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SUMMARY
This report summarizes research on opportunities to produce eectric power from ambient sources as an
dternative to using portable battery packs or hydrocarbon-fuded systemsin remote areas. The work
was an activity in the Advanced Concepts Project conducted by Pacific Northwest National
Laboratory (PNNL )z for the Office of Research and Development in the U.S. Department of Energy
Office of Nonproliferation and Nationa Security.
PNNL evauated the generd feasbility and performance of several ambient energy conversion concepts
and variants within each concept. The feasibility assessment of each concept class included designing
basdline configurations governed by the principa boundary conditions of each case, including a 20-kg
weight limit to satisfy the portability requirement. Basic performance levels were etimated for each
concept including power, specific power and energy, and, where gppropriate, daily energy capture.

Severa novel concepts were investigated in addition to conventiona options. The following summarizes
the general range of dectric output power potentid of the ambient energy concepts considered:

antenna capture of broadcast radio energy: microwatts to hundreds of milliwatts
power from transmission lines: tens of microwatts to severd kilowatts
solar/photovoltaic (PV) battery charger: hundreds of milliwatts to about 10 W
smd| wind turbines: tens to hundreds of watts
smadl hydrodlectric turbines: watts to hundreds of watts
thermal storage battery/direct conversion: watts to hundreds of watts
human energy converson

- cranked generator: up to about 300 W

- mechanica spring: hundreds of microwatts daily average, tens of watts
short-term pulse power

- power derived from waking: hundreds of milliwatts to about 20 W.

& Operated for the U.S. Department of Energy by Battelle Memorial Institute under Contract DE-AC06-76RLO 1830.



Specific concept designs were developed at power levels within the above ranges. Table S1
summarizes the power, daily energy capture, specific power and energy dendity (based on daily energy
conversion) of the best designs evauated in each class.

Table S1. Performance Summary of Evaluated Concepts

Concept Power (W) | Daily Energy | Specific Energy
Capture (Wh) | Power Density
(W/kg) (Wh/kg)
AM antennaat 1 km 0.2 4 0.8 16
Power line induction 113 740 5 37
Power line contact 3000 70,000 1000 23,333
Solar/PV battery 0.5 2.7 3.7 20
(unconcentrated)
Solar/PV battery (concentrated) 7 40 7 40
Solar/thermd storage battery 225 5400 11 270
(TSB)/heat engine
Improved wind turbine 100 720 25 180
Water turbine 100 2400 10 240
Hand-crank generator 100 430 53 227
Hand-wound spring 55 (pulse) - 110 (pulse) 0.03
Piezod ectric footwear 5 40 30 240
Footwear with 20 160 33 270
electromechanical device

Seven of the concepts generdly satisfy one or more levels of the power requirements specified by the
U. S. Specid Operations Command. Most of the concepts appear feasible with current or near-term
technology. For example, the wind turbine class considered in the sudy is generdly smilar to severd
that are commercially avalable. Future redization of the currently anticipated performance of lithium
polymer batteries was assumed in al options that sore ambient energy eectricaly.



A novel therma storage battery (TSB) concept was evauated in which solar energy is stored thermally
and re-radiated from surfaces with emissivity controlled by microdectromechanica sysems (MEMYS)
technology. Thistherma accumulator is envisoned as a common plug-in heat source for thermoelectric,
thermionic or thermophotovoltaic converter arrays and is aso adaptable to miniature Brayton, Rankine
and Stirling engines and dkai metal thermd eectric devices.

Energy derived from human activity appears to be the most underutilized ambient energy resource.
Humans are cagpable of operating machines (e.g., cranks, levers, sorings, €tc.) to generate power in the
range from afew milliwatts up to more than 500 W. The upper end of this range corresponds to short
duration athletic performance. However, persons of average size and fitness would be capable of
generating saverd dectrica watts with essentialy unconscious effort by activating miniature
electromechanica machines built into footwear.

This study concludes that a number of currently underdeveloped or overlooked ideas and options exist
that can provide new sources of portable power for remote-areamissons. The possihility of tota
dependence on ambient energy could remove mission congraints imposed by the limited life and
reliability of conventiond batteries and the logistics of fud supply. Ambient energy scavenging can dso
provide ameans of stretching the misson life of conventional power systems used in remote aress.

Defense and national security gpplications are expected to be among the firgt to judtify the expected
higher cost of exploiting ambient energy. Such developments can establish feasibility and initiate device
improvement and cost reduction practices that lead to products of this type being introduced into the
civilian marketplace. The concepts considered in thiswork could lead to derivative products that have
many gpplications in areas such as trangportation, renewable energy use, law-enforcement, outdoor
recregtion, and a variety of autonomous condition-sensing and monitoring sysems.
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INTRODUCTION

Conventiond eectrochemical batteries or smal hydrocarbonfueled generators power many portable
devices that require electric power in thefidd. Battery weight, life and rdiability and the logigtics of fud
resupply often limit the capabilities and range of such gpplications. Until recently, portable and remote-
area applications were often too power and energy intensive, consarvatively designed, and/or inflexible
in their requirements to allow exploitation of ambient energy as a power source. However, advancesin
sensors and other eectronic components appear to be continually reducing the power and energy
requirements of many applications. If these requirements decline far enough, ambient energy conversion
could become a viable source of power for many gpplications. The potentia ability to satisfy al power
and energy needs of an gpplication using ambient energy could virtudly diminate misson condrants
associated with conventiond portable power supplies. Even at lower levels of dependence, ambient
energy scavenging could dretch the performance and life of these devices. These possibilities suggest
that it is worthwhile to re-examine the usefulness of ambient energy as a source of portable power.

Ambient energy sources, including wind, geotherma heat and flowing water and radiation from the sun,
have been exploited for power production since ancient times. All are established means of producing
dectricity in fixed-gtefacilities. In contragt, relatively little use has been made of these resourcesin
portable power devices. Other forms of energy such as broadcast radio and television, microwave
communications and eectromagnetic fids of eectric power lines add to the ligt of potentidly useful
energy sources. In addition, human presence or activitiesin the vicinity of applications represent another
underutilized potential for generating eectric power.

This report summarizes efforts performed by Pacific Northwest Nationa Laboratory (PNNL) and
motivated by the above consderations to explore the generd feashility and achievable performance of
devices that extract useful power from ambient energy sources. Oak Ridge Nationa Laboratory
(ORNL) completed a very useful and comprehensive survey entitled "Compact Portable Electric Power
Sources' that became available before the conclusion of the PNNL study (Fry et d. 1997). The
ORNL report complements this study and is referenced extensively in this report both to confirm the
generd feasbility and performance of the concepts PNNL evauated and to identify areas where
conclusons differ.



Intentionaly blank



STUDY APPROACH AND PRIMARY ASSUMPTIONS

A principa god in the evauation of ambient energy converson was to focus on invention opportunities
that enhance existing options or enable concepts previoudy overlooked or discarded. This approach
emphasized searching for novelty over performing athorough assessment of prior art.

POWER RANGE

Ambient energy concepts were evauated with the potentid of producing a ussful output over abroad
range of power from microwetts to kilowatts. However, the more viable and interesting options were
found to perform in the narrower range of afew watts to several hundred watts. The power levels
considered address remote, portable power applications of various government agencies including the
non-proliferation treaty verification and multi-agency, civilian and military intelligence communities. In
addition, some of the concepts consdered potentialy satisfy power requirements of the U. S. Specid
Operations Command (SOCOM), asindicated in Table 1 from Fry et d. (1997).

Table 1. General Range of SOCOM Power Requirements

Power Range (W) Energy Requirements Mission Length Total Energy (Wh)
(Wh) (days)
0to 50 100 30 3000
0to 100 200 7 1400
0to 300 1667 3 5000
1to0 1000 - - 8000

The successful use of ambient energy in defense and nationa security applications can lead to Smilar
products being introduced into the civilian marketplace. The concepts considered may, therefore, dso
find application in areas such as trangportation, renewable energy use, law-enforcement, outdoor
recreation, and bio-engineering.

ENERGY STORAGE

Although a basic premise of this Sudy isto rdieve remote missons from the limitations of battery
power, ambient energy capture and converson are primarily means of opportunigtically recharging
rather than diminating batteries entirdly. Most gpplications will ill require eectric storage batteries to
provide on-demand power together with optimal management of energy captured from sources with
varigble and/or intermittent intengity, such asthe sun and wind. Therefore, with the notable exceptions
of the therma storage battery and hydropower, most of the concepts evaluated incorporate
performance characterigtics of ageneric lithium battery that can be expected to evolve over the next 2
to 5 years from research and development efforts aready underway.



For applications requiring eectric energy storage, this study assumes tha evolving technology will
produce an affordable and reliable, long-life lithium battery with a specific energy of about 400 Whikg
and avolumetric energy density of 800 KWHnT. Fry et d. (1997) indicate an objective of current work
on the lithium polymer battery is to achieve an energy density of 200 Wh/kg for automotive gpplications.
Recent PNNL advances in vacuum depositing the layered structure of this battery point to the potentia
of exceeding this god by afactor of two or more. Therefore, it islikely that one or more of the lithium
batteries currently under development will ultimately reach the performance levels assumed in this study.

PORTABILITY

A generd condition observed in the PNNL study was that portability implies aweight limit of 20 kg.
Whilethisis hdf of the 40-kg limit observed by Fry et d. (1997), it reflects consideration that a portable
power supply will be generdly only part of the load an individua would be required to carry. Most
concepts evauated in the PNNL study satisfy the lower portability requirement, generdly by alarge
margin. However, none of the concepts was optimized ether in performance or for specific
gpplications. The more generous 40-kg limit could, therefore, alow a considerableincreasein
performance of some concepts.

The potentid of three generad classes of device powered by ambient energy are summarized in the
following sections. Thefirgt category is energy available in eectromagnetic fields associated with
broadcast media and electric power transmisson. Sources in the second category include solar and
wind energy and hydropower. Thethird category is energy that can be derived from human activities.



DEVICES POWERED BY BROADCAST ENERGY AND ELECTRIC POWER
TRANSMISSION

The power requirements of some sensors, monitoring and communication equipment, and other
electronic devices used in the field may be reduced to levels that can be supplied by intercepting the
ambient eectromagnetic energy associated with radio and televison broadcasting or microwave
communications. Among communication media, radio is potentidly the most powerful and pervasve
and, therefore, was the option assessed by PNNL. For some missions the proximity of electric power
transmission lines represents an even greater source of "freg" energy. These concepts are discussed in
this section.

