
(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2012/0297772 A1 

McBride et al. (43) Pub. Date: 

US 20120297772A1 

Nov. 29, 2012 

(54) 

(76) 

(21) 

(22) Filed: 

SYSTEMIS AND METHODS FOREFFICIENT 
TWO-PHASE HEAT TRANSFER IN 
COMPRESSED-AR ENERGY STORAGE 
SYSTEMS 

Troy O. McBride, Norwich, VT 
(US); Benjamin Bollinger, 
Topsfield, MA (US); Jon Bessette, 
Tewksbury, MA (US); Alexander 
Bell, Hampton Falls, NH (US); Dax 
Kepshire, Newbury port, MA (US); 
Arne LaVen, Hampton, NH (US); 
Adam Rauwerdink, West Lebanon, 
NH (US) 

Inventors: 

Appl. No.: 13/473,128 

May 16, 2012 

(60) 

(51) 

(52) 

(57) 

Related U.S. Application Data 

Provisional application No. 61/486,937, filed on May 
17, 2011, provisional application No. 61/489,762, 
filed on May 25, 2011, provisional application No. 
61/512,981, filed on Jul. 29, 2011, provisional appli 
cation No. 61/569,528, filed on Dec. 12, 2011, provi 
sional application No. 61/601,641, filed on Feb. 22, 
2012, provisional application No. 61/620.018, filed on 
Apr. 4, 2012. 

Publication Classification 

Int. C. 
FOIK 25/06 (2006.01) 
U.S. Cl. .......................................................... 60/649 

ABSTRACT 

In various embodiments, foam is compressed to store energy 
and/or expanded to recover energy. 
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SYSTEMIS AND METHODS FOREFFICIENT 
TWO-PHASE HEAT TRANSFER IN 

COMPRESSED-AR ENERGY STORAGE 
SYSTEMS 

RELATED APPLICATIONS 

0001. This application claims the benefit of and priority to 
U.S. Provisional Patent Application No. 61/486,937, filed 
May 17, 2011, U.S. Provisional Patent Application No. 
61/489,762, filed May 25, 2011, U.S. Provisional Patent 
Application No. 61/512,981, filed Jul. 29, 2011, U.S. Provi 
sional Patent Application No. 61/569,528, filed Dec. 12, 
2011, U.S. Provisional Patent Application No. 61/601,641, 
filed Feb. 22, 2012, and U.S. Provisional Patent Application 
No. 61/620,018, filed Apr. 4, 2012. The entire disclosure of 
each of these applications is hereby incorporated herein by 
reference. 
0002 Statement Regarding Federally Sponsored 
Research This invention was made with government Support 
under IIP-0923633 awarded by the NSF and DE-OE0000231 
awarded by the DOE. The government has certain rights in the 
invention. 

FIELD OF THE INVENTION 

0003. In various embodiments, the present invention 
relates to pneumatics, hydraulics, power generation, and 
energy storage, and more particularly, to systems and meth 
ods using pneumatic, pneumatic/hydraulic, and/or hydraulic 
cylinders for energy storage and recovery. 

BACKGROUND 

0004 Storing energy in the form of compressed gas has a 
long history and components tend to be well tested and reli 
able, and have long lifetimes. The general principle of com 
pressed-gas or compressed-air energy storage (CAES) is that 
generated energy (e.g., electric energy) is used to compress 
gas (e.g., air), thus converting the original energy to pressure 
potential energy; this potential energy is later recovered in a 
useful form (e.g., converted back to electricity) via gas expan 
sion coupled to an appropriate mechanism. Advantages of 
compressed-gas energy storage include low specific-energy 
costs, long lifetime, low maintenance, reasonable energy den 
sity, and good reliability. 
0005. If a body of gas is at the same temperature as its 
environment, and expansion occurs slowly relative to the rate 
of heat exchange between the gas and its environment, then 
the gas will remain at approximately constant temperature as 
it expands. This process is termed “isothermal expansion. 
Isothermal expansion of a quantity of high-pressure gas 
stored at a given temperature recovers approximately three 
times more work than would “adiabatic expansion,” that is, 
expansion where no heat is exchanged between the gas and its 
environment—e.g., because the expansion happens rapidly or 
in an insulated chamber. Gas may also be compressed iso 
thermally or adiabatically. 
0006 An ideally isothermal energy-storage cycle of com 
pression, storage, and expansion would have 100% thermo 
dynamic efficiency. An ideally adiabatic energy-storage cycle 
would also have 100% thermodynamic efficiency, but there 
are many practical disadvantages to the adiabatic approach. 
These include the production of higher temperature and pres 
Sure extremes within the system, heat loss during the storage 
period, and inability to exploit environmental (e.g., cogenera 
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tive) heat sources and sinks during expansion and compres 
Sion, respectively. In an isothermal system, the cost of adding 
a heat-exchange system is traded against resolving the diffi 
culties of the adiabatic approach. In either case, mechanical 
energy from expanding gas must usually be converted to 
electrical energy before use. 
0007 An efficient and novel design for storing energy in 
the form of compressed gas utilizing near isothermal gas 
compression and expansion has been shown and described in 
U.S. Pat. No. 7,832,207, filed Apr. 9, 2009 (the 207 patent) 
and U.S. Pat. No. 7,874,155, filed Feb. 25, 2010 (the 155 
patent), the disclosures of which are hereby incorporated 
herein by reference in their entireties. The 207 and 155 
patents disclose systems and techniques for expanding gas 
isothermally in staged cylinders and intensifiers over a large 
pressure range in order to generate electrical energy when 
required. Mechanical energy from the expanding gas may be 
used to drive a hydraulic pump/motor Subsystem that pro 
duces electricity. Systems and techniques for hydraulic-pneu 
matic pressure intensification that may be employed in sys 
tems and methods such as those disclosed in the 207 and 155 
patents are shown and described in U.S. Pat. No. 8,037,678, 
filed Sep. 10, 2010 (the 678 patent), the disclosure of which 
is hereby incorporated herein by reference in its entirety. 
0008. In the systems disclosed in the 207 and 155 pat 
ents, reciprocal mechanical motion is produced during recov 
ery of energy from Storage by expansion of gas in the cylin 
ders. This reciprocal motion may be converted to electricity 
by a variety of techniques, for example as disclosed in the 
678 patent as well as in U.S. Pat. No. 8,117,842, filed Feb. 14, 
2011 (the 842 patent), the disclosure of which is hereby 
incorporated herein by reference in its entirety. The ability of 
Such systems to either store energy (i.e., use energy to com 
press gas into a storage reservoir) or produce energy (i.e., 
expand gas from a storage reservoir to release energy) will be 
apparent to any person reasonably familiar with the principles 
of electrical and pneumatic machines. 
0009. The power density (volumetric or mass-based) of an 
energy-storage system that approximates isothermal expan 
sion and compression of a gas by mingling a heat-exchange 
liquid with the gas may be defined as the maximum Sustained 
power (kilowatts, kW) that the system can either convert to a 
stored form or extract from storage, divided by either the 
volume (m) or mass (kg) of the system. The power density 
(either Volumetric or mass-based) of an energy-storage sys 
tem therefore may have units of kW/m or of kW/kg. An 
energy-storage system having higher power density will in 
general be capable of more economic storage and retrieval of 
energy than an otherwise comparable system with lower 
power density, i.e., averaged over the lifetime of the system its 
use will require fewer cents per kilowatt-hour stored and 
retrieved (c/kWh). 
0010 Power density may be increased by a number of 
techniques; one such technique is to increase the rate at which 
thermal energy is exchanged by the heat-exchangeliquid and 
the gas. One technique for achieving rapid heat exchange 
between the heat-exchange liquid and the gas is to spray the 
liquid through the gas as a mist or rain of droplets, which 
tends to increase the Surface area of a given Volume of liquid 
compared to the Surface area of the same Volume of liquid in 
a compact shape, e.g., a single cylinder or sphere. However, in 
many applications even more rapid heat exchange is desir 
able, and increasingly small heat-exchange droplet size (i.e., 
for increased heat-exchange Surface area) may be difficult or 
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impractical to attain. Thus, there is a need for systems and 
techniques for more-rapid heat exchange between a heat 
exchange fluid and a gas to be or being compressed and/or 
expanded in compressed-gas energy storage and recovery 
systems. 

SUMMARY 

0011 Embodiments of the present invention improve the 
performance of an energy storage-and-recovery system that 
employs heat exchange between a liquid and a gas to approxi 
mate isothermal (constant-temperature) expansion and com 
pression of the gas in cylinders by mingling the liquid and the 
gas to forman aqueous foam, which increases the Surface area 
of the liquid and facilitates rapid heat exchange with the gas 
and, therefore, improved power density. Thermal energy is 
typically exchanged more rapidly when liquid and gas are 
mingled as a foam than when the gas is brought into contact 
with liquid having a more compact shape (e.g., a single cyl 
inder) or divided into a number of bodies having a more 
compact shape (e.g., spheroids, even if these are very small). 
Accelerated heat exchange is advantageous (e.g., Supportive 
of higher system powerdensity) in energy storage-and-recov 
ery systems that approximate isothermal expansion and com 
pression of gas, as described above. Embodiments of the 
invention allow for characteristics of the foam (e.g., bubble 
(i.e., “foam cell') size, void fraction) to be altered during 
operation of the system, offering advantages detailed herein 
below. Herein, the void fraction of a foam (also termed “gas 
fraction”) of a foam is defined as the fraction of a given 
Volume of the foam that is occupied by gas. 
0012. An aqueous foam is a two-phase system (i.e., a 
system featuring both gas and liquid) in which a large Volume 
fraction of gas is dispersed as bubbles or cells throughout a 
continuous liquid matrix (as discussed in J. B. Winterburn and 
P. J. Martin, “Mechanisms of ultrasound foam interactions.” 
Asia-Pac. J. Chem. Eng. 2009:4:184-190, the entire disclo 
sure of which is incorporated by reference herein). These gas 
bubbles are contained by liquid films typically stabilized by 
an admixed surfactant, i.e., a substance consisting essentially 
of or comprising Surface-active, amphiphilic molecules that 
preferentially accumulate at the liquid-gas interface. These 
liquid films are typically interconnected at their meeting 
points, forming a continuous liquid phase throughout the 
foam structure. The structure of a particular foam varies 
depending on its liquid fraction; foams may be divided into 
two broad classes accordingly. “Wet foams’ consist essen 
tially of approximately spherical bubbles separated by thick 
liquid films. In the limit of perfectly spherical, close-packed 
gas bubbles in a wet foam, geometry determines that the Void 
fraction in the foam is approximately 0.74 by volume. Foams 
with void fractions greater than approximately 0.74 are “dry 
foams in which polyhedral gas cells are separated by thin 
liquid lamellae (i.e., walls or membranes). Embodiments of 
the present invention utilize wet and/or dry aqueous foam. 
0013. In embodiments of the invention, a pneumatic com 
pressor-expander cylinder (herein termed a “cylinder') is 
divided into two chambers by a slidably disposed piston, at 
least one of which (herein termed the “air chamber) may 
contain gas or a gas-liquid mixture (e.g., a foam). Gas to be 
expanded or compressed may be introduced into the air cham 
ber; a liquid (hereintermed “heat-exchange liquid) may also 
be introduced into the air chamber. Force may be exerted on 
the piston by the fluids within the air chamber or by a rod 
aligned with the cylinder, passing through a suitable port in 
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one end of the cylinder, and connected to a mechanical device 
(e.g., crankshaft) external to the cylinder. 
0014. In one embodiment of the invention, liquid and gas 
are mingled to form a foam (i.e., the liquid and gas are 
“foamed') in a chamber or vessel external to a cylinder in 
which gas is to be expanded or compressed. In particular, a 
liquid may be used that promotes foaming with air (or another 
Suitable gas) when agitated, sprayed, or otherwise energeti 
cally modified. An example of Such a liquid is water contain 
ing, e.g., 2% to 5% of certain additives (e.g., Surfactants), 
some of which are described in U.S. patent application Ser. 
No. 13/082,808, filed on Apr. 8, 2011 (the 808 application), 
the entire disclosure of which is incorporated by reference 
herein. The foam is admitted to the air chamber of the cylinder 
through a suitable mechanism (e.g., a valved port). Exchange 
of thermal energy between the gas and the liquid occurs 
whenever the gas and liquid are in contact with each other, but 
occurs more rapidly when foaming has increased the Surface 
area over which the gas and liquid are in contact with each 
other. In various states of operation, the air chamber of the 
cylinder may contain no foam, be partly filled with foam, or 
be substantially filled with foam. 
0015. In various embodiments of the invention, the cham 
ber or vessel in which the liquid and gas are foamed is a 
storage reservoir for gas at high pressure (e.g., approximately 
3,000 psi). Liquid tending to separate from the foam may 
accumulate at the bottom of the reservoir and may be recir 
culated into the reservoir through a spray head or other foam 
generating mechanism in order to maintain or regenerate a 
quantity of foam within the storage reservoir. 
0016. In various embodiments of the invention, foam (or 
the separated liquid component of a foam) that is at a desired 
temperature (e.g., relatively cold or relatively hot) may be 
diverted into a vessel in order to store exergy therein. Herein, 
the exergy of a system, e.g., the fluid contents of a vessel, is 
the maximum amount of work that can ideally be performed 
by bringing the system into thermal equilibrium with the 
environment. Herein, a vessel in which relatively cool or hot 
liquid is stored for the purpose of storing exergy is termed a 
“thermal well. 

