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FLEXIBLE MODULAR HIERARCHICAL
ADAPTIVELY CONTROLLED
ELECTRONIC-SYSTEM COOLING AND
ENERGY HARVESTING FOR IC CHIP
PACKAGING, PRINTED CIRCUIT BOARDS,
SUBSYSTEMS, CAGES, RACKS, IT ROOMS,
AND DATA CENTERS USING QUANTUM
AND CLASSICAL THERMOELECTRIC
MATERIALS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation application of
U.S. application Ser. No. 15/458,771, filed Mar. 14, 2017,
which is a continuation application of U.S. application Ser.
No. 13/669,436, filed Nov. 5, 2012, now U.S. Pat. No.
9,605,881, issued Mar. 28, 2017, which is a continuation
application of U.S. application Ser. No. 13/385,411, filed
Feb. 16, 2012, which claims the benefit of U.S. Provisional
Application No. 61/443,701, filed Feb. 16, 2011, the disclo-
sures of all of which are incorporated herein in their entire-
ties by reference.

COPYRIGHT & TRADEMARK NOTICES

[0002] A portion of the disclosure of this patent document
may contain material, which is subject to copyright protec-
tion. Certain marks referenced herein may be common law
or registered trademarks of the applicant, the assignee or
third parties affiliated or unaffiliated with the applicant or the
assignee. Use of these marks is for providing an enabling
disclosure by way of example and shall not be construed to
exclusively limit the scope of the disclosed subject matter to
material associated with such marks.

BACKGROUND OF THE INVENTION

[0003] In the normal course of operation, the electronic
Integrated Circuit (“IC”) chips that are comprised by com-
puter hardware generate heat. In CMOS and related tech-
nologies, the heat generation is a function of the rate of state
transitions per unit time, so as software tasks are handled
there are frequent, rapid increases and decreases of emitted
heat from a given chip as computers operate. Additionally,
as heat builds up in CMOS and other semiconductor devices,
leakage currents typically increase, creating yet more heat.

Data Centers

[0004] The amount of heat generated is considerable even
when only one computer is involved. In the case of server
farms and other data centers the heat generation problem
assumes vast proportions. Most of the heat in data centers is
removed by costly and relatively inefficient means that also
consumes yet more energy and generates yet more heat.
Unlike many industrial processes where waste heat is har-
nessed for site-based energy reuse of power-cogeneration,
most of the heat in data centers is simply dissipated into the
environment.

[0005] Providing a cost-effective, efficient and practical
solution to this IC-chip and electronic component generated
heat is therefore crucial. As cloud computing, search, down-
load, and other network services radically increase central-
ized computing demands, creating needs for computation
and data centers to becoming larger and larger, the need for
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massive facilities increases, causing the magnitude of the
heat generation problem to become increasingly urgent.
[0006] The increasing demand and trend to ever-larger and
more robust computer data centers necessitates that the
industry practice of utilizing cheap, passive traditional ther-
mal design be replaced with more advanced thermal tech-
nologies.

Leveraging Data-Center Turn-Over to Rapidly Introduce
Cooling and Energy Harvesting Technologies into Data
Centers

[0007] Fortuitously, new inventions (such as the present
invention) that address these problems all or in part can
conveniently take reliance upon Moore’s Law (which
observes that approximately every 18 months computer
power doubles while the cost roughly halves) and ongoing
changes in computer server architecture. The resulting com-
bined forces of natural degradation and functional obsoles-
cence force computer hardware (data center hardware in
particular) to naturally be replaced or upgraded on a periodic
basis. As each hardware replacement cycle brings in new
computer hardware, this allows new cooling technologies to
be introduced.

Approaches to Reduce Heat Production in Integrated Circuit
Operation

[0008] A large number and wide variety of approaches are
currently under research, development, and deployment to
reduce heat production in integrated circuit operation. A
brief survey of these very active areas can be found in [1],
Chapter 1, and the material there is summarized in the list
below:

[0009] Dynamic Power Consumption
[0010] Reducing Capacitance
[0011] Reducing Switching Activity
[0012] Reducing Clock Frequency
[0013] Reducing Supply Voltage
[0014] Static Power Consumption
[0015] Leakage currents arise from the flow current
across a transistor even when the transistor is in an OFF
state.
[0016] Gate-oxide leakage is dependent on the thick-

ness of the oxide that is used to insulate the gate from
the substrate. As process technologies are decreasing,
so is the gate-oxide thickness. Higher k dielectrics will
have to be used to offset sub-threshold leakage. Flow of
current between the drain and source of a transistor
when the voltage is below threshold.

[0017] Circuit-Level Power Consumption in Integrated
circuits

[0018] Transistor Reordering

[0019] Half-Frequency and Half-Swing Clocks

[0020] Low-Power Flip-Flop Design

[0021] Technology mapping automates the process of

producing a power-optimized circuit in order to mini-
mize the total power consumption.

[0022] Bus Inversion

[0023] Crosstalk Reduction

[0024] Low-Swing Buses

[0025] Segment the bus into multiple groups that allow

the majority of the buses to be powered down while
only the active buses are in use.