AMBIENT ENERGY FROM BROADCAST RADIO

A scoping evauation was performed by considering the use of smple dipole antennas to extract power
from amplitude-modulated (AM) and frequency-modulated (FM) radio at distances of 1 km and 10 km
from the broadcagting transmitter. The AM and FM transmitters were assumed to radiate 5 kKW at
1000 kHz, and 100 kW at 100 MHz, respectively. From Terman (1943), the power in watts (P)
extracted from aradio wave by areceiving antennais given by:

(eh)’
(R*R+R)

where e =rmsfidd drength of radio wave (Vim)
h = effective height of antenna (m)
R = antennaloss resistance (O)
R, = antenna radiation resstance (O)
R. = load resstance (O).

Order-of-magnitude estimates of power capture were made using redlistic values of the above
parameters. Table 2 summarizes the potentia of the evaluated combinations.

Table 2. Power Extracted from Broadcast Radio

Radio Transmission AntennaType | Power at 1 km Power at 10 km
1000-kHz AM, 5 kW 1-mdipole 213 mW 21 mw
1000-kHz AM, 5 kW ?/2 dipole 64 mwW 640 pW
100-MHz FM, 100 kW ?2/2 dipole 100 uW 1 W

Idedlly, the maximum power extracted occurswhen R + R equals R and the load reactanceis equd in
magnitude but opposite in Sgn to the reactive component of the impedance that the load sees looking
toward the antenna. Under these conditions, haf the energy extracted isre-radiated, and the power



disspated by R and R_ is (eh)%4R. In practice, it is difficult to operate at this design point.

A 1-mdipoleis physcdly smal compared to the AM broadcast wavelength of 300 m. Thisresultsin
itsradiation resstance being only afew pO. Therefore, it isdifficult to make R and R_ low enough to
obtain efficient power extraction and at the same time supply significant power to aload. However, the
1-m dipole performs better than the half-waveength dipole, which is not only more conspicuous but
aso introduces amuch larger R term.

The 3-m wavelength of the FM transmisson dlowsthe ?/2 dipole to be somewhat better than the
equaly practica 1-m dipole. However, the smdl physical size of both antennas is associated with a
much larger R,, which reduces the energy capture potentia of this option below that of the AM case.

Fry et d. (1997) reference work performed by Norton, an ORNL colleague, who has proposed an
automated means of extracting power from the strongest amplitude-modulated radio (AM) sgnd inthe
vicinity. The ORNL report indicates the range of available power from this source is microwatts to
hundreds of milliwatts depending on distance and power of the transmitter. Asshown in Table 2, the
PNNL evaduation is consstent with this ORNL conclusion. The concept may be capable of better
performance with innovations in antenna design that were not evaluated in this study and where
gpplications alow operation much nearer to the tranamitter. Energy scavenged from radio transmission
would have ardatively high capacity factor because many stations broadcast from 14 to 24 hours a

day.
ENERGY CAPTURE FROM ELECTRIC POWER LINES

Energy capture from power distribution and transmission lines was not treated in the ORNL report.
However, three potential classes of opportunity in this category were evaluated by PNNL, as noted
below.

Capacitive Coupling

An antenna insulated from ground and stretched between adjacent poles or towers of atransmisson line
could act asthe plate of acapacitor. When charged by its proximity to the overhead conductors of the
transmission system, the antennawould act as a synchronous voltage generator that could be used to
energize alow-power application.

The geometry investigated was a 50-m long antenna stretched between towers at a height of 6 m above
the ground and 6 m below atypica three-phase, 345-kV overhead transmisson system conssting of
three conductors spaced 7 m gpart. Analysis showed that this concept would generate only about 10
MW when supplying a properly-tuned load impedance. About a kilogram of materials and tools would
be necessary, giving the concept an inggnificant specific power of 10 uW/kg. This does not appear to
warrant further consderation.



Inductive Coupling

Potentially more power can be tapped by eectromagnetic induction. The configuration eval uated
consgts of insulated copper wires that run for some distance paralel to and on both sides of a
tranamisson sysem right-of-way. The wires are connected at each end by conductors that cross under
the tranamisson linesforming aloop. Electromagnetic induction occursin the portions of the loop that
are asymmetrica with respect to the geometry of the three-conductor overhead system. Very little
voltage isinduced in the parts of the loop directly under the overhead conductors.

The concept could be redlized by mounting a wire fence on insulation provided by wooden poles dong
each Sde of the transmission route. Such fences are often found aready in place to prevent public
access to the right-of-way. The ends of each active fence section would be linked by insulated
conductors. Multiple wires on each pole could be connected to form amulti-turn array. An dternative
and less conspicuous approach would be to bury an insulated wire loop in a shallow trench and back
fill.

The energy capture potentia of this concept was evauated by congdering aloop with an active length
of 50 m on the Sdes running pardld to the transmisson line. Asbefore, the reference transmisson
system is athree-phase, 345-kV overhead transmission system consisting of three conductors spaced 7
m apart and 12 m above the ground. The long parald sides of the loop are 7 m further outside the
outer transmission conductors. Totd loop length of this configuration is 156 m. The concept is, in
essence, atransformer in which the transmission conductors are each single primary turns and the
ground-level loop is the secondary winding linked by magnetic flux acrossavery large air core.

The power capture of this concept is proportiona to the number of turnsin the secondary loop.
Therefore, wire can be ussfully deployed up to the portability limit of 20 kg. Thisweight limit dlows
nearly 700 m of 2.05-mm (12 AWG sze), ename-coated copper wire to be field deployed. Using this
wire Size as aworking example, afour-turn loop |eaves enough extrawire to provide current leads to an
goplication located over 30 m digtant from the edge of the transmission right- of-way.

Power output of the concept was estimated to range from about 2 W to 113 W corresponding to root
mean square (rms) phase currents in the overhead conductors of 100 A and 800 A, respectively. An
800-A rms phase current represents operation of a 345-kV tranamisson system at about 95% of its
typica 500-MW transfer capacity. The baance of equipment needed to deploy this concept, including
awirered, smdl trenching tool and power conditioning package should contribute less than about 2 kg
of additiona weight. Therefore, at the higher output level, the specific power isin excess of 5 W/kg.
Output of the secondary coil would fluctuate as changes in tranamission line loading occur. If the
transmission system operates at a 50% or higher load factor, the wire loop secondary can deliver at
least 740 Wh/day. This smple device should be difficult to detect remotely and would be amenable to
further optimization when the operationa characterigtics of the transmission system in a pecific fied
location are known.



Direct Contact

If the remote power application is aready close enough to a distribution or transmission line to make
considering the above option worthwhile, then far more power could be tapped by direct contact.
Electric utility workers repair energized lines usang long, insulated manipulators known as "hot sticks™
While many utilities limit their use to system voltages up to 230 kV, others dlow work & 500 kV and
above with these devices. Using hot sticksis considered an art, and a dangerous one. However, hot
gticks can conceivable be made "smart” by equipping them with sensors and protective devices that
would alow deployment only when voltage and other ambient conditions are safe.

A smart "hot stick” built for this purpose could include dropping and/or voltage-dividing resstorsto limit
the amount of power "lesked" from the systemn to match the requirements of the gpplication.
Alternatively, an inductive loop could be remotely deployed around one of the transmission or
digtribution system conductors. Both concepts would use a redl-type device to dispense aflexible,
insulated cable that carries the active dectricad eements. This cable would be shot upwards from the
ground and attached to the overhead conductor by a spring-activated hook or loop. Disengagement of
the attachment mechanism might be achieved by dectricdly activating filaments of shape-memory
materid to detach the hook or unwind the loop &t the end of the mission.

Such devices could be used to tap power from transmission lines in quantities limited only by the
resolution of system protective and metering equipment. Power loss metering typicdly islimited to
0.3% resolution. This means, for example, that 3 kW could be extracted from nothing larger than a 1-
MW dectric distribution feeder without detection by centra dispaich or substation metering. The smart
"hot gtick" could conceivably be packaged in acylinder 10 cm in diameter and 1 m long, with a mass of
between 3 and 4 kg. The example evaduated indicates a specific power in the range of 750 to 1000
W/kg and an energy capture potentia of more than 70,000 Wh/day. Thisleve of power scavenging
exceeds the highest range of SOCOM power requirements by alarge margin.

The need for remote operaions in the vicinity of eectric power distribution and transmisson systemsis
likely to be very infrequent. However, when this coincidence occurs, eectric power systems can be
tapped to provide more ambient energy than is conveniently available by any other means.



DEVICES POWERED BY THE SUN, WIND AND HYDROPOWER

The most pervasve, dthough intermittent, sources of ussful ambient energy are solar and wind energy.
Where available, flowing water is dso a potentid resource for energizing portable eectric generators.
The variability of solar and wind energy is expressed as the capacity factor of the converter. This
represents the percentage of time solar- or wind-energized equipment operates at rated power.
Systemsthat convert solar radiation to electric power typicaly exhibit a capacity factor of 25%
compared to an upper bound of about 30% for wind-powered systems. In contrast, a portable
generator in aflowing stream or river could have a year-round capacity factor approaching 100%, as
limited by the avallability of the equipment rather than that of the energy resource.

The referenced ORNL report accounts for al three of the above technologies (Fry et d. 1997). PNNL
evaluated concepts in these categories to establish the generd performance characteristics of complete
systems and, in some cases, their development potential, as described in this section. An additional
concept discussed is a solar-heated therma storage battery that incorporates microel ectromechanical
systems (MEMS) technology for therma management and electric power control.

SOLAR-PHOTOVOLTAIC ENERGY CONVERS ON

Commercidly available, solar-energized photovoltaic cells and modulesimbed technology that has been
developed over the last 30 years. Fry et d. report that the military used portable, book-g9zed solar cell
kitsto recharge batteries in the field during the 1991 Gulf War with Irag. Acknowledging the extensve
technology base, prior art in device design and current availability of PV systems, PNNL designed and
evauated three solar-PV devices to benchmark overal performance characterigtics of smal portable
systems.

