
(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2006/0156727 A1 

Jacobsen et al. 

US 2006O156727A1 

(43) Pub. Date: Jul. 20, 2006 

(54) 

(76) 

(21) 

(22) 

(63) 

METHOD AND APPARATUS FOR PHASE 
CHANGE DRIVEN ACTUATOR 

Inventors: Stephen C. Jacobsen, Salt Lake City, 
UT (US); Marc Olivier, Salt Lake City, 
UT (US); Clark C. Davis, Salt Lake 
City, UT (US) 

Correspondence Address: 
THORPE NORTH & WESTERN, LLP. 
8180 SOUTH 700 EAST, SUITE 200 
SANDY, UT 84070 (US) 

Appl. No.: 11/302.410 

Filed: Dec. 12, 2005 

Related U.S. Application Data 

Continuation of application No. 1 1/221,410, filed on 
Sep. 6, 2005, which is a continuation-in-part of appli 
cation No. 10/128,988, filed on Apr. 23, 2002, now 
Pat. No. 6,938,588, which is a continuation-in-part of 
application No. 09/439,473, filed on Nov. 12, 1999, 
now Pat. No. 6,375,454. 

(60) Provisional application No. 60/303,053, filed on Jul. 
5, 2001. 

Publication Classification 

(51) Int. Cl. 
FOIK 23/06 (2006.01) 

(52) U.S. Cl. ................................................................ 60/670 

(57) ABSTRACT 

A phase change driven actuation device comprises an elon 
gate combustion tube having: an inlet section, including an 
inlet for combustible material; an extinguishing section; and 
an ignition section, including an igniter displaced along a 
length of the tube from the inlet section to ignite the 
combustible material. A fluid is disposed adjacent an exte 
rior Surface of the elongate combustion tube and is config 
ured to be heated by heat created by combustion of the 
combustible material and to at least partially undergo a 
phase change from a liquid state to a gaseous state upon 
combustion of the combustible material. At least one energy 
extraction device is in communication with the fluid to 
extract energy created by the phase change of the fluid. 
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METHOD AND APPARATUS FOR PHASE 
CHANGE DRIVEN ACTUATOR 

0001. This application is a continuation of copending 
U.S. patent application Ser. No. 1 1/221,410, filed Sep. 6, 
2005, which is a continuation-in-part of U.S. patent appli 
cation Ser. No. 10/128,988, filed May 23, 2002, now issued 
as U.S. Pat. No. 6,938,588; which is a continuation-in-part 
of U.S. patent application Ser. No. 09/439,473, filed Nov. 
12, 1999, now issued as U.S. Pat. No. 6,375,454; which 
claimed priority to U.S. Provisional Patent Application Ser. 
No. 60/303,053, filed Jul. 5, 2001, which are each hereby 
incorporated herein by reference in their entirety. 

BACKGROUND OF THE INVENTION 

0002) 
0003. The present invention relates generally to a com 
bustion device and more particularly to a lightweight, high 
bandwidth, controllable combustion device that can be used 
to power a variety of power sources. 
0004 2. Related Art 
0005 Power sources that directly convert combustible 
materials into usable energy have been used for many years 
in a variety of applications including motor vehicles, electric 
generators, hydraulic pumps, etc. Perhaps the best known 
example of Such a power source is the internal combustion 
engine, which converts fossil fuel into rotational power. 
Internal combustion engines are used by almost all motor 
ized vehicles and many other energetically autonomous 
devices such as lawn mowers, chain saws, and emergency 
electric generators. However, conventional internal combus 
tion engines are problematic in that they can produce a high 
degree of pollutants and can be very inefficient. The ineffi 
ciency of most internal combustion engines is due to the fact 
that a great deal of energy produced by combustion is lost as 
heat, energy which would otherwise be converted in to 
useful work. More efficient internal combustion engines 
have been developed but usually at a cost of greatly increas 
ing the weight of the engine to minimize heat loss. 

1. Field of the Invention 

0006 Furthermore, conventional internal combustion 
engines have not been Successfully used independently in 
many applications because of their relatively slow response 
characteristics. This limitation is particularly problematic in 
powering robotic devices and similar systems which utilize 
a feedback loop to perform real time adjustments in move 
ments of the mechanical structure. Typically, the power 
Source in Such a system must be able to generate power 
output which quickly applies corrective signals to power 
output as necessary to maintain proper operation of the 
mechanical device. 

0007. The response speed, or bandwidth, of a power 
Source within a mechanical system is an indication of how 
quickly the energy produced by the Source can be accessed 
by an application. An example of a rapid response, or high 
bandwidth, power system is a hydraulic pressure system. In 
a hydraulic system, energy from any number of Sources can 
be used to pressurize hydraulic fluid and store the pressur 
ized fluid in an accumulator. The energy contained in the 
pressurized fluid can be accessed almost instantaneously by 
opening a valve, often a servo-valve, in the system and 
releasing the fluid to perform some kind of work, Such as 
extending or retracting a hydraulic actuator. The response 
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time of this type of hydraulic system is very rapid, on the 
order of a few milliseconds or less. 