[0026] Adiabatic circuits are a novel concept that reuses
the electrical charge dissipated from one wire and
recycles it for use in another wire
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[0027] replace the traditional shared-bus approach with
a more generic interconnect network.
[0028] Low-Power Memory Design
[0029] Partitioning Memory
[0030] Specialized Power-Friendly Caches
[0031] Filter cache
[0032] Trace cache
[0033] Adaptive caches
[0034] Drowsy cache
[0035] The present invention is not directed in these
directions, but rather as to what to be done with the
electronic-component heat that must be generated, regard-
less of its source or cause, The present invention addresses
this on several fronts:

[0036] Improved heat transport, aggregation, manage-
ment;

[0037] Component thermal environment improvement;

[0038] Consideration of the full heat transport hierar-
chy;

[0039] Adaptive opportunistic energy harvesting;

[0040] Leveraging reciprocal (heat transfer, heat to

electrical current conversion) properties of both clas-
sical semiconducting thermoelectric devices and quan-
tum-process thermoelectric devices;

[0041] Adaptively switching modes and/or multiplex-
ing between cooling mode, energy-harvesting mode,
and temperature sensing modes;

[0042] In switching among modes and in general opera-
tion, including consideration of and/or compensation
for the dynamic behavior of the thermoelectric devices
employed;

[0043] Various control systems to manage local and
system-wide operation. Computer System Cooling
Technologies

[0044] A large number and wide variety of approaches are
currently under research, development, and deployment to
reduce, manage, and handle heat build-up in integrated
computer systems and data centers. A survey of the many
well-known classical and contemporary techniques for this
these at the board and chassis level can be found in [2] and
the references therein. A representative treatment of the
many well-known and contemporary techniques for this
these at the data center level can be found in [3]-[4], these
largely involving forced air and chiller technologies. The
present invention provides economical practical near-term
supplements, enhancements, and alternatives to these
approaches, including for example the invention innovations
listed in the previous subsection and called out in bold font
in FIG. 3.

Chip Cooling Technologies

[0045] A large number and wide variety of approaches are
currently under research, development, and deployment
employing thermoelectric devices. A survey of the many
well-known classical and contemporary techniques for these
employing semiconducting thermoelectric devices can be
found in [5] and the references therein. A brief treatment of
techniques and properties of quantum-well thermoelectric
devices can be found in [6] and the references therein.
Treatment of techniques and properties of Avto metal ther-
moelectric devices can be found in [7]-[10] and the refer-
ences therein. Additionally, micro-droplet microfluidic cool-
ing is also currently under research and development, some
employing some minor interworking with thermoelectric
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devices. Treatment of such approaches employing planar
(two-dimensional) micro-droplet transport can be found in
[1] and the references therein, and approaches employing
three-dimensional and multiple-layer micro-droplet trans-
port are taught in co-pending U.S. Patent Application
61/599,643.

[0046] As background, FIG. 1a depicts an exemplary
computer processor chip fitted with a traditional air-cooled
finned heat sink. In practice the depicted cooling fins can be
much larger than depicted here. One or more fan(s), each
within or attached to a chassis which envelopes an associ-
ated computer processor chip, are used to force incoming air
through and/or over the heat sink. The forced air absorbs
heat radiating from the fins of the heat sink, transporting it
away from the chip and thus preventing a higher degree of
heat buildup. FIG. 1 4 shows an arrangement like that of
FIG. 1a but fitted with a dedicated fan to increase the air
flow through the air-cooled finned heat sink. FIG. 1¢ shows
an arrangement like that of FIG. 1 b but with a thermoelec-
tric cooler layer provided to increase the heat flow from the
Integrated Circuit chip to the air-cooled finned heat sink.
FIG. 1d shows an arrangement like that of FIG. 1¢ but with
a dedicated fan to increase the air flow through the air-
cooled finned heat sink.

[0047] FIGS. 1e-1g depicts various alternative chip cool-
ing arrangements wherein heat pipes are used to transport
heat away from a computer processor chip. FIG. 1e depicts
an exemplary heat pipe system employed in a laptop com-
puter. FIG. 1 f depicts an exemplary heat pipe system
wherein the heat pipe connects transferred heat produced at
the chip to a fan-cooled heat-sink. FIG. 1 g depicts an
exemplary arrangement heat pipe system wherein a principal
heat sink is connected via heat pipes with expansion heat
sinks.

Hierarchy of Heat Transfer in Data Center Environments

[0048] As yet further background, FIGS. 2a-2g illustrate a
hierarchy of environments involved in heat transfer.

[0049] FIG. 2a shows a group of computer chips and
related components (for example, voltage regulator compo-
nents), for example, on a common printed circuit board.
These are the primary source of heat generation, although
heat is also generated by other elements such as power
supply transformers and circuitry, fans, compressors, chill-
ers, pumps, etc. included in cooling systems.

[0050] FIG. 256 depicts the two or more such groups of
computer chips and related components, for example, shar-
ing a common printed circuit board.

[0051] FIG. 2c¢ illustrates two or more printed circuit
boards, either as in FIG. 24 or FIG. 254, which together are
comprised by a common subsystem. FIG. 2d illustrates two
or more subsystems, such as depicted in FIG. 2a or other-
wise, which together are comprised in a common chassis.
Such a chassis can be part of, for example, a computer
server.

[0052] FIG. 2e shows a plurality of chassis comprised by
a cage. Such arrangements are used in commercial “blade
server” product configurations.

