflow of a measured amount of Species 3303
into the reaction chamber 313. During the earliest moments
of the resulting chemical reaction, it is likely that at least
these two inlet valves 364 and 365 are closed to permit build
up of vapor pressure. At an appropriate point in the chemical
reaction (which may be monitored by sensors, timers, etc.),
the reaction chamber outlet valve 366 opens to allow heated
vapor tflow to the vapor condensing element 314 and open-
ing the vapor condenser outlet valve 371 at the appropriate
time to yield an outflow of output Product A 310.

[0078] At some point before or after the conclusion of the
process for Product A 310, an associated cleaning phase
begins. This may be treated as part of the first modality or
executed as a function of a transition to a second production
modality. Although a wide range of possible approaches is
apparent to one skilled in the art, examples are provided here
to serve as conceptual high-level illustrations.

[0079] 1In a first exemplary cleaning procedure aspect,
control signals instruct the mutually-exclusive four-output
distribution valve 361 to direct the mixing element’s con-
tents to the cleaning outflow path 340. The mixing element
outlet valve 360 and mixing element cleaning-gas inlet valve
356 open in some temporal arrangement so that the clean-
ing-gas can blow (and/or evaporate) at least some remaining
fluids and gasses out of the mixing element 311, outlet gate
valve 360, and associated pathway conduits. This action of
using a cleaning-gas to blow (and/or evaporate) at least
some remaining fluids and gasses out of various previously
used elements will be termed “clearing.” It is noted that in
some situations such gas-oriented clearing may not be
appropriate due to possible precipitant formation, resulting
dangerous conditions, reactions with the particular type of
cleaning-gas, and the like.

[0080] Next, in this first exemplary cleaning procedure
aspect, the mixing element cleaning-gas inlet valve 356
and/or mixing element outlet valve 360 may remain open or
closed, and the mixing element solvent inlet valve 357 opens
to allow solvent to enter the mixing element 311. By various
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approaches (such as outlet valve 360 operation, accelerated
solvent inflow, solvent inlet directional design, internal
agitation, etc.) the entire mixing element 311 is washed,
including the inlet vestibules from the chemical species inlet
valves 351-355. The laden solvent wash is then purged
through the mixing element outlet valve 360, mutually-
exclusive four-output distribution valve 361, and associated
pathway conduits to direct the mixing element’s contents to
the cleaning outflow path 340. Then the cleaning-gas is
blown through this same path to evaporate the remaining
solvent. It may be advantageous to heat the cleaning-gas, the
solvent, and/or various element surfaces to facilitate solvent
action and evaporation. In some situations, measured use of
cleaning-gas may be used to provide pressure to transport
fluids from one entity or location to another.

[0081] Note that this first exemplary cleaning procedure
aspect may, in principle, begin substantially immediately
after the contents of the mixing element 311 is transferred to
the heating chamber 312, and thus may occur in parallel with
the remainder of the operations of the first production
modality (heating, reaction with Species 3, vapor conden-
sation, and the like).

[0082] In a second exemplary cleaning procedure
aspect—applicable after the conclusion of Product A pro-
duction—control signals instruct the mutually-exclusive
four-output distribution valve 361 to direct the mixing
element’s contents to the tandem of the heating chamber
312, reaction chamber 313, vapor condenser 314, and asso-
ciated pathways so as to clear, wash, purge, and evaporate
solvent from these elements, associated valves, and associ-
ated pathways. Additional solvent and cleaning-gas inlets
may be provided to the heating chamber 312, reaction
chamber 313, vapor condenser 314, and associated pathways
as may prove useful or essential in various embodiments.
Additional cleaning outflow routing may also be provided,
as in the exemplary variations shown in FIG. 3b6. Here the
on/off gating valves 371-373 are followed by intervening
mutually-exclusive two-output distribution valves 381-383.
For each of these intervening two-output distribution valves
381-383, one of the two outputs is directed to the respective
product outflows 310, 320, 330) while the second of the two
outputs is directed to the cleaning outtlow 340.

[0083] Note that the second exemplary cleaning procedure
aspect may, in principle, begin substantially immediately
after the conclusion of the outflow of output Product A. This
is facilitated if the additional cleaning outflow routing, such
as that depicted in FIG. 35, is provided. If such cleaning
outflow routing is provided along with appropriately situ-
ated additional solvent and cleaning-gas inlets for the heat-
ing chamber 312, reaction chamber 313, and associated
pathways, sequenced segments of variations of the second
exemplary cleaning procedure aspect may begin in fact prior
to the conclusion of the production outflow of Product A
310. For example, the heating chamber 312 may be cleared
and cleaned.