0017. In various embodiments of the invention, the liquid 
and gas are foamed in a dedicated device, herein termed a 
“mixing chamber, that may employ spraying, eduction, 
sparging, passage through a packed bed or Solid foam, fog 
ging, spray of Suspended droplets, and/or other mechanisms 
to produce foam. As utilized herein, a "sparger is a mecha 
nism for the introduction of foam (typically a lower-liquid 
content foam) and/or gas into liquid and/or a foam (typically 
a higher liquid-content foam) to produce foam therewith. 
0018. In various states of operation of certain embodi 
ments, foam may be directed to a vessel or chamber (e.g., 
placed in a fluid path communicating between the storage 
reservoir and the mixing chamber, or between the air chamber 
of one cylinder and the air chamber of another cylinder) for 
the purpose of separating the liquid and gas components of 
the foam. Such a vessel or chamber is herein termed a “sepa 
rator.” Partial or substantially entire separation of foams may 
occur within separators, cylinders, mixing chambers, storage 
reservoirs, and other components (e.g., tubing). Liquid sepa 
rated from foam in a separator or other component may be 
passed through a heat exchanger to alter its temperature, or 
otherwise treated or processed, and re-directed to the genera 
tion of foam in another portion of the system (e.g., a mixing 
chamber). 
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0019 Fluid foams may be passed through one or more 
screens, riddles, or solid foams (all of which are hereintermed 
“screens”) to control foam quality (e.g., bubble uniformity, 
average bubble size). Such screens may be constructed so as 
to permit alteration of bubble size in various states of opera 
tion: for example, two perforated plates in Substantial contact 
may be caused to slide with respect to each other, aligning or 
disaligning their perforations in a manner that allows passage 
of variously sized bubbles. Fluid foams may also be excited 
(e.g., in the mixing chamber) with acoustic vibrations (e.g., 
ultrasound) in order to affect the size and uniformity of the 
cells (bubbles) in the foam. 
0020. In various states of operation, gas orgas-liquid mix 
tures may be bypassed around a mixing chamber. For 
example, when gas is being expanded from storage, valves 
and piping may be configured so as to pass the gas through a 
mixing chamber for foaming. However, when gas is being 
compressed into storage, compressed gas or foam may be 
routed through a bypass (e.g., a pipe), and not through the 
mixing chamber. Routing gas through a bypass will in general 
dissipate less energy than routing through a mixing chamber, 
and therefore improve system efficiency. 
0021. In various embodiments of the invention, alterna 
tively or additionally to foam generation outside a cylinder, 
foam may be generated by direct injection of liquid into the 
air chamber of a cylinder through, e.g., a spray head or other 
foam-generating device. 
0022. In various embodiments of the invention, foam may 
be excited with acoustic vibrations (e.g., ultrasound) in the air 
chamber of a cylinder to accelerate heat exchange between 
the gas and liquid components of the foam. Acoustic vibra 
tions may accelerate Such heat exchange between the gas and 
liquid components of a foam through various mechanisms 
(e.g., Surface waves set up at the liquid-gas interfaces of 
bubbles or cells, or increased flow through lamellae and Pla 
teau borders). 
0023 Various embodiments of the invention may include 
one or more of the following components: mixing chambers, 
separators, bypasses, Screens, ultrasound generators, assem 
blies of two or more cylinders operating over different pres 
Sure ranges, and other components. As described in U.S. Pat. 
No. 7,802.426 (the 426 patent), the entire disclosure of 
which is incorporated by reference herein, compressible fluid 
(e.g., gas or foam) undergoing either compression or expan 
sion may be directed, continuously or in installments, through 
aheat-exchange Subsystem external to the cylinder. The heat 
exchange Subsystem either rejects heat to the environment (to 
cool fluid undergoing compression) or absorbs heat from the 
environment (to warm fluid undergoing expansion). Again, 
an isothermal process may be approximated via judicious 
selection of this heat-exchange rate. 
0024 Generally, the systems described herein may be 
operated in both an expansion mode and in the reverse com 
pression mode as part of a full-cycle energy storage system 
with high efficiency. For example, the systems may be oper 
ated as both compressor and expander, storing electricity in 
the form of the potential energy of compressed gas and pro 
ducing electricity from the potential energy of compressed 
gas. Alternatively, the systems may be operated indepen 
dently as compressors or expanders. 
0025 Embodiments of the present invention are typically 
utilized in energy storage systems utilizing compressed gas. 
In a compressed-gas energy storage system, gas is stored at 
high pressure (e.g., approximately 3,000 psi). This gas may 
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be expanded into a cylinder having a first compartment (or 
“chamber”) and a second compartment separated by a piston 
slidably disposed within the cylinder (or by another boundary 
mechanism). A shaft may be coupled to the piston and extend 
through the first compartment and/or the second compart 
ment of the cylinder and beyond an end cap of the cylinder, 
and a transmission mechanism may be coupled to the shaft for 
converting a reciprocal motion of the shaft into a rotary 
motion, as described in the 678 and 842 patents. Moreover, 
a motor/generator may be coupled to the transmission mecha 
nism. Alternatively or additionally, the shaft of the cylinders 
may be coupled to one or more linear generators, as described 
in the 842 patent. 
0026. As also described in the 842 patent, the range of 
forces produced by expanding a given quantity of gas in a 
given time may be reduced through the addition of multiple, 
series-connected cylinder stages. That is, as gas from a high 
pressure reservoir is expanded in one chamber of a first, 
high-pressure cylinder, gas from the other chamber of the first 
cylinder is directed to the expansion chamber of a second, 
lower-pressure cylinder. Gas from the lower-pressure cham 
ber of this second cylinder may either be vented to the envi 
ronment or directed to the expansion chamber of a third 
cylinder operating at still lower pressure; the third cylinder 
may be similarly connected to a fourth cylinder, and so on. 
0027. The principle may be extended to more than two 
cylinders to Suit particular applications. For example, a nar 
rower output force range for a given range of reservoir pres 
Sures is achieved by having a first, high-pressure cylinder 
operating between, for example, approximately 3,000 psig 
and approximately 300 psig and a second, larger-Volume, 
lower-pressure cylinder operating between, for example, 
approximately 300 psig and approximately 30 psig. When 
two expansion cylinders are used, the range of pressure within 
either cylinder (and thus the range offorce produced by either 
cylinder) is reduced as the square root relative to the range of 
pressure (or force) experienced with a single expansion cyl 
inder, e.g., from approximately 100:1 to approximately 10:1 
(as set forth in the 842 patent). Furthermore, as set forth in 
the 678 patent, Nappropriately sized cylinders can reduce an 
original operating pressure range R to R'. Any group of N 
cylinders staged in this manner, where N22, is hereintermed 
a cylindergroup. 
0028 Embodiments of the present invention provide for 
the use of positive-displacement pumps to efficiently circu 
late liquid at relatively high pressure, e.g., liquid for the 
production of liquid sprays and/or aqueous foams used to 
approximate isothermal expansion and compression within 
cylinder assemblies, with resulting gain in the efficiency of 
the overall energy-storage and energy-recovery processes. 
Such positive-displacement pumps may be piston-in-tube 
type pumps, rotary positive-displacement pumps (e.g., Screw 
pumps, progressive cavity pumps), or other types of pump. As 
disclosed in U.S. patent application Ser. No. 13/009,409, filed 
Jan. 19, 2011 (the 409 application), the entire disclosure of 
which is incorporated by reference herein, efficient circula 
tion of high-pressure fluid may be achieved using a high-inlet 
pressure low-differential pressure pump such as a reciprocat 
ing, double-acting, positive-displacement pump having a 
fluid-filled chamber containing a piston or other mechanism 
that separates the fluid on one side of the piston from the fluid 
on the other side; or using a screw pump, progressive cavity 
pump, or other rotary positive-displacement pump. 
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0029. Various embodiments of the present invention use a 
rotary positive-displacement pump (e.g., screw pump) to 
enable the energy-efficient pumping of fluid already at high 
pressure (e.g., from approximately 1,000 pounds per square 
inch gauge psig to approximately 3,000 psig, or higher) to a 
Somewhat higher pressure (e.g., approximately 50 psig higher 
than the input pressure). Useful applications of Such a pump 
include, but are not limited to, (1) the introduction of a foam, 
foaming liquid, or liquid spray into a vessel storing pressur 
ized gas, the resulting foam or spray enabling the transfer of 
heat to or from the gas, (2) the energy-efficient introduction of 
a foam, foaming liquid, or liquid spray into a chamber con 
taining pressurized gas, where the foam, foaming liquid, or 
spray enables the approximately isothermal expansion or 
compression of the gas within the chamber. 
0030 Herein, a screw pump is a positive-displacement 
pump that employs one or more screws in order to compress 
a fluid; a "positive displacement pump' is any device that 
traps a volume of fluid and then moves (displaces) that fluid, 
possibly compressing it in So doing; and a "screw' is a rod 
with a helical ridge or thread running along its length. Typi 
cally, in a screw pump, a screw meshes with a complementary 
Surface defined by one or more ancillary components (e.g., a 
housing, or one or more other screws) in Such a way that one 
or more approximately spiral-shaped Volumes of fluid are 
trapped between the surface of the screw and the complemen 
tary surface. As the screw revolves, fluid is admitted at one 
end of the screw, trapped in approximately spiral-shaped 
Volumes, moved longitudinally along the screw while possi 
bly undergoing compression, and expelled orexhausted at the 
other end of the screw. In screw pumps where the pitch of the 
screw changes longitudinally, the Volumes of fluid trapped 
between the screw and the complementary Surface are com 
pressed as they move longitudinally along the screw. Screw 
pumps that compress fluid are typically termed screw com 
pressors. Screw pumps and compressors of various designs, 
including single-screw, dual-screw, and triple-screw pumps, 
as well as the properties and features of Such pumps and 
compressors, will be known to persons reasonably familiar 
with the principles of compressors and pumps. Herein, the 
term 'screw pump' generally refers to a screw compressor of 
the dual- or triple-screw type, but the use of Screw pumps or 
rotary positive-displacement pumps of other types, including 
but not limited to Wendelkolben pumps, helical twisted Roots 
pumps, and eccentric screw pumps, is also contemplated and 
within the scope of the invention. 
0031. It will be apparent to persons familiar with the prin 
ciples of compressors and pumps that a screw pump capable 
of compressing fluid may, in principle, be operated in reverse 
as an expander. In Such reverse operation, fluid at a relatively 
high pressure is admitted at one end of the turning screw, 
trapped in an approximately spiral-shaped Volume between 
the screw and the complementary Surface, and moved longi 
tudinally along the rotating screw as the trapped volume 
expands. This fluid, at lower pressure than the pressure at 
which it was admitted, is exhausted from the end of the screw 
opposite to the end at which it was admitted. 
0032 Embodiments of the present invention also provide 
for increasing the minimum or starting pressure within the 
inlet chambers of the cylindergroup in compression mode by 
a pre-compressor. As disclosed in U.S. Pat. No. 8,104,274, 
filed May 18, 2011 (the 274 patent), the entire disclosure of 
which is incorporated by reference herein, pre-compression 
of air prior to the inlet chambers of the cylindergroup may be 
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used to increase power density of a compressed-gas energy 
storage system. Additionally, venting ofgas from the cylinder 
group at pressures above atmospheric may increase power 
density. At least Some of this potential energy remaining in the 
vented Super-atmospheric pressure gas may be recovered in 
an expander device. In various embodiments where starting 
pressure is increased by a pre-compressor, the pre-compres 
Sor may include or consist essentially of a rotodynamic 
blower (e.g., radial centrifugal, axial) or positive-displace 
ment type blower (e.g., lobe-type) or pump (e.g., Screw 
pump). In various embodiments where cylindergroup vent 
ing pressure is Super-atmospheric, an expander may include 
or consist essentially of a second unidirectional device or the 
same device as the pre-compressor operated bidirectionally. 
Examples of Such devices that may be used as expanders 
include rotodynamic expanders (e.g., radial centrifugal, 
axial) and positive-displacement type expanders (e.g., piston 
type) and pump/motors (e.g. Screw pump/motor). 
0033. When, e.g., a screw pump is operated as a pre 
compressor, work is performed to compress the fluid passing 
through the pump. This energy is Supplied by a mechanism 
exterior to the pump (e.g., an electric motor). When, e.g., a 
screw pump is operated as an expander, the gas performs 
work on the pump and on any mechanisms to which the pump 
is attached (e.g., an electric generator). Moreover, compres 
sion of gas within a screw pump operated as a compressor (or 
within any other pre-compressor with Sufficient capacity to 
avoid complete destruction (i.e., separation) of the foam prior 
to compression) may be made to occur substantially isother 
mally by the introduction, at and/or before the intake of the 
screw pump, and/or within the screw pump itself, of a foam or 
foaming liquid that partially or substantially fills the trapped 
spiral-shaped Volume of fluid within the screw pump during 
the compression of the gas. The foaming liquid may be com 
bined with gas prior to undergoing compression in order to 
produce Substantially isothermal compression of the gas. 
Similarly, expansion of gas within a screw pump operated as 
an expander (or within any other expander with Sufficient 
capacity to avoid complete destruction of the foam prior to 
expansion) may be made to occur Substantially isothermally 
by the introduction, at and/or before the intake of the screw 
pump, and/or within the screw pump itself, of a Suitable 
quantity of a foam or foaming liquid that partially or Substan 
tially fills the trapped spiral-shaped volume of fluid within the 
screw pump during the expansion of the gas. Droplets of 
heat-exchange liquid (introduced through, e.g., perforations 
in the Surface of the screw or in the complementary Surface) 
may be combined with foam or employed instead of foam in 
order to effect substantially isothermal compression or 
expansion of gas within the screw pump. In a pump used as a 
pre-compressor or as a post-expander, Substantially isother 
mal operation may increase the overall efficiency of the 
energy Storage System. 
0034. Increasing the minimum or starting pressure within 
the inlet chamber of a cylindergroup typically decreases the 
range of gauge pressures occurring within the cylindergroup 
(and thus the range of forces exerted by the cylindergroup). 
Gauge pressure range is reduced in direct proportion to 
degree of pre-compression. For example, for a system having 
a non-pre-compressed inlet pressure of approximately 1 psig 
and a maximum pressure of approximately 2,500 psig, the 
range of gauge pressures is approximately 2500:1; for an 
otherwise identical system having a pre-compressed inlet 
pressure of approximately 5 psig and a maximum pressure of 
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approximately 2,500 psig, the range of gauge pressures is 
one-fifth as great (i.e., approximately 500:1). 
0035. Additionally, the mass of air in the inlet chamber at 
the initial pressure is increased in a pre-compressed system 
Versus a non-pre-compressed system by approximately the 
ratio of the absolute pressures (e.g., approximately 19.7 psia/ 
14.7 psia, depending on the polytropic coefficient of the com 
pression or expansion). Thus, if a single compression stroke 
takes the same amount of time in a system with pre-compres 
sion as in a system without pre-compression, a greater mass 
of compressed air at the output pressure (e.g., approximately 
2,500 psig), representing a proportionately greater amount of 
stored energy, is produced in a given time interval. In other 
words, for a single complete compression by a given cylinder, 
higher compression power is achieved by pre-compression. 
0036. It will be apparent to persons familiar with the prin 
ciples of compressors and pumps that some blowers and 
pumps (e.g., screw pump) may be operated in reverse as an 
expanders. That is, e.g., fluid at a relatively high pressure is 
admitted at one end of the turning screw, trapped in an 
approximately spiral-shaped Volume between the screw and 
the complementary Surface, and moved longitudinally along 
the rotating screw as the trapped Volume expands. This gas, at 
lower pressure than the pressure at which it was admitted, is 
exhausted from the end of the screw opposite to the end at 
which it was admitted. Expansion of gas within a screw pump 
that is operated as an expander may be made to occur Sub 
stantially isothermally by the introduction, at and/or before 
the intake of the screw pump, and/or within the screw pump 
itself, of a foam or foaming liquid that partially or Substan 
tially fills the trapped spiral-shaped volume offluid within the 
screw pump during the expansion of the gas. 
0037. It will be clear to persons familiar with the principles 
of compressors and pumps that by similar reasoning, when 
the system is operated as an expander rather than as a com 
pressor, higher expansion power is achieved by allowing the 
outlet pressure of the cylindergroup to be significantly above 
atmospheric pressure. Moreover, expanding this Super-atmo 
spheric-pressure outlet gas through a device upon which the 
gas performs work (e.g., a screw-pump expander) allows 
Some of the potential energy of the outlet gas to be converted 
into work. Recovery of this work increases the overall effi 
ciency of the energy storage system. 
0038 Every compression or expansion of a quantity of 
gas, where Such a compression or expansion is hereintermed 
“a gas process.” is generally one of three types: (1) adiabatic, 
during which the gas exchanges no heat with its environment 
and, consequently, rises or falls in temperature, (2) isother 
mal, during which the gas exchanges heat with its environ 
ment in Such a way as to remain at constant temperature, and 
(3) polytropic, during which the gas exchanges heat with its 
environment but its temperature does not remain constant. 
Perfectly adiabatic gas processes are not practical because 
Some heat is always exchanged between anybody of gas and 
its environment (ideal insulators and reflectors do not exist); 
perfectly isothermal gas processes are not practical because 
for heat to flow between a quantity of gas and a portion of its 
environment (e.g., a body of liquid), a nonzero temperature 
difference must exist between the gas and its environment— 
e.g., the gas must be allowed to heat during compression in 
order that heat may be conducted to the liquid. Hence real 
world gas processes are typically polytropic, though they may 
approximate adiabatic or isothermal processes. 
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0039. The Ideal Gas Law states that for a given quantity of 
gas having mass m, pressure p, volume V, and temperature T. 
pV-mRT, where R is the gas constant (R=287J/K-kg for air). 
For an isothermal process, T is a constant throughout the 
process, so pV-C, where C is some constant. 
0040. For a polytropic process, as will be clear to persons 
familiar with the science of thermodynamics, pV"-C 
throughout the process, where n, termed the polytropic index, 
is some constant generally between 1.0 and 1.6. For n=1, 
pV"-pV'-pV-C, i.e., the process is isothermal. In general, a 
process for which n is close to 1 (e.g., 1.05) may be deemed 
approximately isothermal. 
0041. For an adiabatic process, pV-C, where Y, termed 
the adiabatic coefficient, is equal to the ratio of the gas's heat 
capacity at constant pressure C to its heat capacity at con 
stant Volume, C, i.e., Y-C/C. In practice, Y is dependent on 
pressure. For air, the adiabatic coefficient Y is typically 
between 1.4 and 1.6. 
0042. Herein, we define a “substantially isothermal gas 
process as one having ns 1.1. The gas processes conducted 
within cylinders described herein are preferably substantially 
isothermal with ns 1.05. Herein, wherever a gas process tak 
ing place within a cylinder assembly or storage vessel is 
described as “isothermal,” this word is synonymous with the 
term “substantially isothermal.” 
0043. The amount of work done in compression or expan 
sion of a given quantity of gas varies Substantially with poly 
tropic index n. For compressions, the lowest amount of work 
done is for an isothermal process and the highest for an 
adiabatic process, and vice versa for expansions. Hence, for 
gas processes such as typically occur in the compressed-gas 
energy storage systems described herein, the end tempera 
tures attained by adiabatic, isothermal, and Substantially iso 
thermal gas processes are sufficiently different to have prac 
tical impact on the operability and efficiency of such systems. 
Similarly, the thermal efficiencies of adiabatic, isothermal, 
and Substantially isothermal gas processes are sufficiently 
different to have practical impact on the overall efficiency of 
Such energy storage systems. For example, for compression 
of a quantity of gas from initial temperature of 20° C. and 
initial pressure of 0 psig (atmospheric) to a final pressure of 
180 psig, the final temperature T of the gas will be exactly 20° 
C. for an isothermal process, approximately 295°C. for an 
adiabatic process, approximately 95°C. for a polytropic com 
pression having polytropic index n=1.1 (10% increase in n 
over isothermal case of n=1), and approximately 60°C. for a 
polytropic compression having polytropic index n=1.05 (5% 
increase in n over isothermal case of n=1). In another 
example, for compression of 1.6 kg of air from an initial 
temperature of 20° C. and initial pressure of 0 psig (atmo 
spheric) to a final pressure of approximately 180psig, includ 
ing compressing the gas into a storage reservoir at 180 psig, 
isothermal compression requires approximately 355 kilo 
joules of work, adiabatic compression requires approxi 
mately 520 kilojoules of work, and a polytropic compression 
having polytropic index n=1.045 requires approximately 375 
kilojoules of work; that is, the polytropic compression 
requires approximately 5% more work than the isothermal 
process, and the adiabatic process requires approximately 
46% more work than the isothermal process. 
0044. It is possible to estimate the polytropic index n of 
gas processes occurring in cylinder assemblies such as are 
described herein by empirically fitting n to the equation 
pV'=C, where pressure p and volume V of gas during a 



US 2012/0297772 A1 

compression or expansion, e.g., within a cylinder, may both 
be measured as functions of time from piston position, known 
device dimensions, and pressure-transducer measurements. 
Moreover, by the Ideal Gas Law, temperature within the cyl 
inder may be estimated from p and V, as an alternative to 
direct measurement by a transducer (e.g., thermocouple, 
resistance thermal detector, thermistor) located within the 
cylinder and in contact with its fluid contents. In many cases, 
an indirect measurement oftemperature via Volume and pres 
Sure may be more rapid and more representative of the entire 
Volume than a slower point measurement from a temperature 
transducer. Thus, temperature measurements and monitoring 
described herein may be performed directly via one or more 
transducers, or indirectly as described above, and a “tempera 
ture sensor may be one of Such one or more transducers 
and/or one or more sensors for the indirect measurement of 
temperature, e.g., Volume, pressure, and/or piston-position 
SSOS. 

0045 All of the approaches described above for convert 
ing potential energy in a compressed gas into mechanical and 
electrical energy may, if appropriately designed, be operated 
in reverse to store electrical energy as potential energy in a 
compressed gas. Since the accuracy of this statement will be 
apparent to any person reasonably familiar with the principles 
of electrical machines, power electronics, pneumatics, and 
the principles of thermodynamics, the operation of these 
mechanisms to both store energy and recover it from Storage 
will not be described for eachembodiment. Such operationis, 
however, contemplated and within the scope of the invention 
and may be straightforwardly realized without undue experi 
mentation. 

0046. The systems described herein, and/or other embodi 
ments employing foam-based heat exchange, liquid-spray 
heat exchange, and/or external gas heat exchange, may draw 
or deliver thermal energy via their heat-exchange mecha 
nisms to external systems (not shown) for purposes of cogen 
eration, as described in U.S. Pat. No. 7,958,731, filed Jan. 20, 
2010 (the 731 patent), the entire disclosure of which is incor 
porated by reference herein. 
0047. The compressed-air energy storage and recovery 
systems described herein are preferably “open-air systems, 
i.e., systems that take in air from the ambient atmosphere for 
compression and vent air back to the ambient atmosphere 
after expansion, rather than systems that compress and 
expand a captured Volume of gas in a sealed container (i.e., 
“closed-air systems). The systems described herein gener 
ally feature one or more cylinder assemblies for the storage 
and recovery of energy via compression and expansion of gas. 
The systems also include (i) a reservoir for storage of com 
pressed gas after compression and Supply of compressed gas 
for expansion thereof, and (ii) a vent for exhausting expanded 
gas to atmosphere after expansion and Supply of gas for 
compression. The storage reservoir may include or consist 
essentially of e.g., one or more one or more pressure vessels 
(i.e., containers for compressed gas that may have rigid exte 
riors or may be inflatable, that may be formed of various 
Suitable materials such as metal or plastic, and that may or 
may not fall within ASME regulations for pressure vessels), 
pipes (i.e., rigid containers for compressed gas that may also 
function as and/orberated as fluid conduits, have lengths well 
in excess (e.g., >100x) of their diameters, and do not fall 
within ASME regulations for pressure vessels), or caverns 
(i.e., naturally occurring or artificially created cavities that are 
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typically located underground). Open-air systems typically 
provide Superior energy density relative to closed-air sys 
temS. 