[0053] FIG. 2f depicts a plurality of cages, such as
depicted in FIG. 2e or otherwise, fitted into a rack. Such rack
configurations are used endemically in data centers. FIG. 2¢g
represents a cluster of racks as commonly used in data
centers.
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Overview of the Innovation

[0054] The invention comprises a collection of interwork-
ing innovations. These include:

[0055] Systems and methods for combining Peltier-
effect heat transport and Seebeck-effect energy harvest-
ing for use at thermal interfaces in heat gathering and
transfer structures;

[0056] Novel structures for multiple-mode thermoelec-
tric devices providing heat transfer, heat-to-electricity
conversion, temperature flux measurements for use in
interfacing integrated circuit packages and in creating
active heat pipes;

[0057] Arrangements in the above permitting simulta-
neous mixed-mode operation

[0058] Automatic control for optimizing multiple mode
and mixed-mode operation in local or hierarchical
contexts;

[0059] Pulse-width modulation and other duty-cycle
control to prevent Peltier cooling induced condensa-
tion;

[0060] Use of traditional, contemporary, and emerging

quantum-process and nanomaterial techniques for radi-

cal efficiency improvements in Peltier-effect heat trans-

port and Seebeck-effect thermoelectric energy harvest-
ng;

[0061] Configurable, reconfigurable, or real-time-con-
trolled selective operation of combined Peltier-effect
heat transport and Seebeck-effect thermoelectric
energy harvesting;

[0062] Systems and methods for a modular-structure
heat gathering and heat transfer infrastructure designed,
for example, to work with existing familiar board,
blade, cage, rack, data center, and building infrastruc-
ture, the systems and methods supporting optional
advantageous additional features of:

[0063] Closed heat transport systems within each
module terminating in a thermal interface which can
be coupled to external heat transport stage, air cool-
ing, energy transformation, or other alternatives;

[0064] Each module equally usable in isolation or as
part of a hierarchy, allowing wide range of gradual
phase-in deployments, trials, and strategies;

[0065] Internal energy harvesting within the module;

[0066] Hierarchical heat-gathering structures with dry
thermal-transfer interfaces between pairs of closed
level-internal cooling fluid and heat pipe structures
within modules at each layer and fan backup for
isolated operation or parent-level failure recovery;

[0067] Hierarchical heat-to-electricity energy harvest-
ing structures with provisions for both local use of
heat-harvested electricity as well as provisions for
exporting power into hierarchical or peer arrange-
ments;

[0068] Hierarchical control structures capability of
working in isolation or coordinating with other control
systems in hierarchical or peer arrangements.

[0069] FIG. 2% depicts a representation implying the inno-
vation can be utilized when a data center occupies one or
more whole or partial floors of a building and/or a vertical
riser within a building. FIG. 2/ depicts a representation
implying the innovation can be applied when a data center
occupies an entire building. FIG. 2; depicts a representation
implying the innovation can be utilized when a data center
is comprised of a campus of buildings.
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[0070] FIG. 3 depicts an exemplary non-limiting, non-
characterizing view of various aspects of the invention. The
invention combines many new innovations (denoted by
bolded font) together with novel utilizations and adaptations
of known art (denoted by unbolded font).

SUMMARY OF THE INVENTION

[0071] Features and advantages of the invention will be set
forth in the description which follows, and in part will be
apparent from the description, or may be learned by practice
of the invention. The objectives and other advantages of the
invention will be realized and attained by the structure
particularly pointed out in the written description and claims
hereof as well as the appended drawings.

Aspects of the Invention Involving Heat Gathering at
IC-Chip and Board Level

[0072] In an embodiment, the invention provides for the
use of microfluidic micro-droplet heat transport at the IC-
chip package level.

[0073] In an embodiment, the invention provides for the
use of microfluidic micro-droplet heat transport at the mul-
tilayer Printed Circuit Board (“PCB”) level.

[0074] In an embodiment, the invention provides for the
collection of heat from at least one integrated circuit pack-
age.

[0075] In an embodiment, the invention provides for the
collection of heat from at least a plurality of computer
systems comprised by a data center.

[0076] In an embodiment, a thermal interface to at least
one chip is used to collect heat and direct it to a heat sink in
thermal contact with a circulating cooling fluid.

[0077] In an embodiment, the circulating cooling fluid
possesses a high heat-carrying capacity.

[0078] In an embodiment, the invention provides for ther-
mal interfaces with a circulating cooling fluid to be designed
to easily connect mechanically with an associated chip.
[0079] In an embodiment, the invention provides for the
thermal interface to be designed to direct heat to a fan where
air convection can be utilized to remove the heat.

[0080] In an embodiment, the invention provides for the
thermal interface to be designed to feed the heat into a heat
transfer interface that utilizes a circulating coolant to remove
the heat, or to both.

[0081] In an embodiment, the invention provides for one
or both sides of the thermal interface to be constructed of
thermoelectric materials to most efficiently collect the heat
on one side and to most efficiently utilize the cooling fan or
fluid on the other side.

[0082] In an embodiment, the invention provides for one
portion of the chip-generated heat to be spatially transferred
and another portion of the heat to be energy harvested.
[0083] In an embodiment, the invention provides pulse-
width modulation and other duty-cycle control to prevent
Peltier cooling induced condensation and icing.

[0084] In an embodiment, the invention provides for the
use of high-efficiency thermoelectric devices comprising
quantum-well materials.

[0085] In an embodiment, the invention provides for the
use of high-efficiency thermoelectric devices comprising
Avto Metals.
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Aspects of the Invention Involving Energy Harvesting

[0086] In an embodiment, the invention provides for con-
certed effort to convert as much heat to electricity at the local
chip level as possible.

[0087] In an embodiment, the invention provides for the
placement of thermoelectric material inside, on top of, on
the bottom of or around a chip package.

[0088] In an embodiment, the invention provides for
repeated hierarchical steps of heat transfer from thermal
sources, conducted through a heat exchange or other thermal
interface, and transferred to a thermal sink.