Hand-Held Battery Charger

The hand-hdld battery charger, relying on unconcentrated solar flux, has dimensions smilar to those of a
typicd solar-powered dectronic calculator (15 cm x 7 cm x 1.5 cm). The device accommodates a
solar cell areaof about 20 e and alithium polymer battery with between 3 and 10 Wh of capecity,
depending on the application. The dimensions of the device would aso accommodate miniature sensors
and/or eectronics for data storage, processing and communication or dternatively more battery

capacity (>100 Wh), which would alow a charge/discharge capability for many days. In the 10-Wh
configuration, the package would weigh 140 g.

Performance of the concept is estimated at a pesk solar flux energy intengity of 0.1 W/en?. Other
principa assumptionsinclude a PV cdl energy conversion efficiency of 25%, 25% capacity factor
accounting for the diurnal variability of solar energy and a 90% round-trip battery charging efficiency.
On thisbasis, peak dectric power supplied to the battery is 500 mW and daily energy storage would be
about 2.7 Wh. Aslimited by the daily charge, the energy dendity of the system is nearly 20 Whikg.
However, energy dendties up to an order of magnitude larger are possible with alarger PV cdl area
and/or alarger battery charged over many days.



Battery Charger with Solar Flux Concentration

With solar flux concentrated to the 1 W/cn? leve, at a concentrator efficiency of 30% and PV cell area
of 100 cnr?, the above concept increases its peak dectrical output to 7 W in a package weighing about
akilogram. Assuming, as before, a 25% capacity factor and a 90% round-trip battery charging
efficiency, the concept will store approximately 40 Wh/day and achieve a specific energy of 40 Whikg.
Aswith the smdler unit, this system will accept alarger battery for longer term charge/discharge

capability.
Conventiond Fud Extender

In research outside of this project, PNNL evaluated a MEM S-based portable fuel cdll system to
provide 5 W of base-load eectric power generation with the capability of supplying 10-W peak
demands in a possible SOCOM-type misson environment. The 1-kg system would use aliquid
hydrocarbon fuel augmented by solar energy. Working at the design electrical output level of 145
Wh/day, the hydrocarbon fuel supply would last for about 7 days in the field before requiring resupply.

Solar energy would provide ameans of extending the misson duration of such afud cdl sysem.
Assuming a conservative PV power conversion efficiency of 15%, deployable square arrays of PV cdlls
with dimensions between 40 cm by 40 cm and 1.2 m by 1.2 m could provide up to about 75% of the
misson's daily energy requirement, as determined by the quality of the solar day, latitude and season.
Depending on availability, solar energy could sretch the in-field adequacy of the nominaly 1-week
hydrogen supply to between 2 and 4 weeks. This example illugtrates the value of consdering ambient
energy scavenging as an adjunct to conventionaly fueled systems.

SOLAR HEATED THERMAL STORAGE BATTERY

Storing solar energy in atherma energy storage (TES) medium with conversion of hesat to eectricity on
demand is a possible dternative to the PV/electric battery concepts considered above. The incentive
for congdering TES mediais that energy storage densities can be many times larger than those of
electric batteries and only an order of magnitude less than hydrocarbon fudls, asillustrated in Table 3.
This section summarizes a concept investigated at PNNL that uses developing MEM S technology to
provide therma and electrica control of the device.
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Table 3. Comparison of Energy Storage Dengties

Device Energy

Density
(Wh/kg)

Nickel-cadmium battery 35

| ead-acid battery 45

Lithium polymer battery 400

(potential)

Fuel calls 400

Lithium hydride thermd sorage 1500

(evauated TSB design)

Gasoline 11940

In the PNNL therma storage battery (TSB) concept, solar hegt is accumulated in a TES medium and
re-radiated to any of severa dternative hegt-to-eectric energy converson devices to provide dectric
output independent of the variability in solar energy input. This concept could be designed as acommon
heet source for anumber of different converters including thermoeectric (TE); thermionic (T1);
thermophotovoltaic (TPV); Brayton, Rankine and Stirling cycde; and dkali metd thermd eectric
(AMTEC) devices. Theflexibility of the TSB concept alows it to be developed as an essentidly
independent subsystemn that can be coupled to any converter technology. Thiswould adlow early
deployment of the concept and successive upgrading as converter technology improves.

In this concept, solar energy is received and concentrated by areflector or other optical system
focussed on the evaporator section of aheat pipe. The heat pipe communicates this thermal energy to a
TES medium contained in a vacuum-insulated dewar. The concept relies on the active control of radiant
hest transfer across the vacuum gap of the dewar, which separates the surface of the TES container and
the hot sSide of the converter subsystem.

The heat trandfer rate between the TES medium and the converter can be changed by adjusting the
configuration of MEM S eements on the inner surfaces of the dewar. PNNL has designed elements that
can switch the effective emissvity of the surfaces and hence, the radiative heet transfer capacity of the
vacuum gap by more than an order of magnitude. These elements are adso incorporated in the heat pipe
evaporator so that it may be switched from a high absorption mode when receiving solar heat to alow
radiative emission mode when on standby. A smal unavoidable hest leskage when the active surfaces
are st to low emissvity provides low-level power generation to activate the emissvity control elements.
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Asthe TSB concept is coupled to atherma engine of some kind, system performance is maximized by
goring thermd energy a the highest practica temperature. A basic consderation is how high a
temperature can be sustained by the solar concentrator system. With a 10:1 solar flux concentration (to
1 W/cn), the evaporator end of a hest pipe having an emissivity of 0.1 can reach 1160 K before it re-
radiates heat at the same surface flux dendty, i.e., it would lose heat a the same rate hest is received.
Other heet leskage esewhere in the system would reduce the maximum achievable temperature
somewhat. For the purpose of exploring the potentia of the concept, the scoping eva uation was based
on the selection of lithium hydride (LiH) operating over the temperature range 700 to 1100 K around its
962 K mdting point. Asshownin Table 3, athermd energy storage density of 1500 W/kg is achieved
from the combined heat of fuson and specific heat of LiH over thisrange. The performance of three
TSB combinations was evaluated as discussed below.

Low Power Thermod ectric Device

The TSB could be demondtrated using today's off-the-shef TE dements with a net thermal-to-electric
efficiency of about 5%. With adensity of 1000 kg/nT, a kilogram of LiH occupies 1000 cn or
goproximately a10-cm cube. The required solar flux would be concentrated over a 12-hour collection
period by afoldable parabolic reflector with 30% collection efficiency and a deployed area of 4340 cn?
(75-cm diameter). Allowing an appropriate expanson volumein the LiH container, a stray heeat loss of
10% and 95% electric power conditioning efficiency, this TSB/TE combination would ddiver an
average daily power output of 3 W in a2-kg package, thereby providing a specific power and energy
dengity of 1.5 W/kg and 36 Wh/kg, respectively. While these are not spectacular performance levels,
activation of the MEMS dements could increase the radiative power transfer of the output dewar
subsystem and could provide the device with a short-time high power of upto 70 W. A larger solar
concentrator would be required to maintain the energy baance in this mode of operation.

Low Power Stirling Device

Stirling engine technology has been developed over several decades for use in remote power
applications. Packaged, miniature Stirling systems with eectrical output in the 10-W to 3000-W range,
are gpproaching availability (White et d. 1996). A Stirling engine fitted with an integra linear dternator
gppearsto beintrinscaly well suited as the energy converter subsystem in a TSB.

Using the same TES package and solar energy collector as above, a TSB- Stirling system with a mass of
4 kg was estimated to produce 10 W with an overdl conversion efficiency of approximately 17%. The
corresponding power and energy dengities associated with the average daily energy balance would be
2.5 W/kg and 60 Wh/kg, respectively.  With appropriate increases in cgpability of the Stirling engine
and linear dternator, the MEM S-regulated emissivity device could support a short-time peak output of
over 200 W.



TSB Economy of Scde

A find evauation of the TSB concept involved consderation of its growth potential and performance at
the 20-kg portability limit. The analyss assumed the development of a 25% efficient converter with a
500 W/kg specific power. Fry et d. (1997) projected the AMTEC concept as being capable of this
performance in the near term. The TSB design at these levels of performance includes a solar
concentrator 3 min diameter and 15 kg of LiH therma storage medium. Assuming, as before, 10%
therma energy leakage, and solar collector and power conditioning efficiencies of 30% and 95%,
respectively, a 20-kg TSB-AMTEC combination could provide an average daily dectrica output of
225 W. The corresponding specific power and energy density are 11 W/kg and 270 Wh/kg. A

MEM S-regulated peak output of about 670 W could be supported for about 8 hours following
achievement of afull thermd energy charge.

It is recognized thet this concept inherently would have a strong infrared sgnature, which would limit its
deployment to specid opportunities where this disadvantage is lessimportant. However, its potentia
for remote or automatic thermal and dectrica regulation provided by MEMS dementsand itsuse asa
common heat source for severd different heat engine systems remain attractive features. Within the
assumed 20-kg portability limit, the concept could satisfy dl but the 2000-W range of the SOCOM
power requirements shown in Table 1.

WIND POWER

Reliance on wind-generated mechanica and electrica power waswidespread in U. S. in the days
before rura eectrification. Fry et a. (1997) note that a present-day market exigts for smal wind
turbines to supply a number of remote power requirements including military bases, vacation homes,
irrigation and navigation aids. This experience suggests that modern wind turbine technology combined
with innovation may provide viable portable wind power options for field use. This concept demands,
in generd, that awind turbine be compact, portable, and capable of easy field-assembly without alarge
number of tools. The PNNL study surveyed a number of commercidly-available smdl wind turbinesto
evauate how closdy presently available equipment would satisfy these requirements. Consideration
was given to both horizonta and vertical axis machines.

Adaptation of a Commercia Wind Turbine

It gppears quite possible to adapt an existing, off-the-shelf horizontal axis wind turbine (HAWT) in the
0.5-mto 2-m rotor diameter range to meet more stringent weight and portability requirements. Based
on asurvey of severd commercid turbines the Southwest Windpower AIR unit would be an ided basis
for such amachine (see Appendix A, Table A1). The AIR unit hasa1.14-m rotor diameter and a
"tower top" weight of 6 kg.
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The 1.14-m commercia AIR turbine's dectrical output is shown in Table 4 as afunction of wind speed.
This performance appears reasonable based on a check of the equivaent efficiencies. For example,
100 W output at 10 m/simplies an overdl efficiency of about 16%, which is quite reasonable for this
type of machine.