0048. Furthermore, the systems described herein may be 
advantageously utilized to harness and recover Sources of 
renewable energy, e.g., wind and Solar energy. For example, 
energy stored during compression of the gas may originate 
from an intermittent renewable energy source of, e.g., wind or 
Solar energy, and energy may be recovered via expansion of 
the gas when the intermittent renewable energy source is 
nonfunctional (i.e., either not producing harnessable energy 
or producing energy at lower-than-nominal levels). As such, 
the systems described herein may be connected to, e.g., Solar 
panels or wind turbines, in order to store the renewable energy 
generated by Such systems. 
0049. In one aspect, embodiments of the invention feature 
a method of recovering energy. A first foam having a first 
foam expansion ratio is transferred to a first cylinder assem 
bly, and the first foam is expanded in the first cylinder assem 
bly, thereby recovering energy therefrom. Thereafter, a sec 
ond foam is transferred to a second cylinder assembly 
different from the first cylinder assembly. The second foam 
has a second foam expansion ratio larger than the first foam 
expansion ratio. The second foam is expanded in the second 
cylinder assembly, thereby recovering energy therefrom. The 
first and second cylinder assemblies are preferably portions 
of a single power unit utilized for the expansion (and possibly 
compression) of gas and/or foam. 
0050 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. The expanded second foam may be exhausted from 
the second cylinder assembly. At least a gaseous portion of the 
expanded second foam may be exhausted to ambient atmo 
sphere. After expanding the first foam, the expanded first 
foam may be exhausted from the first cylinder assembly. The 
second foam may include or consist essentially of at least a 
portion (e.g., a gaseous portion or a foam portion) of the 
expanded first foam. The expanded first foam may be 
exhausted into a foam vessel, and heat-transfer liquid may be 
introduced into the foam vessel to form the second foam. 
After expanding the first foam, at least a portion of the 
expanded first foam may be separated into gaseous and liquid 
components. The separation may include or consist essen 
tially of mechanical separation (e.g., by one or more blades, 
one or more shears, one or more baffles, and/or one or more 
centrifuges) and/or application of ultrasound energy. The sec 
ond foam may be formed by introducing heat-transfer liquid 
into the gaseous component of the expanded first foam. The 
liquid component of the expanded first foam may be stored 
(e.g., in a storage reservoir). The mass ratio of the first foam 
may be approximately equal to the mass ratio of the second 
foam. The average cell size and/or the uniformity of cell size 
of the first foam may be altered before expanding the first 
foam. The average cell size and/or the uniformity of cell size 
of the second foam may be altered before expanding the 
second foam. The foam mass ratio of the first foam and/or the 
second foam may be selected from the range of 1 to 4. The 
first foam and/or the second foam may be expanded Substan 
tially isothermally. The first foam may beformed by mingling 
heat-transfer liquid and compressed gas. The Void fraction of 
the first foam may be controlled by controlling a rate of 
transfer of heat-transfer liquid into the compressed gas. A 
pressure or a temperature within the first cylinder assembly 
may be sensed, and the rate of transfer may be controlled in 
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response to the sensed pressure and/or temperature. Expand 
ing the first foam and expanding the second foam may both 
drive a crankshaft mechanically coupled to the first and sec 
ond cylinder assemblies. 
0051. In another aspect, embodiments of the invention 
feature a method of storing energy. Heat-transfer liquid is 
dispersed into gas (e.g., air at approximately atmospheric 
pressure) to form a first foam having a first foam expansion 
ratio. The first foam is compressed within a first cylinder 
assembly. Thereafter, a second foam is transferred to a second 
cylinder assembly different from the first cylinder assembly. 
The second foam has a second foam expansion ratio Smaller 
than the first foam expansion ratio. The second foam is com 
pressed within the second cylinder assembly, and the com 
pressed second foam is exhausted from the second cylinder 
assembly. At least the gaseous component of the compressed 
second foam is stored (e.g., in a storage reservoir). 
0052 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. The first foam may be transferred to the first cylinder 
assembly prior to compressing the first foam within the first 
cylinder assembly. At least a portion of a liquid component 
may be separated from the compressed second foam prior to 
storing the gaseous component. The separation may include 
or consistessentially of mechanical separation (e.g., by one or 
more blades, one or more shears, one or more baffles, and/or 
one or more centrifuges) and/or application of ultrasound 
energy. Both the gaseous component and the liquid compo 
nent of the compressed second foam may be stored (i.e., 
together in the same storage reservoir or separately in sepa 
rate reservoirs). After compressing the first foam within the 
first cylinder assembly, the compressed first foam may be 
exhausted from the first cylinder assembly. The second foam 
may include or consist essentially of at least a portion (e.g., a 
gaseous portion or a foam portion) of the compressed first 
foam. The compressed first foam may be exhausted into a 
foam vessel (e.g., a pressure vessel, a pipe, or a manifold). 
Heat-transfer liquid may beintroduced into the foam vessel to 
form the second foam. After compressing the first foam, at 
least a portion of the compressed first foam may be separated 
into gaseous and liquid components. The separation may 
include or consist essentially of mechanical separation (e.g., 
by one or more blades, one or more shears, one or more 
baffles, and/or one or more centrifuges) and/or application of 
ultrasound energy. The second foam may be formed by intro 
ducing heat-transfer liquid into the gaseous component of the 
compressed first foam. The heat-transfer liquid introduced 
into the gaseous component of the compressed first foam may 
include or consist essentially of at least a portion of the liquid 
component of the separated compressed first foam. The liquid 
component of the compressed first foam may be stored (e.g., 
in a storage reservoir). The mass ratio of the first foam may be 
approximately equal to the mass ratio of the second foam. The 
average cell size and/or the uniformity of cell size of the first 
foam may be altered before compressing the first foam. The 
average cell size and/or the uniformity of cell size of the 
second foam may be altered before compressing the second 
foam. The foam mass ratio of the first foam and/or of the 
second foam may be selected from the range of 1 to 4. The 
first foam and/or the second foam may be compressed Sub 
stantially isothermally. The void fraction of the first foam may 
be controlled by controlling a rate of dispersal of heat-transfer 
liquid into the gas. A pressure or a temperature within the first 
cylinder assembly may be sensed, and the rate of dispersal 
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may be controlled in response to the sensed pressure and/or 
temperature. A crankshaft may be driven to compress the first 
foam and the second foam. The crankshaft may be mechani 
cally coupled to the first and second cylinder assemblies. 
Forming the first foam may include or consist essentially of 
spraying heat-transfer liquid on a screen. 
0053. In yet another aspect, embodiments of the invention 
feature an energy storage and recovery system. The system 
includes a cylinder assembly for storing energy by compres 
sion and/or recovering energy by expansion, a storage reser 
Voir, and a mixing chamber for (i) receiving gas and heat 
transfer liquid from the storage reservoir, (ii) mixing the gas 
with the heat-transfer liquid to form a foam, and (iii) trans 
ferring the foam to the cylinder assembly. The mixing cham 
ber is selectively fluidly connected to the cylinder assembly 
and the storage reservoir. The mixing chamber is selectively 
fluidly connected to the storage reservoir by a first conduit for 
transferring gas (and which may additionally transfer liquid, 
but is typically connected to a substantially gas-filled region 
of the storage reservoir) and a second conduit, different from 
the first conduit, for transferring heat-transfer liquid (and 
which may additionally transfer gas, but is typically con 
nected to a substantially liquid-filled region of the storage 
reservoir). 
0054 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. The mixing chamber may include a mechanism for 
altering at least one characteristic of the foam (e.g., foam cell 
size and/or foam cell size uniformity). The mechanism may 
include or consist essentially of a screen and/or a source of 
ultrasound energy. A foam-generating mechanism may be 
coupled to the first conduit and/or the second conduit in the 
mixing chamber. The foam-generating mechanism may 
include or consist essentially of one or more nozzles, a rotat 
ing blade, a source of ultrasound energy, and/or a sparger. The 
system may include a second cylinder assembly storing 
energy by compression or recovering energy by expansion 
over a pressure range different from a pressure range of the 
cylinder assembly. A vent for exhausting expanded gas to 
atmosphere may be selectively fluidly connected to the sec 
ond cylinder assembly. A control system may control the 
cylinder assembly and/or the mixing chamber to enforce Sub 
stantially isothermal compression and/or Substantially iso 
thermal expansion in the cylinder assembly. A sensor may 
detect pressure within the cylinder assembly and/or the mix 
ing chamber, and the control system may be responsive to the 
sensor. The control system may control the flow rate of heat 
transfer liquid into the mixing chamber in response to the 
detected pressure. A circulation apparatus (e.g., a variable 
speed pump) may transfer heat-transfer liquid within the sec 
ond conduit. A movable boundary mechanism may separate 
the cylinder assembly into two chambers. A crankshaft may 
be mechanically coupled to the boundary mechanism and 
may convert reciprocal motion of the boundary mechanism 
into rotary motion. A motor/generator may be coupled to the 
crankshaft. The storage reservoir may include or consist 
essentially of a pressure vessel, a pipe, and/or a cavern. 
0055. In an additional aspect, embodiments of the inven 
tion feature a method of energy storage. Foam is compressed 
within a cylinder to a first pressure. The compressed foam is 
transferred to a storage reservoir, where it at least partially 
separates into gaseous and liquid components at approxi 
mately the first pressure. At least a portion of the liquid 
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component is removed from the storage reservoir and stored 
at a second pressure lower than the first pressure. 
0056. Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. Prior to storing the at least a portion of the liquid 
component at the second pressure, energy may be recovered 
from the at least a portion of the liquid component by reduc 
ing its pressure. A crankshaft may be driven with the recov 
ered energy. The crankshaft may be mechanically coupled to 
the cylinder. Prior to compressing the foam, the foam may be 
formed by mingling heat-transfer liquid and gas. The foam 
may be formed in a foam vessel selectively fluidly connected 
to the cylinder. The foam vessel may include or consistessen 
tially of a pressure vessel, a pipe, and/or a manifold. Forming 
the foam may include or consist essentially of spraying heat 
transfer liquid on a screen. Prior to compressing the foam, the 
average cell size or the uniformity of cell size of the foam may 
be altered. The void fraction of the foam may be controlled by 
controlling the rate of transfer of heat-transfer liquid into the 
gas. A pressure and/or a temperature within the cylinder may 
be sensed, and the rate of transfer may be controlled in 
response thereto. At least a portion of the stored liquid com 
ponent may be mingled with gas to form additional foam, 
which may then be compressed. The foam mass ratio of the 
foam may be selected from the range of 1 to 4. The foam may 
be compressed substantially isothermally. Compressing the 
foam may include or consist essentially of driving a crank 
shaft coupled to the cylinder. The compressed foam may at 
least partially separate due to gravity. The compressed foam 
may be at least partially separated via at mechanical separa 
tion (e.g., by a blade, a shear, a baffle, and/or a centrifuge) 
and/or application of ultrasound energy. 
0057. In another aspect, embodiments of the invention 
feature an energy storage and recovery system including first 
and second cylinder assemblies for storing energy by com 
pression and/or recovering energy by expansion. The second 
cylinder assembly has a pressure range of operation different 
from a pressure range of operation of the first cylinder assem 
bly. A first foam vessel for at least one of intermediate storage 
or formation of a first foam therein is selectively fluidly con 
nected to the first cylinder assembly. A second foam vessel for 
at least one of intermediate storage or formation of a second 
foam therein is selectively fluidly connected to the first cyl 
inder assembly and to the second cylinder assembly. A third 
foam vessel for at least one of intermediate storage or forma 
tion of a third foam therein is selectively fluidly connected to 
the second cylinder assembly. 
0058 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. A vent to a Surrounding atmosphere may be selec 
tively fluidly connected to the third foam vessel. A storage 
reservoir for the storage of compressed gas (e.g., as a gas or as 
part of a foam) may be selectively fluidly connected to the first 
foam vessel. The system may include a recirculation mecha 
nism for transferring foam and/or liquid from a first location 
in the first foam vessel to a second location in the first foam 
vessel different from the first location. The first foam vessel 
may include or consist essentially of at least one of a pressure 
vessel, a pipe, or a manifold. The second foam vessel may 
include or consist essentially of at least one of a pressure 
vessel, a pipe, or a manifold. The third foam vessel may 
include or consist essentially of at least one of a pressure 
vessel, a pipe, or a manifold. 
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0059. In yet another aspect, embodiments of the invention 
feature an energy storage and recovery system including or 
consisting essentially of a foam-generating mechanism, a 
manifold, and, selectively fluidly connected to the manifold, 
at least one cylinder assembly expansion and/or compression 
of foam therewithin. The foam-generating mechanism 
includes or consists essentially of a spray chamber, at least 
one dispersal mechanism for dispersing liquid into gas flow 
ing through the spray chamber, and fluidly coupled to the at 
least one dispersal mechanism, a reservoir for containing the 
liquid. The manifold receives foam from the spray chamber. 
0060 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. A circulation mechanism (e.g., a fan) may at least 
partially form a flow of gas through the spray chamber. 
Another circulation mechanism (e.g., a pump Such as a vari 
able-speed pump) may circulate liquid from the reservoir to 
the at least one dispersal mechanism. A valve for exhausting 
gas from the manifold at least during formation of foam 
within the manifold may be connected to the manifold. A 
screenthrough which foam is formed in the manifold from the 
dispersed liquid in the spray chamber may be disposed 
between the spray chamber and the manifold. A separation 
chamber may be selectively fluidly connected to the mani 
fold. The separation chamber may comprise therewithin a 
separation mechanism for separating foam into gaseous and 
liquid components. The separation chamber may be selec 
tively fluidly connected to the reservoir. The separation 
mechanism may include or consist essentially of a source of 
ultrasound energy, a blade, a shear, a baffle, and/or a centri 
fuge. 
0061. In an aspect, embodiments of the invention feature 
an energy storage and recovery system including or consist 
ing essentially of a plurality of cylinder pairs, a first foam 
generating mechanism for generating foam at a low pressure 
within a first pressure range, and a second foam-generating 
mechanism, different from the first foam-generating mecha 
nism, for generating foam at a high pressure within a second 
pressure range. Each cylinder pair includes or consists essen 
tially of (i) a low-pressure cylinder for expansion and/or 
compression over the first pressure range and (ii) a high 
pressure cylinder for expansion and/or compression over the 
second pressure range, which is different from the first pres 
Sure range and overlaps the first pressure range at least at an 
intermediate pressure. 
0062 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. A manifold for intermediate storage of foam at the 
low pressure may be selectively fluidly connected to (i) the 
plurality of low-pressure cylinders and (ii) the first foam 
generating mechanism. A manifold for intermediate storage 
of foam at the high pressure may be selectively fluidly con 
nected to (i) the plurality of high-pressure cylinders and (ii) 
the second foam-generating mechanism. The first foam-gen 
erating mechanism may include or consist essentially of (i) at 
least one dispersal mechanism for dispersing liquid into gas 
and (ii) a screen through which foam is formed from the 
dispersed liquid. The second foam-generating mechanism 
may include or consist essentially of a dispersal mechanism 
for at least one of spraying, sparging, fogging, or agitating 
liquid. The system may include a third foam-generating 
mechanism for generating foam at the intermediate pressure. 
A manifold for intermediate storage of foam at the interme 
diate pressure may be selectively fluidly connected to (i) the 
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plurality of low-pressure cylinders, (ii) the plurality of high 
pressure cylinders, and (iii) the third foam-generating mecha 
nism. 

0063. In another aspect, embodiments of the invention 
feature an energy storage and recovery system including or 
consisting essentially of a cylinder assembly for compression 
to store energy and/or expansion to recover energy, a foam 
generating mechanism for introducing a foam within the cyl 
inder assembly, a pumping cylinder for pumping heat-trans 
fer fluid to the foam-generating mechanism, a first storage 
reservoir for storage of compressed gas, and a second storage 
reservoir for storage of heat-transfer fluid. The cylinder 
assembly includes a first movable boundary mechanism 
therein and a first rod coupled to the first movable boundary 
mechanism. The pumping cylinder includes a second mov 
able boundary mechanism therein and a second rod coupled 
to the second movable boundary mechanism. The first storage 
reservoir is selectively fluidly connected to the cylinder 
assembly. The second storage reservoir is selectively fluidly 
connected to the pumping cylinder. 
0064. Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. The first storage reservoir and the second storage 
reservoir may be the same reservoir or may be different (i.e., 
discrete) reservoirs. Aheat-transfer Subsystem may thermally 
condition the heat-transfer fluid, and may include or consist 
essentially of a heat exchanger. The first and second rods may 
be mechanically coupled to a mechanism for interconverting 
reciprocal motion of the first and second rods with rotary 
motion. The mechanism may include or consistessentially of 
a crankshaft. The crankshaft may maintain the first and sec 
ond rods in a fixed phase relationship. The foam-generating 
mechanism may be disposed within the cylinder assembly or 
disposed outside of the cylinder assembly and connected 
thereto via a conduit. The foam-generating mechanism may 
include or consist essentially of one or more nozzles, a rotat 
ing blade, a source of ultrasound energy, and/or a sparger. The 
first storage reservoir may store fluid at a pressure different 
from a pressure at which the second storage reservoir stores 
fluid. 

0065. In an additional aspect, embodiments of the inven 
tion feature a method of storing and recovering energy. Com 
pressed gas is transferred from a storage reservoir to a mixing 
chamber selectively fluidly connected thereto. In the mixing 
chamber, a first foam including or consisting essentially of the 
compressed gas and a heat-transfer fluid is formed. The first 
foam is transferred from the mixing chamber to a cylinder. 
The first foam is expanded in the cylinder to recover energy 
therefrom. The expanded first foam is removed from the 
cylinder. A second foam is introduced into the cylinder and 
compressed in the cylinder to store energy therein. At least a 
portion of the compressed second foam is transferred to the 
storage reservoir, the transfer bypassing the mixing chamber. 
0066 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. The average cell size and/or the uniformity of cell 
size of the first foam may be altered before expanding the first 
foam. Removing the expanded first foam from the cylinder 
may include or consist essentially of exhausting a gaseous 
component of the expanded first foam to ambient atmosphere. 
Removing the expanded first foam from the cylinder may 
include or consist essentially of transferring the expanded 
first foam to a second cylinder, where it may be further 
expanded. The expanded first foam may be separated into a 
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gaseous component and a liquid component. The expanded 
first foam may be separated via mechanical separation (e.g., 
by a blade, a shear, a baffle, and/or a centrifuge) and/or appli 
cation of ultrasound energy. The liquid component of the 
expanded first foam may be stored. The foam mass ratio of the 
first foam may be selected from the range of 1 to 4. Transfer 
ring at least a portion of the compressed second foam to the 
storage reservoir may include or consist essentially of trans 
ferring a gaseous component of the at least a portion of the 
compressed second foam to the storage reservoir. Transfer 
ring at least a portion of the compressed second foam to the 
storage reservoir may include or consist essentially of trans 
ferring both a gaseous component and a liquid component of 
the at least a portion of the compressed second foam to the 
storage reservoir. The at least a portion of the compressed 
second foam may be transferred to the storage reservoir via a 
bypass connection between the cylinder and the storage res 
ervoir. A valve may substantially prevent entry of the com 
pressed second foam into the mixing chamber during transfer 
to the storage reservoir. A second portion of the compressed 
second foam may be transferred from the cylinder to the 
storage reservoir via the mixing chamber. The first foam 
and/or the second foam is expanded substantially isother 
mally. The cylinder may include a piston therein, and expand 
ing the first foam in the cylinder may drive (i) a mechanism 
mechanically coupled to the piston and/or (ii) a hydraulic 
system coupled to the cylinder. Expanding the first foam may 
drive the mechanism, and the mechanism may include or 
consist essentially of a crankshaft. Forming the first foam 
may include or consist essentially of transferring heat-trans 
fer liquid into the mixing chamber. The void fraction of the 
first foam may be controlled by controlling the rate of transfer 
of the heat-transfer liquid into the mixing chamber. A pres 
sure and/or a temperature within the cylinder and/or the mix 
ing chamber may be sensed, and the rate of transfer may be 
controlled in response thereto. 
0067. In yet another aspect, embodiments of the invention 
feature a method of recovering energy. A first foam including 
or consisting essentially of a compressed gas and a heat 
transfer fluid is formed within a storage reservoir and trans 
ferred to a cylinder. The first foam is expanded in the cylinder 
to recover energy therefrom, and the expanded first foam is 
removed from the cylinder. A second foam is compressed in 
the cylinder to store energy therein, and at least a portion of 
the compressed second foam is stored in the storage reservoir. 
0068 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. Forming the first foam may include or consist essen 
tially of, within the storage reservoir, mixing heat-transfer 
fluid and compressed gas via a foam-generating mechanism. 
The foam-generating mechanism may include or consist 
essentially of one or more nozzles, a rotating blade, a source 
of ultrasound energy, and/or a sparger. Heat-transfer liquid 
(e.g., Substantially non-foamed heat-transfer liquid) may be 
circulated from a region of the storage reservoir to the foam 
generating mechanism. The heat-transfer liquid may be cir 
culated outside of the storage reservoir. The average cell size 
and/or the uniformity of cell size of the first foam may be 
altered before expanding the first foam. Removing the 
expanded first foam from the cylinder may include or consist 
essentially of exhausting a gaseous component of the 
expanded first foam to ambient atmosphere. The expanded 
first foam may be separated into a gaseous component and a 
liquid component. The expanded first foam may be separated 
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via mechanical separation (e.g., by a blade, a shear, a baffle, 
and/or a centrifuge) and/or application of ultrasound energy. 
The liquid component of the expanded first foam may be 
stored (e.g., in the storage reservoir). The foam mass ratio of 
the first foam may be selected from the range of 1 to 4. Storing 
at least a portion of the compressed second foam in the Stor 
age reservoir may include or consist essentially of storing a 
gaseous component of the at least a portion of the compressed 
second foam. Storing at least a portion of the compressed 
second foam in the storage reservoir may include or consist 
essentially of storing both a gaseous component and a liquid 
component of the at least a portion of the compressed second 
foam. Removing the expanded first foam from the cylinder 
may include or consist essentially of transferring the 
expanded first foam to a second cylinder, where it may be 
further expanded. The first foam and/or the second foam may 
be expanded substantially isothermally. The cylinder may 
include a piston therein. Expanding the first foam in the 
cylinder may drive (i) a mechanism mechanically coupled to 
the piston (e.g., a crankshaft) and/or (ii) a hydraulic system 
coupled to the cylinder. 
0069. In an additional aspect, embodiments of the inven 
tion feature a method of storing and recovering energy. Gas is 
transferred into a cylinder. Heat-transfer liquid is transferred 
into the cylinder to therein mix with the gas and form a foam 
including or consisting essentially of the gas and the heat 
transfer liquid. Within the cylinder, the foam is compressed to 
store energy and/or expanded to recover energy, and the com 
pressed or expanded foam is exhausted from the cylinder. 
0070 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. Gas may be transferred into the cylinder from a 
storage reservoir, and the heat-transfer liquid may be trans 
ferred into the cylinder from the storage reservoir. The gas 
and the heat-transfer liquid may be transferred into the cyl 
inder via different inlets. The foam may be compressed, and 
at least a portion of the compressed foam may be stored 
within a storage reservoir. Storing at least a portion of the 
compressed foam within the storage reservoir may include or 
consist essentially of storing a gaseous component of the 
compressed foam. Storing at least a portion of the compressed 
foam within the storage reservoir may include or consist 
essentially of storing both a gaseous component and a liquid 
component of the compressed foam. The void fraction of the 
foam may be controlled by controlling a rate of transfer of the 
heat-transfer liquid into the cylinder. A pressure and/or a 
temperature within the cylinder may be sensed, and the rate of 
transfer may be controlled in response thereto. The foam may 
be expanded, and exhausting the expanded foam from the 
cylinder may include or consist essentially of exhausting a 
gaseous component of the expanded foam to ambient atmo 
sphere. The foam may be expanded, and exhausting the 
expanded foam from the cylinder may include or consist 
essentially of transferring the expanded foam to a second 
cylinder, where it may be further expanded. The foam may be 
expanded, and the expanded foam may be separated into a 
gaseous component and a liquid component. The expanded 
foam may be separated via mechanical separation (e.g., by a 
blade, a shear, abaffle, and/or a centrifuge) and/or application 
of ultrasound energy. The foam may be expanded, and the 
liquid component of the expanded foam may be stored. The 
foam mass ratio of the foam may be selected from the range 
of 1 to 4. The foam may be expanded or compressed Substan 
tially isothermally. The foam may be expanded and the cyl 
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inder may include a piston therein. Expanding the foam may 
drive (i) a mechanism mechanically coupled to the piston 
(e.g., a crankshaft) and/or (ii) a hydraulic system coupled to 
the cylinder. 
0071. In yet an additional aspect, embodiments of the 
invention feature a method of storing and recovering energy. 
A gas is compressed or expanded in a plurality of discrete 
stages, each stage being performed over a different pressure 
range. During one of the stages, heat is exchanged between 
the gas and discrete droplets of a first heat-transfer fluid 
introduced into the gas. During another one of the stages, heat 
is exchanged between the gas and a second heat-transfer fluid, 
the gas and the second heat-transfer fluid being combined to 
form a foam. 

0072 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. After the compression or expansion during the 
another one of the stages, at least a portion of the foam may be 
separated into gaseous and liquid components. The at least a 
portion of the foam may be separated via mechanical separa 
tion (e.g., by a blade, a shear, a baffle, and/or a centrifuge) 
and/or application of ultrasound energy. The gas may be 
compressed, and, thereafter, stored in a storage reservoir. The 
gas may be expanded, and, thereafter, Vented to ambient 
atmosphere. The first and second heat-transfer fluids may 
include the same liquid (e.g., water). The second heat-transfer 
fluid may include a foaming additive. The discrete droplets of 
the first heat-transfer fluid may be introduced into the gas by 
spraying. The heat exchange between the discrete droplets of 
the first heat-transfer fluid and the gas may render the expan 
sion or compression during that stage Substantially isother 
mal. The heat exchange within the foam between the gas and 
the second heat-transfer fluid may render the expansion or 
compression during that stage Substantially isothermal. The 
expansion or compression of foam may be performed within 
a cylinder. The foam may be generated by mixing the gas with 
the second heat-transfer fluid within the cylinder. The foam 
may be generated by mixing the gas with the second heat 
transfer fluid outside of the cylinder, and then the foam may 
be transferred into the cylinder. The average cell size and/or 
the uniformity of cell size of the foam may be altered before 
the foam enters the cylinder. The gas may be expanded, and 
the cylinder may include a piston therein. Expanding the gas 
in the cylinder may drive (i) a mechanism mechanically 
coupled to the piston (e.g., a crankshaft) and/or (ii) a hydrau 
lic system coupled to the cylinder. The foam mass ratio of the 
foam may be selected from the range of 1 to 4. Forming the 
foam may include or consist essentially of transferring the 
second heat-transfer fluid into the gas. The void fraction of the 
foam may be controlled by controlling a rate of transfer of the 
second heat-transfer fluid. A pressure and/or a temperature 
within at least one of the stages may be sensed, and the rate of 
transfer may be controlled in response thereto. 
0073. In an aspect, embodiments of the invention feature a 
method of storing and recovering energy. Two different pro 
cesses are performed within a cylinder, the processes com 
prising (i) compressing gas to store energy and (ii) expanding 
gas to recover energy. During one of the processes, heat is 
exchanged with the gas by introducing discrete droplets of a 
first heat-transfer fluid thereto. During the other one of the 
processes, heat is exchanged with the gas by mixing the gas 
with a second heat-transfer fluid to form a foam. 