[0089] In an embodiment, the hierarchy can comprise use
of the heat gathered at a thermal sink at one hierarchy level
to serve as the heat of the heat source in an adjacent level in
the hierarchy.

[0090] Inan embodiment, at any one or more places in the
hierarchy, energy harvesting operations can be introduced.
[0091] In an embodiment, energy harvesting operations
convert heat into electricity.

[0092] In an embodiment, electricity created by energy
harvesting operations is used to provide power for current or
future heat transfer operations.

[0093] In an embodiment, an energy harvesting operation
improves the efficiency of the inventive cooling system.

[0094] In an embodiment, each energy harvesting opera-
tions improve the effectiveness of the inventive cooling
system.

Aspects of the Invention Involving Combining Energy
Harvesting and Heat Transport

[0095] In an embodiment, the invention provides for the
use of reciprocal thermoelectric devices capable of operating
in either a thermoelectric cooler or a thermoelectric electric
current generator as determined by imposed thermal condi-
tions and electrical connections to the reciprocal thermo-
electric device.

[0096] In an embodiment, the invention provides for at
least one of the thermoelectric devices can serve as a
temperature sensor

[0097] In an embodiment, the invention provides for the
mode of a given thermoelectric device is switched over time.
As one example, a given thermoelectric device can be a
thermoelectric cooler one moment and a temperature sensor
at another moment. As another example, a given thermo-
electric device can be a thermoelectric electric current
generator one moment and a temperature sensor at another
moment. As yet another example, a given thermoelectric
device can be a thermoelectric cooler one moment and a
thermoelectric electric current generator at another moment.
As still another example, a given thermoelectric device can
be a thermoelectric cooler one moment, a temperature sensor
at another moment, and a thermoelectric electric current
generator at yet another moment.

[0098] In an embodiment, the invention provides for a
control system that selects the mode of operation of at least
one reciprocal thermoelectric device, the selection made
responsive to the state of the system, time, a measurement
condition, or some combination of these.

[0099] In an embodiment, the invention provides for a
control system to include consideration of the dynamic
behavior of at least one type of thermoelectric device.
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[0100] In an embodiment, the invention provides for a
control system to include compensation for the dynamic
behavior of at least one type of thermoelectric device.
[0101] In an embodiment, the invention provides for a
control system that selects the mode of operation of at least
one reciprocal thermoelectric device to include consider-
ation of and/or compensation for the dynamic behavior of
the reciprocal thermoelectric device.

Aspects of the Invention Involving Heat Migration Out of a
Subsystem

[0102] In an embodiment, the invention comprises one or
more heat-aggregating system and/or one or more heat-
aggregating subsystems.

[0103] In an embodiment, the invention provides for heat
that cannot be efficiently or effectively harvested for energy
to be dispersed via fan(s) at one or more suitable location(s)
within the system.

Aspects of the Invention Involving Modular Hierarchical
Structure

[0104] In an embodiment, the invention provides for a
modular product hierarchy that can be designed to meet
market need and demand.

[0105] In an embodiment, the invention provides for heat
that cannot be efficiently or effectively harvested for energy
to be dispersed via fan(s) at one or more suitable location(s)
within the system.

[0106] In an embodiment, the invention comprises one or
more heat-aggregating system and/or one or more heat-
aggregating subsystems.

[0107] In an embodiment, the invention comprises a
daisy-chain heat transfer arrangement employing closed
systems of circulating fluids with dry thermal interfaces
among them for use in a hierarchical or peer arrangement.
Aspects of the Invention Involving Interconnection of Heat
Transfer Subsystems within a Cooling Hierarchy

[0108] In an embodiment, the invention provides for the
collection of heat from at least a number of computer chips
forming a computing system.

[0109] In an embodiment, each module (board, chassis,
cage, rack, rack cluster, etc.), comprises at least two separate
closed circulating fluid cooling systems that are thermally
linked by thermal-transfer coupling elements.

[0110] In an embodiment, thermal-transfer coupling ele-
ments comprise pressure-contact.

[0111] In an embodiment, thermal-transfer coupling ele-
ments comprise fastener arrangements.

[0112] In an embodiment, thermal-transfer coupling ele-
ments comprise a threaded structure.

[0113] In an embodiment, thermal-transfer coupling ele-
ments comprise a quick-lock structure.

Aspects of the Invention Involving Product Evolution and
Phased Deployment

[0114] In an embodiment, the invention provides for a
modular product hierarchy that can be designed to meet
market need and demand.

[0115] In an embodiment, the invention provides for
phased replacement as required due to the end of operating
life, adequate degradation, or functional obsolescence.
[0116] In an embodiment, until such replacement or
upgrade is enacted, the invention provides for incremental
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implementation via incremental retrofit of computers, chip
(s) within individual computers, cages, racks, etc.

[0117] In an embodiment, modular features used to imple-
ment scalability of the innovation can be implemented in
such a way that each modular level can operate in a
stand-alone mode, for example, relying on backup fans to
expel excess heat. This can also provide a failsafe backup for
heat dispersion should some part of a hierarchical deploy-
ment fail.

[0118] In an implementation or a deployment, aspects of
the invention can be deployed or implemented at any one or
more levels as determined appropriate in a given situation or
management decision.

Aspects of the Invention Involving Hierarchical Control
Structures

[0119] In a further aspect of the invention, the invention
provides a hierarchical multiple-level control system com-
prises a plurality of subsystems, each with their own asso-
ciated control system, each of which (1) can operate in
isolation and (2) can be interconnected or networked with
additional subsystems associated with other hierarchical
levels.