Table 4. AIR Wind Turbine Peformance

Wind Speed (m/s) Electrical Power Output (W)
4 0
10 100
11.6 200
125 300

Theturbings parts list is shown in Appendix A, Table A2. Appendix A aso lists the additiond parts
and tools required for assembly in thefield. The need for these extra parts and tools could be easily
eliminated in a device designed to be portable. The mass of the machine could be reduced by measures
indicated in Appendix A including removd of the nose cone, Sructurd design and component
consolidation or dimination. Essentidly, the machine could be reduced to atail-less, fixed yaw wind
turbine, which would have an appearance smilar to a child's plastic "spinner” toy. The turbine would
cons s of blades and amain body. The main body would be an integrated, preassembled part
congsting of the generator (incorporating the bearings), rotor shaft, hub and a smple means of attaching
to apipe or extendible mast. Two-blades, or even one blade could be substituted as aterretivesto the
present three-blade design. Such aredesign is expected to remove at least 2 kg leaving a machine with
amass of about 4 kg.

Reduced Scale HAWT

A smadller but lower power HAWT could be designed with atarget mass of 3 kg or less (about the
meass of alap-top computer). A turbine having arotor diameter somewhat less than 1 m would meet
this requirement. Assuming that the AIR unit follows the relationship between mass/swept areaand
rotor diameter of other turbine designsin thisszerange, a 0.5-m verson of the AIR syssem would
weigh about 2 kg. Of course, its energy capture and rating would decline by roughly 80% or more
(because the Reynolds Number drops by about 70%). The rating of this device would fal to
gpproximately 10 W at 10-nvswind speed.

The mass of an AIR unit with a0.5-m rotor diameter was estimated from data available for the LVM
series of turbines. This class of wind turbines appears to exhibit the characteristic of about 7 kg/n? per
meter of rotor diameter. Projecting this reaionship to aunit with a0.5-m rotor diameter confirms that
this sze of turbine would have amass of about 2 kg.
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A 1-m diameter turbine if equipped with conventiona blades would force the maximum carrying
package dimension to be about 500 mm (nearly 20 inches). However, the blades could be made to
"break-down" into two pieces that might be "snapped” together, reducing the maximum dimension to
about 250 mm. Inflatable blades may be feasble but it is not obvious that they would be able to handle
the maximum out- of- plane bending and shear loads or would weigh less than well designed carbon fiber
composite blades. Furthermore, smple blade braces could lead to an overal weight reduction for the
turbine by permitting reduced blade wall thickness.

Vertica AxisWind Turbine (VAWT) or Cross-How Wind Turbine

The vertica axis (VAWT) or cross-flow sal-bladed turbine invented by Lewis Feldman (1989) would
beided asavery lightweight smal machine. The performance of such aturbine should be about equa
to that of aHAWT of the same swept area. Although origindly aimed at very large utility-scale
machines, the design approach devised by Feldman could be readily adapted to turbines having a swept
area of about 1 n¥.

For ease of field assembly, the turbing's sails would roller-furl parald to and flush with the centra
column, resulting in a furled shape looking much like along umbrela. Spring-loaded furling drums or
spools would be suitable in this gpplication. The turbine would be spun into operation usng asimple
darting red, smilar to that used by many lawn mowers, to gain sufficient centrifugd force to activate the
unfurling mechanism. The shaft could be further collapsed in length to a shape and Size gpproximating
that of a collgpsible umbrdla

Feldman's gpproach would require substantialy more research and development work. However, the
intringc ease and speed of assembly and disassembly (probably substantially better than any horizonta
axiswind turbine approach that can be devised) could make the effort rewarding. Furthermore, the
cross-flow gpproach diminates the need for a yawing system and should operate more efficiently overal
than aHAWT operating with fixed yaw, as described previoudy. Totd turbine mass would probably
not be less than for a horizontal axis type of the same swept areaand rating. Neverthdess, it is
important to note that the VAWT turbine isinherently equipped with the tower section necessary to
bring the mounting point to just below the blade roots, while the HAWT would require an extra length
of tower extending from the hub to the blade tip.

Thrust Loads and Tower Design

Thrust load on the rotor pardle to the flow direction is proportional to the square of the wind speed. If
the turbine is designed to load shed, athrust coefficient of unity can be assumed for design purposes.
Assuming that the turbine is stopped or yawed out of the wind for wind speeds above 25 m/s, the
design thrust load for a 1-m diameter HAWT (and tower) would be 300 N (about 67 Iby).



Cantilever support of a portable tower would appear to be impractica unless the tower could be
clamped to an exigting rigid structure. (A guy-supported pipeis usudly used for this Sze of wind
turbine) Assuming that the smdl turbine will aways be operated well clear of structures, trees and
other obstacles, atower height of only about 1.5 m could be quite satisfactory. Inthiscase, a
collapsible tripod tower similar to a cameratripod could be used. Furthermore, the design thrust load
for the turbine and tower could be substantialy reduced because the operator could quickly intervene to
stop the turbine and dismantle the tower and turbine under extreme conditions.

Kite Supported Operation

Asadterative to usng afied-erected tower or mast, asmall wind turbine might be carried doft by a
kite. An additiona advantage would be operation in regions of higher wind speed. Asafirg
approximation for open tredless areas, wind speed is assumed to increase with height above ground
proportional to the 1/7 power of dtitude (the so-called "1/7 power law™). Increasing the turbine
mounting height from 1.5 m to say 25 m results in wind speed being increased by afactor of about 1.5.
For the same power output performance with reference to wind speed at 1.5 m, flying the turbine on a
kite would permit the turbine diameter to be significantly decreased (e.g., from 1 mto about 0.5m). An
interesting and advantageous fegture of kite support is the fact that the kitefwind turbine would
automaticaly seek anew equilibrium position where higher wind speeds exigt.

The drag of the wind turbine should be taken into account as an additional equivaent drag coefficient
based on the kitewing area. Simply suspending a 0.5-m diameter turbine benegth the kite would
appear quite feasible (heavy load lifting kites have been demonstrated for more than a century).
Maintaining the turbine axis parald to the wind could be accomplished by using an additiond line and
bridle arrangement.

Integrating the wind turbine with the kite wing structure is probably the preferred gpproach because it
amplifies the assembly, launching and control of the system. Positioning the turbine rotor (or equivaent)
in the plane of the wing or horizonta stabilizer opens up the possihility of usng an osallaing wing
turbine ("wing-mill™) gpproach. This approach replaces the rotor with a system of trandating and
oscillating pitch blades.

The size of kite required to successfully launch the turbine subsystem at relatively low wind speeds might
be prohibitive. For example, launching a 2-kg turbine payload in awind speed of 5 m/s near ground
level could require a kite wing area of about 12 n, assuming awing lift coefficient of about 0.3 at
launch and akite mass of 0.3 kg/n. The entire system mass would be about 5.6 kg, not including the
meass of the line and bridle assembly for the turbine.

Sysem mass is highly sengtive to the launching speed. Continuing the previous example, increasing the
minimum launch speed to 8 m/'s (about 18 mph) decreases total kite wing area required to only 2.2 nf
and total system massto 2.7 kg. A running launch in a5 m/s wind speed might be able to provide an 8
m/s rdlative wind. Even assuming zero kite mass, the wing arearequired is ill 1.7 n?, demonstrating
that kite mass becomes far lessimportant as launch speed increases. This example demonstrates
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generd feashility; however, afull parametric study should be carried out to develop an gpproach that
minimizes overdl system mass to permit very low launch speeds and to meet portability requirements.

PORTABLE HYDROPOWER

A run-of-the-river turbine was congdered where the turbine is designed to "fly" in the flow using a
tethered line, much like a kite, except that dightly negative buoyancy will be required unless
hydrodynamic lifting surfaces are used as depressors. The design of tethered water turbinesis akin to
that of underwater towed sonar bodies.

At 15EC, the dengity of fresh water is about 820 timesthat of air. Assuming that flow rates of 1 m/sare
reasonably accessible, an axia-flow water turbine with the same overdl efficiency and rating asthe AIR
1.14-m diameter wind turbine would have arotor diameter of about 1.25 m. Assuming thet the
optimum tip speed to stream speed ratio is 10 and the rotor solidity is the same for both the wind
turbine and the water turbine, the Reynolds number based on average blade chord will be very nearly
equal. However, out-of-plane blade loads (and overal thrust load on the rotor) will be approximately
10 times gresater for the water turbine suggesting substantialy heavier blades and support structures,
including the tethering cable. Such a system might weigh about 10 kg. Thrust loading for the 1.25-m
water turbine was estimated to be about 600 N (135 Iby) a 1 m/sflow rate.

A smple turbine having arotor diameter of 100 mm and operating in water flowing a 1 m/s would have
an dectrical output of about 1 W. (It isimportant to note that the water turbine could operate at
essentialy a 100% capacity factor, while the wind turbine will probably operate with a capacity factor
between 15 and 30% on an annua basis) Axia thrust would be avery modest 4 N (about 1 1by). The
harness required for the axid type water turbine could be combined with a diffuser augmenter (or
shroud) that could increase output by between 50 and 100%. The diffuser shape would probably
gredtly assg flow aignment and stability. Axid thrust would increase by about the same factor range.
With careful design, a diffuser-equipped 100-mm diameter turbine operating in a 1-mys stream flow
could produce gpproximately 2 W in adevice weighing 1 kg.

Cross-flow (or "vertica-axis') water turbines have been the subject of considerable research and testing
at the Canada Nationd Research Council in the context of fairly large power output using arrays of
verticaly mounted turbines on cross-stream barges. For the portable gpplication, the turbine could
operate with the axis of rotation in any pogtion, athough some stabilizers may be required to prevent
congtant rotation of the turbine about the tether line axis. Cross-flow turbines with straight blades offer
severd advantages.

The blades are supported at two ends offering the possibility of reduced blade mass.

Attaching the turbine to atethering line is straightforward when compared to the axid flow
turbine,

The turbine will rdiably sdf-aign with the stream-flow.
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Both types of water turbine are vulnerable to impacts with waterborne debris. Screens (“trashracks')
would be required, which would add to system weight and decrease performance.

Water turbines will probably be heavier than wind turbines for equivaent ratios of rated power to rotor
diameter. However, water turbines may have sgnificantly higher ratios of energy capture to system
mass than wind turbines. Water turbines with rotor diameters greater than about 250 mm are probably
impractical in many shalow sreams and rivers.