0074 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
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nations. After the other one of the processes, at least a portion 
of the foam may be separated into gaseous and liquid com 
ponents. The separation may be performed via mechanical 
separation (e.g., by a blade, a shear, a baffle, and/or a centri 
fuge) and/or application of ultrasound energy. After gas is 
compressed, it may be stored in a storage reservoir. After gas 
is expanded, it may be vented to ambient atmosphere. The 
first and second heat-transfer fluids may include the same 
liquid (e.g., water). The second heat-transfer fluid may 
include a foaming additive. The discrete droplets of the first 
heat-transfer fluid may be introduced into the gas by spraying. 
The heat exchange between the discrete droplets of the first 
heat-transfer fluid and the gas may render that process Sub 
stantially isothermal. The heat exchange within the foam 
between the gas and the second heat-transfer fluid may render 
that process substantially isothermal. The foam may be 
formed by mixing the gas with the second heat-transfer fluid 
within the cylinder. The foam may be formed by mixing the 
gas with the second heat-transfer fluid outside of the cylinder, 
and then the foam may be transferred into the cylinder. The 
average cell size and/or the uniformity of cell size of the foam 
may be altered before the foam enters the cylinder. The cyl 
inder may include a piston therein. Expanding the gas in the 
cylinder may drive (i) a mechanism mechanically coupled to 
the piston (e.g., a crankshaft) or (ii) a hydraulic system 
coupled to the cylinder. The foam mass ratio of the foam may 
be selected from the range of 1 to 4. Thevoid fraction of the 
foam may be controlled by controlling the rate of transfer of 
the second heat-transfer fluid into the gas. A pressure and/or 
a temperature of the gas may be sensed, and the rate of 
transfer may be controlled in response thereto. 
0075. In another aspect, embodiments of the invention 
feature an energy storage and recovery system including or 
consisting essentially of a cylinder assembly storing energy 
by compression and/or recovering energy by expansion, a 
storage reservoir, a mixing chamber, and a bypass conduit. 
The storage reservoir is selectively fluidly connected to the 
cylinder assembly. The mixing chamber is selectively fluidly 
connected to the cylinder assembly and the storage reservoir, 
and the mixing chamber (i) receives gas from the storage 
reservoir, (ii) mixes the gas with a heat-transfer liquid to form 
a foam, and (iii) transfers the foam to the cylinder assembly. 
The bypass conduit selectively fluidly connects the cylinder 
assembly directly to the storage reservoir and transfers gas 
and/or foam from the cylinder assembly to the storage reser 
Voir without traversing the mixing chamber. 
0076 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. The mixing chamber may be selectively fluidly con 
nected to the storage reservoir by (i) a first conduit for trans 
ferring gas and (ii) a second conduit, different from the first 
conduit, for transferring heat-transfer liquid. A mechanism 
for altering at least one characteristic of the foam (e.g., foam 
cell size and/or foam cell size uniformity) may be disposed in 
the mixing chamber. The mechanism may include or consist 
essentially of a screen and/or a source of ultrasound energy. A 
foam-generating mechanism may be disposed in the mixing 
chamber. The foam-generating mechanism may include or 
consist essentially of one or more nozzles, a rotating blade, a 
Source of ultrasound energy, and/or a sparger. The system 
may include a second cylinder assembly for storing energy by 
compression or recovering energy by expansion over a pres 
Sure range different from a pressure range of the cylinder 
assembly. A vent for exhausting expanded gas to atmosphere 
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may be selectively fluidly connected to the second cylinder 
assembly. The system may include a control system for con 
trolling the cylinder assembly and/or the mixing chamber to 
enforce Substantially isothermal compression and/or Substan 
tially isothermal expansion in the cylinder assembly. The 
system may include a sensor for detecting a pressure within 
the cylinder assembly and/or the mixing chamber, and the 
control system may be responsive to the sensor. The control 
system may control the flow rate of heat-transfer liquid into 
the mixing chamber in response to the detected pressure. A 
circulation apparatus (e.g., a pump such as a variable-speed 
pump) may transfer heat-transfer liquid to the mixing cham 
ber. A movable boundary mechanism may separate the cyl 
inder assembly into two chambers. A crankshaft for convert 
ing reciprocal motion of the boundary mechanism into rotary 
motion may be mechanically coupled to the boundary mecha 
nism. A motor/generator may be coupled to the crankshaft. 
The storage reservoir may include or consist essentially of a 
pressure vessel, a pipe, and/or a cavern. 
0077. In yet another aspect, embodiments of the invention 
feature an energy storage and recovery system including or 
consisting essentially of a cylinder assembly storing energy 
by compression and/or recovering energy by expansion, a 
storage reservoir selectively fluidly connected to the cylinder 
assembly, and a foam-generating mechanism for generating, 
within the storage reservoir, a foam including or consisting 
essentially of gas and a heat-transfer liquid. 
0078 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. A mechanism for altering at least one characteristic 
of the foam (e.g., foam cell size and/or foam cell size unifor 
mity) may be disposed between the storage reservoir and the 
cylinder assembly. The mechanism may include or consist 
essentially of a screen and/or a source of ultrasound energy. 
The foam-generating mechanism may include or consist 
essentially of one or more nozzles, a rotating blade, a source 
of ultrasound energy, and/or a sparger. The system may 
include a second cylinder assembly for storing energy by 
compression or recovering energy by expansion over a pres 
Sure range different from a pressure range of the cylinder 
assembly. A vent for exhausting expanded gas to atmosphere 
may be selectively fluidly connected to the second cylinder 
assembly. The system may include a control system for con 
trolling the cylinder assembly to enforce substantially iso 
thermal compression and/or substantially isothermal expan 
sion therein. The system may include a sensor for detecting 
pressure or temperature within the cylinder assembly, and the 
control system may be responsive to the sensor. A circulation 
apparatus (e.g., a pump such as a variable-speed pump) may 
transfer heat-transfer liquid to the foam generating mecha 
nism. A conduit may selectively fluidly connect a bottom 
region of the storage reservoir with the foam-generating 
mechanism. The conduit may extend outside of the storage 
reservoir. A movable boundary mechanism may separate the 
cylinder assembly into two chambers. A crankshaft for con 
Verting reciprocal motion of the boundary mechanism into 
rotary motion may be mechanically coupled to the boundary 
mechanism. A motor/generator may be coupled to the crank 
shaft. The storage reservoir may include or consistessentially 
of a pressure vessel, a pipe, and/or a cavern. 
0079. In an additional aspect, embodiments of the inven 
tion feature an energy storage and recovery system including 
or consisting essentially of a cylinder assembly for storing 
energy by compression and/or recovering energy by expan 
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Sion, a storage reservoir, and disposed within the cylinder 
assembly, a foam-generating mechanism for generating a 
foam via introduction of a heat-transfer liquid into gas within 
the cylinder assembly. The cylinder assembly is selectively 
fluidly connected to the storage reservoir by (i) a first conduit 
for transferring gas and (ii) a second conduit, different from 
the first conduit, for transferring heat-transfer liquid to the 
foam-generating mechanism. 
0080 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. The foam-generating mechanism may include or 
consist essentially of one or more nozzles, a rotating blade, a 
Source of ultrasound energy, and/or a sparger. The system 
may include a second cylinder assembly for at least one of 
storing energy by compression or recovering energy by 
expansion over a pressure range different from a pressure 
range of the cylinder assembly. A vent for exhausting 
expanded gas to atmosphere may be selectively fluidly con 
nected to the second cylinder assembly. The system may 
include a control system for controlling the cylinder assembly 
to enforce Substantially isothermal compression and/or Sub 
stantially isothermal expansion therein. The system may 
include a sensor for detecting a pressure or a temperature 
within the cylinder assembly, and the control system may be 
responsive to the sensor. The control system may control a 
flow rate of heat-transfer liquid through the foam-generating 
mechanism in response to the detected pressure. A circulation 
apparatus (e.g., a pump such as a variable-speed pump) may 
transfer heat-transfer liquid within the second conduit. A 
movable boundary mechanism may separate the cylinder 
assembly into two chambers. A crankshaft for converting 
reciprocal motion of the boundary mechanism into rotary 
motion may be mechanically coupled to the boundary mecha 
nism. A motor/generator may be coupled to the crankshaft. 
The storage reservoir may include or consist essentially of a 
pressure vessel, a pipe, and/or a cavern. 
0081. In an aspect, embodiments of the invention feature 
an energy storage and recovery system including or consist 
ing essentially of a cylinder assembly for storing energy by 
compression and/or recovering energy by expansion, a spray 
mechanism for introducing discrete droplets of a first heat 
transfer liquid within the cylinder assembly for heat exchange 
between gas and the discrete droplets of the first heat-transfer 
liquid, and, discrete from the spray mechanism, a foam-gen 
erating mechanism for generating and/or introducing within 
the cylinder assembly a foam including or consisting essen 
tially of gas and a second heat-transfer liquid. 
0082 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. The first and second heat-transfer liquids may 
include the same liquid (e.g., water). The second heat-transfer 
liquid may include a foaming additive. The spray mechanism 
may include or consist essentially of a spray head and/or a 
spray rod. The foam-generating mechanism may include or 
consist essentially of one or more nozzles, a rotating blade, a 
Source of ultrasound energy, and/or a sparger. A storage res 
ervoir for storage of compressed gas (e.g., a pressure vessel, 
a pipe, and/or a cavern) may be selectively fluidly connected 
to the cylinder assembly. A vent for exhausting expanded gas 
to ambient atmosphere may be selectively fluidly connected 
to the cylinder assembly. 
0083. In another aspect, embodiments of the invention 
feature an energy storage and recovery system including or 
consisting essentially of (i) a plurality of cylinder assemblies 
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for, each over a different pressure range, storing energy by 
compression and/or recovering energy by expansion, (ii) 
selectively fluidly connected to one of the cylinder assem 
blies, a spray mechanism for introducing therein discrete 
droplets of a first heat-transfer liquid, and (iii) selectively 
fluidly connected to a different one of the cylinder assemblies, 
a foam-generating mechanism for generating and/or intro 
ducing therewithin a foam including or consisting essentially 
of gas and a second heat-transfer liquid. 
I0084 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. The first and second heat-transfer liquids may 
include the same liquid (e.g., water). The second heat-transfer 
liquid may include a foaming additive. The spray mechanism 
may include or consist essentially of a spray head and/or a 
spray rod. The foam-generating mechanism may include or 
consist essentially of one or more nozzles, a rotating blade, a 
Source of ultrasound energy, and/or a sparger. A storage res 
ervoir for storage of compressed gas (e.g., a pressure vessel, 
a pipe, and/or a cavern) may be selectively fluidly connected 
to the cylinder assembly. A vent for exhausting expanded gas 
to ambient atmosphere may be selectively fluidly connected 
to the cylinder assembly. 
I0085. In yet another aspect, embodiments of the invention 
feature a method of energy recovery. A piston within a pump 
ing cylinder is driven to transfer heat-transfer liquid there 
from to a foam-generating mechanism. Compressed gas is 
transferred to a cylinder assembly or to the foam-generating 
mechanism. Via the foam-generating mechanism, (i) a foam 
is formed by mingling the heat-transfer liquid with the com 
pressed gas and (ii) the foam is introduced within the cylinder 
assembly. The foam is expanded within the cylinder assem 
bly, the expansion driving a piston within the cylinder assem 
bly. At least a portion of the expanded foam is exhausted from 
the cylinder assembly. 
I0086 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. The compressed gas may be transferred to the cylin 
der assembly from a first storage reservoir. Heat-transfer liq 
uid may be transferred to the pumping cylinder from a second 
storage reservoir. The first and second storage reservoirs may 
be the same reservoir. At least a portion of the expanded foam 
may be separated into gaseous and liquid components. The 
liquid component may be transferred to the first storage res 
ervoir. The separation may be performed via mechanical 
separation (e.g., by a blade, a shear, a baffle, and/or a centri 
fuge) and/or application of ultrasound energy. The second 
storage reservoir may be separate and distinct from the first 
storage reservoir. The storage pressure within the first storage 
reservoir may be higher than the storage pressure within the 
second storage reservoir (which may be, e.g., approximately 
atmospheric pressure). At least a portion of the expanded 
foam may be separated into gaseous and liquid components. 
The liquid component may be transferred to the second stor 
age reservoir. The separation may be performed via mechani 
cal separation (e.g., by a blade, a shear, a baffle, and/or a 
centrifuge) and/or application of ultrasound energy. The heat 
transfer liquid may be thermally conditioned (i.e., heated or 
cooled) prior to the heat-transfer liquid entering the foam 
generating mechanism. The foam-generating mechanism 
may be disposed within the cylinder assembly. The foam 
generating mechanism may be disposed outside the cylinder 
assembly and connected thereto by a conduit. The pistons 
within the pumping cylinder and the cylinder assembly may 
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be driven simultaneously. At least a portion of the expanded 
foam may be separated into gaseous and liquid components. 
The separation may be performed via mechanical separation 
(e.g., by a blade, a shear, a baffle, and/or a centrifuge) and/or 
application of ultrasound energy. Exhausting at least a portion 
of the expanded foam from the cylinder assembly may 
include or consist essentially of exhausting a gaseous portion 
of the expanded foam to ambient atmosphere. Exhausting at 
least a portion of the expanded foam from the cylinder assem 
bly may include or consist essentially of transferring the 
expanded foam or a gaseous portion thereof to a second 
cylinder assembly for further expansion thereof. The foam 
mass ratio of the foam may be selected from the range of 1 to 
4. The void fraction of the foam may be controlled by con 
trolling a rate of transfer of the heat-transfer liquid to the 
foam-generating mechanism. A pressure and/or a tempera 
ture within the cylinder and/or the foam-generating mecha 
nism may be sensed, and the rate of transfer may be controlled 
in response thereto. 
0087. In an additional aspect, embodiments of the inven 
tion feature a method of energy storage. A piston within a 
pumping cylinder is driven to transfer heat-transfer liquid 
therefrom to a foam-generating mechanism. Gas is trans 
ferred to a cylinder assembly or to the foam-generating 
mechanism. Via the foam-generating mechanism, (i) a foam 
is formed by mingling the heat-transfer liquid with the com 
pressed gas and (ii) the foam is introduced within the cylinder 
assembly. A piston within the cylinder assembly is driven to 
compress the foam within the cylinder assembly. At least a 
portion of the compressed foam is exhausted from the cylin 
der assembly. 
0088 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. Exhausting the at least a portion of the compressed 
foam from the cylinder assembly may include or consist 
essentially of transferring the compressed foam to a first 
storage reservoir. Exhausting the at least a portion of the 
compressed foam from the cylinder assembly may include or 
consistessentially of transferring a gaseous component of the 
compressed foam to a first storage reservoir. Exhausting theat 
least a portion of the compressed foam from the cylinder 
assembly may include or consist essentially of transferring a 
liquid component of the compressed foam to a second storage 
reservoir. The first and second storage reservoirs may be the 
same reservoir. The second storage reservoir may be separate 
and distinct from the first storage reservoir. The storage pres 
sure within the first storage reservoir may be higher than the 
storage pressure within the second storage reservoir (which 
may be, e.g., approximately atmospheric pressure). The heat 
transfer liquid may be thermally conditioned (i.e., heated or 
cooled) prior to the heat-transfer liquid entering the foam 
generating mechanism. The foam-generating mechanism 
may be disposed within the cylinder assembly. The foam 
generating mechanism may be disposed outside the cylinder 
assembly and connected thereto by a conduit. The pistons 
within the pumping cylinder and the cylinder assembly may 
be driven simultaneously. At least a portion of the compressed 
foam may be separated into gaseous and liquid components. 
The separation may be performed via mechanical separation 
(e.g., by a blade, a shear, a baffle, and/or a centrifuge) and/or 
application of ultrasound energy. Gas may be transferred to 
the cylinder assembly or to the foam-generating mechanism 
from ambient atmosphere. Gas may be transferred to the 
cylinder assembly or to the foam-generating mechanism from 
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a second cylinder assembly after compression of the gas 
within the second cylinder assembly. The foam mass ratio of 
the foam may be selected from the range of 1 to 4. The void 
fraction of the foam may be controlled by controlling a rate of 
transfer of the heat-transfer liquid to the foam-generating 
mechanism. A pressure and/or a temperature within the cyl 
inder and/or the foam-generating mechanism may be sensed, 
and the rate of transfer may be controlled in response thereto. 
I0089. In an aspect, embodiments of the invention feature 
an energy storage and recovery system including or consist 
ing essentially of a first cylinder assembly for at least one of 
compression to store energy or expansion to recover energy 
and a second cylinder assembly for at least one of compres 
sion to store energy or expansion to recover energy. The first 
cylinder assembly includes or consists essentially of (i) a first 
cylinder, (ii) at least partially disposed within the first cylin 
der, a first pumping mechanism for circulating heat-transfer 
fluid from the first cylinder, and (iii) a first foam-generating 
mechanism formingling heat-transfer fluid with gas to form 
a foam and introducing the foam within the first cylinder. The 
second cylinder assembly includes or consists essentially of 
(i) a second cylinder, (ii) at least partially disposed within the 
second cylinder and selectively fluidly connected to the first 
foam-generating mechanism, a second pumping mechanism 
for circulating heat-transfer fluid from the second cylinder, 
and (iii) a second foam-generating mechanism for mingling 
heat-transfer fluid with gas to formafoam and introducing the 
foam within the second cylinder, the second foam-generating 
mechanism being selectively fluidly connected to the first 
pumping mechanism. 
0090 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. The first pumping mechanism may include or consist 
essentially of a first piston disposed within the first cylinder 
and separating the first cylinder into two compartments, a first 
piston rod comprising a first cavity and coupled to the first 
piston, and a first hollow tube disposed at least partially in the 
first cavity and extending through at least a portion of the first 
cylinder. Relative motion between the first hollow tube and 
the first piston rod may circulate heat-transfer fluid into and 
out of the first cavity. The second pumping mechanism may 
include or consist essentially of a second piston disposed 
within the second cylinder and separating the second cylinder 
into two compartments, a second piston rod comprising a first 
cavity and coupled to the second piston, and a second hollow 
tube disposed at least partially in the second cavity and 
extending through at least a portion of the second cylinder. 
Relative motion between the second hollow tube and the 
second piston rod may circulate heat-transfer fluid into and 
out of the second cavity. The first and second piston rods may 
be mechanically coupled to a common crankshaft. A first 
heat-exchange Subsystem may thermally condition heat 
transfer fluid circulating to the first foam-generating mecha 
nism. The first heat-exchange Subsystem may include or con 
sist essentially of a heat exchanger. The first heat-exchange 
Subsystem may be fluidly connected to the first foam-gener 
ating mechanism and the second pumping mechanism. A 
second heat-exchange Subsystem may thermally condition 
heat-transfer fluid circulating to the second foam-generating 
mechanism. The second heat-exchange Subsystem may 
include or consistessentially of a heat exchanger. The second 
heat-exchange Subsystem may be fluidly connected to the 
second foam-generating mechanism and the first pumping 
mechanism. A first storage reservoir for storage of gas and/or 
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heat-transfer fluid may be selectively fluidly connected to the 
first and second cylinder assemblies. A second storage reser 
Voir for storage of gas and/or heat-transfer fluid may be selec 
tively fluidly connected to the first and second cylinder 
assemblies. The storage pressure of the first storage reservoir 
may be higher than the storage pressure of the second storage 
reservoir (which may be approximately atmospheric pres 
Sure). The first and/or second storage reservoirs may be selec 
tively fluidly connected to the first and/or second pumping 
mechanisms. The first foam-generating mechanism may be 
disposed within the first cylinder. The first foam-generating 
mechanism may be disposed outside of the first cylinder and 
connected thereto via a conduit. The second foam-generating 
mechanism may be disposed within the second cylinder. The 
second foam-generating mechanism may be disposed outside 
of the second cylinder and connected thereto via a conduit. 
The first foam-generating mechanism may include or consist 
essentially of one or more nozzles, a rotating blade, a source 
of ultrasound energy, and/or a sparger. The second foam 
generating mechanism may include or consist essentially of 
one or more nozzles, a rotating blade, a source of ultrasound 
energy, and/or a sparger. 
0091. In another aspect, embodiments of the invention 
feature a method of energy recovery utilizing an energy 
recovery system including or consisting essentially of (i) a 
first cylinder assembly comprising a first cylinder, a first 
pumping mechanism, and a first foam-generating mechanism 
and (ii) a second cylinder assembly comprising a second 
cylinder, a second pumping mechanism, and a second foam 
generating mechanism. An expansion stroke is performed 
with the first cylinder assembly and an exhaust stroke is 
performed with the second cylinder assembly. The expansion 
stroke includes or consists essentially of (i) mingling heat 
transfer fluid and gas at the first foam-generating mechanism 
to form a foam, (ii) expanding the foam within the first cyl 
inder, and (iii) introducing heat-transfer fluid into the first 
pumping mechanism. The exhaust stroke includes or consists 
essentially of (i) exhausting foam or a gaseous component 
thereoffrom the second cylinder and (ii) pumping heat-trans 
fer fluid with the second pumping mechanism to the first 
foam-generating mechanism. 
0092. Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. The exhaust stroke may include or consistessentially 
of thermally conditioning (e.g., heating) the heat-transfer 
fluid pumped with the second pumping mechanism before it 
enters the first foam-generating mechanism. An expansion 
stroke may be performed with the second cylinder assembly, 
and an exhaust stroke may be performed with the first cylin 
der assembly. The expansion stroke may include or consist 
essentially of (i) mingling heat-transfer fluid and gas at the 
second foam-generating mechanism to form a second foam, 
(ii) expanding the second foam within the second cylinder, 
and (iii) introducing heat-transfer fluid into the second pump 
ing mechanism. The exhaust stroke may include or consist 
essentially of (i) exhausting foam or a gaseous component 
thereof from the first cylinder and (ii) pumping heat-transfer 
fluid with the first pumping mechanism to the second foam 
generating mechanism. 
0093. In yet another aspect, embodiments of the invention 
feature a method of energy storage utilizing an energy-recov 
ery system including or consisting essentially of (i) a first 
cylinder assembly comprising a first cylinder, a first pumping 
mechanism, and a first foam-generating mechanism and (ii) a 
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second cylinder assembly comprising a second cylinder, a 
second pumping mechanism, and a second foam-generating 
mechanism. A compression stroke is performed with the first 
cylinder assembly. The compression stroke includes or con 
sists essentially of (i) within the first cylinder, compressing a 
foam generated by the first foam-generating mechanism, and 
(ii) pumping heat-transfer fluid with the first pumping mecha 
nism to the second foam-generating mechanism. A compres 
sion stroke is performed with the second cylinder assembly. 
The compression stroke includes or consists essentially of (i) 
within the second cylinder, compressing a second foam gen 
erated by the second foam-generating mechanism, and (ii) 
pumping heat-transfer fluid with the second pumping mecha 
nism to the first foam-generating mechanism. 
0094. Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. An intake stroke may be performed with the first 
cylinder assembly. The intake stroke may include or consist 
essentially of (i) receiving gas within the first cylinder and (ii) 
introducing heat-transfer fluid into the first pumping mecha 
nism. An intake stroke may be performed with the second 
cylinder assembly. The intake stroke may include or consist 
essentially of (i) receiving gas within the second cylinder and 
(ii) introducing heat-transfer fluid into the second pumping 
mechanism. The compression stroke of the first cylinder 
assembly may include thermally conditioning (e.g., cooling) 
the heat-transfer fluid pumped with the first pumping mecha 
nism before it enters the second foam-generating mechanism. 
The compression stroke of the second cylinder assembly may 
include thermally conditioning (e.g., cooling) the heat-trans 
fer fluid pumped with the second pumping mechanism before 
it enters the first foam-generating mechanism. 
0095. In an additional aspect, embodiments of the inven 
tion feature a system for efficient power demand response. 
The system includes or consists essentially of (i) a first 
energy-storage system for Supplying power in response to 
demand up to a first power-demand level, (ii) connected to the 
first energy-storage system, a second energy-storage system 
for Supplying power in response to demand greater than the 
first power-demand level, and (iii) a heat-exchange Sub 
system for thermally conditioning at least a portion of the first 
and/or second energy-storage systems, thereby increasing a 
collective efficiency of the first and second energy-storage 
systems. 
0096 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. The first energy-storage system may include or con 
sist essentially of a battery, a flywheel, and/or an ultracapaci 
tor. The second energy-storage system may include or consist 
essentially of a compressed-gas energy-storage system that 
Supplies power by expanding compressed gas (e.g., in the 
form of a foam). The first and second energy-storage systems 
may be connected in parallel to a power grid. The first power 
demand level may be approximately 500 kW. The heat-ex 
change Subsystem may recover thermal energy from the first 
energy-storage system for thermally conditioning, in the sec 
ond energy-storage system, (i) heat-transfer fluid for ther 
mally conditioning gas undergoing expansion and/or com 
pression or for mingling with gas to form foam, (ii) gas or 
foam undergoing expansion and/or compression, and/or (iii) 
gas or foam stored in a storage reservoir prior to expansion. 
The heat-exchange Subsystem may include or consist essen 
tially of a first heat exchanger associated with the first energy 
storage system and a second heat exchanger associated with 
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the second energy-storage system that is (i) separate from the 
first heat exchanger and (ii) selectively fluidly connectable to 
the first heat exchanger. The first heat exchanger may be 
fluidly connected to a first radiator and/or a first thermal well 
and the second heat exchanger may be fluidly connected to a 
second radiator and/or a second thermal well. 