0008. As an example of the problems associated with low 
bandwidth internal combustion engines, consider the 
response rate of a conventional automobile. The accelerator 
on a vehicle equipped with an internal combustion engine 
controls the rotational speed of the engine, measured in 
revolutions per minute (“rpms'). When power is desired the 
accelerator is activated and the engine increases its rota 
tional speed accordingly. But the engine cannot reach the 
desired change in a very rapid fashion due to inertial forces 
internal to the engine and the nature of the combustion 
process. If the maximum rotational output of an engine is 
7000 rpms, then the time it takes for the engine to go from 
0 to 7000 rpms is a measure of the response time of the 
engine, which can be a few seconds or more. Moreover, if 
it is attempted to operate the engine repeatedly in a rapid 
cycle from 0 to 7000 rpms and back to 0 rpms, the response 
time of the engine slows even further as the engine attempts 
to respond to the cyclic signal. In contrast, a hydraulic 
cylinder can be actuated in a matter of milliseconds or less, 
and can be operated in a rapid cycle without compromising 
its fast response time. 
0009 For this reason, many applications utilizing high 
bandwidth mechanisms require that the energy produced by 
a primary power Source be stored in another, higher band 
width energy system which holds energy in reserve so that 
the energy can be accessed nearly instantaneously. One 
example of Such an application is heavy earth moving 
equipment, such as backhoes and front-end loaders, which 
utilize the hydraulic pressure system discussed above. 
Heavy equipment is generally powered by an internal com 
bustion engine, usually a diesel engine, which Supplies 
ample power for the operation of the equipment, but is 
incapable of meeting the energy response requirements of 
the various components. By storing and amplifying the 
power from the internal combustion engine in the hydraulic 
system, the heavy equipment is capable of producing great 
force with very accurate control. However, this versatility 
comes at a cost. In order for a system to be energetically 
autonomous and be capable of precise control, more com 
ponents must be added to the system, increasing weight and 
cost of operation of the system. As modern technology 
moves into miniaturization of devices, the extra weight and 
Volume of the power source and its attendant conversion 
hardware are becoming major hurdles against meaningful 
progress. 

0010. The complications inherent in using a low band 
width power source Such as a conventional internal com 
bustion engine to power a high bandwidth source become 
increasingly problematic in applications such as robotics. In 
order for a robot to accurately mimic human movements, the 
robot must be capable of making precise, controlled, and 
timely movements. This level of control requires a rapid 
response system Such as the hydraulic system discussed 
above, or an electrical system. Because these rapid response 
systems require power from Some primary power source, the 
robot must either be part of a larger system that Supplies 
power to the rapid response system or the robot must be 
directly fitted with heavy primary power sources or electric 
storage devices. Ideally, however, robots and other applica 
tions should be energetically autonomous, with minimal 
weight and not tethered to a power source with hydraulic or 
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electric Supply lines. To date, however, technology has 
struggled to realize this combination of rapid response, 
minimal weight, effective control, and autonomy of opera 
tion. 

SUMMARY OF THE INVENTION 

0011. It has been recognized that it would be advanta 
geous to develop a high bandwidth energetically autono 
mous combustion device that is capable of very fast energy 
extraction to ensure that mechanical work is performed 
before significant heat losses can occur. It has further been 
recognized that it would be advantageous to develop a 
combustion device that reduces and simplifies energy con 
version steps, wherein power is modulated directly at the 
Source to thereby reduce size, mass and system complexity 
while increasing overall reliability, efficiency and power 
density. 
0012. The present invention provides such a device and 
includes a combustion chamber having an extinguishing 
section, an ignition section, and a combustion section inter 
mediate the extinguishing section and the igniter section. An 
igniter can be operatively coupled to the combustion cham 
ber at the ignition section and a first Supply system and a 
second Supply system can be operatively coupled to the 
combustion chamber at the extinguishing section, the first 
Supply system configured to Supply fuel to the combustion 
chamber, the second Supply system configured to Supply an 
oxidizer to the combustion chamber, the fuel and oxidizer 
being configured to combine and form a combustible mix 
ture. The combustion chamber can be configured to provide 
for the combustible mixture to fill the combustion chamber 
from the extinguishing section toward the ignition section 
and to be ignited by the igniter adjacent the ignition section, 
wherein combustion proceeds through the combustion sec 
tion from the ignition section toward the extinguishing 
section and then extinguishes. At least one energy extraction 
device can be operatively coupled to the combustion cham 
ber to extract energy from combustion of the combustible 
mixture. 

0013 In accordance with a more detailed aspect of the 
present invention, the system provides for combustion to 
proceed through the combustion section from the ignition 
section toward the extinguishing section at a SuperSonic 
combustion rate. An inside Surface of the combustion cham 
ber can include Surface irregularities to promote turbulent 
flow of the combustible material through the combustion 
chamber to thereby increase a combustion rate of the com 
bustible material. 

0014. In accordance with a more detailed aspect of the 
present invention, the at least one energy extraction device 
can be operatively coupled to a side of the combustion 
chamber. 

0015. In accordance with a more detailed aspect of the 
present invention, at least one energy extraction device is 
operatively coupled to an end of the combustion chamber. 
0016. In accordance with a more detailed aspect of the 
present invention, the system includes a plurality of com 
bustion chambers, wherein the at least one energy extraction 
device can be operatively coupled to the plurality of com 
bustion chambers to extract energy from combustion of the 
combustible mixture in the plurality of combustion cham 
bers. 
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0017. In accordance with a more detailed aspect of the 
present invention, the system includes a combustion control 
system, operatively coupled to the plurality of combustion 
chambers to selectively operate each of the plurality of 
combustion chambers. 