TURBINE SUMMARY
The above review suggests that for capturing both wind energy and hydropower smadl turbinesin the
rotor diameter range from 0.1 to 1.25 m can be designed to weigh a few kilograms in compact,

portable packages capable of easy field assembly and use. Table 5 summarizes the power, specific
weight and daily energy capture potential of the options discussed above.

Table 5. Performance Summary of Evauated Turbine Options

Energy | Support | Speed | Rotor Power | Mass | Specific | Daily
Source | Mode (m/s) | Diameter | Output | (kg) | Power Energy
(mm) (W) (W/kg) | (Wh/day)

Wind Mast 10 1140 100 6 16.7 720
Wind Mast 10 1140 100 4 25 720
Wind Mast 10 500 10 2 5 172
Wind Kite 15 500 100 2.7 37 720
Water Tether 1 1250 100 10 10 2400
Water Tether 1 100 1 1 1 24

All wind turbines are pendized by a 30% capacity factor, whereas hydropower is consdered available
continuoudy.

Of the concepts considered, the best specific power is achieved by the kite-supported wind turbine,
which berefits from access to higher wind speeds compared to the mast-mounted units. Used asa
source of opportunistic power, the concept achieves a specific power of 37 W/kg and average daily
energy capture of 720 Wh. Incorporating batteries could supply an independent demand profile and
provide power during periods of low wind speed. The addition of lithium batteries and power
conditioning would add about 2 kg. Assuming around-trip charging efficiency of 90%, the battery-
assisted system would exhibit a specific power of about 21 W/kg and supply, on average, about 650
Wh/day of conditioned power. The larger hydropower turbine captures the most daily energy and
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illugtrates the economy of scalein turbine desgn where an order of magnitude increase in mass and
principa dimensions dlow two orders of magnitude increase in power. Hydropower is one concept
that, as aresult of its high daily availahility, could be used without battery backup. The specific power
and energy capture of the device are, therefore, essentidly the same in the integrated system.

All but the smdlest mast-mounted wind turbine and the 100-mm water turbine satisty SOCOM power
requirements up to 100 W, as shown in Table 1.
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DEVICESPOWERED BY HUMAN ACTIVITIES

Energy derived from human activity gppears to be the most underutilized ambient energy source.
Humans are capable of operating machines (e.g., cranks, levers, springs, etc.) to generate mechanica
power ranging from afew milliwatts to more than 500 W. The upper end of this range corresponds to
athletic performance and can be sustained for relatively short periods. Nevertheless, persons of average
gze and fitness are capable of generating useful levels of dectrical power, which isthe principa focus of
this section.

Other than scientific toys and novelty devices, few devices are marketed that make or use humary
generated eectric power. The ORNL report acknowledges the potentia utility of hand-cranked
generators to provide emergency backup power in thefield (Fry et d. 1997). However, the time and
energy taken from other duties to activate such adeviceis cited as alimitation of the concept.

Lesslimiting, in principle, is the concept of incorporating miniature piezod ectric generators in boots that
are powered by pressure generated during walking. Fry et . cite an evauation of this concept by
Comprehensive Technologies International, Inc. and conclude that piezoel ectric transducers produce
too little power and cost too much to be worth further consideration.

In PNINL's assessment, these concepts and variations thereof were considered from a fresh perspective
leading to the conclusion thet there is more potentid opportunity for capturing human energy by these
means than isindicated in the ORNL report. The human-energy devices evaluated in this sudy are
discussed below.

LIMB-CRANKED GENERATORS

Generators cranked by hand or leg motion can supply on-demand power in Situations where personnel
are present in the vicinity of the application. The ORNL report indicated that, despite its limitations, the
hand-cranked generator is a candidate for near-term development. A benchmark performance
capability of the power-producing component of this concept is represented by characteristics of an
axid-gap generator recently designed at ORNL. This device produces 500 W at an efficiency greater
than 95% and weighs about 1 kilogram in acylindrica package 9 cm in diameter and 5.7 cm long (Fry
et al. 1997).

Bicycle Byproduct Power

Producing eectrica power from afew waitts to perhaps 20 W is a specific opportunity niche for
exploiting human activity without requiring sgnificant conscious effort and, therefore, interruption of
other duties. For example, anorma individud riding abicycle is comfortable at an exertion rate of
about 0.1 hp (75 W). Riding abicycle equipped with asmall dectric dynamo to power front and rear
lights a night requires essentialy no extra conscious effort (other than switching the generator on),
athough the additional 1oad can be as much as 15 mechanica watts. Thisleve of ectric power could
be readily achieved from ahighly efficient generator, of the type described above, indaled in a
lightweight bicycle. A generator-equipped bicycle could be designed to produce 15 to 20 W of
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byproduct dectricd power while the individud isin trandt. This output could be used for red-time
purposes such as sensing, communicating and information processng. Asan dternative, the dectric
energy could charge a battery to supply other needs.

Concept Performance Range

Limited by human metabolic energy exertion rates, limb-cranked generators can supply eectric power
demand ranging from afew watts up to about 300 W. The lower threshold is the byproduct power
capability of this concept limited to about 20 W, as discussed above. Producing 20 W for atota of 5
to 8 hours (up to 160 Wh/day) allows the concept to compete at the first level of SOCOM power
requirements (0 to 50 W, 100 Wh/day) shownin Table 1. A 10-kg bicycle fitted with a 15-W version
of the ORNL generator reducesiitsintringc 500-W/kg specific power to only 1.5 W/kg in an integrated
sysem. However, in this case, most of the system's weight is attributable to the bicycle€'s trangportation
function.

Dedicated human effort is required to achieve the upper performance potentia of the concept. In all
physicd activities, human endurance is an inverse function of mechanicd output. For example, an
athlete lifting a barbell weighing between 120 kg and 250 kg can produce 3000 mechanica watts for up
to 1 second. Over aorder of magnitude less power istypicaly possible as a sustained activity. Whilea
world class cyclist may produce peaks of over 500 mechanica watts (Kearney 1996), amore
reasonable expectation for trained field personnd might be short-duration work in the 300- to 350-W
range. A non-athlete producing 200 W of mechanica output with a metabolic efficiency of 25%is
performing extremey heavy work that typicaly requires frequent rest periods to counter oxygen
deficiency. Output at thislevel might reasonably be achieved for only atota of 2 hours per day. An
80-kg maewho is physcdly fit but not an athlete, can produce 125 W of work as a sustained heavy-
duty activity over an 8-hour shift (Kroemer et a. 1990).

These leves of human power and endurance place general bounds on the upper performance limits of
limb-activated generators. Assuming atypicad metabolic efficiency of cycling as 23% (Sanders and
McCormack 1987) and generator efficiency 95%, a stationary bicycle or cranked-flywhedl operated by
personnel of average fitness should be capable of an on-demand e ectric output between 120 W and
about 300 W for useful periods.

Consdering issues such as mechanica advantage and human fatigue, generators cranked by leg-motion,
especidly a higher power levels, may be generdly more desirable than hand-cranked devices. The
crank, gearing, operator seat and stand of a stationary device might reasonable weigh about 2 kg.
Designed as a 300-W system, this combination could achieve a specific power of about 115 W/kg.
Despite the mechanica advantage of leg activation, hand- cranked generators appear to be inherently
smdler and lighter. Anticipating that the crank mechanism can be built to weigh less than 500 g, an
entire hand- cranked system with a peak electric output of 300 W could be made with a specific power
of 270 W/kg or more.



Human power and endurance aso govern the limits of the concept's energy conversion potential. At the
low end of the power range, an individua might produce 20 W for atotal of 8-hoursto accumulate 160
Wh/day whereas a specidly trained person might achieve 350 W for up to 2 hours to provide 700
Wh/day. The average of this range (430 Wh/day) appears achievable by individuas of average fitness.
To further expand this potentia, power generation could conceivably be planned as a multi-person
effort integrated with other duties to obviate the need for personnd assignments dedicated to power
production. The levels of power and daily energy accumulation provided by this concept satisfy the first
two levels of SOCOM power requirements (see Table 1).

Integration with Energy Storage

Limb-cranked generators may be readily integrated with batteries to supply dectrica demands that
cannot be met by real-time generation. Performance estimates are based, as indicated above, on lithium
polymer batteries having the 400- Whkg specific energy capability anticipated to be available with
further development. Allowing generation, power conditioning and eectrochemica efficienciesto be
95%, 95% and 90%, respectively, a 430-Wh, leg-cranked system supplied by a 100-W generator
would weigh 3.4 kg and achieve an overall specific energy of 127 Wh/kg. The corresponding values
for ahand-cranked system would be about 1.9 kg and 227 Wh/kg.

Both systems satisfy the portability requirement by alarge margin. These estimates indicate that a
portable system having severd kilowatt- hours of storage capability could be achieved with this concept
using multiple generators and operators. The performance assumed for the lithium polymer battery
enables the multiple generator/battery concept to satisfy the third level (0 to 300 W, 1667 Wh/day) of
SOCOM power requirements.

MECHANICAL STORED ENERGY DEVICES

In contrast to the above, eectrica power can be provided by the release of mechanicaly stored energy.
One such device, available commercialy and shown in the catalog of the C. Crane Company (1997) is
ahand-cranked radio made in South Africa. Weighing just over 3 kg, it is powered by a Baylis
Clockwork Generator that requires about 1 minute to wind up. One winding powers the radio for
about 30 minutes. The enclosure containing both radio and clockwork mechanism is 36-cmlong, 25
cm high and 14-cm wide. The components of this product appear amenable to considerable
miniaturization and weight reduction. The following estimate was made to explore the generd order of
power potentia provided by a miniature, hand-held, spring device.
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The basisfor this estimate is the amount of eagtic strain energy that can be induced in a materiad
(Timoshenko and Goodier 1987). From Hooke's law the stored energy (u) per unit volumeis given by

u: .
2 E
wheres = the dressin the materid

E = itsmodulus of dadticity.

For aqudlity sted, vauesfor s and E of 689 MPa (10° psi) and 2.1 x 10° MPa (30 x 10° psi),
respectively, are assumed to compute the strain energy that might be induced in a spring contained in a
package approximately 9-cm diameter and 2-cm thick. Such a package could easily be held in the
palm of an average person's hand. Strain energy stored using these values and a 30% spring
compression volumeis about 100 J (28 mWh). This could be converted to eectrica energy with an
efficiency of about 55% based on mechanical coupling, eectrica generation and power conditioning
efficiencies of 60%, 95% and 95%, respectively.