[0084] In an alternative approach, which merges most of
both the first and second exemplary cleaning procedure
aspects described above, there may be no use of the cleaning
outflow path 340. Rather all flows involving the cleaning of
the mixing element 311 are directed through the tandem of
the heating chamber 312, reaction chamber 313, vapor
condenser 314, and associated pathways so as to clear, wash,
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purge, and evaporate solvent from each of these elements,
associated valves, and associated pathways. Note that in
most implementations this approach cannot be initiated until
the end, or near the end, of Product A 310 production.

[0085] With the conclusion of the clearing and cleaning of
at least the mixing element 311, outlet gate valve 360,
control signals instruct the mutually-exclusive four-output
distribution valve 361, and associated pathway conduits
(i.e., what amounts to, or may accomplish the same effect as
the first exemplary cleaning procedure aspect), the exem-
plary system shown in FIG. 3a and FIG. 36 can then begin
the production of Product B 320. One exemplary realization
of this is described next.

[0086] In a second production modality, directed towards
the production of output Product B 320, inlet valves 351,
354, and 355 are operated to allow measured amounts of,
respectively, Species 1301, Species 4304, and Species 5305
to be directed to the mixing element 311. During or after
mixing, control signals instruct the mutually-exclusive four-
output distribution valve 361 to later direct the mixing
element’s contents to filtering separation element 325. After
mixing, the mixing element outlet valve 360 and filtering
separation element inlet valve 367 open in some temporal
arrangement so that the contents of the mixing element 311
are directed to the filtering separation element 325. At least
the filtering separation element inlet valve 367 may close
during subsequent filtering separation. After sufficient sepa-
ration, the filtering separation element outlet valve 372 may
be opened so as to yield an outflow of output Product B 320.

[0087] Clearing and cleaning may be realized in a similar
fashion to that for the first production modality, as described
above. Again, the clearing and cleaning may be partitioned
into two parts: a first aspect associated with the mixing
element 311 and mixing element outlet valve 360, and a
second aspect associated with filtering separation element
inlet valve 367, filtering separation element 325, and filter-
ing separation element outlet valve 372. The first aspect may
be active while the filtering separation process is still active,
and the second aspect may be active while the mixing
element 311 is being used for another production modality
(for example, to begin the production of Product C 330).
Alternatively, the two aspects of clearing and cleaning may
be merged into a single operation in a manner similar to that
described for the first production modality.

[0088] Similarly, in a third production modality, directed
towards the production of output Product C 330, inlet valves
352, 353, and 355 are operated to allow measured amounts
of, respectively, Species 2302, Species 3303, and Species
5305 to be directed to the mixing element 311. During or
after mixing, control signals instruct the mutually-exclusive
four-output distribution valve 361 to later direct the mixing
element’s contents to layering separation element 336. After
mixing, the mixing element outlet valve 360 and layering
separation element inlet valve 368 open in some temporal
arrangement so that the contents of the mixing element 311
are directed to the layering separation element 336. At least
the layering separation element inlet valve 368 may close
during subsequent filtered separation. After sufficient sepa-
ration, the layering separation element outlet valve opens
373 to yield an outflow of output Product C 330.

[0089] Clearing and cleaning may be realized in a similar
fashion to that for the first and second production modalities,
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as described above. Again, the clearing and cleaning may be
partitioned into two parts: a first aspect associated with the
mixing element 311 and mixing element outlet valve 360,
and a second aspect associated with layering separation
element inlet valve 368, layering separation element 336,
and layering separation element outlet valve 373. The first
aspect may be active while the layering separation process
is still active, and the second aspect may be active while the
mixing element 311 is being used for another production
modality (for example, to again begin the production of
Products A, B or a new product D). Alternatively, the two
aspects of clearing and cleaning may be merged into a single
operation in a manner similar to that described for the first
production modality.