0097. In yet an additional aspect, embodiments of the 
invention feature a method of power delivery. A time-varying 
power-demand level is detected. Power is supplied from a first 
energy-storage system when the power-demand level is less 
than or equal to a threshold level. Power is supplied from a 
second energy-storage system when the power-demand level 
is greater than the threshold level. At least a portion of the first 
and/or second energy-storage systems is thermally condi 
tioned (i.e., heated or cooled), thereby increasing a collective 
efficiency of the first and second energy-storage systems. 
0098 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. Power may be Supplied from the first energy-storage 
system only when the power-demand level is less than or 
equal to the threshold level. Power may be supplied from the 
second energy-storage system only when the power-demand 
level is greater than the threshold level. Thermally condition 
ing may include or consist essentially of recovering thermal 
energy from the first energy-storage system and thermally 
conditioning at least a portion of the second energy-storage 
system with the recovered thermal energy. Thermally condi 
tioning the at least a portion of the second energy-storage 
system may include or consist essentially of thermally con 
ditioning (i) heat-transfer fluid forthermally conditioning gas 
undergoing expansion and/or compression or for mingling 
with gas to form foam, (ii) gas or foam undergoing expansion 
and/or compression, and/or (iii) gas or foam stored in a com 
pressed-gas reservoir prior to expansion. Power may be Sup 
plied from the first and second energy-storage systems over a 
common bus line. Supplying power from the second energy 
storage system may include or consist essentially of expand 
ing gas and/or foam to recover energy therefrom. 
0099. In an aspect, embodiments of the invention feature a 
method of energy storage and recovery utilizing a power unit 
comprising a cylinder assembly for the compression of gas to 
store energy and/or the expansion of gas to recover energy. 
Gas is compressed in the power unit. Heat-transfer liquid 
from a thermal well is introduced into the gas prior to and/or 
during compression, the heat-transfer liquid absorbing ther 
mal energy from the gas during compression. At least a por 
tion of the heat-transfer liquid is transferred back to the ther 
mal well to store the thermal energy therein. Thereafter, gas is 
expanded in the power unit. Heat-transfer liquid from the 
thermal well is introduced into the gas prior to and/or during 
expansion, the gas absorbing thermal energy from the heat 
transfer liquid during expansion. 
0100 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. The heat-transfer liquid may be introduced into the 
gas by spraying the heat-transfer liquid into the gas. Introduc 
ing the heat-transfer liquid into the gas may form a foam 
comprising the heat-transfer liquid and the gas. At least a 
portion of the foam may be separated into gas and heat 
transfer liquid prior to transferring the at least a portion of the 
heat-transfer liquid back to the thermal well. Introducing the 
heat-transfer liquid prior to and/or during compression may 
render the compression Substantially isothermal. Introducing 
the heat-transfer liquid prior to and/or during expansion may 
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render the expansion substantially isothermal. Waste thermal 
energy produced by the power unit may be stored in the 
thermal well. Thermal energy may be exchanged between the 
thermal well and the surrounding environment. Thermal 
energy may be exchanged between the thermal well and the 
Surrounding environment while the power unit is neither 
compressing nor expanding. The temperature of the heat 
transfer liquid introduced into the gas prior to and/or during 
compression may be below ambient temperature. The tem 
perature of the heat-transfer liquid introduced into the gas 
prior to and/-or during expansion may be above ambient 
temperature. Compressed gas may be stored after compres 
Sion, and stored compressed gas may be expanded during 
expansion. Storing compressed gas may include storing heat 
transfer fluid at an elevated temperature. The stored heat 
transfer fluid may be transferred to the thermal well, thereby 
storing thermal energy therein. Expanded gas may be vented 
to atmosphere after expansion. 
0101. In another aspect, embodiments of the invention 
feature an energy storage and recovery system configured for 
use with a thermal well for containing heat-transfer fluid 
therein. The system includes or consists essentially of (i) a 
power unit comprising a cylinder assembly for, therewithin, 
compression of gas to store energy and/or expansion of gas to 
recover energy, (ii) a mechanism for introducing heat-transfer 
liquid into the gas prior to and/or during the compression 
and/or expansion, the mechanism configured for selective 
fluid connection to the thermal well, (iii) a conduit for selec 
tively transferring heat-transfer liquid introduced into the gas 
backinto the thermal well, and (iv) thermally connected to the 
power unit and the thermal well, a waste-heat heat-exchange 
system for transferring waste thermal energy from the power 
unit to the thermal well. 

0102 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. The system may include an environmental heat-ex 
change system configured for thermal connection to the ther 
mal well and the Surrounding environment. The system may 
include a control system for (i) sensing an operating state of 
the power unit and (ii) operating the environmental heat 
exchange system only when the power unit is neither expand 
ing nor compressing gas. A reservoir for storage of com 
pressed gas may be selectively fluidly connected to the power 
unit. The reservoir may be configured for selective fluid con 
nection to the thermal well for enabling the flow of heat 
transfer liquid therebetween. A vent for venting expanded gas 
to atmosphere may be selectively fluidly connected to the 
power unit. 
0103) In yet another aspect, embodiments of the invention 
feature a method of energy storage and recovery utilizing a 
power unit comprising a cylinder assembly for the compres 
sion of gas to store energy and/or the expansion of gas to 
recover energy. Gas is compressed and/or expanded in the 
power unit. Prior to and/or during the compression and/or 
expansion, (i) heat-transfer liquid is withdrawn from a ther 
mal well at a first temperature, (ii) the heat-transfer liquid is 
thermally conditioned, thereby bringing it to a second tem 
perature different from the first temperature, and (iii the ther 
mally conditioned heat-transfer liquid is introduced into the 
gas to exchange heat therewith. 
0104 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. The heat exchange between the gas and the thermally 
conditioned heat-transfer liquid may render the compression 
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and/or expansion Substantially isothermal. Introducing the 
thermally conditioned heat-transfer liquid into the gas may 
include or consist essentially of spraying the thermally con 
ditioned heat-transfer liquid into the gas. Introducing the 
thermally conditioned heat-transfer liquid into the gas may 
form a foam including or consisting essentially of the heat 
transfer liquid and the gas. At least a portion of the foam may 
be separated into gas and heat-transfer liquid after the com 
pression and/or expansion. Thermally conditioning the heat 
transfer liquid may include or consistessentially of transfer of 
thermal energy between the heat-transfer liquid and a second 
thermal well discrete from and not fluidly connected to the 
thermal well. Waste thermal energy produced by the power 
unit may be stored in the second thermal well. Thermal 
energy may be exchanged between the second thermal well 
and the Surrounding environment. Thermal energy may be 
exchanged between the second thermal well and the sur 
rounding environment while the power unit is neither com 
pressing nor expanding. 
0105. In an additional aspect, embodiments of the inven 
tion feature an energy storage and recovery system including 
or consisting essentially of (i) a power unit comprising a 
cylinder assembly for, therewithin, compression of gas to 
store energy and/or expansion of gas to recover energy, (ii) a 
mechanism for introducing heat-transfer liquid into the gas 
prior to and/or during the compression and/or expansion, (iii) 
selectively fluidly connected to the mechanism, a thermal 
well for containing heat-transfer liquid therein, (iv) a heat 
exchanger connected between the thermal well and the power 
unit for thermally conditioning heat-transfer liquid flowing 
from the thermal well to the power unit, and (v) associated 
with the heat exchanger and discrete from the thermal well, a 
second thermal well for storing thermal energy from and/or 
Supplying thermal energy to the heat-transfer fluid. 
0106 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. A conduit may transfer heat-transfer liquid intro 
duced into the gas back into the thermal well. A waste-heat 
heat-exchange system for transferring waste thermal energy 
from the power unit to the second thermal well may be ther 
mally connected to the power unit and the second thermal 
well. An environmental heat-exchange system may be ther 
mally connected to the second thermal well and the surround 
ing environment. The heat exchanger may be disposed within 
the second thermal well. 

0107. In yet an additional aspect, embodiments of the 
invention feature a method of energy storage and recovery 
utilizing a power unit comprising a cylinder assembly for the 
compression of gas to store energy and/or the expansion of 
gas to recover energy. Gas is compressed or expanded in the 
power unit. Prior to and/or during the compression and/or 
expansion, (i) heat-transfer liquid is withdrawn from a first 
thermal well at a first temperature, and (ii) the heat-transfer 
liquid is introduced into the gas to exchange heat therewith, 
the heat exchange bringing the heat-transfer liquid to a second 
temperature different from the first temperature. Heat-trans 
fer liquid is transferred at the second temperature to a second 
thermal well discrete from and not fluidly connected to the 
first thermal well. 

0108 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. The heat exchange between the gas and the heat 
transfer liquid may render the compression and/or expansion 
Substantially isothermal. Introducing the heat-transfer liquid 
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into the gas may include or consistessentially of spraying the 
thermally conditioned heat-transfer liquid into the gas. Intro 
ducing the heat-transfer liquid into the gas may form a foam 
including or consisting essentially of the heat-transfer liquid 
and the gas. At least a portion of the foam may be separated 
into gas and heat-transfer liquid prior to transferring heat 
transfer liquid to the second thermal well. Waste thermal 
energy produced by the power unit may be stored in the 
second thermal well. Thermal energy may be exchanged 
between the surrounding environment and the first thermal 
well and/or the second thermal well. Thermal energy may be 
exchanged with the Surrounding environment while the 
power unit is neither compressing nor expanding. 
0109. In an aspect, embodiments of the invention feature 
an energy storage and recovery system including (i) a power 
unit comprising a cylinder assembly for, therewithin, com 
pression of gas to store energy and/or expansion of gas to 
recover energy, (ii) a mechanism for introducing heat-transfer 
liquid into the gas prior to and/or during the compression 
and/or expansion, (iii) selectively fluidly connected to the 
mechanism, (a) a first thermal well for containing heat-trans 
fer liquid therein at a first temperature and (b) a second 
thermal well, discrete from the first thermal well, for contain 
ing heat-transfer liquid therein at a second temperature dif 
ferent from the first temperature. The system also includes a 
control system for (i) prior to and/or during compression, 
routing heat-transfer liquid (a) from the first thermal well into 
the gas and (b) from the power unit into the second thermal 
well, and (ii) prior to and/or during expansion, routing heat 
transfer liquid (a) from the second thermal well into the gas 
and (b) from the power unit into the first thermal well. 
0110 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. A waste-heat heat-exchange system for transferring 
waste thermal energy from the power unit to the second 
thermal well may be thermally connected to the power unit 
and the second thermal well. An environmental heat-ex 
change system may be thermally connected to the first ther 
mal well and the Surrounding environment. An environmental 
heat-exchange system may be thermally connected to the 
second thermal well and the Surrounding environment. 
0111. In another aspect, embodiments of the invention 
feature a method of energy storage and recovery utilizing a 
power unit comprising a cylinder assembly for the compres 
sion of gas to store energy and/or the expansion of gas to 
recover energy. Gas is compressed and/or expanded in the 
power unit. Prior to and/or during the compression and/or 
expansion, (i) heat-transfer liquid is withdrawn from a reser 
voir at a first temperature, (ii) the heat-transfer liquid is ther 
mally conditioned, thereby bringing it to a second tempera 
ture different from the first temperature, and (iii) the 
thermally conditioned heat-transfer liquid is introduced into 
the gas to exchange heat therewith. Thermally conditioning 
the heat-transfer liquid includes or consists essentially of 
exchanging thermal energy between the heat-transfer liquid 
and a heat-storage liquid flowing from a first thermal well 
having a third temperature to a second thermal well (i) dis 
crete from the first thermal well and (ii) having a fourth 
temperature different from the third temperature. 
0112 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. The heat-transfer liquid and the heat-storage liquid 
may not mix during thermal conditioning of the heat-transfer 
liquid. The heat exchange between the gas and the thermally 
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conditioned heat-transfer liquid may render the compression 
and/or expansion Substantially isothermal. Introducing the 
thermally conditioned heat-transfer liquid into the gas may 
include or consist essentially of spraying the thermally con 
ditioned heat-transfer liquid into the gas. Introducing the 
thermally conditioned heat-transfer liquid into the gas may 
form a foam including or consisting essentially of the heat 
transfer fluid and the gas. At least a portion of the foam may 
be separated into gas and heat-transfer liquid after the com 
pression and/or expansion. 
0113. In yet another aspect, embodiments of the invention 
feature an energy storage and recovery system including or 
consisting essentially of (i) a power unit comprising a cylin 
der assembly for, therewithin, compression of gas to store 
energy and/or expansion of gas to recover energy, (ii) a 
mechanism for introducing heat-transfer liquid into the gas 
prior to and/or during the compression and/or expansion, (iii) 
selectively fluidly connected to the mechanism, a reservoir 
for containing heat-transfer liquid therein, (iv) a heat 
exchanger connected between the reservoir and the power 
unit for thermally conditioning heat-transfer liquid flowing 
from the reservoir to the power unit, and (v) associated with 
the heat exchanger and not fluidly connected to the reservoir, 
(a) a first thermal well for containing heat-storage liquid at a 
first temperature and (b) a second thermal well for containing 
heat-storage liquid at a second temperature different from the 
first temperature, the flow of heat-storage liquid between the 
first and second thermal wells thermally conditioning the 
heat-transfer fluid. 

0114 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. A conduit may transfer heat-transfer liquid intro 
duced into the gas back into the reservoir. A waste-heat heat 
exchange system for transferring waste thermal energy from 
the power unit to the second thermal well may be thermally 
connected to the power unit and the second thermal well. An 
environmental heat-exchange system may be thermally con 
nected to the first thermal well and the surrounding environ 
ment. An environmental heat-exchange system may be ther 
mally connected to the second thermal well and the 
Surrounding environment. 
0115. In an additional aspect, embodiments of the inven 
tion feature a method of energy storage and recovery utilizing 
a power unit comprising a cylinder assembly for the compres 
sion of gas to store energy and/or the expansion of gas to 
recover energy. Gas is compressed in the power unit. Prior to 
and/or during the compression, (i) heat-transfer liquid is with 
drawn from a liquid reservoir at a first temperature, and (ii) 
the heat-transfer liquid is introduced into the gas to exchange 
heat therewith, the heat exchange bringing the heat-transfer 
liquid to a second temperature higher than the first tempera 
ture. Both the heat-transfer liquid at the second temperature 
and the compressed gas are transferred to a compressed-gas 
StOre. 

0116 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. The heat exchange between the gas and the heat 
transfer liquid may render the compression Substantially iso 
thermal. Introducing the heat-transfer liquid into the gas may 
include or consist essentially of spraying the thermally con 
ditioned heat-transfer liquid into the gas. Introducing the 
heat-transfer liquid into the gas may form a foam including or 
consisting essentially of the heat-transfer liquid and the gas. 
Transferring both the heat-transfer liquid at the second tem 
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perature and the compressed gas to a compressed-gas store 
may include or consist essentially of transferring the foam to 
the compressed-gas store. 
0117 The method may include (i) transferring com 
pressed gas from the compressed-gas store to the power unit, 
(ii) expanding the compressed gas in the power unit, (iii) prior 
to and/or during the expansion, (a) withdrawing heat-transfer 
liquid from the compressed-gas store at a third temperature 
and (b) introducing the heat-transfer liquid into the gas to 
exchange heat therewith, the heat exchange bringing the heat 
transfer liquid to a fourth temperature lower than the third 
temperature, and (iv) transferring the heat-transfer liquid to 
the liquid reservoir. The heat exchange between the gas and 
the heat-transfer liquid may render the expansion Substan 
tially isothermal. Introducing the heat-transfer liquid into the 
gas prior to and/or during expansion may include or consist 
essentially of spraying the thermally conditioned heat-trans 
fer liquid into the gas. Introducing the heat-transfer liquid into 
the gas prior to and/or during expansion may form a foam 
including or consisting essentially of the heat-transfer liquid 
and the gas. At least a portion of the foam may be separated 
into gas and heat-transfer liquid prior to transferring the heat 
transfer liquid to the liquid reservoir. Waste thermal energy 
produced by the power unit may be stored in the compressed 
gas store. Thermal energy may be exchanged between the 
Surrounding environment and the compressed-gas store. 
Thermal energy may be exchanged with the Surrounding 
environment while the power unit is neither compressing nor 
expanding. 
0118. In yet an additional aspect, embodiments of the 
invention feature a method of energy storage and recovery 
utilizing a power unit comprising a cylinder assembly for the 
compression of gas to store energy and/or the expansion of 
gas to recover energy. Gas is compressed in the power unit. 
Prior to and/or during the compression, (i) heat-transfer liquid 
is withdrawn from a first thermal well at a first temperature, 
and (ii) the heat-transfer liquid is introduced into the gas to 
exchange heat therewith, the heat exchange bringing the heat 
transfer liquid to a second temperature higher than the first 
temperature. The compressed gas is transferred to a com 
pressed-gas store. The heat-transfer liquid at the second tem 
perature is transferred to the compressed-gas store and/or a 
second thermal well discrete from the first thermal well. 