The resulting device could store and deliver about 15 mWh of dectricd energy that might be suitable to
power various sensor/monitoring systems in the field where personnel would be available occasiondly to
wind up the soring. The rate of energy ddlivery would aso be variable over alarge range. The spring
device could be designed to unwind over aperiod of days or in aslittle as 1 or more seconds. Its
power potentid ranges from 0.1 mW for 150 hoursto 55 W for 1 second. Volumetric energy dendty
of the concept based on conditioned power output is about 100 WHnt. An estimated package weight
of 500 g conssts of the spring (320 g), housing and winding mechanism (50 g), generator (80 g) and
power conditioning eectronics (50 g). The conditioned specific energy of the concept is, therefore,
about 30 mWh/kg.

The above scoping assumptions are fairly conservative. The concept has growth potentia in the choice
of spring materia and package size. It should be possible to double both the eagtic stress leve in the
gpring and package thickness to 4 cm. These improvements would increase the energy storage
potentid by afactor of eight. The concept could serve relatively low-power applications that require
periodic human attention regardless of the power source selected.

POWER PRODUCTION FROM WALKING

The prospect of generating useful dectric power from human movement with little or no dedicated effort
is partidly achieved in the bicycle byproduct energy concept discussed above. However, a person must
dtill ride the bicycle somewhere to gain this output. Power production from human movement without
regard to the task at hand or tools that require conscious attention would be more attractive. The most
predictable human motion amenable to energy production appears to be the act of walking or some
variant thereof (eg., marching or running).

The mechanica load imposed by a person's weight that aternates from one foot to the other can
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provide periodic pressure to activate anumber of mechanisms built into shoes or boots. However,
rather than dedicated "walking for power" exercises, waking will probably produce varying levels of
output as an individua goes about and rests between norma duties. Thus, mechanica to eectrical
energy converson islikely to occur a vadtly different rates throughout the day. Therefore, al concepts
in this category appear to require battery storage to accumulate this energy.

As noted above, Fry et a. (1997) conclude that one of the options that might be applied in this concept,
piezoel ectric transducers, have aready been judged as being not worth further consideration.
Nevertheless, the use of piezod ectrics, among other miniature machines that may enable the " power
boot" concept, was revisited in this study by applying fresh perspectives gained in developing advanced
MEMS technology at PNNL. Severa concepts and variants were assessed (see Appendix B). The
results of thiswork are summarized below.

PNNL studied three miniature electromechanica systemsincorporated into footwear. Each potentialy
provides a means of converting mechanica "foot power” from any speed of human perambulation into
eectricd energy. An overdl concluson isthat miniature €ectromagnetic machines may provide the
means for extracting as much power (about 20 W) as a person can exert in walking for extended
periods. Power generation of this magnitude would require an individud to expend asmdl amount of
extrawaking effort (Smilar to that required for walking in snow or sand).

Piezodectric Generators

Piezod ectric converdsion isinherently more rugged than the other methods considered here. The
concept has few moving parts, and can be packaged less conspicuoudy than rotating e ectromagnetic
converson hardware. Smdl amounts of power are available by smply inserting avallable piezodectric
actuators in the soles of footwear. 1dedly, the best piezo materials might produce over 1 J per step.

In practice, however, an 80-kg person taking two steps per second can produce somewhat less than
200 mW of piezoelectric power. The difference between the ided and practical energy results from the
poor match that is achieved between actuator characteristics and the actuation force. Over 20 times
more dectrical power (potentialy up to 5 W) agppear possble by matching the walking forces to those
of the piezo actuator through mechanicd leverage and obtaining multiple actuations for each step, as
discussed in Appendix B.

As noted above, dectrica power converted from walking energy islikely to be generated at different
rates throughout the day. Another important consideration is that piezo devices characterigticaly
produce high-voltage, low-current eectricd output. Both suggest the use of power conditioning
electronics to charge batteries carried elsawhere on the person as being the optimal configurationa for
this concept. Assuming the use of alithium polymer battery to store 40 Wh per day (5 W for atotd of
8 hours) with eectronic converters capable of 150-W/kg power conditioning, the force-matched
piezod ectric concept has a specific power approaching 30 W/kg. Piezo actuator systems would be built
into the soles of footwear. The balance of the system (battery and power conditioning) would occupy a
volume of 65 cn?, or a package 10 cm x 5 cm x 1.3 cm, similar to that of a conventiona hand-held
electronic caculator.



Miniature Magnetohydrodynamic Generators

Linear, liquid metal magnetohydrodynamic (MHD) generators built into footwear were found capable,
in principle, of generating up to about 10 eectrical watts when powered by an 80-kg individud stepping
twice per second. A mgor disadvantage is the unfavorable scaing of liquid meta mass with output
power means that more than 1 kilogram of liquid meta would need to be carried around for this
concept to work at reasonable (25% or greeter) efficiency. The dternative of working a low efficiency
would require more than acceptable human exertion.

A second counter-intuitive finding is that no benefit accrues from storing any of the kinetic energy
avalablein displaced liquid meta ether in agravitational head or arestorative spring. 1t is better to
entirely avoid the opposing force of the oring or gravity, even if the actuator must then develop power
only during the limited time that the stepping force is gpplied. The design of eectronic power
conditioning would aso be challenging because the liquid metal MHD effect produces high currents at
low voltage. For these reasons, the miniature MHD device does not presently appear to be aviable
option as ameans of capturing walking power. The above consderations discourage further interest in
miniature MHD devices. Therefore, no estimates were made (other than those shown in Appendix B)
of performance parameters such as specific power or power conditioning requirements.

Miniature Electromagnetic Generators

The miniaturization of standard rotating € ectromagnetic machines for converting mechanica energy into
electricity offersaway to capture the grestest amount of energy from walking. The concept enjoys
numerous degrees of design freedom that dlow energy converson to limits of human fatigue rather than
materia congderations. As discussed above, the production of about 20 W continuoudly appears to be
areasonable design god that is achievable in this concept.

The concept evauated uses the stepping force to dternately wind and unwind multiple wires that go
through multiple holes in the machine rotor that mimics a child's "button and string”' game. In the micro-
meachine, the stepping force acting againgt the fully wound rotor accelerates the rotor until the wires are
completely unwound. The rotor accelerates in the opposite direction as the stepping forceis removed
until it isfully rewound just when the stepping forceis regpplied. The voltages and currents generated
by such adevice can be readily designed to match conventionad power conditioning input requirements.

Asbefore, the possibly intermittent rate of mechanica energy converson suggests that this concept is
best used to charge a portable battery. Inthis case, alithium polymer battery would store 160 Wh per
day (20 W average for atotd of 8 hours). With appropriate design choices, the miniature generator
could be integrated into footwear adding atotal of about 60 g (30 g in each shoe). The aggregate
weight of the system including battery (400 Wh/kg) and eectronic power conditioning (150 W/kg) is
gpproximately 600 g giving the concept a specific power of about 33 W/kg and specific energy of 270
Wh'kg. With the generator integra with the footwear, the battery and power conditioning occupy an
additiona volume of about 210 cn?’. The battery and power eectronics could be packaged in a space
21cmx5cmx2cm.
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Overd| Perspective

Collectivey, the above scoping evauations suggest that "foot power” is afeasible eectric generation
concept in which an 80-kg person could produce up to 20 W and accumulate 160 Wh per day while
going about normd duties. The miniature €lectromagnetic generator is particularly interesting because it
appears to possess the same order of magnitude specific power as that of hand-cranked generators.

All "foot power" concepts satisfy the portability requirement by alarge margin. The eectromechanicd
device powered by an individua can meet thefirst level SOCOM requirement (O to 50 W, 100
Wh/day). A team of individuals using this type of power footwear could supply loads that demand
severd kilowait hours of eectricity per day by connecting together severd individualy-charged battery
packs.
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CONCLUSIONS

This study concludes that a number of currently underdeveloped or overlooked ambient energy
conversion concepts can provide useful amounts of mant portable power for remote-areamissonsin
compact packages weighing no more than 20 kg. Seven of the fourteen concepts evaluated generdly
satisfy one or more SOCOM power requirement levels and most gppear feasible with current or near-
term technology.

Energy derived from human activity gppears to be the most underutilized ambient energy resource.
Severa concepts that require little conscious thought or distraction from other activities appear feasble
as means of converting human energy into eectric power.

The possibility of total dependence on ambient energy could remove misson condraints imposed by the
limited life and religbility of conventiond batteries and the logistics of fud supply. Ambient energy
scavenging could aso be used to dretch the misson life of conventiona battery or liquid-fueled systems.

Defense and national security applications are expected to be among the firgt to justify the expected
higher cost of exploiting ambient energy. Such developments can establish feasibility and initiate device
improvement and cost reduction practices that lead to products of this type being introduced into the
civilian marketplace. With initid development, several concepts considered could lead to derivative
products that have applications in areas such as trangportation, renewable energy use, law-enforcement,
outdoor recregtion, and avariety of autonomous condition sensing and monitoring systems.
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APPENDIX A
WIND TURBINE DATA

A number of commercid horizontal axis wind turbines in the 0.5-m to 2-m rotor diameter class were
reviewed to select one that appears amenable to adaption as a portable power device. Characteristics
of available small wind machines are summarized in Table A1. The Southwest Windpower AIR unit
(shown in bold type) was selected on the basis of its power output and superior specific weight. The
AIR unit has a 1.14-m rotor diameter and a"tower top" mass of dightly lessthan 6 kg. The turbine
uses a brushless neodymium cubic-curve dternator with built-in regulator to deliver DC power at set
ranges between 13.8and 17.8V or 26 and 36 V.

The AIR turbines partslist is shown in Table A2. The following additiond parts and tools are required
for field assembly: 1) large adjustable end wrench or 15/16-in. end wrench; 2) soldering iron or
propane torch; 3) rosin core solder and 4) electrical tape or ¥+in. heat shrink insulation.