[0090] Before continuing, a few additional remarks will be
made regarding variations for alternate embodiments as
would be appreciated by one skilled in the art:

[0091] Throughout the exemplary embodiments
described above, additional valves may be introduced
to provide additional isolation of species sources from
phenomena that may occur in the mixing element 311;

[0092] The system can be implemented to permit more
than one solvent and/or cleaning-gas to be used, as may
be required by the overall collection of chemical spe-
cies used;

[0093] By splitting the production process and clearing/
cleaning processes into smaller matching sections, effi-
ciency-improving process overlapping and concur-
rency (“pipelining”) may be obtained. FIG. 3¢ shows
an example of this which allows for the pairwise-
overlapping concurrent processing 381, 382, 383 of,
respectively, Products A, B, and C. In this exemplary
arrangement:

[0094] the first operation 391 of the Product B pro-
duction process 382 can begin subsequent to a mid-
production Product A clearing and cleaning process
392 rather than at the very end operation 393 of
Product A production;

[0095] the first operation 394 of the Product C pro-
duction process 383 can begin subsequent to a mid-
production Product B clearing and cleaning process
395 rather than at the very end operation 396 of
Product B production;

[0096] the first operation 391 of an additional pro-
duction process can begin subsequent to a mid-
production Product C clearing and cleaning process
398 rather than at the very end operation 399 of
Product C production;

[0097] 1If the production process for an early product
is long, the concurrency can dramatically increase
productivity. For example, FIG. 3¢ shows the later-
starting production 382 of Product B completing
before the completion of production 381 of Product
A, and the even later-starting production 383 of
Product C completing at about the same time as
completion of the production 381 of Product A.
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The example considered is functionally a relatively
small-scale one:

[0098] Moderate overlap in chemical species

[0099] Relatively few operations in each production
process

[0100] Less than moderate overlap in shared chemical
handling and reaction resources.

Such a scale is a viable setting for laboratory automation,
certain types of field-operated systems, special purpose
applications, and modest complexity chemical produc-
tion plants. However, as the overlap in chemical species
and chemical handling resources increases, the oppor-
tunities for sharing and overall applicability of a recon-
figurable chemical reaction system increase. As the
number of separable operations in each production
process increases, the opportunities for increased post-
cleaning concurrency, and hence efficiency, for a fixed
amount of shared chemical handling and reaction
resources increases.

[0101] As the overall functionality scale described above
increases, increased complexity is introduced in the control
routing, passive conduits, cleaning, control, electrical
power, storage, thermal management, and other elements
and processes. The economies that are delivered by a
reconfigurable chemical reaction system may then be
weighed against costs of the design, fabrication, and opera-
tion of various embodiments. For example, when applied to
lab-on-a-chip technology, a well-designed embodiment can
have relatively minimal manufacturing costs due to use of
photolithography and other related microscale and nanos-
cale manufacturing technologies. As another example, when
applied to high-value special-purpose applications, the costs
of complexity can often be readily justified. As yet another
example, when applied to high-throughput chemical pro-
duction plants, additional factors (including real-estate and
facilities costs, markets for special chemicals, etc.) can also
readily justify the additional complexity. These points will
be considered further in a later section in conjunction with
FIG. 26.

Chemical Reaction Network Representation

[0102] Because various embodiments of the present
invention apply to a wide range of chemical reaction envi-
ronments (including micro scale hybrid-process “chips,
”“lab-on-a-chip,” multiple “lab-chip” systems, field-scale
chemical instrumentation, laboratory-scale instruments and
devices, chemical production plants, controlled catalyti-
cally-activated systems, enzyme networks, and various
types of exogenously-activated (optical, electric field, ther-
mal) chemical reaction systems), it is convenient to adopt a
general framework such as that of “chemical reaction net-
works”[see for example the book by Oleg N. Temkin,
Andrew V. Zeigarnik, Danail G. Bonchev Chemical Reac-
tion Networks: A Graph-Theoretical Approach, CRC-Press,
1996, ISBN 0849328675, as well as “The Chemical Reac-
tion Network Toolbox™ CAD tool (software download avail-
able at Chemical Reaction Network http://www.che.eng.o-
hio-state.edu/~feinberg/crnt) and theoretical material such
as the lectures by Martin Feinberg (available at http://
www.che.eng.ohio-state.edu/~feinberg/LecturesOnReac-
tionNetworks/)].
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[0103] Such representations of sequences of chemical
reactions are useful (although not required) for expressing
the generalized capabilities of various embodiments because
they abstract away from specific details of individual chemi-
cal processes and chemical reaction environments. Chemical
reaction network representations further inherently provide
great utility in that they simultaneously depict flow
sequences in a natural setting for reaction design, lend
themselves to powerful mathematical tools and structures
(such as graph theory and systems of coupled differential
and algebraic equations), and (as a result) provide a natural
structure for computer-based modeling (particularly for
modularized computational models). These advantages and
attributes are also leveraged by various embodiments dis-
closed herein.