[0120] In a further aspect of the invention, a hierarchical
multiple-level control system comprises a plurality of sub-
systems, each with their own control system, that can
operate in isolation, but when interconnected or networked
with additional subsystems associated with other hierarchi-
cal levels, each subsystem will assume their respective role
in the hierarchy with respect to (those) additional subsys-
tems.

[0121] In an embodiment, the invention provides for hier-
archical multiple-level control system to include linear con-
trol systems, therein permitting the additive control of at
least one controller state variables of one subsystem by
control signals generated by or associated with at least one
other subsystem.

[0122] In an embodiment, the invention provides for hier-
archical multiple-level control system to include bilinear
control systems, therein permitting the multiplicative control
of at least one controller state variables of one subsystem by
control signals generated by or associated with at least one
other subsystem.

[0123] In an embodiment, the invention provides for hier-
archical multiple-level control system to include bilinear
control systems, therein permitting both (1) additive control
of at least one controller state variables of one subsystem by
control signals generated by or associated with at least one
other subsystem and (2) multiplicative control of at least one
controller state variables of one subsystem by control signals
generated by or associated with at least one other subsystem.
[0124] In an embodiment, the invention provides for hier-
archical multiple-level control system to include synthetic
hysteresis.

BRIEF DESCRIPTION OF THE DRAWINGS

[0125] 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.

[0126] FIG. 1a depicts an exemplary computer processor
chip fitted with a traditional air-cooled finned heat sink.
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[0127] FIG. 15 shows an arrangement like that of FIG. 1a
but fitted with a dedicated fan to increase the air flow
through an individual heat sink.

[0128] FIG. 1c depicts an exemplary heat pipe system
employed in a laptop computer.

[0129] FIG. 1d depicts an exemplary heat pipe system
wherein the heat pipe connects transferred heat produced at
the chip to a fan-cooled heat-sink.

[0130] FIGS. 1¢-1g depict an exemplary arrangement heat
pipe system wherein a principal heat sink is connected via
heat pipes with expansion heat sinks.

[0131] FIG. 2a shows a group of computer chips, for
example, on a common printed circuit board.

[0132] FIG. 2b depicts the two or more such groups, for
example, sharing a common printed circuit board.

[0133] FIG. 2c¢ illustrates two or more printed circuit
boards, either as in FIG. 24 or FIG. 254, which together are
comprised by a common subsystem.

[0134] FIG. 2d illustrates two or more subsystems, such as
depicted in FIG. 2a or otherwise, which together are com-
prised in a common chassis.

[0135] FIG. 2e shows a plurality of chassis comprised by
a cage.
[0136] FIG. 2f depicts a plurality of cages, such as

depicted in FIG. 2e or otherwise, fitted into a rack.

[0137] FIG. 2g represents a cluster of racks as commonly
used in data centers.

[0138] FIG. 2/ depicts a representation implying the inno-
vation can be utilized when a data center occupies one or
more whole or partial floors of a building and/or a vertical
riser within a building.

[0139] FIG. 2i depicts a representation implying the inno-
vation can be applied when a data center occupies an entire
building.

[0140] FIG. 2j depicts a representation implying the inno-
vation can be utilized when a data center is comprised of a
campus of buildings.

[0141] FIG. 3 depicts an exemplary non-limiting, non-
characterizing view of various aspects of the invention.
[0142] FIG. 4a depicts a general thermodynamics passive
heat transfer process from a hot body to a broader environ-
ment.

[0143] FIG. 45 depicts a heat pump arrangement for active
heat transfer process from a hot body to a broader environ-
ment. Energy is applied over time to the heat pump (amount-
ing to applied work) and consumed in the heat-pumping
process.

[0144] FIG. 4c¢ depicts a heat engine arrangement for
active heat transfer process from a hot body to a broader
environment. Energy is harvested over time by the heat
engine (amounting to harvested work) and consumed (at
least in part) by external processes.

[0145] FIG. 5a depicts an exemplary thermal integration
and transfer abstraction.

[0146] FIG. 56 depicts an exemplary thermal resistive
abstraction.

[0147] FIG. 5¢ depicts an exemplary thermal resistive
series.

[0148] FIG. 5d depicts an exemplary thermal diode
abstraction.

[0149] FIG. 6a shows heat generated from a wafer within

an exemplary computer chip package directed through a
thermal interface provided on top of the chip. Heat is
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transferred into a heat sink where the heat can be dissipated
using a circulating cooling fluid.

[0150] FIG. 65 depicts an alternative situation where the
heat generated from a wafer within the computer chip is
directed through a thermal interface provided on the top of
the chip. Although not explicitly shown, such a thermal
interface can be incorporated into the chip packaging by the
chip manufacturer.

[0151] FIG. 6c depicts an exemplary arrangement wherein
a computer chip is provided with a thermal interface com-
prising cooling fins. Although not explicitly shown, such a
thermal interface can be incorporated into the chip packag-
ing by the chip manufacturer.

[0152] FIG. 6d depicts an exemplary fluidic cooling con-
duit in thermal contact with a thermal interface. Although
not explicitly shown, such a thermal interface can be incor-
porated into the chip packaging by the chip manufacturer.