Table Al. Characterigtics of Avalable Smal Wind Turbines

Turbine Origin Rating at Rotor | Weight Blade Specific
M odel 10 m/s (W) Dia. (kg) Material Weight
(mm) (kg/m?)
Rutland 500 UK 18 510 3.85 unknown 189
LVM 25 us glasy 175
12 572 45 polypropy-
lene
LVM 3 us 50 860 6.7 glass nylon 115
LVM 3F us 36 860 9.2 glass nylon 15.8
AIR us 100 1140 6.0 carb(_)n 59
matrix
LVM 5 us 144 1240 14.4 laminated 11.9
wood
Windseeker us 500 1524 9.1 basswood 5.0
NeoPlus us - 1982 11.8 basswood 38
Whisper 600 us - 2134 18.2 basswood 51
BWC 850 us - 2439 39.1 fiberglass 8.4
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Table A2. PartsLig for the AIR Turbine

Part Description Number
Main body (auminum cagting, includes the 1
generator, main shaft and main bearing)

Blades (carbon fiber reinforced composite,injection molded) 3

Nose cone (snap on type) 1

Hub plate 1

5/8-in. nut and lock washer 1 each
Yxin. socket head cap screw 6

Yein. - 20 nut and star washer 6 each
Hex key - 5/16in., 3/16 in. and 5/32 in. 1 each

The need for these extra parts and tools could be diminated in a device designed to be portable. The
meass of the machine could be reduced by the following measures:

removing the nose cone

redesigning the body to emphasize functiondity rather than aesthetics (the body essentidly
becomes the body of the alternator)

eliminating the yaw bearing, brushes and tail based on the assumption that the turbine will
operate for only afew hours or days a atime and that mgor shiftsinwind direction can be
accommodated by manua adjustment. (If free yaw is deemed to be necessary, a downwind
rotor/free yaw design approach could be explored).

With these modifications, the AIR turbine reduces to atail-less, fixed yaw machine consisting of blades
and amain body. Such aredesign could reduce the mass of the unit to about 4 kg.

AIR WIND TURBINE WITH SMALLER ROTOR
A turbine having arotor diameter less than 1 m could be designed to weigh 3 kg or less. The mass of
an AIR unit with a0.5-m rotor diameter was estimated to be about 2 kg using the mass-scding

characterigtic of approximately 7 kg/n? per meter of rotor diameter exhibited by the LVM series of
turbines. Table A3 shows characterigtics of four LVM turbinesused in thisandyss.
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Table A3. Datafor the LVM Series Turbines

Model Rotor Rating Mass Blade Specific
Diameter W) (kg) Material Weight
(mm) (kg/m2)
LVM 25 572 9 glass filled 175
4.5 | polypropy-
lene
LVM 3 860 48 6.7 glass filled 11.5
' nylon
MVM 3F 860 60 9.2 glass filled 15.8
' nylon
LVM 5 1240 192 144 Laminated 11.9
wood
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APPENDIX B
ELECTRIC POWER GENERATED BY WALKING

This gppendix summarizes the engineering consderaions, equations and caculations used to estimate
the amount of eectric power that might be extracted from the action of walking. Walking isthe primary
human movement to consider as a source of useful power production because it is probably the most
frequently repeated predictable activity during the average day. Severd energy conversion mechanisms
were investigated including piezodectric materids and actuators, eectromechanicad machines and linear
magnetohydrodynamic (MHD) generators that are configured to fit insde footwear.

EXTRACTING ENERGY FROM WALKING

Although the legs have some of the mogt powerful musclesin the human body, the focus of this
evauation is on eectric power derived from the aternating pressure imposed by feet on theinsde
surfaces of footwear during the act of walking. While generators or their components might be placed
on bdts, in backpacks, and e sewhere on the human body, this study considers only miniature
generators built ingde shoes or boots. This choice is congstent with the presert emphasis on power
that can be extracted from waking with (1) little additional conscious effort; (2) with minimal
inconvenience; (3) with minima digtraction from other duties and 4) little or no detectability.

The generated power cannot be free. In each case the energy extracted from a stepping action can be
equated to the gravitationd fal of massthrough adistance. Even on flat terrain, a person will need to
exert some additiona energy to make up for the energy delivered to the eectric power generator. For
example, generating 12 watts for 4 hours of walking each day will be equivaent to an 80-kg individud
climbing 220 m vertically. Assuming two steps each second and a 1-m gride for each step, this vertica
climb evenly distributed over the 4-hour walking duration congtitutes a 0.75% grade. Most hedlthy
walkers would hardly be conscious of such amodest dope. More equivaent effort will be required
with less than perfect generation efficiency. Both the equivaent vertical height and walking grade double
if the same dectricd demand is supplied by a system that is only 50% efficient. The exertionin this case
might be percelved as being smilar to the additiond effort needed to walk across sand or snow.

In some of the generators considered below, the mechanisms store then return some portion of the
applied energy exchanged in each step.  These mechanisms have "springs' in one form or another that
cannot eiminate the amount of additional effort expended to generate dectricity. However, sorings can
both cushion the jarring effect of each foot fal and return some stored energy asthe foot islifted. These
principles have dready been gpplied effectively in the design of athletic shoes.
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PIEZOELECTRIC MATERIALS

Piezoe ectric materias represent one of the most robust solutions to the problem of generating electric
power from waking. Very smple generators can be configured with few moving parts. 1t will be
shown that piezoelectric devices alow up to 5 W of dectric power to be extracted from waking usng
innovative means to match mechanical forces and obtain multiple actuations per step.

Commercidly available piezo actuators convert mechanica energy to eectrica energy. The gpproach
taken in this sudy isto goply commercid piezo actuatorsin their various present forms and engineer
interfaces to match the available actuators with forces generated by walking. Information used in this
section includes papers by Giurgiutiu et a. (1994, 1996) on the energy capabilities of available piezo
actuators, manufacturers design handbooks, and a report on the STEPZ generator by White (1972),
which has many design principlesin common with the piezodectric "power boot" concept.

Theory

A force applied to a piezo materid will develop an dectrical charge acrossit. A combination of
displacement and interna stresswill occur in response to this applied force. The piezo film behaves
much like an electrical capacitor, o the charge resultsin a corresponding voltage across the piezo film.
If thisvoltage is relaxed through an externd circuit, the interna stresses are dso relieved. The voltage
goes through zero and is forced negative by the charges that are then created by the release of the
externa force.

Smple Thevenin circuit models of piezodectrica behavior, while common in piezo maerid engineering
literature, do not fully represent the interplay of the dectrica and mechanicd energies. A brief
meathematica development of thet eectrical and mechanica interplay is presented below.

The ingtantaneous change of energy can be equated for the mechanica and eectrica representations.
Given externdly applied force Foy, displacement u, voltage V and charge g, the change in energy can be
written as

dE = dF.; U= dVa.

Some mechanica losses occur in the system as unavoidable inefficiencies. Any energies extracted from
the piezo system must be represented by comparable hysteresis in the respective force-displacement
and voltage-charge state diagrams.

An interesting formulation results from using a spring analogy with induced strain displacement usa
(measured without externd force) and force per displacement k; (measured without voltage across the
device). Theinduced strain actuation displacement usa can further be assumed proportiond to the
device voltage.
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Uisa= KisaV

Severd additiona subgtitutions into the energy relaionship result in an equation that retains dl of the
mechanica and eectrica character of the piezo materia. Electrical power extracted from the system
can aso be given as afunction of voltage. The nontlinear result can be smulated by computer to fine
tune the system design and better understand this interesting energy exchange. Note that the dectrica
power P(V 1) leaving the sysem isitsalf a smple nonlinear function of the voltage across the device.

. 2 0.
P(V,t): leAFe(tV+ §(ISAV _%iFem
i g

Simple Shoe Sole Generator

The very amplest configuration of a piezoelectric generator is the gpplication of asingle actuator to the
sole of ashoe or boot. The report by Giurgiutiu et d. (1996) was used to determine the maximum
energies that might be captured by a single actuator being depressed once for each footstep. Using the
equation for displacement and force above, the force for maximum energy can be caculated.

F mace = 0.5k uisa

And the corresponding energy per footstep can then be found.

Emax = 025k| UIZSA

Note that this value istwice as large as that used by Giurgiutiu et d. because they assumed that the
externd force was applied snusoidaly through an externd materia spring. Their assumption is
reasonable where mechanical actuation is being consdered; but it isingppropriate here, where the full
step force can be applied to the actuator then removed on each step cycle. One of the most energetic
actuaorsisthe Polytec Pl materid P-246.70, which can develop up to 1.3 J per actuation, under ided
conditions. However, assuming the foot pressure generated by an 80-kg person under the force of
gravity and the 24% conversion efficiency suggested in the reference, only 94 mJis produced.
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The difference between the idedl and practical energy results from the poor match that is achieved
between actuator characterigtics and the actuation force. A smilar mismatch was found for every
available actuator congdered in this configuration. Asaresult, an 80-kg person taking two steps each
second can produce somewhat less than 200 mW of eectrica power.

Methods of Matching Forces

Whileit is possible to improve the force match by awise choice of actuator, the largest energies will be
achieved by first choosing the most energetic or efficient actuators, then usng mechanica leverage to
match the actuator and gpplied forces. Severd methods for matching the available force and the
optimum actuator force were investigated including (1) smple leverage, (2) suspension and tension, and
(3) piezo cantilevers and springs.

Smple Leverage The torque relationships of asmple lever arm may be used to convert modest forces
over saverd millimeters of displacement to a much larger force over amicrometer displacement. Energy
is conserved to give therelaion

Fou.= Mgu,,

where the subscript "2" refers to the actuator quantities, and the subscript "1" refers to the lever end,
whereforceis applied.

Huidic converson of energy is Smilar enough to this that it should be mentioned. For fluids, the
converson is obtained through differing pison areas. A person'sweight might cause alarge
displacement of asmall piston that displaces alarge piston that gpplies much more total force over a
shorter stroke.

Suspension and Tenson Many of the optimum forces for actuating available piezo devices are truly
large (e.g., over 22 kN for the Polytec Pl material P-246.70). Extreme mechanica advantage must be
incorporated to best use these energetic materias. One such concept that obtains great mechanical
advantage is the deflection of a suspended mini-cableintenson. A defection of 6.6 mm at the center of
a 73-cm chord generates the optimum 22-kN force for two actuators. This chord design istoo largeto
fit in the sole of normal footwear, but if asmple lever or pulley is used to first double the applied force,
the chord length dropsto 18 cm. Thislength is competible with the length of an average Sze boot. This
tenson leverage used with the Polytec Pl materid P-246.70 piezo actuator was estimated to yield 638
mJ per step. This smple scheme could produce in excess of 1.2 W when actuated by an 80-kg person
taking two steps per second. Multiple actuations might be possible dong the length of the suspended
cable. In this configuration, piezodectric generation from continuous walking could approach the 5-W
leve.
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Piezo Cantilevers and Springs Actuation of piezo bimorph cantilevers might be used to transform
moderate forces dong the cantilever into much higher actuation forces. Small bending motions result in
large opposing displacements on the top and bottom of the cantilever. A complete andlysis of this
concept was not performed, but it is anticipated that a piezo bimorph in either cantilever or goring
configuration could achieve some of the mechanica advantage demonsirated by the suspended mini-
cable discussed above.