[0104] FIG. 4a illustrates one exemplary representation of
a particular class of chemical reactions. For this example,
two reagents or chemical sources (Species 1401 and Species
2402) are combined in a first process (Process A 451) to
create an out-product (Species 3403), which is in turn
combined with three other reagents or chemical sources
(Species 4, 5, 6404-406) in a second process (Process B 452)
resulting in out-products and by-products (Species 7, 8,
9407-409). As another example, FIG. 44 illustrates a similar
style representation of a different class of chemical reac-
tions, this one involving four incoming reagents or chemical
sources (Species 11, 12, 15, and 18411, 412, 415, 418)
combined over a series of three sequential processes (Pro-
cesses C, D, and E 453-455) linked by intermediate products
(Species 13413 and 16416), and producing an out-product
(Species 19419) and three by-products (Species 14414,
17417, and 20420).

High-Level View and Exemplary Classes of Embodiments

[0105] An implementation of one aspect of the invention
is illustrated, via this framework, in FIG. 5. Here a strategic
control element 501 directs a configuration management
element 511 to implement chemical reaction networks 531
and 533. During an interval of time the configuration man-
agement element 511 will invoke process control elements
521 and 523 to operate various chemical reaction elements
to realize the given chemical reaction networks A 531 and B
533. When instructed to cease operation of one chemical
reaction network and/or begin another, one or more transi-
tion processes may be invoked. The actions here may
include shut down routines associated with the currently
active chemical reaction network, unused mid-transit
reagent recovering, cleaning, and configuration for the next
chemical reaction network to be implemented. This general
form is illustrated in FIG. 6.

Controller and Resource Arrangements for Multiple-Thread
Operation

[0106] FIG. 5 and FIG. 6 depict an exemplary implemen-
tation in which a strategic control element (501 in FIG. 5)
controls a single thread of process flow. In other implemen-
tations, such as the exemplary implementation depicted in
FIG. 7a, a strategic control element 701 can control two or
more configuration managers 702.1-702.» to permit several
independent chemical reaction networks to operate and
transition autonomously and concurrently, employing inde-
pendent process control elements 703.1-703.z. and indepen-
dent transitions independent transition control elements
704.1-704.%. Such an arrangement is naturally applicable to
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situations where groups of chemical reaction and transport
elements 705.1-705.n are partitioned into fixed isolated
groups.

[0107] In other situations, it may be desirable to support
various numbers of independent, concurrent operational
threads involving widely variable numbers of chemical
reaction and transport elements. For example, at one time
there may be one large operation involving most of the
available chemical reaction and transport elements, while at
another time there may be many smaller operations concur-
rently active, each using a small number of chemical reac-
tion and transport elements. Such an overall arrangement is
depicted in FIG. 7b. In such an arrangement, a strategic
controller element 710 spawns and retires configuration-
managed processes 721.1-721.» as needed.

[0108] The exemplary arrangement depicted in FIG. 7b
can be readily adapted by those skilled in the art to be
capable of supporting fork-and-join operations, depicted in
FIG. 7c. Additionally, the exemplary arrangement depicted
in FIG. 7¢ can be readily adapted by those skilled in the art
to be capable of supporting operational modes wherein one
or more chemical reaction elements are serially shared
between two or more concurrent chemical reaction net-
works, as depicted in FIG. 7d.

[0109] In yet another implementation, the strategic con-
troller element may internally provide all needed functions
associated with configuration managed elements, or other-
wise operate in such a manner that no configuration man-
aged element is needed, instead itself directly spawning and
retiring process control and transition control elements as
needed.

Abstract Operational Element and its Internal Constituents

[0110] In some or all of these various fashions, the stra-
tegic controller and/or configuration management elements
act much as a multitasking operating system in a computer,
allocating hardware and processing resources over time for
a variety of tasks, subject to physical resource and task-
switching constraints.

[0111] Abstracting the overall systems described thus far,
FIG. 8a illustrates a very general view of some aspects of the
invention, representing it as an abstract operational element
consuming one or more of

[0112] Electrical power 804,

[0113] Incoming chemical species
samples, intermediate products, etc.),

802 (reagents,

[0114] Solvent(s) and/or cleaning gases 803,
[0115] Thermal exchange transfer 805,

and, under the direction of incoming control signals,
creating:

[0116] Outgoing species 807 (products, wastes),
[0117] Outgoing solvents 808 and/or cleaning gases,

[0118] Indication signals 806 (from process controllers
and/or sensors).