0018. In accordance with a more detailed aspect of the 
present invention, the system includes a plurality of energy 
release ports, formed in a side of the combustion chamber to 
direct the energy from combustion of the combustible mix 
ture to the at least one energy extraction device. 
0019. In accordance with a more detailed aspect of the 
present invention, the energy extraction device includes a 
piston, operatively coupled to the combustion chamber to be 
driven by energy from combustion of the combustible mix 
ture. 

0020. In accordance with a more detailed aspect of the 
present invention, the piston is operatively coupled to a 
power device, the power device being selected from the 
group consisting of an electric generator, a fluid pump, a 
hydraulic pump, a pneumatic pump, and a mechanical 
transducer. 

0021. In accordance with a more detailed aspect of the 
present invention, the energy extraction device is selected 
from the group consisting of a turbine, a thrust nozzle, and 
a pressure chamber. 
0022. In accordance with a more detailed aspect of the 
present invention, the system includes a flow restriction 
device, operatively coupled to the combustion chamber to 
restrict a rate at which the fuel and oxidizer enter the 
combustion chamber. 

0023. In accordance with a more detailed aspect of the 
present invention, the system includes a third Supply system, 
operatively coupled to the combustion chamber to introduce 
into the combustion chamber a buffer material. The com 
bustion chamber can be configured to provide for the 
combustible mixture and the buffer material to simulta 
neously fill the chamber in a stratified condition. 
0024. In accordance with a more detailed aspect of the 
present invention, the system includes an annular inlet port, 
operatively coupled intermediate the third Supply system 
and the combustion chamber to fill the combustion chamber 
with the buffer material along an annular path adjacent an 
inside diameter of the combustion chamber. 

0025. In accordance with a more detailed aspect of the 
present invention, a ratio of a length of the combustion 
chamber to an inside diameter of the combustion tube is 
greater than 5:1. 
0026. In accordance with a more detailed aspect of the 
present invention, a length of the combustion chamber is less 
than 15 cm. 

0027. In accordance with a more detailed aspect of the 
present invention, a combustion device is provided includ 
ing an elongate combustion tube having i) an inlet section 
including an inlet for combustible material; and ii) an 
ignition section, including an igniter displaced along a 
length of the tube from the inlet section to ignite the 
combustible material; and at least one energy extraction 
device, operatively coupled to the combustion tube, config 
ured to extract energy from combustion of the combustible 
mixture. 
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0028. In accordance with a more detailed aspect of the 
present invention provides a combustion device including an 
elongate combustion tube having an inlet section and an 
ignition section displaced along a length of the tube from the 
inlet section, to receive and combust a combustible material; 
an igniter, operatively coupled to the combustion tube at the 
ignition section, to ignite the combustible material; a pri 
mary energy extraction device, operatively coupled to the 
combustion tube, driven by combustion of the combustible 
material to extract a greater amount of energy over a longer 
period of time; and a secondary energy extraction device, 
operatively coupled to the combustion tube, driven by 
combustion of the combustible material to extract a lesser 
amount of energy over a shorter period of time, as compared 
to the primary energy extraction device. 
0029. Additional features and advantages of the inven 
tion will be apparent from the detailed description which 
follows, taken in conjunction with the accompanying draw 
ings, which together illustrate, by way of example, features 
of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0030 FIG. 1 is a schematic view of a controllable 
combustion device in accordance with an embodiment of the 
present invention; 
0031 FIG. 1A is an end sectional view of a combustion 
chamber or tube in accordance with an embodiment of the 
present invention; 
0032 FIG. 1B is a schematic view of an alternate 
embodiment of the device illustrated in FIG. 1; 
0033 FIG. 1C is a schematic view of an alternate 
embodiment of the device illustrated in FIG. 1; 
0034 FIG. 1D is a schematic view of an alternate 
embodiment of the device illustrated in FIG. 1: 

0035 FIG. 1E is a schematic view of an alternate 
embodiment of the device illustrated in FIG. 1; 

0036 FIG. 1F is a schematic view of an alternate 
embodiment of the device illustrated in FIG. 1; 

0037 FIG. 1G is a schematic view of an alternate 
embodiment of the device illustrated in FIG. 1; 

0038 FIG. 2 is a schematic view of another embodiment 
of the present invention; 
0039 FIG. 3A is a side schematic view of another 
embodiment of the present invention: 
0040 FIG. 3B is an alternate side schematic view of the 
embodiment of the present invention illustrated in FIG. 3A: 
0041 FIG. 3C is a top schematic view of the embodi 
ment of the present invention illustrated in FIG. 3A: 
0042 FIG. 3D is a side schematic view of another 
embodiment of the present invention: 
0043 FIG. 3E is a side schematic view of another 
embodiment of the present invention: 
0044 FIG. 4A is a side schematic view of another 
embodiment of the present invention: 
004.5 FIG. 4B is a top schematic view of the embodi 
ment of the present invention illustrated in FIG. 4A: 
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0046 FIG. 5 is a schematic view of another embodiment 
of the present invention; 
0047 FIG. 6A is a side schematic view of another 
embodiment of the present invention; 
0048 FIG. 6B is an end schematic view of the embodi 
ment of the present invention illustrated in FIG. 6A; and 
0049 FIG. 7 is a schematic view of an alternate embodi 
ment of the present invention. 