Methods of Obtaining Multiple Actuations

Conversion of the energy available in each step can be limited by the properties of available actuators.
In many ingtances, however, it may be possible to repest the piezo energy extraction multiple times
during each step. Providing that the displacement of one actuator does not limit that of neighboring
elements, the energy generated per step can increase linearly with the number of actuations per step.
Two methods were considered for obtaining multiple actuations from each step--(1) multiple
displacements dong a rounded sole and (2) ratchet-type displacement.

Multiple Displacements Along a Rounded Sole Each of the above listed piezo actuations might be
repeated severa times aong a rounded shoe or boot bottom. For example, using the tenson cord
displacement method described earlier, the same chord might be depressed severd times during asingle
gep. The dectronic power converson must be designed to make good use of these multiple actuations,
i.e, the circuit time constant must be short enough to use the full stroke of the actuator.

Ratchet Displacements Another strategy to obtain multiple actuations in asingle sep isto design a
ratchet-like structure that is squeezed between the piezo actuator and afirm wall. The varying thickness
of the ratchet permits the actuator to change between its zero force and optimum force displacements.
The following energy baance reates the applied and actuator energies during changes in ratchet
thickness.

Mguj_: FmaxEUmaxE

This actuation principle, unlike the others discussed before, provides the option of gpplying an optimized
piezo actuation multiple timesin series for the same displacement stroke. More than two or three
interactions in the same stroke might cause the overall actuation stroke to become excessive. A tota
stroke of about 3 cmis probably al that a person would tolerate on a shoe sole before the device feds
too mushy for comfort. The ratchet-powered multiple actuation principle is viable in other piezo
generator gpplications.
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MINIATURE ELECTROMAGNETIC MACHINES

The use of miniature rotating € ectromagnetic machines for mechanica to eectrica converson offersa
waly to capture the greatest amount of energy from walking-generated pressure. The extractable energy
islimited by human fatigue rather than material consderations. Therefore, the production of about 20
W continuoudy may be a reasonable design god for this concept. Miniature mechanisms can be
designed that permit nearly unlimited actuation stroke, and the resulting dectrica energy islikdy ina
voltage and current range amenable to conventiona electrica power conditioning. In this category, the
concept congdered is aminiature rotating machine (asmadll, axia flux generator) driven by akinetic
electromechanica conversion srategy, named appropriately "button and string actuation.”

Miniaure Rotating Machine Desgn

The variety of possible rotating machines to consider for this application is quite grest. An axid flux,
permanent magnet design is taken as a representative example because (1) the axia flux configuration
permits compact, powerful generation as aresult of continuing improvementsin permanent magnet
drengths, (2) the axia geometry is conducive to compact, multiple pole generation; and (3) permanent
magnet fidds without ectrica field excitation improve efficiency for low power gpplications.

In this machine, multiple disk-shaped permanent magnets lie flat on arotor disk. Astherotor disk
rotates, the magnets pass over coils on a second flat stator disk. These coils might be conveniently
fabricated as printed circuitsin thisscale. The change in flux in the coils as the permanent magnets pass
over each coil produces a voltage, which might be captured to charge a battery or capacitor.
Generated voltage and power output of this machine increase with rotational frequency, number of
magnet pole pairs, pesk magnetic flux, and number of coil windings.

Many means of coupling the kinetic motion of a person's step to rotation of the machine rotor gppear
possble. Oneinnovative configuration is to use the stepping force to dternately wind and unwind
multiple wires that go through multiple holes in the machine rotor. The concept reflects achild'sgamein
which a button is rotated at high speed by gpplying periodic tension to two strings strung through the
button holes and drawn tight between fingers on two hands. 1n the micro-machine, the stepping force
acting againgt the fully wound rotor accelerates the rotor until the wires are completely unwound. The
momentum at this point rewinds the wiresin the opposite direction as the stepping force is removed, and
the rotor becomes fully wound once again just as the stepping force is regpplied.
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Theory

The following equations establish the output potentia of the concept. Firdt, the equivdent RM S voltage
Vrus Obtained from the rotationd system depends upon the number of windings N on each coil and the
rate of change of magnetic flux B that links each coil of surface area S and diameter D. If the coilsare

series connected, the voltage is aso proportiond to the even number of magnetic polefacesp. Vrws iS

given by

Np d

Veus= -——0B- dS
RMVS \/Edt
oD .2
odS=p (:,—9
e2g

The surface areamay be gpproximated by the pole face area of the permanent magnets of diameter
D.

Note that while strong (perhaps rare earth) magnets can be made in nearly any shape or size, the
industry has a demonstrated capability to manufacture 1.25-cm diameter disks that weigh about 1.5
grams and have nearly 0.2-Tedainduction (Bo). The magnetic flux in each cail varies snusoiddly with
the rate at which the pole faces passa cail. If f, isthe mechanicd rotation rate of the rotor and B, isthe
induction of asingle magnet,

B()= Boe® .

The given assumptions about magnet Sze and induction can be used to give asmple relaion for
achievable voltage from this rotating machine st. In this rdation, f,, is the mechanicd rotation frequency.

VRMS @(58E' 5) f m p2 N

Electrical Power Extraction The number of poleswill be limited by the need to fit a number of magnets
on arotor indde the boot's sole. The number of coilswill aso be congtrained somewhat by available
space, and the rotationd frequency may be limited by the practicdity of achieving and controlling some
rotationa speed. A trade-off will o exist between voltage and N because low voltages necessitate
high current and therefore necessitate larger conductors that further limit the number of coils that can be
accommodated. It appears, however, that useful parametric solutions exist near N =10, p=8, f,, =
200 Hz and Vrus = 2 valts. Thisvoltage levd isreadily converted and stored by conventiona diode
rectifiers, battery cells and associated eectronics.
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Rotationd Dynamics The rotationa dynamics of such a system can be described by a second order
rotational system driven by torques resulting from stepping force and eectrica extraction.

tstep't elect — Jq'+ Dq‘+ Kq

Note that the torque caused by stepping isitsdf gpproximated by a step function. The dectrica torque
might be represented from power extraction in adiode bridge.

_ Peec _ |Vrus|Vearr -V Barr
tdec— -

w w Rcharge

if QVRMS (;)3 VEBATT and O otherwise.

LINEAR MAGNETOHYDRODYNAMIC GENERATION

The Lorentz force can be used to convert the kinetic energy of flowing liquid meta into dectrica energy
withinasmdl liquid meta MHD generator. An dectricd fidd isinduced in aliquid meta passng
through a strong magnetic field. The eectric field can be combined with a carefully designed externa
load circuit to capture eectrica energy. PNNL has researched liquid meta actuator, pump and
generator systems since 1993. Design equations and graphs have been collected to design both pumps
and generators with liquid metal channds in the sub-millimeter range. From this experience, it appears
that aliquid meta piston or collgpsible reservoir can be designed to feed aliquid metd generator sized
to fit into the sole of a boot.

Design Concept

In this design, the piston or reservoir can be nearly the area of aboot hed (50 cn¥ is assumed). The
cross section area of the liquid metd generator itsdf isin the millimeter range. Theliquid metd is
expeled into an unpressurized container with no gravitationd head by the force of stepping. Asthe foot
islifted, the liquid metd spills back into the initia reservoir through a return flap.

Asan dternative, the liquid metal can be forced from the hed region toward the foot by the rocking
motion of the foot as the step action advances. The liquid meta that flows through the generator
immediately back fills behind the depresson caused by the rocking motion of the foot. In both of the
suggested methods for converting the gravitationa force of the foot into liquid meta motion, the
generation is active during only the time that the foot is pressng down with gravitationd force.

An evduation was performed to determine whether return springs or gravitationa forces can be utilized
to design a system that has continuous liquid metal flow through the generator and, therefore, continuous
rather than pulsed generation at stepping frequency. The energy produced by the generator is
proportiond to the square of the liquid metal velocity. Without working againgt a gravity head or return
soring, the generator fluid velocity isa congtant. Thefluid velocity in a system with either gravity or
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gpring return mechanism gpproaches the extremes exponentidly and asymptotically. The mgority of the
system's response time (Spring throw) must be used to assure that afluid equilibrium is reached (i.e, the
same fluid must pass through the generator in both forward and return generator modes). Operating at
or above the time congtant of the system guarantees that |ess than haf the energy of the congtant velocity
deviceisproduced. Therefore, it isof no vaue to use return springs or pressure heads in this device to
produce power continuoudy.

Design Parameters

A table was prepared to demonstrate the trade-offs that must be madein the design of asmdl liquid
metal generator. The parametersin Table B1 are: 1) generator efficiency (h); 2) cross section area of
the liquid meta generator channe (Agen); 3) total input power needed to generate 10 W (Py,); 4)
magnetic induction in Teda (B); 5) assumed hed area (An) that can be used to compress the liquid
metd fluid under the gravitationd force of an 80-kg person; 6) the assumed active generator length; 7)
the average liquid metad ve ocity through the generator channel (u); 8) the total mass of liquid metd that
passes through the generator during one step cycle (assuming two steps per second); and 9) the
effective dimbing rate (in cm per step) that a person would experience for the generator with the given

efficiency.

A critical trade-off isillugrated in thistable. Very smal amounts of power are obtained from smal
quantities of liquid metd a low efficiency. The poor efficiency means that consderable effort and
exertion will be apparent. Because of these shortcomings, the electric power generation potentia of an
MHD device in this configuration is probably limited to lessthan 5 W. To obtain this power at high
efficiency requires an unacceptably large volume of liquid metd.

Table B1. Trade-Offsin the Design of Miniature Liquid Metal Generator

h©) | Awm@ [PoW) | B(T) | A | Length | u(mis) | Mass| Climb
(sq.cm) (m) ) (cm/s)
5 4E-7 200 0.2 50 0.1 7 20 25
10 1E-6 100 0.2 50 0.1 16 110 13
20 2.6E-6 50 0.2 50 0.1 32 570 6
40 1E-5 25 0.2 50 0.1 56 | 3900 3
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