Within the abstract operational element of FIG. 8a would
be a number of environment and utility entities as well
as specific operational entities. These may be classified
and organized in any number of ways. FIG. 85 illus-
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trates an exemplary classification and organization,
structured with exemplary environment and utility enti-
ties comprising:

[0119] Electrical power system 821,

[0120] Thermal exchange system 824,
[0121] Control system 823,

[0122] Solvent/cleaning-gas system 822,

and exemplary operational entities comprising:

[0123] Fluid and/or gas reservoirs 825,

[0124] Passive interconnection pathways 826,

[0125] Controllable valves 827,

[0126] Reaction chambers 828,

[0127] Heating and cooling elements 829,

[0128] Sensors 830,

[0129] Pumps 831,

[0130] Other entities (evaporators, condensers, agita-
tors, etc.).

The electrical power system 821 depicted in FIG. 8b
distributes and/or adapts electrical power 814 to the
various operational entities. It additionally may distrib-
ute and/or adapt electrical power 814 to other entities
shown in the Figure, such as the control system 823 (to
be discussed next). The electrical power system 821
may additionally internally comprise voltage regula-
tion, current limiters, thermal shutdown capabilities,
backup power provisions, noise isolation, high-fre-
quency filtering, voltage-spike protection, power-rever-
sal protection, and other relevant capabilities that may
be useful for or required by various embodiments of the
invention, as is clear to one skilled in the art. It
additionally may distribute and/or adapt electrical
power to other entities shown in the Figure, such as the
aforementioned control system. The electrical power
system 821 may additionally internally comprise volt-
age regulation, current limiters, thermal shutdown
capabilities, backup power provisions, noise isolation,
high-frequency filtering, voltage-spike protection,
power-reversal protection, and other relevant capabili-
ties that may be useful for or required by various
embodiments of the invention, as is clear to one skilled
in the art.

[0131] The control system 823 depicted in FIG. 85 may
accept incoming control signals or operate autonomously,
and creates, adapts, or directs control signals to the indi-
vidual operational entities. The control system 823 addition-
ally may collect indication signals from one or more of the
plurality of operational entities, and may provide outgoing
indication signals 816. The associated control and indication
signals may be electrical, optical, pneumatic, fluid, chemi-
cal, or of other forms as may be advantageous for particular
embodiments or applications of the invention. One skilled in
the art will immediately recognize that many other control
system arrangements are possible, such as a partitioned
control system that may or may not include interconnections
among the partitions.
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[0132] The solvent/cleaning-gas system 822 depicted in
FIG. 8b distributes and/or adapts incoming and outgoing
solvent(s) and/or cleaning-gas(es) to the plurality of opera-
tional entities. In many embodiments, the shared incoming
solvent/cleaning-gas system 822 may be advantageously
merged into, or be part of, the interconnection network to be
described below, as is clear to one skilled in the art and as
may be advantageous for particular embodiments or appli-
cations of the invention.

[0133] The thermal exchange system 824 depicted in FIG.
8b collects, and/or distributes, and/or adapts heat flows to
and from the plurality of operational entities as may be
advantageous for particular embodiments or applications of
the invention. Unwanted heat would typically be gathered
by the shared thermal exchange system 824. In some
embodiments the shared thermal exchange system 824 may
provide all heat to operational entities, but in many imple-
mentations needed heat may be generated locally by con-
versions of electrical power, chemical processes, pressure
modulation, or other localized processes. In advanced imple-
mentations, the shared thermal exchange system 824 may
provide thermal redistribution flow (i.e., using waste heat or
waste cooling, respectively, to provide needed heat and
cooling elsewhere). The thermal exchange system 824 may
incorporate thermal storage elements to accomplish this.
More generally, the thermal exchange system 824 may
comprise fluid-based, and/or gas-based, and/or passive or
active (e.g., semiconductor, etc.) solid-based thermal trans-
port elements, switchable thermal routing elements, heat
generation elements, heat-to-electricity elements (such as
thermal diodes; see for example E. A. Thompson, MIT news
office, “Device could convert waste heat into electricity,”
available at http://web.mit.edu/newsoffice/2001/electricity-
1205.html, ceramic thermoelectric modules; and National
Institute of Advanced Industrial Science and Technology
(AIST) “Electric Power Generated from Waste Heat,” avail-
able at http://www.aist.go.jp/aist_e/latest_research/2005/
20050617/20050617 html), electro-magnetic turbines, or
other processes (such as electrochemical), etc. To the extent
that the thermal exchange system 824 uses or generates
electricity, it may be in some implementations intercon-
nected with the shared electrical power system 821
described above.