0119 The method may include (i) transferring com 
pressed gas from the compressed-gas store to the power unit, 
(ii) expanding the compressed gas in the power unit, (iii) prior 
to and/or during the expansion, (a) withdrawing heat-transfer 
liquid from at least one of the compressed-gas store or the 
second thermal well, and (b) introducing the heat-transfer 
liquid into the gas to exchange heat therewith, and (iv) trans 
ferring the heat-transfer liquid to the first thermal well. 
I0120 Embodiments of the invention incorporate one or 
more of the following in any of a variety of different combi 
nations. Expanding the compressed gas in the power unit may 
include or consist essentially of expanding the compressed 
gas in a first stage and a second stage each spanning a different 
pressure range. Heat-transfer liquid may be withdrawn from 
the compressed-gas store prior to and/or during expansion in 
the first stage. Heat-transfer liquid may be withdrawn from 
the second thermal well prior to and/or during expansion in 
the second stage. The heat exchange between the gas and the 
heat-transfer liquid prior to and/or during the expansion may 
render the expansion Substantially isothermal. Introducing 
the heat-transfer liquid into the gas prior to and/or during 
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expansion may include or consist essentially of spraying the 
thermally conditioned heat-transfer liquid into the gas. Intro 
ducing the heat-transfer liquid into the gas may form a foam 
including or consisting essentially of the heat-transfer liquid 
and the gas. At least a portion of the foam may be separated 
into gas and heat-transfer liquid prior to transferring the heat 
transfer liquid to the first thermal well. Compressing the gas 
in the power unit may include or consist essentially of com 
pressing the gas in a first stage and a second stage each 
spanning a different pressure range. Heat-transfer liquid may 
be transferred to the compressed-gas store after or during 
compression in the first stage. Heat-transfer liquid may be 
transferred to the second thermal well after or during com 
pression in the second stage. The heat exchange between the 
gas and the heat-transfer liquid prior to and/or during com 
pression may render the compression Substantially isother 
mal. Introducing the heat-transfer liquid into the gas prior to 
and/or during compression may include or consistessentially 
of spraying the thermally conditioned heat-transfer liquid 
into the gas. Introducing the heat-transfer liquid into the gas 
prior to and/or during compression may form a foam includ 
ing or consisting essentially of the heat-transfer liquid and the 
gas. At least a portion of the foam may be separated into gas 
and heat-transfer liquid before transferring the heat-transfer 
liquid at the second temperature to the compressed-gas store 
and/or a second thermal well discrete from the first thermal 
well. Waste thermal energy produced by the power unit may 
be stored in the second thermal well. Thermal energy may be 
exchanged between the surrounding environment and the first 
thermal well and/or the second thermal well. Thermal energy 
may be exchanged with the Surrounding environment while 
the power unit is neither compressing nor expanding. 
0121 These and other objects, along with advantages and 
features of the invention, will become more apparent through 
reference to the following description, the accompanying 
drawings, and the claims. Furthermore, it is to be understood 
that the features of the various embodiments described herein 
are not mutually exclusive and can exist in various combina 
tions and permutations. Note that as used herein, the terms 
“pipe.” “piping and the like shall refer to one or more con 
duits that are rated to carry gas or liquid between two points. 
Thus, the singular term should be taken to include a plurality 
of parallel conduits where appropriate. Herein, the terms 
“liquid” and “water interchangeably connote any mostly or 
substantially incompressible liquid, the terms “gas' and “air” 
are used interchangeably, and the term “fluid may refer to a 
liquid, a gas, or a mixture of liquid and gas (e.g., a foam) 
unless otherwise indicated. As used herein unless otherwise 
indicated, the terms “approximately and “substantially' 
meant 10%, and, in some embodiments, t5%. A “valve' is 
any mechanism or component for controlling fluid commu 
nication between fluid paths or reservoirs, or for selectively 
permitting control or venting. The term "cylinder refers to a 
chamber, of uniform but not necessarily circular cross-sec 
tion, which may contain a slidably disposed piston or other 
mechanism that separates the fluidon one side of the chamber 
from that on the other, preventing fluid movement from one 
side of the chamber to the other while allowing the transfer of 
force/pressure from one side of the chamber to the next or to 
a mechanism outside the chamber. At least one of the two ends 
of a chamber may be closed by end caps, also herein termed 
“heads.” As utilized herein, an “end cap' is not necessarily a 
component distinct or separable from the remaining portion 
of the cylinder, but may refer to an end portion of the cylinder 
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itself. Rods, valves, and other devices may pass through the 
end caps. A "cylinder assembly' may be a simple cylinder or 
include multiple cylinders, and may or may not have addi 
tional associated components (such as mechanical linkages 
among the cylinders). The shaft of a cylinder may be coupled 
hydraulically or mechanically to a mechanical load (e.g., a 
hydraulic motor/pump or a crankshaft) that is in turn coupled 
to an electrical load (e.g., rotary or linear electric motor/ 
generator attached to power electronics and/or directly to the 
grid or other loads), as described in the 678 and 842 patents. 
As used herein, “thermal conditioning of a heat-exchange 
fluid does not include any modification of the temperature of 
the heat-exchange fluid resulting from interaction with gas 
with which the heat-exchange fluid is exchanging thermal 
energy; rather, such thermal conditioning generally refers to 
the modification of the temperature of the heat-exchange fluid 
by other means (e.g., an external heat exchanger). The terms 
“heat-exchange' and “heat-transfer are generally utilized 
interchangeably herein. Unless otherwise indicated, motor/ 
pumps described herein are not required to be configured to 
function both as a motor and a pump if they are utilized during 
system operation only as a motor or a pump but not both. Gas 
expansions described herein may be performed in the absence 
of combustion (as opposed to the operation of an internal 
combustion cylinder, for example). 

BRIEF DESCRIPTION OF THE DRAWINGS 

I0122. In the drawings, like reference characters generally 
refer to the same parts throughout the different views. Cylin 
ders, rods, and other components are depicted in cross section 
in a manner that will be intelligible to all persons familiar with 
the art of pneumatic and hydraulic cylinders. Also, the draw 
ings are not necessarily to scale, emphasis instead generally 
being placed upon illustrating the principles of the invention. 
In the following description, various embodiments of the 
present invention are described with reference to the follow 
ing drawings, in which: 
I0123 FIG. 1 is a schematic drawing of a compressed-gas 
energy storage system in accordance with various embodi 
ments of the invention; 
0.124 FIG. 2 is a schematic drawing of various compo 
nents of a compressed-gas energy storage system in accor 
dance with various embodiments of the invention; 
0.125 FIG. 3 is a schematic drawing of the major compo 
nents of a compressed air energy storage and recovery system 
in accordance with various embodiments of the invention; 
0.126 FIG. 4 is a schematic drawing of various compo 
nents of a multi-cylinder compressed-gas energy storage sys 
tem in accordance with various embodiments of the inven 
tion; 
I0127 FIG. 5 is a schematic drawing of a cylinder assem 
bly with apparatus for the generation of foam external to the 
cylinder in accordance with various embodiments of the 
invention; 
I0128 FIG. 6 is a schematic drawing of a cylinder assem 
bly with apparatus for the generation of foam external to the 
cylinder and provision for bypassing the foam-generating 
apparatus in accordance with various embodiments of the 
invention; 
I0129 FIG. 7 is a schematic drawing of a cylinder assem 
bly with apparatus for the generation of foam in a vessel 
external to the cylinder in accordance with various embodi 
ments of the invention; 
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0130 FIG. 8 is a schematic drawing of a cylinder assem 
bly with apparatus for the generation of foam internal to the 
cylinder in accordance with various embodiments of the 
invention; 
0131 FIG. 9 is a schematic drawing of a cylinder assem 
bly having two cylinders and apparatus for the generation and 
separation of foam external to the cylinders in accordance 
with various embodiments of the invention; 
0132 FIG. 10 is a graph of experimental data on the ener 
getic performance of droplet sprays in isothermal gas expan 
sions in accordance with various embodiments of the inven 
tion; 
0.133 FIG. 11 is a graph of experimental data on the ener 
getic performance of foam in isothermal gas expansions in 
accordance with various embodiments of the invention; 
0134 FIG. 12 is a graph of experimental data on the ener 
getic performance of droplet sprays in isothermal gas com 
pressions in accordance with various embodiments of the 
invention; 
0135 FIG. 13 is a graph of experimental data on the ener 
getic performance of foam in isothermal gas compressions in 
accordance with various embodiments of the invention; 
0.136 FIG. 14 is a graph of spray pressures calculated for 
two methods of introducing a foaming liquid into a cylinder 
during a compression cycle in accordance with various 
embodiments of the invention; 
0.137 FIG. 15 is a graph of final liquid temperatures cal 
culated for compressions over a range of heat-exchange foam 
mass ratios and final compression pressures in accordance 
with various embodiments of the invention; 
0138 FIG. 16 is a graph of the additional storage space 
calculated as required for a range of heat-exchange foam 
mass ratios in accordance with various embodiments of the 
invention; 
0139 FIG. 17 is a plot of experimental data on the isother 
mal efficiencies of a gas-expansion compressions using a 
foam in accordance with various embodiments of the inven 
tion, compared to the isothermal efficiencies of similar com 
pressions with non-foaming spray: 
0140 FIG. 18 is a schematic drawing of a cylinder assem 
bly having two cylinders and apparatus for the generation and 
separation of foams having three different mass ratios in 
accordance with various embodiments of the invention; 
0141 FIG. 19 is a schematic drawing of an apparatus for 
the generation of foam having a relatively low mass ratio in 
accordance with various embodiments of the invention; 
0142 FIG. 20 is a schematic drawing of an apparatus for 
the generation and separation of foam having a relatively high 
mass ratio in accordance with various embodiments of the 
invention; 
0143 FIG. 21 is a schematic drawing of an apparatus for 
the generation of foam having a relatively low mass ratio in 
accordance with various embodiments of the invention; 
014.4 FIG. 22 is a schematic drawing of an apparatus for 
the generation of foam having an intermediate mass ratio in 
accordance with various embodiments of the invention; 
0145 FIG. 23 is a schematic drawing of various compo 
nents of a compressed-gas energy storage system in accor 
dance with various embodiments of the invention; 
0146 FIGS. 24A and 24B are schematic drawings of vari 
ous components of a pneumatic cylinder additionally func 
tional as a liquid pump in accordance with various embodi 
ments of the invention; 
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0147 FIG. 25 is a schematic drawing of various compo 
nents of a compressed-gas energy storage system employing 
two pneumatic cylinders additionally functional as liquid 
pumps inaccordance with various embodiments of the inven 
tion; 
0148 FIG. 26 is a schematic drawing of two poppet valves 
in a cylinderhead inaccordance with various embodiments of 
the invention; 
014.9 FIG. 27 is a schematic drawing of various compo 
nents of a compressed-gas energy storage system in accor 
dance with various embodiments of the invention; 
0150 FIG. 28 is a schematic drawing of various compo 
nents of a compressed-gas energy storage system, accompa 
nied by a graph showing selected time and temperature rela 
tionships within the system, in accordance with various 
embodiments of the invention; 
0151 FIG. 29 is a schematic drawing of various compo 
nents of a compressed-gas energy storage system in accor 
dance with various embodiments of the invention; 
0152 FIG. 30 is a schematic drawing of compressed-gas 
storage vessels with an external heat exchanger in accordance 
with various embodiments of the invention; 
0153 FIG. 31 is a schematic drawing of compressed-gas 
storage vessels with internal heat exchange in accordance 
with various embodiments of the invention; 
0154 FIG. 32 is a schematic drawing of compressed-gas 
storage vessels warmed or cooled by a fluid circulating 
around them in accordance with various embodiments of the 
invention; 
0155 FIG. 33 is a schematic drawing of compressed-gas 
storage vessels warmed or cooled by a liquid circulating 
around them in accordance with various embodiments of the 
invention; 
0156 FIG. 34 is a schematic drawing of a cavern storing 
compressed gas and heat-exchange liquid, with external heat 
exchange in accordance with various embodiments of the 
invention; 
0157 FIG. 35 is a schematic of various components of an 
energy storage and recovery system in accordance with vari 
ous embodiments of the invention, illustrating an application 
where waste heat from a power plant is used to heat stored 
compressed gas prior to and/or during expansion in the sys 
tem; 
0158 FIGS. 36 and 37 are schematic drawings of energy 
storage and recovery systems incorporating a cylinder assem 
bly and one or more expanders, compressors, or expander/ 
compressors in accordance with various embodiments of the 
invention; 
0159 FIG. 38 is a schematic drawing of a booster pump 
equipped for the formation of foam therewithin in accordance 
with various embodiments of the invention; 
0160 FIGS. 39-44 are schematic drawings of various sys 
tems featuring cylinder assemblies for expansion and/or com 
pression of gas, as well as one or more thermal wells, in 
accordance with various embodiments of the invention; 
0.161 FIGS. 45 and 46 are schematics of various compo 
nents of energy storage and recovery systems in which high 
power, short-duration energy storage devices are connected 
in parallel with a compressed-gas energy storage system, in 
accordance with various embodiments of the invention; 
0162 FIG. 47 is an illustrative plot of electricity supply 
and demand for an exemplary 24-hour period; 
0163 FIG. 48 is an illustrative plot of the response of a 
combined high-power, short-duration energy storage device 
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and compressed-gas energy storage system, in accordance 
with various embodiments of the invention, on electricity 
supply and demand for the 24-hour period of FIG. 47: 
0164 FIG. 49 is an illustrative plot of the state-of-charge 
of a combined high-power, short-duration energy storage 
device and compressed gas energy storage system, in accor 
dance with various embodiments of the invention, for the 
24-hour period of FIG. 47; and 
0.165 FIG. 50 is a conceptual drawing of an illustrative 
power generation and consumption network or grid in accor 
dance with various embodiments of the invention. 

DETAILED DESCRIPTION 

0166 FIG.1 depicts an illustrative system 100 that may be 
part of a larger system, not otherwise depicted, for the storage 
and release of energy. Subsequent figures will clarify the 
application of embodiments of the invention to Such a system. 
The system 100 depicted in FIG. 1 features an assembly 101 
for compressing and expanding gas. Expansion/compression 
assembly 101 may include or consist essentially of either one 
or more individual devices for expanding or compressing gas 
(e.g., turbines or cylinder assemblies that each may house a 
moveable boundary mechanism) or a staged series of Such 
devices, as well as ancillary devices (e.g., valves) not depicted 
explicitly in FIG. 1. 
0167. An electric motor/generator 102 (e.g., a rotary or 
linear electric machine) is in physical communication (e.g., 
via hydraulic pump, piston shaft, or mechanical crankshaft) 
with the expansion/compression assembly 101. The motor/ 
generator 102 may be electrically connected to a source and/ 
or sink of electric energy not explicitly depicted in FIG. 1 
(e.g., an electrical distribution grid or a source of renewable 
energy Such as one or more wind turbines or Solar cells). 
0168 The expansion/compression assembly 101 may be 
in fluid communication with a heat-transfer subsystem 104 
that alters the temperature and/or pressure of a fluid (i.e., gas, 
liquid, or gas-liquid mixture Such as a foam) extracted from 
expansion/compression assembly 101 and, after alteration of 
the fluid's temperature and/or pressure, returns at least a 
portion of it to expansion/compression assembly 101. Heat 
transfer Subsystem 104 may include pumps, valves, and other 
devices (not depicted explicitly in FIG. 1) ancillary to its 
heat-transfer function and to the transfer of fluid to and from 
expansion/compression assembly 101. Operated appropri 
ately, the heat-transfer subsystem 104 enables substantially 
isothermal compression and/or expansion of gas inside 
expansion/compression assembly 101. 
0169 Connected to the expansion/compression assembly 
101 is a pipe 106 with a control valve 108 that controls a flow 
of fluid (e.g., gas) between assembly 101 and a storage res 
ervoir 112 (e.g., one or more pressure vessels, pipes, and/or 
caverns). The storage reservoir 112 may be in fluid commu 
nication with a heat-transfer subsystem 114 that alters the 
temperature and/or pressure of fluid removed from Storage 
reservoir 112 and, after alteration of the fluid's temperature 
and/or pressure, returns it to storage reservoir 112. A second 
pipe 116 with a control valve 118 may be in fluid communi 
cation with the expansion/compression assembly 101 and 
with a vent 120 that communicates with a body of gas at 
relatively low pressure (e.g., the ambient atmosphere). 
0170 A control system 122 receives information inputs 
from any of expansion/compression assembly 101, Storage 
reservoir 112, and other components of system 100 and 
sources external to system 100. These information inputs may 
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include or consistessentially of pressure, temperature, and/or 
other telemetered measurements of properties of components 
of system 101. Such information inputs, here generically 
denoted by the letter “T” are transmitted to control system 
122 either wirelessly or through wires. Such transmission is 
denoted in FIG. 1 by dotted lines 124, 126. 
0171 The control system 122 may selectively control 
valves 108 and 118 to enable substantially isothermal com 
pression and/or expansion of a gas in assembly 101. Control 
signals, here generically denoted by the letter “C.” are trans 
mitted to valves 108 and 118 either wirelessly or through 
wires. Such transmission is denoted in FIG. 1 by dashed lines 
128, 130. The control system 122 may also control the opera 
tion of the heat-transfer assemblies 104, 114 and of other 
components not explicitly depicted in FIG.1. The transmis 
sion of control and telemetry signals for these purposes is not 
explicitly depicted in FIG. 1. 
0172. The control system 122 may be any acceptable con 
trol device with a human-machine interface. For example, the 
control system 122 may include a computer (for example a 
PC-type) that executes a stored control application in the form 
of a computer-readable software medium. More generally, 
control system 122 may be realized as software, hardware, or 
some combination thereof. For example, control system 122 
may be implemented on one or more computers, such as a PC 
having a CPU board containing one or more processors such 
as the Pentium, Core, Atom, or Celeron family of processors 
manufactured by Intel Corporation of Santa Clara, Calif., the 
680x0 and POWER PC family of processors manufactured 
by Motorola Corporation of Schaumburg, Ill., and/or the 
ATHLON line of processors manufactured by Advanced 
Micro Devices, Inc., of Sunnyvale, Calif. The processor may 
also include a main memory unit for storing programs and/or 
data relating to the methods described above. The memory 
may include random access memory (RAM), read only 
memory (ROM), and/or FLASH memory residing on com 
monly available hardware such as one or more application 
specific integrated circuits (ASIC), field programmable gate 
arrays (FPGA), electrically erasable programmable read 
only memories (EEPROM), programmable read-only memo 
ries (PROM), programmable logic devices (PLD), or read 
only memory devices (ROM). In some embodiments, the 
programs may be provided using external RAM and/or ROM 
Such as optical disks, magnetic disks, or other storage 
devices. 

(0173 For embodiments in which the functions of control 
ler 122 are provided by software, the program may be written 
in any one of a number of high-level languages such as FOR 
TRAN, PASCAL, JAVA, C, C++, C#, LISP, PERL, BASIC or 
any suitable programming language. Additionally, the Soft 
ware can be implemented in an assembly language and/or 
machine language directed to the microprocessor resident on 
a target device. 
0.174 As described above, the control system 122 may 
receive telemetry from sensors monitoring various aspects of 
the operation of system 100, and may provide signals to 
control valve actuators, valves, motors, and other electrome 
chanical/electronic devices. Control system 122 may com 
municate with Such sensors and/or other components of sys 
tem 100 (and other embodiments described herein) via wired 
or wireless communication. An appropriate interface may be 
used to convert data from sensors into a form readable by the 
control system 122 (such as RS-232 or network-based inter 
connects). Likewise, the interface converts the computer's 
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control signals into a form usable by valves and other actua 
tors to performan operation. The provision of such interfaces, 
as well as Suitable control programming, is clear to those of 
ordinary skill in the art and may be provided without undue 
experimentation. 
0175 System 100 may be operated so as to compress gas 
admitted through the vent 120 and store the gas thus com 
pressed in reservoir 112. For example, in an initial state of 
operation, valve 108 is closed and valve 118 is open, admit 
ting a quantity of gas into expansion/compression assembly 
101. When a desired quantity of gas has been admitted into 
assembly 101, valve 118 may be closed. The motor/generator 
102, employing energy Supplied by a source not explicitly 
depicted in FIG. 1 (e.g., the electrical grid), then provides 
mechanical power to expansion/compression assembly 101, 
enabling the gas within assembly 101 to be compressed. 
0176) During compression of the gas within assembly 
101, fluid (i.e., gas, liquid, or a gas-liquid mixture) may be 
circulated between assembly 101 and heat-exchange assem 
bly 104. Heat-exchange assembly 104 may be operated in 
Such a manner as to enable Substantially isothermal compres 
sion of the gas within assembly 101. During or after compres 
sion of the gas within assembly 101, valve 108 may be opened 
to enable high-pressure fluid (e.g., compressed gas or a mix 
ture of liquid and compressed gas) to flow to reservoir 112. 
Heat-exchange assembly 114 may be operated at any time in 
Such a manner as alter the temperature and/or pressure of the 
fluid within reservoir 112. 
(0177. That system 100 may also be operated so as to 
expand compressed gas from reservoir 112 in expansion/ 
compression assembly 101 in Such a manner as to deliver 
energy to the motor/generator 102 will be apparent to all 
persons familiar with the operation of pneumatic, hydraulic, 
and electric machines. 