DETAILED DESCRIPTION 

0050 Reference will now be made to the exemplary 
embodiments illustrated in the drawings, and specific lan 
guage will be used herein to describe the same. It will 
nevertheless be understood that no limitation of the scope of 
the invention is thereby intended. Alterations and further 
modifications of the inventive features illustrated herein, and 
additional applications of the principles of the inventions as 
illustrated herein, which would occur to one skilled in the 
relevant art and having possession of this disclosure, are to 
be considered within the scope of the invention. 
0051. As illustrated in FIG. 1, a combustion system, 
indicated generally at 10, in accordance with the present 
invention is shown for providing controllable combustion of 
a combustible material. In accordance with one aspect of the 
present invention, the system 10 includes a combustion 
chamber or tube 12 that can include an extinguishing or inlet 
section 14, an ignition section 18, and a combustion section 
16 intermediate the extinguishing section and the igniter 
section. The igniter section 18 can be displace along a length 
of the tube from the inlet section, such that the igniter and 
inlet sections are separated by at least a portion of the length 
of the tube. In the embodiment illustrated in FIG. 1, the 
ignition and inlet sections are located at opposing ends of the 
chamber or tube 12. However, it is to be understood that the 
positions of the ignition sections, the extinguishing or inlet 
section and the combustion section can be at any location 
along the length of the tube and can be located in any order 
relative to each other. 

0052 An igniter 20 can be operatively coupled to the 
combustion chamber or tube at the ignition section to 
facilitate ignition of a combustible material. The igniter can 
be of any type known to those skilled in the art, including a 
hot filament, autocatalytic platinum, or standard spark plug. 
The igniter can be located as illustrated in FIG. 1, or can be 
located anywhere along a length of the tube 12. In one 
embodiment, the igniter is located midway along the length 
of tube. In this embodiment, combustible material can 
proceed past the igniter to fill the length of the tube. Once 
the igniter is initiated, combustion proceeds away from the 
igniter in opposing directions toward both ends of the tube. 
0053. The combustion system can include a first supply 
system 22 and a second Supply system 24, each operatively 
coupled to the combustion chamber or tube 12. The first and 
second Supply systems can be coupled to the tube near the 
extinguishing section 14, or at any location along the length 
of the tube. The first supply system 22 can supply fuel to the 
combustion chamber or tube, and the second Supply system 
24 can Supply an oxidizer to the combustion chamber or 
tube. As the fuel and oxidizer fill the combustion tube, they 
can combine and form a combustible material. By displacing 
the ignition section along a length of the tube or chamber 
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from the inlet section, the two materials can mix as they 
travel along the length of the tube to form a combustible 
material prior to reaching the ignition section. The first and 
second Supply systems can also deliver any materials which 
form a combustible material when combined. The type of 
fuel can be any known to those skilled in the art, Such as 
propane, ethane, acetylene, hydrogen, etc. The first and 
second Supply systems can include means for pressurizing 
the first and second material. For instance, in one embodi 
ment of the present invention, the oxidizer Supply is air 
pressurized at 100 to 150 psi and the fuel supply is also 
pressurized. 
0054 The combustion tube 12 can be formed of any 
material known to those skilled in the art, including steel, 
aluminum, high temperature metallic alloys, or high tem 
perature micro-machinable materials such as Silicon or 
Silicone-Carbide or other machinable ceramics. The size of 
the tubes can similarly vary, but in one embodiment a ratio 
of a length of the combustion chamber or tube to an inside 
diameter of the combustion tube is greater than 5:1. In 
another embodiment, a length of the combustion chamber or 
tube is less than 15 cm. In another embodiment, the diameter 
of the chamber or tube can range from 0.2 mm to 2 mm and 
a length can range from 20 mm to 150 mm. The size of the 
combustion tube or chamber can also be in the micro range. 
This unique aspect of the present invention can allow the 
combustion device to be used in MEMS applications such as 
micro-sized machines for use in a variety of applications. 
0055. In the embodiment illustrated in FIG. 1, the com 
bustion system is configured to fill the combustion chamber 
or tube 12 with a combustible material from the extinguish 
ing section 14, through the combustion section 16, toward 
the ignition section 18 and to the igniter 20. Once the 
combustible material reaches the igniter 20, it is ignited, 
after which combustion proceeds, as shown by flame front 
26, from the ignition section 18, through the combustion 
section 16, toward the extinguishing section 14, at which 
time combustion is extinguished as the fuel is substantially, 
completely consumed. As combustion byproducts are 
formed, they can be released from the tube adjacent the 
ignition section, or at any location along the length of the 
tube. The locations of the various sections of the tubes as 
described herein are for exemplary purposes only. It is to be 
understood that the various sections can be located any 
where along the length of the tube and in any configuration 
relative to one another. 