[0134] The fluid and/or gas reservoirs 825 depicted in
FIG. 85 may be chambers for the temporary storage of fluids
and/or gasses involved in process-internal operations of the
invention. The reservoirs 825 comprise a storage volume
and one or more (typically a plurality) ports which may be
directly or indirectly connected with the passive intercon-
nect conduits 826. In most situations it is advantageous to
provide controllable valves 827 localized to these ports,
close to the reservoirs themselves 825. The reservoirs 825
may further include additional pressure or capillary-action
induced evacuation capabilities, cleaning capabilities
involving shared or dedicated paths for solvent flows, or
other attributes and elements as may be advantageous for
particular embodiments or applications of the invention.

[0135] The passive interconnect 826 depicted in FIG. 85
comprises fixed routes between operational entities and
controllable valves 827. The passive interconnect 826 and
controllable valves 827 work together to provide routing of
reagents, products, and wastes among the plurality of opera-
tional entities. The passive interconnect 826 may also
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include sensors for the measurement of flow-rate, tempera-
ture, ion concentration, particulate turbidity, optical proper-
ties, etc. The passive interconnect 826 may further incorpo-
rate heating and cooling capabilities, condensation handling,
precipitate handling, stand-alone cleaning, etc.

[0136] In embodiments where the passive interconnect
826 comprises sensor elements 830, the interconnection
network may additionally be linked with the electrical power
and control systems 821 and 823 described earlier. In
embodiments where the passive interconnect 826 comprises
heating and cooling capabilities, the passive interconnect
826 may additionally connect with the thermal exchange
system 824 described earlier. In embodiments where the
passive interconnect 826 comprises precipitate handling
and/or stand-alone cleaning the passive interconnect 826
may additionally connect with one or both of the incoming
solvent/cleaning-gas system 813 and outgoing solvent/
cleaning-gas system 818 described earlier.

[0137] The controllable valves 827 depicted in FIG. 85
may be used to control fluid and/or gas flow. The control-
lable valves 827 may be controlled directly by a modulated
power source (mechanical, electrical, pneumatic, fluid, etc.)
or indirectly by externally provided control signals (electri-
cal, optical, mechanical, pneumatic, fluid, chemical, etc.) as
may be advantageous for particular embodiments or appli-
cations of the invention. The technologies used to implement
controllable valves 827 may include electromagnetic, ther-
mal expansion, or other techniques as may be advantageous
for particular embodiments or applications of the invention.
The controllable valves 827 may be simple on/off valves,
multiple-port selector valves, multiple-port distribution
valves, or valves of other types, as may be advantageous for
particular embodiments or applications of the invention. It is
often valuable to implement controllable multiple-port
selector valves, multiple-port distribution valves, and related
structures which comprise provisions for in situ cleaning of
at least some portions of their internal flow paths.

[0138] The reaction chambers 828 depicted in FIG. 85
provide structured reaction environments for chemical reac-
tions to occur. In addition to inflow inlets, outflow outlets,
and associated valves, the reaction chambers 828 may
further comprise heaters, stirrers, agitators, aerators, sensors,
structured internal surfaces (such as perforated plates, grat-
ings, filaments, textured walls, porous filters, selective mem-
branes, etc.), acoustic transducers, lasers, light sources,
electrodes, and other additional structures and/or sub-ele-
ments as may be advantageous for particular embodiments
or applications of the invention. Reaction chambers 828 may
be multifunction, or may be optimized for specific indi-
vidual functions such as heating, mixing, chemical reaction
control, etc., as may be advantageous for particular embodi-
ments or applications of the invention.

[0139] The heating and/or cooling elements 829 depicted
in FIG. 86 may comprise heat generation elements, fluid-
based, and/or gas-based, and/or passive or active (e.g.,
semiconductor, etc.) solid-based thermal transport elements,
switchable thermal routing elements, heat-to-electricity ele-
ments, electromagnetic turbines, or other processes (such as
electrochemical, laser, etc.) as may be advantageous for
particular embodiments or applications of the invention.