[0153] FIG. 7a provides an example depiction of the
Peltier effect wherein an electric current is used to create a
temperature gradient in an arrangement involving dissimilar
materials. In this figure the arrangement is depicted in terms
of N-type and P-type semiconductor materials, but the
Peltier effect also pertains to (and was originally discovered
in the form of) junctions of dissimilar metals.

[0154] FIG. 7b provides an example depiction of the
Seebeck effect wherein a temperature gradient is used to
create an electric current in an arrangement involving dis-
similar materials. In this figure the arrangement is depicted
in terms of N-type and P-type semiconductor materials, but
the Seebeck effect also pertains to (and was originally
discovered in the form of) junctions of dissimilar metals.
[0155] FIG. 7¢ depicts an electrical symbol that will be
used for an electrical instance of an arrangement involving
an individual junction of dissimilar materials, the arrange-
ment configured to provide one or more thermoelectric
functions employing phenomenon such as the Peltier effect,
Seebeck effect, or other adapted, related, or alternative
thermoelectric effects. An instance of such an arrangement
will be termed a “thermoelectric device.”

[0156] FIG. 7d depicts an electrical series connection of a
plurality of thermoelectric devices. (In the literature such an
electrical arrangement combined with an associated thermal
arrangement is called a “thermopile.”)

[0157] FIG. 7e depicts a plurality of electrical series
connections of a plurality of thermoelectric devices.
[0158] FIG. 7f depicts an exemplary physical array of
thermoelectric cells such as the example provided in FIGS.
Tc-Te.

[0159] FIG. 8a depicts an example accounting of various
material-based and junction-based electrical resistance
aspects inherent in a thermoelectric device.

[0160] FIG. 85 depicts a series-resistance aggregation of
these various material-based and junction-based electrical
resistance aspects inherent in a thermoelectric device into a
composite equivalent electrical resistance.

[0161] FIG. 8¢ depicts an abstract electronics representa-
tion of the equivalent electrical resistance of a thermoelec-
tric device or thermoelectric cell operating in Peltier mode.
[0162] FIG. 84 depicts an abstract electronics representa-
tion of voltage emf generated by Seebeck effect in a ther-
moelectric device or cell and the associated (Thevenin-
equivalent) series resistance of the thermoelectric device or
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thermoelectric cell, the resulting arrangement connected to
a load resistance resulting in a current/flowing around the
resulting electrical loop.

[0163] FIG. 9a (adapted from http://knol.google.com/k/
andre-szykier/thermo-electric-energy/3sqds0076vqoz/2#)
depicts a graphical representation of the relationship
between reduced current efficiency and relative current
density for several example materials applicable for use as
one of the dissimilar materials in a thermoelectric device.
[0164] FIG. 96 (adapted from http://knol.google.com/k/
andre-szykier/thermo-electric-energy/3sqds0076vqoz/2#)
depicts a constant-temperature linear current-versus-voltage
(“Ohms Law”) and quadratic power-versus-current
(“Joule’s Law™) curves for an exemplary Bi2Te3 thermo-
pile.

[0165] FIG. 9¢ (adapted from http://knol.google.com/k/
andre-szykier/thermo-electric-energy/3sqds0076vqoz/2#)
depicts compatibility factors versus temperature for several
example n-type semiconducting materials applicable for use
as one of the dissimilar thermoelectric materials in a ther-
moelectric device. Similarly,

[0166] FIG. 94 (adapted from http://knol.google.com/k/
andre-szykier/thermo-electric-energy/3sqds0076vqoz/2#)
depicts compatibility factors versus temperature for several
example p-type semiconducting materials applicable for use
as one of the dissimilar thermoelectric materials in a ther-
moelectric device.

[0167] FIG. 10a (adapted from [7]) depicts how in tradi-
tional Peltier effect thermoelectric devices simple heat con-
duction heat flow (thicker vertical arrows) returns heat that
has been transported in the opposite direction by electron
flow (thinner vertical arrows).

[0168] FIG. 105 (adapted from [7]) illustrates the phe-
nomenon in traditional Seebeck effect thermoelectric
devices wherein simple heat conduction heat flow (thicker
vertical arrows) provides a dominant path for heat flow,
leaving far less heat to actually drive the electron flow
(thinner vertical arrows) that creates a Seebeck effect elec-
tric current.

[0169] FIG. 10c¢ depicts how thermoelectric process elec-
tron transfer across a thermally-isolating physical gap pre-
vents efficiency-reducing heat-transfer in a thermoelectric
device operating in Peltier (heat transfer) mode.

[0170] FIG. 10d depicts how thermoelectric process elec-
tron transfer across a thermally-isolating physical gap pre-
vents efficiency-reducing heat-transfer in a thermoelectric
device operating in Seebeck (heat-to-power conversion)
mode.

[0171] FIG. 11a depicts a mechanical symbol that will be
used for a physical instance.

[0172] FIG. 115 depicts an exemplary physical arrange-
ment of thermoelectric devices in a linear side-by-side array.
[0173] FIG. 11c depicts an exemplary physical arrange-
ment of thermoelectric devices in a side-by-side matrix
array.

[0174] FIG. 11d depicts an exemplary physical arrange-
ment of thermoelectric devices in a stacked “sandwich”
array.

[0175] FIG. 11e depicts an exemplary physical arrange-

ment of thermoelectric devices in a 3D array.

[0176] FIG. 12, adapted from example [11], depicts an
example representation of the classic “Bottoming Cycle”
employed in on-site manufacturing electrical energy co-
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generation that can be adapted to serve the electrical energy
generation situation in data centers.