(0178 FIG. 2 depicts an illustrative system 200 that fea 
tures a cylinder assembly 201 (i.e., an embodiment of assem 
bly 101 in FIG. 1) in communication with a reservoir 222 (112 
in FIG. 1) and a vent to atmosphere 223 (120 in FIG. 1). In the 
illustrative system 200 shown in FIG. 2, the cylinder assem 
bly 201 contains a piston 202 slidably disposed therein. In 
some embodiments the piston 202 is replaced by a different 
boundary mechanism dividing cylinder assembly 201 into 
multiple chambers, or piston 202 is absent entirely, and cyl 
inder assembly 201 is a “liquid piston.” The cylinder assem 
bly 201 may be divided into, e.g., two pneumatic chambers or 
one pneumatic chamber and one hydraulic chamber. The 
piston 202 is connected to a rod 204, which may contain a 
center-drilled fluid passageway with fluid outlet 212 extend 
ing from the piston 202. The rod 204 is also attached to, e.g., 
a mechanical load (e.g., a crankshaft or a hydraulic system) 
that is not depicted. The cylinder assembly 201 is in liquid 
communication with a heat-transfer Subsystem 224 that 
includes or consists essentially of a circulation pump 214 and 
a spray mechanism 210 to enable substantially isothermal 
compression/expansion of gas. Heat-transfer fluid circulated 
by pump 214 may be passed through a heat exchanger 203 
(e.g., tube-in-shell- or parallel-plate-type heat exchanger). 
Spray mechanism 210 may include or consist essentially of 
one or more spray heads (e.g., disposed at one end of cylinder 
assembly 201) and/or spray rods (e.g., extending along at 
least a portion of the central axis of cylinder assembly 201). In 
other embodiments, the spray mechanism 210 is omitted and 
a foam, rather than a spray of droplets, is created to facilitate 
heat exchange between liquid and gas during compression 
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and expansion of gas within the cylinder assembly 201. Foam 
may be generated by foaming gas with heat-exchange liquid 
in a mechanism (not shown, described in more detail below) 
external to the cylinder assembly 201 and then injecting the 
resulting foam into the cylinder assembly 201. Alternatively 
or additionally, foam may be generated inside the cylinder 
assembly 201 by the injection of heat-exchange liquid into 
cylinder assembly 201 through a foam-generating mecha 
nism (e.g., spray head, rotating blade, one or more nozzles), 
partly or entirely filling the pneumatic chamber of cylinder 
assembly 201. In some embodiments, droplets and foams 
may be introduced into cylinder assembly 201 simulta 
neously and/or sequentially. Various embodiments may fea 
ture mechanisms (not shown in FIG. 2) for controlling the 
characteristics of foam (e.g., bubble size) and for breaking 
down, separating, and/or regenerating foam. 
(0179 System 200 further includes a first control valve 220 
(108 in FIG. 1) in communication with a storage reservoir 222 
and cylinder assembly 201, and a second control valve 221 
(118 in FIG. 1) in communication with a vent 223 and cylin 
der assembly 201. A control system 226 (122 in FIG. 1) may 
control operation of e.g., valves 222 and 221 based on vari 
ous system inputs (e.g., pressure, temperature, piston posi 
tion, and/or fluid state) from cylinder assembly 201 and/or 
storage reservoir 222. Heat-transfer fluid (liquid or circulated 
by pump 214 enters through pipe 213. Pipe 213 may be (a) 
connected to a low-pressure fluid source (e.g., fluid reservoir 
(not shown) at the pressure to which vent 223 is connected or 
thermal well 242); (b) connected to a high-pressure source 
(e.g., fluid reservoir (not shown) at the pressure of reservoir 
222); (c) selectively connected (using valve arrangement not 
shown) to low pressure during a compression process and to 
high pressure during an expansion process; (d) connected to 
changing-pressure fluid 208 in the cylinder 201 via connec 
tion 212; or (e) Some combination of these options. 
0180. In an initial state, the cylinder assembly 201 may 
contain a gas 206 (e.g., air introduced to the cylinder assem 
bly 201 via valve 221 and vent 223) and a heat-transfer fluid 
208 (which may include or consist essentially of, e.g., water 
or another suitable liquid). When the gas 206 enters the cyl 
inder assembly 201, piston 202 is operated to compress the 
gas 206 to an elevated pressure (e.g., approximately 3,000 
psi). Heat-transfer fluid (not necessarily the identical body of 
heat-transfer fluid 208) flows from pipe 213 to the pump 214. 
The pump 214 may raise the pressure of the heat-exchange 
fluid to a pressure (e.g., up to approximately 3,015 psig) 
Somewhat higher than the pressure within the cylinder assem 
bly 201, as described in the 409 application. Alternatively or 
in conjunction, embodiments of the invention add heat (i.e., 
thermal energy) to, or remove heat from, the high-pressure 
gas in the cylinder assembly 201 by passing only relatively 
low-pressure fluids through a heat exchanger or fluid reser 
voir, as detailed in U.S. patent application Ser. No. 13/211, 
440, filed Aug. 17, 2011 (the 440 application), the entire 
disclosure of which is incorporated by reference herein. 
0181 Heat-transfer fluid is then sent through a pipe 216, 
where it may be passed through a heat exchanger 203 (where 
its temperature is altered) and then through a pipe 218 to the 
spray mechanism 210. The heat-transfer fluid thus circulated 
may include or consist essentially of liquid or foam. Spray 
mechanism 210 may be disposed within the cylinder assem 
bly 201, as shown; located in the storage vessel 222 or vent 
223; or located in piping or manifolding around the cylinder 
assembly, such as pipe 218 or the pipes connecting the cyl 
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inder assembly to storage vessel 222 or vent 223. The spray 
mechanism 210 may be operated in the vent 223 or connect 
ing pipes during compression, and a separate spray mecha 
nism may be operated in the storage vessel 222 or connecting 
pipes during expansion. Heat-transfer spray 211 from spray 
mechanism 210 (and/or any additional spray mechanisms), 
and/or foam from mechanisms internal or external to the 
cylinder assembly 101, enable substantially isothermal com 
pression of gas 206 within cylinder assembly 201. 
0182. In some embodiments, the heat exchanger 203 is 
configured to condition heat-transfer fluid at low pressure 
(e.g., a pressure lower than the maximum pressure of a com 
pression or expansion stroke in cylinder assembly 201), and 
heat-transfer fluid is thermally conditioned between strokes 
or only during portions of strokes, as detailed in the 440 
application. Embodiments of the invention are configured for 
circulation of heat-transfer fluid without the use of hoses that 
flex during operation through the use of, e.g., tubes or Straws 
configured for non-flexure and/or pumps (e.g., Submersible 
bore pumps, axial flow pumps, or other in-line style pumps) 
internal to the cylinder assembly (e.g., at least partially dis 
posed within the piston rod thereof), as described in U.S. 
patent application Ser. No. 13/234,239, filed Sep. 16, 2011 
(the 239 application), the entire disclosure of which is incor 
porated by reference herein. 
0183 At or near the end of the compression stroke, control 
system 226 opens valve 220 to admit the compressed gas 206 
to the storage reservoir 222. Operation of valves 220 and 221 
may be controlled by various inputs to control system 226, 
Such as piston position in cylinder assembly 201, pressure in 
storage vessel 222, pressure in cylinder assembly 201, and/or 
temperature in cylinder assembly 201. 
0184 As mentioned above, the control system 226 may 
enforce Substantially isothermal operation, i.e., expansion 
and/or compression of gas in cylinder assembly 201, via 
control over, e.g., the introduction of gas into and the exhaust 
ing of gas out of cylinder assembly 201, the rates of compres 
sion and/or expansion, and/or the operation of the heat-ex 
change Subsystem in response to sensed conditions. For 
example, control system 226 may be responsive to one or 
more sensors disposed in or on cylinder assembly 201 for 
measuring the temperature of the gas and/or the heat-ex 
change fluid within cylinder assembly 201, responding to 
deviations in temperature by issuing control signals that oper 
ate one or more of the system components noted above to 
compensate, in real time, for the sensed temperature devia 
tions. For example, in response to a temperature increase 
within cylinder assembly 201, control system 226 may issue 
commands to increase the flow rate of spray 211 of heat 
exchange fluid 208. 
0185. Furthermore, embodiments of the invention may be 
applied to systems in which cylinder assembly 201 (or a 
chamber thereof) is in fluid communication with a pneumatic 
chamber of a second cylinder (e.g., as shown in FIG. 4). That 
second cylinder, in turn, may communicate similarly with a 
third cylinder, and so forth. Any number of cylinders may be 
linked in this way. These cylinders may be connected in 
parallel or in a series configuration, where the compression 
and expansion is done in multiple stages. 
0186. The fluid circuit of heat exchanger 203 may be filled 
with water, a coolant mixture, an aqueous foam, or any other 
acceptable heat-exchange medium. In alternative embodi 
ments, a gas, such as air or refrigerant, is used as the heat 
exchange medium. In general, the fluid is routed by conduits 
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to a large reservoir of such fluid in a closed or open loop. One 
example of an open loop is a well or body of water from which 
ambient water is drawn and the exhaust water is delivered to 
a different location, for example, downstream in a river. In a 
closed-loop embodiment, a cooling tower may cycle the 
water through the air for return to the heat exchanger. Like 
wise, water may pass through a Submerged or buried coil of 
continuous piping where a counter heat-exchange occurs to 
return the fluid flow to ambient temperature before it returns 
to the heat exchanger for another cycle. 
0187. In various embodiments, the heat-exchange fluid is 
conditioned (i.e., pre-heated and/or pre-chilled) or used for 
heating or cooling needs by connecting the fluid inlet 238 and 
fluid outlet 240 of the external heat-exchange side of the heat 
exchanger 203 to an installation Such as a heat-engine power 
plant, an industrial process with waste heat, a heat pump, 
and/or a building needing space heating or cooling, as 
described in the 731 patent. Alternatively, the external heat 
exchange side of the heat exchanger 203 may be connected to 
athermal well 242 as depicted in FIG. 2. The thermal well 242 
may include or consist essentially of a large water reservoir 
that acts as a constant-temperature thermal fluid source for 
use with the system. Alternatively, the water reservoir may be 
thermally linked to waste heat from an industrial process or 
the like, as described above, via another heat exchanger con 
tained within the installation. This allows the heat-exchange 
fluid to acquire or expel heat from/to the linked process, 
depending on configuration, for later use as a heating/cooling 
medium in the energy storage/conversion system. Alterna 
tively, the thermal well 242 may include two or more bodies 
of energy-storage medium, e.g., a hot-water thermal well and 
a cold-water thermal well, that are typically maintained in 
contrasting energy states in order to increase the exergy of 
system 200 compared with a system in which thermal well 
242 includes a single body of energy-storage medium. Stor 
age media other than water may be utilized in the thermal well 
242; temperature changes, phase changes, or both may be 
employed by storage media of thermal well 242 to store and 
release energy. Thermal or fluid links (not shown) to the 
atmosphere, ground, and/or other components of the environ 
ment may also be included in System 200, allowing mass, 
thermal energy, or both to be added to or removed from the 
thermal well 242. Moreover, as depicted in FIG. 2, the heat 
transfer subsystem 224 does not interchange fluid directly 
with the thermal well 242, but in other embodiments, fluid is 
passed directly between the heat-transfer subsystem 224 and 
the thermal well 242 with no heat exchanger maintaining 
separation between fluids. 
0188 FIG. 3 is a schematic of the major components of an 
illustrative system 300 that employs a pneumatic cylinder 302 
to efficiently convert (i.e., Store) mechanical energy into the 
potential energy of compressed gas and, in another mode of 
operation, efficiently convert (i.e., recover) the potential 
energy of compressed gas into mechanical work. The pneu 
matic cylinder 302 may contain a slidably disposed piston 
304 that divides the interior of the cylinder 302 into a distal 
chamber 306 and a proximal chamber 308. A port or ports 
(not shown) with associated pipes 312 and a bidirectional 
valve 316 enables gas from a high-pressure storage reservoir 
320 to be admitted to chamber 306 as desired. A port or ports 
(not shown) with associated pipes 322 and a bidirectional 
valve 324 enables gas from the chamber 306 to be exhausted 
through a vent 326 to the ambient atmosphere as desired. In 
alternate embodiments, vent 326 is replaced by additional 
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lower-pressure pneumatic cylinders (or pneumatic chambers 
of cylinders). A port or ports (not shown) enables the interior 
of the chamber 308 to communicate freely at all times with 
the ambient atmosphere. In alternate embodiments, cylinder 
302 is double-acting and chamber 308 is, like chamber 306, 
equipped to admit and exhaust fluids in various states of 
operation. The distal end of a rod 330 is coupled to the piston 
304. The rod 330 may be connected to a crankshaft, hydraulic 
cylinder, or other mechanisms for converting linear mechani 
cal motion to useful work as described in the 678 and 842 
patents. 
0189 In the energy recovery or expansion mode of opera 

tion, storage reservoir 320 is filled with high-pressure air (or 
other gas) 332 and a quantity of heat-transfer fluid 334. The 
heat-transfer fluid 334 may be an aqueous foam or a liquid 
that tends to foam when sprayed or otherwise acted upon. The 
liquid component of the aqueous foam, or the liquid that tends 
to foam, may include or consist essentially of water with 2% 
to 5% of certain additives; these additives may also provide 
functions of anti-corrosion, anti-wear (lubricity), anti-bio 
growth (biocide), freezing-point modification (anti-freeze), 
and/or Surface-tension modification. Additives may include a 
micro-emulsion of a lubricating fluid Such as mineral oil, a 
Solution of agents such as glycols (e.g. propylene glycol), or 
soluble synthetics (e.g. ethanolamines). Such additives tend 
to reduce liquid Surface tension and lead to Substantial foam 
ing when sprayed. Commercially available fluids may be 
used at an approximately 5% solution in water, Such as 
Mecagreen 127 (available from the Condat Corporation of 
Michigan), which consists in part of a micro-emulsion of 
mineral oil, and Quintolubric 807-WP (available from the 
Quaker Chemical Corporation of Pennsylvania), which con 
sists in part of a soluble ethanolamine. Other additives may be 
used at higher concentrations (such as at a 50% solution in 
water), including Cryo-tek 100/A1 (available from the Her 
cules Chemical Company of New Jersey), which consists in 
part of a propylene glycol. These fluids may be further modi 
fied to enhance foaming while being sprayed and to speed 
defoaming when in a reservoir. 
(0190. The heat-transfer fluid 334 may be circulated within 
the storage reservoir 320 via high-inlet-pressure, low-power 
consumption pump 336 (such as described in the 731 patent). 
In various embodiments, the fluid 334 may be removed from 
the bottom of the storage reservoir 320 via piping 338, circu 
lated via pump 336 through a heat exchanger 340, and intro 
duced (e.g., sprayed) back into the top of storage reservoir 
320 via piping 342 and spray head 344 (or other suitable 
mechanism). Any changes in pressure within reservoir 320 
due to removal or addition of gas (e.g., via pipe 312) generally 
tend to result in changes in temperature of the gas 332 within 
reservoir 320. By spraying and/or foaming the fluid 334 
throughout the storage reservoir gas 332, heat may be added 
to or removed from the gas 332 via heat exchange with the 
heat-transfer fluid 334. By circulating the heat-transfer fluid 
334 through heat exchanger 340, the temperature of the fluid 
334 and gas 332 may be kept substantially constant (i.e., 
isothermal). Counterflow heat-exchange fluid 346 at near 
ambient pressure may be circulated from a near-ambient 
temperature thermal well (not shown) or source (e.g., waste 
heat source) or sink (e.g., cold water Source) of thermal 
energy, as described in more detail below. 
0191 In various embodiments of the invention, reservoir 
320 contains an aqueous foam, either unseparated or partially 
separated into its gaseous and liquid components. In Such 
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embodiments, pump 336 may circulate either the foam itself, 
or the separated liquid component of the foam, or both, and 
recirculation of fluid into reservoir 320 may include regen 
eration of foam by apparatus not shown in FIG. 3. 
0.192 In the energy recovery or expansion mode of opera 
tion, a quantity of gas may be introduced via valve 316 and 
pipe 312 into the upper chamber 306 of cylinder 302 when 
piston 304 is near or at the top of its stroke (i.e., “top dead 
center of cylinder 302). The piston 304 and its rod 330 will 
then be moving downward (the cylinder 302 may be oriented 
arbitrarily but is shown vertically oriented in this illustrative 
embodiment). Heat-exchange fluid 334 may be introduced 
into chamber 306 concurrently via optional pump 350 (alter 
natively, a pressure drop may be introduced in line 312 such 
that pump 350 is not needed) through pipe 352 and directional 
valve 354. This heat-exchange fluid 334 may be sprayed into 
chamber 306 via one or more spray nozzles 356 in such a 
manner as to generate foam 360. (In some embodiments, 
foam 360 is introduced directly into chamber 306 in foam 
form.) The foam 360 may entirely fill the entire chamber 306, 
but is shown in FIG. 3, for illustrative purposes only, as only 
partially filling chamber 306. Herein, the term “foam 
denotes either (a) foam only or (b) any of a variety of mixtures 
of foam and heat-exchange liquid in other, non-foaming 
states (e.g., droplets). Moreover, some non-foamed liquid 
(not shown) may accumulate at the bottom of chamber 306; 
any such liquid is generally included in references herein to 
the foam 360 within chamber 306. 

(0193 System 300 is instrumented with pressure, piston 
position, and/or temperature sensors (not shown) and con 
trolled via control system 362. At a predetermined position of 
piston 304, an amount of gas 332 and heat-transfer fluid 334 
have been admitted into chamber 306 and valve 316 and valve 
354 are closed. (Valves 316 and 354 may close at the same 
time or at different times, as each has a control value based on 
quantity offluid desired.) The gas in chamber 306 then under 
goes free expansion, continuing to drive piston 304 down 
ward. During this expansion, in the absence of foam 360, the 
gas would tend to decrease substantially in temperature. With 
foam 360 largely or entirely filling the chamber, the tempera 
ture of the gas in chamber 306 and the temperature of the 
heat-transfer fluid 360 tend to approximate to each other via 
heat exchange. The heat capacity of the liquid component of 
the foam 360 (e.g., water with one or more additives) may be 
much higher than that of the gas (e.g., air) Such that the 
temperature of the gas and liquid do not change Substantially 
(i.e., are substantially isothermal) even over a many-times gas 
expansion (e.g., from 250 psig to near atmospheric pressure, 
or in other embodiments from 3,000 psig to 250 psig). 
(0194 When the piston 304 reaches the end of its stroke 
(bottom dead center), the gas within chamber 306 will have 
expanded to a predetermined lower pressure (e.g., near atmo 
spheric). Valve 324 will then be opened, allowing gas from 
chamber 306 to be vented, whether to atmosphere through 
pipe 322 and vent 326 (as illustrated here) or, in other embodi 
ments, to a next stage in the expansion process (e.g., chamber 
in a separate cylinder), via pipe 322. Valve 324 remains open 
as the piston undergoes an upward (i.e., return) stroke, emp 
tying chamber 306. Part or substantially all of foam 360 is 
also forced out of chamber 306 via pipe 322. A separator (not 
shown) or other means such as gravity separation is used to 
recover heat-transfer fluid, preferably de-foamed (i.e., as a 
simple liquid with or without additives), and to direct it into a 
storage reservoir 364 via pipe 366. 
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0.195. When piston 304 reaches top of stroke again, the 
process repeats with gas 332 and heat-transfer fluid 334 
admitted from vessel 320 via valves 316 and 354. If additional 
heat-transfer fluid is needed in reservoir 320, it may be 
pumped back into reservoir 320 from reservoir 364 via piping 
367 and optional pump/motor 368. In one mode of operation, 
pump 368 may be used to continuously refill reservoir 320 
such that the pressure in reservoir 320 is held substantially 
constant. That is, as gas is removed from reservoir 320, heat 
transfer fluid 334 is added to maintain constant pressure in 
reservoir 320. In other embodiments, pump 368 is not used or 
is used intermittently, the pressure in reservoir 320 continues 
to decrease during an energy-recovery process (i.e., involving 
removal of gas from reservoir 320), and the control system 
362 changes the timing of valves 316 and 354 accordingly so 
as to reach approximately the same ending pressure when the 
piston 304 reaches the end of its stroke. An energy-recovery 
process may continue until the storage reservoir 320 is nearly 
empty of pressurized gas 332, at which time an energy-stor 
age process may be used to recharge the storage reservoir 320 
with pressurized gas 332. In other embodiments, the energy 
recovery and energy-storage processes are alternated based 
on operator requirements. 
0196. In either the energy-storage or energy-compression 
mode of operation, storage reservoir 320 is typically at least 
partially depleted of high-pressure gas 332, as storage reser 
voir 320 also typically contains a quantity of heat-transfer 
fluid 334. Reservoir 364 is at low pressure (e.g., atmospheric 
or some other low pressure that serves as the intake pressure 
for the compression phase of cylinder 302) and contains a 
quantity of heat-transfer fluid 370. 
(0197) The heat-transfer fluid 370 may be circulated within 
the reservoir 364 via low-power-consumption pump 372. In 
various embodiments, the fluid 370 may be removed from the 
bottom of the reservoir 364 via piping 367, circulated via 
pump372 through a heat exchanger 374, and introduced (e.g., 
sprayed) back into the top of reservoir 364 via piping 376 and 
spray head 378 (or other suitable mechanism). By spraying 
the fluid 370 throughout the reservoir gas 380, heat may be 
added or removed from the gas via the heat-transfer fluid 370. 
By circulating the heat-transfer fluid 370 through heat 
exchanger 374, the temperature of the fluid 370 and gas 380 
may be kept near constant (i.e., isothermal). Counterflow 
heat-exchange fluid 382 at near-ambient pressure may be 
circulated from a near-ambient-temperature thermal well (not 
shown) or source (e.g., waste heat source) or sink (e.g., cold 
water source) of thermal energy. In one embodiment, coun 
terflow heat-exchange fluid 382 is at high temperature to 
increase energy recovery during expansion and/or counter 
flow heat-exchange fluid 382 is at low temperature to 
decrease energy usage during compression. 
0198 In the energy-storage or compression mode of 
operation, a quantity of low-pressure gas is introduced via 
valve 324 and pipe 322 into the upper chamber 306 of cylin 
der 302 starting when piston 304 is near top dead center of 
cylinder 302. The low-pressure gas may be from the ambient 
atmosphere (e.g., may be admitted through vent 326 as illus 
trated herein) or may be from a source of pressurized gas Such 
as a previous compression stage. During the intake stroke, the 
piston 304 and its rod 330 will move downward, drawing in 
gas. Heat-exchange fluid 370 may be introduced into cham 
ber 306 concurrently via optional pump 384 (alternatively, a 
pressure drop may be introduced in line 386 such that pump 
384 is not needed) through pipe 386 and directional valve 
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388. This heat exchange fluid 370 may be introduced (e.g., 
sprayed) into chamber 306 via one or more spray nozzles 390 
in such a manner as to generate foam 360. This foam 360 may 
fill the chamber 306 partially or entirely by the end of the 
intake stroke; for illustrative purposes only, foam 360 is 
shown in FIG.3 as only partially filling chamber 306. At the 
end of the intake stroke, piston 304 reaches the end-of-stroke 
position (bottom dead center) and chamber 306 is filled with 
foam 360 generated from air at a low pressure (e.g., atmo 
spheric) and heat-exchange liquid. 
(0199. At the end of the stroke, with piston 304 at the 
end-of-stroke position, valve 324 is closed. Valve 388 is also 
closed, not necessarily at the same time as valve 324, but after 
a predetermined amount of heat-transfer fluid 370 has been 
admitted, creating foam 360. The amount of heat-transfer 
fluid 370 may be based upon the volume of air to be com 
pressed, the ratio of compression, and/or the heat capacity of 
the heat-transfer fluid. Next, piston304 and rod 330 are driven 
upwards via mechanical means (e.g., hydraulic fluid, hydrau 
lic cylinder, mechanical crankshaft) to compress the gas 
within chamber 306. 