[0140] The sensors 830 depicted in FIG. 86 may sense
temperature, pressure, fluid level, ion concentration, pH,
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turbidity, flow rate, optical properties, electrical potential,
connectivity, light emission, vibration, or other attributes as
may be advantageous for particular embodiments or appli-
cations of the invention. The sensors 830 may be attached to,
or integrated into, other elements such as the reservoirs 825,
passive interconnect conduits 826, controllable valves 827,
and reaction chambers 828 described above as well as the
elements described below as may be advantageous for
particular embodiments or applications of the invention. The
sensors 830 typically produce outgoing indication signals
which may be electrical, optical, mechanical, pneumatic,
fluid, chemical, or of other forms as may be advantageous
for particular embodiments or applications of the invention

[0141] The pumps 831 depicted in FIG. 85 may comprise
any number of pump technologies including turbine, peri-
staltic, piston, vane, centrifugal impeller, meshed-gear,
annular gear, etc. The pumps 831 are typically controlled,
and may be directly controlled by external modulation of
applied power, or indirectly controlled via control signals
(electrical, optical, pneumatic, fluid, etc.) as may be advan-
tageous for particular embodiments or applications of the
invention.

[0142] If desired, the elements of FIG. 85 may include
additional other specialized elements such as mixers, heat-
ing chambers, evaporators, condensers, agitators, absorbers,
filters, sublimers, driers, selective membranes, sonic vibra-
tors, optical or laser stimulators, and other elements as may
be advantageous for particular embodiments or applications
of the invention.

Larger Systems Built from Pluralities of Abstract Opera-
tional Elements

[0143] Pluralities of the abstract operational elements of
FIG. 8a may be, in turn, interconnected to form a larger
system of various types. FIG. 8¢ depicts an exemplary
illustration of this. In the center of the Figure are shown a
plurality of instances of systems 850.1-850.z of the type
depicted in FIG. 8a. These operate as functionally or opera-
tionally partitioned chemical reaction (or chemical han-
dling) subsystems of the larger system depicted in FIG. 8c.
Although one skilled in the art will immediately recognize
that many other arrangements are possible, the embodiment
shown in FIG. 8¢ comprises a global control system 851, a
global electrical power system 852, a global incoming
solvent (and cleaning-gas) system 855, a global outgoing
solvent (and cleaning-gas) system 856, and an interconnec-
tion network 858 with associated species inflows 871 into
the system and associated species outflows 872 out from the
system.

[0144] The global control system 851 depicted in FIG. 8¢
may accept incoming control signals 861 or operate autono-
mously, and creates, adapts, or directs control signals 853.1-
853.n to the individual chemical reaction/handling sub-
systems 850.1-850.z. The global control system 851
additionally may collect indication signals 854.1-854.» from
one or more of the plurality of chemical reaction/handling
subsystems 850.1-850.., and may provide outgoing indica-
tion signals 862. One skilled in the art will immediately
recognize that many other control system arrangements are
possible, such as a partitioned control system which many or
may not include interconnections among the partitions.

[0145] The global electrical power system 852 depicted in
FIG. 8¢ distributes and/or adapts electrical power to the



US 2008/0069739 Al

plurality of chemical reaction/handling subsystems 850.1-
850.n. The global electrical power system 852 additionally
may distribute and/or adapt electrical power to other entities
shown in the Figure, such as the aforementioned global or
partitioned control system(s) 851. The global electrical
power system 852 may additionally internally comprise
voltage regulation, current limiters, thermal shutdown capa-
bilities, backup power provisions, noise isolation, high-
frequency filtering, voltage-spike protection, power-reversal
protection, and other relevant capabilities that may be useful
for or required by various embodiments of the invention, as
is clear to one skilled in the art. It additionally may distribute
and/or adapt electrical power to other entities shown in the
Figure, such as the aforementioned global or partitioned
control system(s) 851. The global electrical power system
852 may additionally internally comprise voltage regulation,
current limiters, thermal shutdown capabilities, backup
power provisions, noise isolation, high-frequency filtering,
voltage-spike protection, power-reversal protection, and
other relevant capabilities that may be useful for or required
by various embodiments of the invention, as is clear to one
skilled in the art.