0056. It will be appreciated that the present invention can 
provide a system for alternately filling the tube with a 
combustible material from the extinguishing to the ignition 
section and combusting the material from the ignition sec 
tion to the extinguishing section. The combustion/filling 
cycle can be controlled through various means, discussed in 
more detail below, to provide very rapid combustion rates, 
very high combustion/filling cycle rates, and very flexible 
combustion profiles. 
0057 First and second valves 30 and 31, respectively, can 
be included in the first and second Supply systems to control 
the inlet of materials to aid in controlling combustion rates 
and combustion/fill cycles. The valves can be of any type 
known to those skilled in the art such as high speed fuel 
injector valves, or check valves. Such as poppet or reed 
valves. The valves can be passively or actively controlled, as 
discussed in more detail below. 
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0058. The combustion system can be configured such that 
combustion proceeds through the tube or chamber 12 at a 
SuperSonic combustion rate. Increasing the combustion rate 
of the combustible material can be accomplished in many 
ways. The pressure and temperature of the combustible can 
both be adjusted to control the combustion rate. Also, as 
shown in FIG. 1A, an inside surface of the combustion 
chamber or tube 12" can be formed with surface irregularities 
11 which disrupt the flow of the combustible material along 
the inside surface of the combustion chamber or tube. The 
Surface irregularities can be of any shape or size, and can 
extend lengthwise along the combustion chamber or tube 
and at various points along a cross section of the chamber or 
tube. 

0059. The disruption caused by the irregularities can 
create turbulent flow of the material, which can increase the 
rate at which the material combusts. As an example, typical 
internal combustion engines burn combustible material 
(typically gasoline and air) at a rate in the range of 10-20 
m/sec. It has been found that one embodiment of the present 
invention can combust materials at speeds considerably 
higher than 300 m/sec, a much faster rate of combustion. By 
increasing the combustion rate of the material, a very high 
mass of the combustible material can be burned per unit 
time, resulting in higher power output. Also, a cleaner 
combustion can be realized, resulting in less pollutants 
contained in combustion by-products. 
0060 An energy extraction device 32 advantageously 
can be operatively coupled to the combustion chamber or 
tube to extract energy from combustion of the combustible 
mixture. As the combustible material combusts, pressure and 
heat are produced which exert a force on the energy extrac 
tion device. The energy extraction device can then transfer 
this energy to a power source 34. As shown in FIG. 1, the 
energy extraction device 32 can include a piston 33, or 
piston/cylinder. The combustion of the combustible materi 
als can act on the piston 33 to move the piston in the 
cylinder. Movement of the piston 33 can be used by the 
energy extraction device, such as to drive hydraulics, pneu 
matics, or rotational or linear mechanical devices, etc. It is 
of course understood that the energy extraction device can 
include other devices, including, but not limited to, a tur 
bine, a thrust nozzle, a pressure chamber or tube, a shape 
memory alloy heater, a diaphragm, and a flexure valve. In 
one embodiment of the present invention, the combustion 
chamber or tube is used to provide heat for an energy 
extraction device. Such as a heat exchanger, a Stirling 
engine, or a phase change device. Similarly, the power 
Source 34 can include other sources, including, but not 
limited to, an electric generator, a fluid pump, a resonant 
pump, and a resonant electrical Supply. Any device which 
can benefit from converting energy extracted by the energy 
extraction device can be used as a power source. 
0061 A flow restriction device 36 can be operatively 
coupled to the combustion chamber or tube to restrict a rate 
at which the fuel and oxidizer or combustible material enter 
the combustion chamber or tube. The flow restriction device 
can be located near the extinguishing section 14, but can 
alternately be located anywhere along the length of the 
chamber or tube 12. The flow restriction device can be used 
to assist in controlling the rate at which materials enter the 
chamber or tube. The flow restriction device can be pas 
sively or actively controlled. In this manner, combustion 
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rates and fill/combust cycles can be controlled to achieve 
optimal operation. The flow restriction device can be of any 
type known to those skilled in the art, such as a reed valve 
or a poppet valve. An exhaust outlet 37 can be located near 
the end of the piston 33 to exhaust combustion byproducts. 
Once the piston has reached the limit of its stroke, the side 
of the piston, which can ordinarily seal the exhaust port, 
clears the exhaust and allows the exhaust to exit the com 
bustion chamber or tube. As combustible material again 
enters the chamber or tube, the exhaust is forced out the 
exhaust port. The exhaust port can also be controlled via 
valves, as is known in the art. 

0062. It will be appreciated that the present invention 
thereby provides a revolutionary class of actuators tailored 
to enable the use of a combustion device to provide high 
bandwidth, low-pollutant power sources for a variety of 
applications. Some applications that can benefit from Such a 
device include wearable, and non-wearable, energetically 
autonomous machines such as: exoskeletons for human 
performance augmentation, legged robots, and other ambu 
latory systems that require servo-level force control with 
minimal weight requirements. These compact actuators can 
be suitable for use with any application that requires a high 
bandwidth, energetically autonomous power Supply. 

0063 As illustrated in FIG. 1B, one embodiment of the 
power Source 34 can be a fluid pump or compressor. A fluid 
38 can be provided in a reservoir 39 by a low pressure supply 
input 40. After the reservoir is filled with the low pressure 
fluid, the energy extraction device 34 can extract energy 
from combustion of the combustible material and transfer 
the energy to a small piston 44. The Small piston 44 is then 
driven toward the low pressure Supply input and seals the 
input upon contact. Once the low pressure Supply input is 
sealed, the small piston pressurizes the fluid 38 and forces 
the pressurized fluid out high pressure outlet 42. High 
pressure output 42 can then be sealed and the Small piston 
returned to its original location. In this manner, energy from 
cyclic combustion in the combustion chamber or tube can be 
converted to pressurized fluid, which can be used to perform 
useful work. The fluid 38 can be compressible or incom 
pressible and can be used, for instance for a pneumatic 
device or a hydraulic device. The low pressure input and 
high pressure output can include valves (not shown) which 
control the input and output of fluid. The valves can be any 
kind known to those skilled in the art, including poppet 
valves or reed valves. The fluid pump can itself be of any 
type known to those skilled in the art, the embodiment 
illustrated in FIG. 1 B being only for exemplary purposes. 