[0177] FIG. 13, adapted from [12] depicts an example
representation of the total energy-flow budget relevant for
actual and economically-ascribed value of embodiments of
the invention as a green technology.

[0178] FIG. 14a depicts a plurality of thermoelectric cells,
such as those examples depicted in FIGS. 7¢-7f, as can be
physically arranged in various ways, such as those examples
depicted in FIGS. 11 5-11e, to be arranged so that each cell
is electrically connected to at least two switching transistors,
the first switching transistor connecting to a power source
and the second switching transistor connecting to a load, or
load interface circuit, to which the thermoelectric cell pro-
vides power.

[0179] FIG. 145 depicts a plurality of thermoelectric cells,
such as those examples depicted in FIGS. 7¢-7f, as can be
physically arranged in various ways, such as those examples
depicted in FIGS. 115-11e, to be arranged so that each cell
is electrically connected to at least two switching transistors,
the first switching transistor connecting to a power source
and the second switching transistor connecting to a mea-
surement circuit.

[0180] FIG. 14¢ depicts a plurality of thermoelectric cells,
such as those examples depicted in FIGS. 7¢-7f, as can be
physically arranged in various ways, such as those examples
depicted in FIGS. 115-11e, to be arranged so that each cell
is electrically connected to at least two switching transistors,
the first switching transistor connecting to a load, or load
interface circuit, to which the thermoelectric cell provides
power, and the second switching transistor connecting to a
measurement circuit.

[0181] FIG. 144 depicts a plurality of thermoelectric cells,
such as those examples depicted in FIGS. 7¢-7f, as can be
physically arranged in various ways, such as those examples
depicted in FIGS. 115-11e, to be arranged so that each cell
is electrically connected to at least three switching transis-
tors, the first switching transistor connecting to a power
source, the second switching transistor connecting to a load,
or load interface circuit, to which the thermoelectric cell
provides power, and the third switching transistor connect-
ing to a measurement circuit.

[0182] FIGS. 154-15; depict a collection of switch mode
states which can be periodically attained in a mutually
exclusive fashion according, for example, to a periodic state
transition map with periodic behavior determined by param-
eters such as at least one of frequency, duty cycle, period, or
duration in each state.

[0183] FIG. 16a depicts an example arrangement wherein
an array of thermoelectric cells, physically arranged for
example in ways such as the examples depicted in FIGS.
116-11e, are interfaced with arrangements of switching
transistors, for example in ways such as the examples
depicted in FIGS. 14a-14d, such that each arrangement of
switching transistors selects modes of operation for at least
one thermoelectric cell, the modes including at least mea-
surement, heat transfer, and heat-to-electricity energy har-
vesting. The switching transistors can be controlled by a
control system.

[0184] FIG. 165 depicts a variation of the example
arrangement of FIG. 1la wherein the control system is
provided input signals from one or more additional sensors,
for example a remote temperature sensor.
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[0185] FIG. 16c¢ depicts a variation of the example
arrangement of FIG. 1a wherein there is no measurement
mode and the control system is provided input signals from
one or more additional sensors, for example a remote
temperature sensor rather than measurement signals from
the switching transistor array.

[0186] FIG. 17 (adapted from [14]) depict a representation
of the graphical determination of pole locations for a rep-
resentative thermoelectric device.

[0187] FIG. 18a (adapted from [14]) depicts a represen-
tation of the unit-step change in current for a representative
thermoelectric device.

[0188] FIG. 1856 (adapted from [14]) depicts a represen-
tation of the unit-step change in heat load for a representa-
tive thermoelectric device.

[0189] FIG. 18¢ (adapted from [14]) depicts a represen-
tation of the unit-step change in ambient temperature for a
representative thermoelectric device.

[0190] FIGS. 194a-19¢ (adapted from [14]) depict a repre-
sentation of the normalization of time in relation to the cold
junction temperature for various values of normalized qui-
escent electrical current.

[0191] FIG. 20a (adapted from [14]) depicts a represen-
tation of the unit-step in input power for a representative
thermoelectric device.

[0192] FIG. 2056 (adapted from [14]) depicts a represen-
tation of the unit-step in ambient temperature for a repre-
sentative thermoelectric device.

[0193] FIG. 21a (adapted from [14]) depicts a represen-
tation of the unit-step in load resistance for a representative
thermoelectric device.

[0194] FIG. 215 (adapted from [14]) depicts a represen-
tation of the unit step in load back-emf for a representative
thermoelectric device.

[0195] FIG. 22a depicts an example “top cover” or “top
socket” arrangement for making thermal connections to an
integrated circuit package. The example “top cover” or “top
socket” arrangement can be made to be mechanically com-
patible with a traditional electrical socket for the integrated
circuit package, or can be designed together with an asso-
ciated form of electrical socket for the integrated circuit
package.

[0196] FIG. 225 depicts an example arrangement wherein
the example “top cover” or “top socket” of FIG. 22a
comprises a thermoelectric array. The “top cover” or “top
socket” arrangement can include switching transistors and
one or more of a control system and additional sensors.
[0197] FIG. 23a depicts an example arrangement wherein
a first side of an active thermoelectric device is attached atop
an integrated circuit package and in thermal-transfer contact
with one or more of the integrated circuit wafer and heat
conducting elements of the integrated circuit package. The
active thermoelectric device can include switching transis-
tors and one or more of a control system and additional
sensors.

[0198] FIG. 235 depicts the example arrangement of FIG.
234 wherein the second side of the active thermoelectric
device is attached and in thermal-transfer contact with a
thermal interface to a cooling fin arrangement.