[0146] The global incoming solvent/cleaning-gas system
855 depicted in FIG. 8¢ distributes and/or adapts incoming
solvent(s) and/or cleaning-gas(es) to the plurality of chemi-
cal reaction/handling subsystems 850.1-850... In an alter-
nate embodiment, the global incoming solvent/cleaning-gas
system 855 may be merged into, or be part of, the intercon-
nection network 858 to be described below, as is clear to one
skilled in the art.

[0147] Similarly, the global outgoing solvent/cleaning-gas
system 856 depicted in FIG. 8¢ collects and/or adapts
outgoing flows of solvent(s) and/or cleaning-gas(es) from
the plurality of chemical reaction/handling subsystems
850.1-850.%. In an alternate embodiment, the global incom-
ing solvent/cleaning-gas system 855 may be merged into, or
be part of, the interconnection network 858 to be described
below, as is clear to one skilled in the art.

[0148] The global thermal exchange system 857 depicted
in FIG. 8¢ collects, and/or distributes, and/or adapts heat
flows to and from the plurality of chemical reaction/handling
subsystems 850.1-850.~. Unwanted heat would typically be
gathered by the global thermal exchange system 857. In
some embodiments the global thermal exchange system 857
may provide all heat to chemical reaction/handling sub-
systems 850.1-850.», but in many implementations needed
heat may be generated locally by conversions of electrical
power, chemical processes, pressure modulation, or other
localized processes. In advanced implementations, the glo-
bal thermal exchange system 857 may provide thermal
redistribution flow (i.e., using waste heat or waste cooling,
respectively, to provide needed heat and cooling elsewhere).
The global thermal exchange system 857 may incorporate
thermal storage elements to accomplish this. More generally,
the global thermal exchange system 857 may comprise
fluid-based, and/or gas-based, and/or passive or active (e.g.,
semiconductor, etc.) solid-based thermal transport elements,
switchable thermal routing elements, heat generation ele-
ments, heat-to-electricity elements, electromagnetic tur-
bines, or other processes such as electrochemical), etc. To
the extent that the global thermal exchange system 857 uses
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or generates electricity, it may be in some implementations
interconnected with the global electrical power system 852
described above.

[0149] The interconnection network 858 depicted in FIG.
8¢ may comprise passive (fixed) or active (switched) routing
of chemical species, products, and wastes among the plu-
rality of chemical reaction/handling subsystems 850.1-
850.n. It interconnects with input flows 859.1-859.% into the
chemical reaction elements chemical reaction/handling sub-
systems 850.1-850.» as well as output flows 860.1-860.. out
from the chemical reaction elements chemical reaction/
handling subsystems 850.1-850.z.

[0150] The interconnection network 858 depicted in FIG.
8¢ may also include sensors for the measurement of flow-
rate, temperature, ion concentration, particulate turbidity,
optical properties, etc. The global interconnection network
858 may further comprise heating and cooling capabilities,
condensation handling, precipitate handling, stand-alone
cleaning, etc. In embodiments where the interconnection
network 858 comprises controllable switching elements
and/or sensing elements, the global interconnection network
858 may additionally connect with the electrical power and
control systems 852 and 851 described earlier. In embodi-
ments where the interconnection network comprises heating
and cooling capabilities, the interconnection network 858
may additionally connect with the thermal exchange system
857 described earlier. In embodiments where the global
interconnection network 858 comprises precipitate handling
and/or stand-alone cleaning, the global interconnection net-
work 858 may additionally connect with one or both of the
incoming solvent/cleaning-gas system 855 and outgoing
solvent/cleaning-gas system 856 described earlier.

Scale and Physical Classification of Systems Provided for by
the Invention

[0151] With these general principles established, attention
is now directed to further consideration of the many afore-
mentioned application areas, depicted in FIG. 9, to which
these principles may be advantageously incorporated. In
particular, the abstract reconfiguration principles and tech-
niques 901, as well as other aspects, may be incorporated
into a wide range of larger systems and applications at a
wide variety of physical scales, including:

[0152] Enzyme networks 922
[0153] Catalytically-activated systems 921

[0154] Exogenously-activated distributed chemical sys-
tems 923

[0155] Microscale hybrid-process chips 911

[0156] “Lab-On-A-Chip”912

[0157] Multiple “Lab-Chip” systems 913

[0158] Field-scale instrument 914

[0159] Laboratory-scale instrument and devices 915

[0160]
[0161]

Laboratory automation 916
Chemical production plants 917

Additional consideration of this extensively wide range,
particularly with respect to enabling economic consid-








































