0064. As illustrated in FIG. 1C, the power source 34 can 
also be an electric generator. As the energy extraction device 
32 extracts energy from combustion of the combustible 
material, relative motion of the energy extraction device is 
translated into relative motion of a stator and plunger 
assembly in the electric generator. In the embodiment illus 
trated in FIG. 1C, a rod 46 can be fitted with magnets (not 
shown) which pass through a coil 48 in response to motion 
of the energy extraction device 32. Of course, the configu 
ration of the magnet and coil can be reversed, and the coil 
can pass through a magnetic field instead. In either case, the 
motion of the rod in response to motion of the extraction 
device creates electricity which can be used to perform 
useful work. Of course, the linear motion of the piston 32 
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can also be translated into rotary motion for use in a 
conventional rotary electric generator. 

0065. As illustrated in FIG. 1D, the power source 34 can 
also be a mechanical transducer. Here, an actuator 70 can be 
coupled to the piston 32. As the actuator is moved by the 
piston 32, linear motion is converted into rotational motion 
as the actuator contacts cogs 72 on a ratcheting wheel 74. As 
the wheel 72 rotates past a particular location, a retainer 76 
can prevent the wheel from rotating back to its original 
position. This configuration can be used to convert the linear 
cycle of the piston 32 into discrete rotational motion. Of 
course the mechanical transducer can be of any type known 
to those skilled in the art. 

0.066 As illustrated in FIGS. 1E through 1G, the energy 
extraction device can be of any type known to those in the 
art. In the embodiment illustrated in FIG. 1E, the energy 
extraction device 32a is a thrust nozzle. As combustion 
produces pressure, the pressurized material flows into the 
thrust nozzle, where its exit is restricted. A corresponding 
reaction force is applied to the tube or chamber. As illus 
trated in FIG. 1F, the energy extraction device can be a 
pressure chamber 32b. Here, the pressure produced by 
combustion of the combustible material is stored in the 
pressure chamber to be released from exit 80. Also, as 
illustrated in FIG. 1G, the energy extraction device can be 
a turbine 32c. As pressure produced by combustion of the 
combustible material passes around the turbine, the turbine 
generates rotational energy which can be extracted by a 
rotational power source (not shown) at shaft 82. 
0067 Referring to FIG. 2, a combustion system 10d can 
include a plurality of energy extraction devices 32 opera 
tively coupled to the combustion chamber or tube 12. The 
plurality of energy extraction devices can be coupled to a 
side of the combustion chamber or tube. A plurality of ports 
48 can be formed along the length of the combustion 
chamber or tube for directing combustion of the combustible 
material to the energy extraction devices 32. As the flame 
front 26 travels from the ignition section, through the 
combustion section to the extinguishing section, each energy 
extraction device is successively activated. The state as 
shown in FIG. 2 illustrates a first energy extraction device 
32a having already been activated as the flame front has 
passed a point of coupling. The combustion system 10d can 
be similar to that described above, and can include all of the 
features and advantages. Combustion byproducts can be 
exhausted through one main exhaust port or can be 
exhausted through individual exhaust ports associated with 
each energy extraction device. 

0068 Referring to FIGS. 3A and 3B, a combustion 
system 10e can include a plurality of combustion chambers 
or tubes 12 operatively coupled to one or more energy 
extraction devices 32. Longitudinal axes of the plurality of 
combustion chamber or tubes 12 can be oriented orthogo 
nally with respect to a longitudinal axis of the energy 
extraction device 32. Lateral ports 48 can be positioned 
along the length of the combustion chambers or tubs 12 to 
allow energy from combustion of the combustible material 
to operate the energy extraction device. All of the combus 
tion tubes can be operated simultaneously to provide energy 
for the energy extraction device, or the tubes can be selec 
tively operated to employ lesser tubes at one time, depend 
ing on the desired amount of energy. 
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0069. Referring to FIG. 3C, the combustion tubes can be 
selectively operated as a group or in individual firing pat 
terns to obtain the desired amount energy. The plurality of 
combustion tubes 12 can be selectively operated by use of a 
combustion control system 50. The combustion control 
system can consist of a master control unit 51 which can be 
any type of controller known to those skilled in the art, such 
as a traditional computer with control software. A series of 
ignition control leads 52 in operational communication with 
each of igniters 20 can control the extent or timing of igniter 
activity in each tube 12. Each tube can be fitted with its own 
control valve 55 which controls how much, if any, combus 
tible material is allowed to enter the tube. Each tube can 
have one or more control valves that control the amount of 
combustible material that enters the tube. Of course, each 
tube can also be fitted with two valves, one of each con 
trolling the inlet of fuel, oxidizer or other material. A series 
of valve control leads 54 can be in operational communi 
cation with the master controller to selectively operate each 
valve. 