[0199] FIG. 23¢ depicts the example arrangement of FIG.
234 wherein the second side of the active thermoelectric
device is attached and in thermal-transfer contact with a
thermal interface which is in turn in thermal-transfer contact
with a fluidic cooling arrangement.
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[0200] FIG. 23d depicts the example arrangement of FIG.
23a wherein the second side of the active thermoelectric
device is attached and in thermal-transfer contact with a
thermal interface to a fluidic cooling arrangement.

[0201] FIG. 24a depicts a thermal interface provided by an
article of integrated circuit packaging wherein the thermal
interface is located on the top of the integrated circuit
packaging.

[0202] FIG. 24b depicts an alternative or supplemental
thermal interface provided by an article of integrated circuit
packaging wherein the thermal interface is located on the
bottom of the integrated circuit packaging.

[0203] FIG. 24c¢ depicts an alternative or supplemental
thermal interface provided by an article of integrated circuit
packaging wherein the thermal interface is located on one or
more sides of the integrated circuit packaging.

[0204] FIG. 24d depicts an alternative or supplemental
thermal interface provided by an article of integrated circuit
packaging wherein the thermal interface is located within
the integrated circuit packaging.

[0205] FIG. 254 represents a thermal interface that is built
upon the top of a computer chip.

[0206] FIG. 2556 shows a thermal interface that is built on
the bottom of a computer chip.

[0207] FIG. 25c¢ illustrates a thermal interface that is
placed inside a computer chip packaging and makes an
appearance at the edge of the chip packaging.

[0208] FIG. 25d depicts a thermal interface that is built
around a computer chip (i.e. the computer chip package is
largely contained within the thermal interface).

[0209] FIG. 264 (adapted from Adaptive Cooling of Inte-
grated Circuits Using Digital Microfludics by P. Paik, K.
Chakrabarty, and V. Pamula, 2007, ISBN 13: 978-1-59693-
138-1) depicts a side view representation of a microfluidic
electrowetting micro-droplet transport “chip” implementa-
tion fitted over an integrated circuit package and in turn in
thermal contact with an active cooling element such as a
thermoelectric cooler.

[0210] FIG. 265 (adapted from Adaptive Cooling of Inte-
grated Circuits Using Digital Microfludics by P. Paik, K.
Chakrabarty, and V. Pamula, 2007, ISBN 13: 978-1-59693-
138-1) depicts a top view representation of a number of
micro-droplets being transported (via electrowetted trans-
port) through various straight and right-angle-turn paths
over a planar array of microelectrodes comprised by such a
microfiuidic electrowetting micro-droplet “chip.”

[0211] FIG. 26¢ (adapted from [1]) depicts a general
planar microfluidic micro-droplet transport arrangement.
[0212] FIG. 26d (adapted from [1]) depicts a “side view”
of electrowetting transport of a micro-droplet through the
microfluidic transport arrangement via sequencing of poten-
tial applied to microelectrodes 1, 2, 3, and 4.

[0213] FIG. 26e (adapted from [1]) depicts a “top view”
motion of the micro-droplet via electrowetting transport
through the microfluidic transport arrangement of FIG. 264.
[0214] FIG. 27a and FIG. 276 (adapted from [1]) depict
“top” and “side” views of a first heat transfer contact
(graded) modulation scheme explained in [1].

[0215] FIG. 27¢ (adapted from [1]) depicts a second heat
transfer contact (on-off) modulation scheme explained in
(11.

[0216] FIG. 28a (adapted from [1]) depicts a “confined
system” adaptation of the microfluidic electrowetting micro-

Nov. 30, 2017

droplet planar microelectrode array and micro-droplet trans-
port to implementations using Printed Circuit Boards
(“PCBs™).

[0217] FIG. 286 (adapted from [1]) depicts an “open
system” adaptation of the microfluidic electrowetting micro-
droplet planar microelectrode array and micro-droplet trans-
port to implementations using Printed Circuit Boards
(“PCBs™).

[0218] FIGS. 294 and 295 (each adapted from [1]) depict
example routing paths of micro-droplets over the planar
microelectrode array.

[0219] FIG. 30 depicts an representation of the “top” or
“bottom” view an example array of microelectrodes, each
microelectrode rendered as conductor area on a Printed
Circuit Board (PCB) and provided with an associated elec-
trically-conducting “trace” for electrically connecting the
microelectrode to voltage potential control circuitry, and
interspersed between some pairs of electrodes a physical
open hole suitable for a micro-droplet to travel through.
[0220] FIG. 31 depicts a side-view representation of an
example two-layer micro-droplet transport arrangement
with conduits linking the two micro-droplet transport region.
This Figure incorporates a side-view of the arrangement like
that depicted in FIG. 30. The view shown in FIG. 30 would
herein lie in the center facing downwards and comprises
additional microelectrodes; two of the physical open holes
suitable for a micro-droplet to travel through depicted in
FIG. 30 appear (in side-view) in FIG. 31 as the conduits
linking the two micro-droplet transport region. In the depic-
tion of FIG. 31, above the upper micro-droplet transport
region is a solid layer of PCB material punctuated with
thermally-conducting segments that conduct heat from the
item to be cooled into the upper micro-droplet transport
region.

[0221] FIG. 32 (adapted from U.S. Patent Application
61/599,643) depicts an example situation where wherein the
momentum of the micro-droplet is not suppressed (i.e., the
micro-droplet is not locked into position under the activated
microelectrode for an interval of time) and the micro-droplet
continues