0070. It will be appreciated that, in this manner, combus 
tion in each of the tubes 12 can be independently controlled. 
The control unit can be used to fire a number of tubes at one 
time, and fire the remaining tubes at a later time. Selectively 
controlling the combustion of the combustion tubes can be 
useful, for instance, when only a fraction of the power 
generated by all tubes is required at any one time. Selec 
tively controlling the combustion of the combustion tubes 
can also be useful in situations where the combustion cycle 
rate of one tube is limited and it is desired to operate the 
energy extraction device at a faster cycle. In such a case, 
some of the tubes could be operated at one frequency, with 
others of the tubes 180° out of phase with the other tubes. 
Such a configuration could operate the energy extraction 
device at twice the cycle rate of the tubes. 
0071 Referring to FIG. 3D, an alternate configuration of 
a combustion system 1 Of with an energy extraction device 
32 coupled to ends of a plurality of tubes 12. The tubes can 
be oriented orthogonally with respect to the energy extrac 
tion device in a stacked configuration. The tubes could, for 
instance, be mounted in a manifold, although any other 
mounting assembly can be used. In this manner, combustion 
sequences could be even further varied by, for example, 
simultaneously firing all of the tubes in one row, then firing 
the tubes in another row, etc. 

0072. As illustrated in FIG.3E, a plurality of combustion 
tubes 12 can be disposed in an array, each of the combustion 
chambers or tubes operatively coupled to an energy extrac 
tion device 32 and power device 34. In this manner, the 
combustion control system 51 can selectively operate the 
combustion tubes or chambers to produce a desired output. 
As the exemplary embodiment of FIG. 3E illustrates, the 
power devices can be electric generators, similar to the 
embodiment shown in FIG. 1C.. Of course, the energy 
extraction devices and power devices can be of any type 
known to those in the art. In the present embodiment, the 
tubes can be, for instance, selectively controlled in response 
to an energy demand by a secondary system (not shown). 
For example, the system in FIG. 3E can be coupled to a 
system that requires electricity at variable levels. One or 
more tubes can be selectively operated to supply the elec 
tricity to power the secondary device. 

0073) Referring to FIGS. 4A and 4B, another combus 
tion system 10g can include a curved and/or spiral shaped 
combustion tube 12b with one or more ports 48 coupled to 
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one or more energy extraction device 32. The curved or 
spiral shaped combustion tube 12b allows the combustion 
tube to more closely match the shape of the energy extrac 
tion device, such as a circular shape of the piston/cylinder. 
In addition, the curved or spiral shape allows the use of a 
longer combustion tube. The energy outlet ports 48 can 
release energy from combustion of the combustible material 
into contact with the energy extraction device. The spiral 
shape of the combustion tube can have a larger radius near 
an outside diameter of the energy extraction device, and a 
Smaller radius near the igniter 20. The energy release ports 
release energy from combustion of the combustible material 
downward, into the cylinder housing the energy extraction 
device. Of course, exhaust and/or flow restriction ports or 
valves can also be used with this embodiment, as discussed 
in other embodiments. 

0074 Referring to FIG. 5, another combustion system 1 
Oh includes combustion tubes 12 oriented lengthwise with 
respect to the energy extraction device, or with the longi 
tudinal axis of the combustion tubes parallel to the longi 
tudinal axis of the energy extraction device. Energy pro 
duced from combustion of the combustible material is 
released through ends of the combustion tubes near the 
ignition sections 18 directly towards the energy extraction 
device. It is believed that directing the energy of the com 
bustion directly towards the energy extraction device 
reduces flow losses. Such a combustion system can employ 
a controller system, similar to that shown in FIG. 3C, to 
selectively operate the tubes. 

0075) Referring to FIGS. 6A and 6B, another combus 
tion system 10i can include a third supply system 60 
operatively coupled to the combustion chamber or tube 12 to 
introduce into the chamber or tube a buffer material. The 
buffer material can be any material that is not readily 
combustible in the present tube environment. For example, 
the buffer material can be air, which is not readily combus 
tible in the tube without being mixed with a fuel. The buffer 
material can also be the same material as the oxidizer, or the 
fuel when not mixed with an oxidizer. The third supply 
system can be coupled to the combustion chamber or tube by 
an annular inlet port 62. Of course, any coupling of the third 
supply system and the tube known to those skilled in the art 
could be used as well. The combustible material and buffer 
material can enter the tube in a stratified condition. A buffer 
layer 64 of the buffer material can be formed around the 
combustible material as the materials progress along the 
tube. 

0076. This stratified condition is advantageous in that the 
buffer layer can thermally isolate the combustible material 
from an inside wall of the tube to prevent autoignition of the 
combustible material due to heat from the wall. The buffer 
layer can also be advantageous in that it may reduce flame 
quenching by restricting heat loss through the wall of the 
chamber or tube and by restricting interaction between 
reactive radicals and the wall of the tube. By reducing 
autoignition and flame quenching, the rate and timing of 
combustion can be more accurately controlled. The stratified 
condition can also be created by using additional, buffer, 
material from the first supply system, without the need for 
a third Supply system. 

0.077 Referring to FIG. 7, another combustion system 
10i in accordance with the present invention is shown which 
is similar in many respects to those described above. The 
combustion system 10i can include primary and secondary 
energy extraction devices 66 and 68. The primary energy 
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extraction device 66 is operatively coupled to the combus 
tion tube to be driven by combustion of the combustible 
material. The primary energy extraction device can be 
configured to extract a greater amount of energy over a 
longer period of time. The primary energy extraction device 
66 can include a piston movably disposed in a cylinder and 
operatively coupled to a rotatable member by a pivoting arm 
to convert reciprocal linear motion of the piston to rotational 
movement of the rotatable member. As stated above, the 
primary energy extraction device 66, or the rotational mem 
ber, can be configured to extract a greater amount of energy, 
but over a longer period of time. The secondary energy 
extraction device 68 also is operatively coupled to the 
combustion tube to be driven by combustion of the com 
bustible material. The secondary energy extraction device 
can be configured to extract a lesser amount of energy over 
a shorter period of time. Therefore, as the combustion 
system 10i is operated, or as the combustible material 
combusts, the secondary energy extraction device 68 can 
extract a smaller amount of energy quickly, before the 
primary energy extraction device 66 extracts a larger amount 
of energy. Therefore, the combustion system 10i can be 
configured for a primary purpose using the primary energy 
extraction device 66, while simultaneously providing energy 
for a secondary purpose using the secondary extraction 
device 68. 

0078. The primary energy extraction device 66 can be a 
reciprocating piston and the secondary energy extraction 
device 68 can be a fluid pump similar to the embodiments 
discussed above. Of course, the primary and secondary 
extraction devices can take the form of any of the embodi 
ments previously discussed, such as electric generators, etc. 
The present invention thus provides a secondary energy 
extraction device that can rapidly extract a portion of the 
energy from combustion of the combustible material before 
a significant portion of the energy is lost to heat. This 
"parasitic' secondary energy extraction device can be oper 
ated at very fast bandwidths due to its smaller size and lower 
rate. As an example, a parasitic energy extraction device 
could be operatively coupled to a combustion system con 
figured for lower bandwidth performance. Such as driving a 
reciprocating engine, and yet be, itself, driven at a high 
bandwidth. In such a scenario, an electric generator or 
hydraulic pump, which might require high bandwidth 
response to drive a particular application upon immediate 
demand. 

0079. It is to be understood that the above-referenced 
arrangements are only illustrative of the application for the 
principles of the present invention. Numerous modifications 
and alternative arrangements can be devised without depart 
ing from the spirit and scope of the present invention while 
the present invention has been shown in the drawings and 
fully described above with particularity and detail in con 
nection with what is presently deemed to be the most 
practical and preferred embodiments(s) of the invention, it 
will be apparent to those of ordinary skill in the art that 
numerous modifications can be made without departing 
from the principles and concepts of the invention as set forth 
in the claims. 

What is claimed is: 
1. A phase change driven actuation device, comprising: 
a) an elongate combustion tube having: 

i) an inlet section, including an inlet for combustible 
material; 
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ii) an extinguishing section; and 
iii) an ignition section, including an igniter displaced 

along a length of the tube from the inlet section to 
ignite the combustible material; 

b) a fluid disposed adjacent an exterior surface of the 
elongate combustion tube, the fluid being configured to 
be heated by heat created by combustion of the com 
bustible material and to at least partially undergo a 
phase change from a liquid State to a gaseous state upon 
combustion of the combustible material; and 

c) at least one energy extraction device, in communication 
with the fluid to extract energy created by the phase 
change of the fluid. 

2. The device of claim 1, wherein at least a portion of each 
of the combustion tube and the energy extraction device are 
contained within a Substantially pressure-tight system. 

3. The device of claim 1, wherein an exterior surface of 
the combustion tube includes Surface irregularities config 
ured to serve as nucleation sites at which the fluid begins 
undergoing the phase change from a liquid to a gaseous 
State. 

4. The device of claim 1, wherein the fluid comprises a 
substantially incompressible fluid. 

5. A phase change driven actuation device, comprising: 
a) an elongate combustion tube having: 

i) an inlet section, including an inlet for combustible 
material; and 

ii) an ignition section, including an igniter displaced 
along a length of the tube from the inlet section to 
ignite the combustible material; 

b) a first fluid, disposed adjacent at least a portion of an 
external surface of the combustion tube, the first fluid 
being configured to be heated by heat created by 
combustion of the combustible material and to at least 
partially undergoing a phase change from a liquid state 
to a gaseous state upon combustion of the combustible 
material; 

c) a flexible shroud disposed adjacent at least a portion of 
the first fluid, the flexible shroud being configured to 
expand and contract in response to phase change under 
gone by the first fluid; and 

d) a second fluid disposed adjacent an opposite side of the 
flexible shroud as the first fluid, the second fluid being 
configured to be pressurized by expansion and contrac 
tion of the flexible shroud to thereby extract energy 
from combustion of the combustible material. 

6. A method of extracting energy from combustible mate 
rial, comprising the steps of 

a) combusting the combustible material within an elon 
gate tube; 

b) extracting heat formed by combustion of the combus 
tible material with a substantially incompressible fluid, 
the fluid at least partially undergoing a phase change 
from a liquid state to a gaseous state upon combustion 
of the combustible material; and 

c) extracting energy resulting in the incompressible fluid 
as a result of the phase change undergone by the fluid. 
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