0200. During this compression, in the absence of foam 
360, the gas in chamber 306 would tend to increase substan 
tially in temperature. With foam 360 at least partially filling 
the chamber, the temperature of the gas in chamber 306 and 
the temperature of the liquid component of foam 360 will tend 
to equilibrate via heat exchange. The heat capacity of the fluid 
component of foam 360 (e.g., water with one or more addi 
tives) may be much higher than that of the gas (e.g., air) such 
that the temperature of the gas and fluid do not change Sub 
stantially and are near-isothermal even over a many-times gas 
compression (e.g., from near atmospheric pressure to 250 
psig, or in other embodiments from 250 psig to 3,000 psig). 
0201 The gas in chamber 306 (which includes, or consists 
essentially of the gaseous component of foam 360) is com 
pressed to a suitable pressure, e.g., a pressure approximately 
equal to the pressure within storage reservoir 320, at which 
time valve 316 is opened. The foam 360, including both its 
gaseous and liquid components, is then transferred into Stor 
age reservoir 320 through valve 316 and pipe 312 by contin 
ued upward movement of piston 304 and rod 330. 
0202. When piston 304 reaches top of stroke again, the 
process repeats, with low-pressure gas and heat-transfer fluid 
370 admitted from vent 326 and reservoir 364 via valves 324 
and 388. If additional heat-transfer fluid is needed in reservoir 
364, it may be returned to reservoir 364 from reservoir 320 via 
piping 367 and optional pump/motor 368. Power recovered 
from motor 368 may be used to help drive the mechanical 
mechanism for driving piston 304 and rod 330 or may be 
converted to electrical power via an electric motor/generator 
(not shown). In one mode of operation, motor 368 may be run 
continuously, while reservoir 320 is being filled with gas, in 
such a manner that the pressure in reservoir 320 is held 
Substantially constant. That is, as gas is added to reservoir 
320, heat-transfer fluid 334 is removed from reservoir 320 to 
maintain substantially constant pressure within reservoir 320. 
In other embodiments, motor 368 is not used or is used 
intermittently; the pressure in reservoir 320 continues to 
increase during an energy-storage process and the control 
system 362 changes the timing of valves 316 and 388 accord 
ingly so that the desired ending pressure (e.g., atmospheric) is 
attained within chamber 306 when the piston 304 reaches 
bottom of stroke. An energy-storage process may continue 
until the storage reservoir 320 is full of pressurized gas 332 at 
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the maximum storage pressure (e.g., 3,000 psig), after which 
time the system is ready to perform an energy-recovery pro 
cess. In various embodiments, the system may commence an 
energy-recovery process when the storage reservoir 320 is 
only partly full of pressurized gas 332, whether at the maxi 
mum storage pressure or at Some storage pressure intermedi 
ate between atmospheric pressure and the maximum storage 
pressure. In other embodiments, the energy-recovery and 
energy-storage processes are alternated based on operator 
requirements. 
0203 FIG. 4 depicts an illustrative system 400 that fea 
tures at least two cylinder assemblies 402, 406 (i.e., an 
embodiment of assembly 101 in FIG. 1; e.g., cylinder assem 
bly 201 in FIG. 2) and a heat-transfer subsystem 404, 408 
(e.g., Subsystem 224 in FIG. 2) associated with each cylinder 
assembly 402,406. Additionally, the system includes a ther 
mal well 410 (e.g., thermal well 242 in FIG. 2) which may be 
associated with either or both of the heat-transfer subsystems 
404, 408 as indicated by the dashed lines. 
0204 Assembly 402 is in selective fluid communication 
with a storage reservoir 412 (e.g., 112 in FIG. 1, 222 in FIG. 
2) capable of holding fluid at relatively high pressure (e.g., 
approximately 3,000 psig). Assembly 406 is in selective fluid 
communication with assembly 402 and/or with optional addi 
tional cylinder assemblies between assemblies 402 and 406 
as indicated by ellipsis marks 422. Assembly 406 is in selec 
tive fluid communication with an atmospheric vent 420 (e.g., 
120 in FIG. 1, 223 in FIG. 2). 
0205 System 400 may compress air at atmospheric pres 
sure (admitted to system 400 through the vent 420) stagewise 
through assemblies 406 and 402 to high pressure for storage 
in reservoir 412. System 400 may also expand air from high 
pressure in reservoir 412 stagewise through assemblies 402 
and 406 to a low pressure (e.g., approximately 5 psig) for 
venting to the atmosphere through vent 420. 
0206. As described in U.S. patent application Ser. No. 
13/080,914, filed Apr. 6, 2011 (the 914 application), the 
entire disclosure of which is incorporated by reference herein, 
in a group of N cylinder assemblies used for expansion or 
compression of gas between a high pressure (e.g., approxi 
mately 3,000 psig) and a low pressure (e.g., approximately 5 
psig), the system will contain gas at N-1 pressures interme 
diate between the high-pressure extreme and the low pres 
Sure. Herein each Such intermediate pressure is termed a 
“mid-pressure.” In illustrative system 400, N=2 and N-1=1, 
so there is one mid-pressure (e.g., approximately 250 psig 
during expansion) in the system 400. In various states of 
operation of the system, mid-pressures may occur in any of 
the chambers of a series-connected cylindergroup (e.g., the 
cylinders of assemblies 402 and 406) and within any valves, 
piping, and other devices in fluid communication with those 
chambers. In illustrative system 400, the mid-pressure, herein 
denoted “mid-pressure P1’ occurs primarily in valves, pip 
ing, and other devices intermediate between assemblies 402 
and 406. 
0207 Assembly 402 is a high-pressure assembly: i.e., 
assembly 402 may admit gas at high pressure from reservoir 
412 to expand the gas to mid-pressure P1 for transfer to 
assembly 402, and/or may admit gas at mid-pressure P1 from 
assembly 406 to compress the gas to high pressure for transfer 
to reservoir 412. Assembly 406 is a low-pressure assembly: 
i.e., assembly 406 may admit gas at mid-pressure P1 from 
assembly 402 to expand the gas to low pressure for transfer to 
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the vent 420, and/or may admit gas at low pressure from vent 
420 to compress the gas to mid-pressure P1 for transfer to 
assembly 402. 
0208. In system 400, extended cylinder assembly 402 
communicates with extended cylinder assembly 406 via a 
mid-pressure assembly 414. Herein, a “mid-pressure assem 
bly' includes or consists essentially of a reservoir of gas that 
is placed in fluid communication with the valves, piping, 
chambers, and other components through or into which gas 
passes. The gas in the reservoir is at approximately at the 
mid-pressure which the particular mid-pressure assembly is 
intended to provide. The reservoir is large enough so that a 
Volume of mid-pressure gas approximately equal to that 
within the valves, piping, chambers, and other components 
with which the reservoir is in fluid communication may enter 
or leave the reservoir without Substantially changing its pres 
Sure. Additionally, the mid-pressure assembly may provide 
pulsation damping, additional heat-transfer capability, fluid 
separation, and/or house one or more heat-transfer Sub-sys 
tems such as part or all of sub-systems 404 and/or 408. As 
described in the 914 application, a mid-pressure assembly 
may substantially reduce the amount of dead space in various 
components of a system employing pneumatic cylinder 
assemblies, e.g., system 400 in FIG. 4. Reduction of dead 
space tends to increase overall system efficiency. 
0209 Alternatively or in conjunction, pipes and valves 
(not shown in FIG. 4) bypassing mid-pressure assembly 414 
may enable fluid to pass directly between assembly 402 and 
assembly 406. Valves 416, 418, 424, and 426 control the 
passage of fluids between the assemblies 402,406, 412, and 
414. 

0210. A control system 428 (e.g., 122 in FIG. 1, 226 in 
FIG. 2, 362 in FIG. 3) may control operation of, e.g., all 
valves of system 400 based on various system inputs (e.g., 
pressure, temperature, piston position, and/or fluid State) 
from assemblies 402 and 406, mid-pressure assembly 414, 
storage reservoir 412, thermal well 410, heat transfer sub 
systems 404, 408, and/or the environment Surrounding sys 
tem 420. 

0211. It will be clear to persons reasonably familiar with 
the art of pneumatic machines that a system similar to system 
400 but differing by the incorporation of one, two or more 
mid-pressure extended cylinder assemblies may be devised 
without additional undue experimentation. It will also be 
clear that all remarks herein pertaining to system 400 may be 
applied to such an N-cylinder system without substantial 
revision, as indicated by elliptical marks 422. Such N-cylin 
der systems, though not discussed further herein, are contem 
plated and within the scope of the invention. As shown and 
described in the 678 patent, Nappropriately sized cylinders, 
where N22, may reduce an original (single-cylinder) oper 
ating fluid pressure range R to R' and correspondingly 
reduce the range of force acting on each cylinder in the 
N-cylinder System as compared to the range of force acting in 
a single-cylinder system. This and other advantages, as set 
forth in the 678 patent, may be realized in N-cylinder sys 
tems. Additionally, multiple identical cylinders may be added 
in parallel and attached to a common or separate drive mecha 
nism (not shown) with the cylinder assemblies 402, 406 as 
indicated by ellipsis marks 432, 436, enabling higher power 
and air-flow rates. 
0212 FIG. 5 is a schematic diagram showing components 
of a system 500 for achieving approximately isothermal com 
pression and expansion of a gas for energy storage and recov 
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ery using a pneumatic cylinder 502 (shown in partial cross 
section) according to embodiments of the invention. The 
cylinder 502 typically contains a slideably disposed piston 
504that divides the cylinder 502 into two chambers 506,508. 
A reservoir 510 contains gas at high pressure (e.g., 3,000 psi); 
the reservoir 510 may also contain a quantity of heat-ex 
change liquid512. The heat-exchange liquid512 may contain 
an additive that increases the liquid’s tendency to foam (e.g., 
by lowering the surface tension of the liquid 512). Additives 
may include Surfactants (e.g., Sulfonates), a micro-emulsion 
of a lubricating fluid Such as mineral oil, a solution of agents 
Such as glycols (e.g., propylene glycol), or Soluble synthetics 
(e.g., ethanolamines). Foaming agents such as Sulfonates 
(e.g., linear alkyl benzene sulfonate such as Bio-Soft D-40 
available from Stepan Company of Illinois) may be added, or 
commercially available foaming concentrates Such as fire 
fighting foam concentrates (e.g., fluorosurfactant products 
such as those available from ChemGuard of Texas) may be 
used. Such additives tend to reduce liquid surface tension of 
water and lead to Substantial foaming when sprayed. Com 
mercially available fluids may be used at an approximately 
5% solution in water, such as Mecagreen 127 (available from 
the Condat Corporation of Michigan), which consists in part 
ofa micro-emulsion of mineral oil, and Quintolubric 807-WP 
(available from the Quaker Chemical Corporation of Penn 
Sylvania), which consists in part of a soluble ethanolamine. 
Other additives may be used at higher concentrations (such as 
at a 50% solution in water), including Cryo-tek 100/A1 (avail 
able from the Hercules Chemical Company of New Jersey), 
which consists in part of a propylene glycol. These fluids may 
be further modified to enhance foaming while being sprayed 
and to speed defoaming when in a reservoir. 
0213 A pump 514 and piping 516 may convey the heat 
exchange liquid to a device herein termed a “mixing cham 
ber” (518). Gas from the reservoir 510 may also be conveyed 
(via piping 520) to the mixing chamber 518. Within the mix 
ing chamber 518, a foam-generating mechanism 522 com 
bines the gas from the reservoir 510 and the liquid conveyed 
by piping 516 to create foam 524 of a certain grade (i.e., 
bubble size variance, average bubble size, void fraction), 
herein termed Foam A, inside the mixing chamber 518. 
0214. The mixing chamber 518 may contain a screen 526 
or other mechanism (e.g., source of ultrasound) to vary or 
homogenize foam structure. Screen 526 may be located, e.g., 
at or near the exit of mixing chamber 518. Foam that has 
passed through the screen 526 may have a different bubble 
size and other characteristics from Foam A and is herein 
termed Foam B (528). In other embodiments, the screen 526 
is omitted, so that Foam A is transferred without deliberate 
alteration to chamber 506. 

0215. The exit of the mixing chamber 518 is connected by 
piping 530 to a port in the cylinder 502 that is gated by a valve 
532 (e.g., a poppet-style valve) that permits fluid from piping 
530 to enter the upper chamber (air chamber) 506 of the 
cylinder 502. Valves (not shown) may control the flow of gas 
from the reservoir 510 through piping 520 to the mixing 
chamber 518, and from the mixing chamber 518 through 
piping 528 to the upper chamber 506 of the cylinder 502. 
Another valve 534 (e.g., a poppet-style valve) permits the 
upper chamber 506 to communicate with other components 
of the system 500, e.g., an additional separator device (not 
shown), the upper chamber of another cylinder (not shown), 
or a vent to the ambient atmosphere (not shown). 
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0216. The volume of reservoir 510 may be large (e.g., at 
least approximately four times larger) relative to the Volume 
of the mixing chamber 518 and cylinder 502. Foam A and 
Foam B are preferably statically stable foams over a portion 
or all of the time-scale of typical cyclic operation of system 
500: e.g., for a 120 RPM system (i.e., 0.5 seconds per revo 
lution), the foam may remain Substantially unchanged (e.g., 
less than 10% drainage) after 5.5 seconds or a time approxi 
mately five times greater than the revolution time. 
0217. In an initial state of operation of a procedure 
whereby gas stored in the reservoir 510 is expanded to release 
energy, the valve 532 is open, the valve 534 is closed, and the 
piston 504 is near top dead center of cylinder 502 (i.e., toward 
the top of the cylinder 502). Gas from the reservoir 510 is 
allowed to flow through piping 520 to the mixing chamber 
518 while liquid from the reservoir 510 is pumped by pump 
514 to the mixing chamber 518. The gas and liquid thus 
conveyed to the mixing chamber 518 are combined by the 
foam-generating mechanism 522 to form Foam A (524), 
which partly or substantially fills the main chamber of the 
mixing chamber 518. Exiting the mixing chamber 518, Foam 
A passes through the screen 526, being altered thereby to 
Foam B. Foam B, which is at approximately the same pres 
sure as the gas stored in reservoir 510, passes through valve 
532 into chamber 506. In chamber 506, Foam B exerts a force 
on the piston 504 that may be communicated to a mechanism 
(e.g., an electric generator, not shown) external to the cylinder 
502 by a rod 536 that is connected to piston 504 and that 
passes slideably through the lower end cap of the cylinder 
SO2. 

0218. The gas component of the foam in chamber 506 
expands as the piston 504 and rod 536 move downward. At 
some point in the downward motion of piston 504, the flow of 
gas from reservoir 510 into the mixing chamber 518 and 
thence (as the gas component of Foam B) into chamber 506 
may be ended by appropriate operation of valves (not shown). 
As the gas component of the foam in chamber 506 expands, it 
will tend, unless heat is transferred to it, to decrease in tem 
perature according to the Ideal Gas Law; however, if the 
liquid component of the foam in chamber 506 is at a higher 
temperature than the gas component of the foam in chamber 
506, heat will tend to be transferred from the liquid compo 
nent to the gas component. Therefore, the temperature of the 
gas component of the foam within chamber 506 will tend to 
remain constant (approximately isothermal) as the gas com 
ponent expands. 
0219. When the piston 504 approaches bottom dead center 
of cylinder 502 (i.e., has moved down to approximately its 
limit of motion), valve 532 may be closed and valve 534 may 
be opened, allowing the expanded gas in chamber 506 to pass 
from cylinder 502 to some other component of the system 
500, e.g., a vent or a chamber of another cylinder for further 
expansion. 
0220. In some embodiments, pump 514 is a variable-speed 
pump, i.e., may be operated so as to transfer liquid 512 at a 
slower or faster rate from the reservoir 510 to the foam 
generating mechanism 522 and may be responsive to signals 
from the control system (not shown). If the rate at which 
liquid 512 is transferred by the pump 514 to the foam-mecha 
nism 522 is increased relative to the rate at which gas is 
conveyed from reservoir 510 through piping 520 to the 
mechanism 522, the void fraction of the foam produced by the 
mechanism 522 may be decreased. If the foam generated by 
the mechanism 522 (Foam A) has a relatively low void frac 
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tion, the foam conveyed to chamber 506 (Foam B) will gen 
erally also tend to have a relatively low void fraction. When 
the void fraction of a foam is lower, more of the foam consists 
of liquid, so more thermal energy may be exchanged between 
the gas component of the foam and the liquid component of 
the foam before the gas and liquid components come into 
thermal equilibrium with each other (i.e., cease to change in 
relative temperature). When gas at relatively high density 
(e.g., ambient temperature, high pressure) is being transferred 
from the reservoir 510 to chamber 506, it may be advanta 
geous to generate foam having a lower Void fraction, enabling 
the liquid fraction of the foam to exchange a correspondingly 
larger quantity of thermal energy with the gas fraction of the 
foam. 
0221 All pumps shown in Subsequent figures herein may 
also be variable-speed pumps and may be controlled based on 
signals from the control system. Signals from the control 
system may be based on system-performance (e.g., gas tem 
perature and/or pressure, cycle time, etc.) measurements from 
one or more previous cycles of compression and/or expan 
S1O. 

0222 Embodiments of the invention increase the effi 
ciency of a system 500 for the storage and retrieval of energy 
using compressed gas by enabling the Surface area of a given 
quantity of heat-exchange liquid 512 to be greatly increased 
(with correspondingly accelerated heat transfer between liq 
uid 512 and gas undergoing expansion or compression within 
cylinder 502) with less investment of energy than would be 
required by alternative methods of increasing the surface of 
area of the liquid, e.g., the conversion of the liquid 512 to a 
Spray. 

0223) In other embodiments, the reservoir 510 is a sepa 
rator rather than a high-pressure storage reservoir as depicted 
in FIG. 5. In such embodiments, piping, valves, and other 
components not shown in FIG. 5 are supplied that allow the 
separator to be placed in fluid communication with a high 
pressure gas storage reservoir as well as with the mixing 
chamber 518. An arrangement of this type will be shown in 
and described with reference to FIG. 9. 
0224 FIG. 6 is a schematic diagram showing components 
of a system 600 for achieving approximately isothermal com 
pression and expansion of a gas for energy storage and recov 
ery using a pneumatic cylinder 604 (shown in partial cross 
section) according to embodiments of the invention. System 
600 is similar to system 500 in FIG. 5, except that system 600 
includes a bypass pipe 638. Moreover, two valves 640, 642 
are explicitly depicted in FIG. 6. Bypass pipe 638 may be 
employed as follows: (1) when gas is being released from the 
storage reservoir 610, mixed with heat-exchange liquid 612 
in the mixing chamber 618, and conveyed to chamber 606 of 
cylinder 604 to be expanded therein, valve 640 will be closed 
and valve 642 open; (2) when gas has been compressed in 
chamber 606 of cylinder 604 and is to be conveyed to the 
reservoir 610 for storage, valve 640 will be open and valve 
642 closed. Less friction will tend to be encountered by fluids 
passing through valve 640 and bypass pipe 638 than by fluids 
passing through valve 642 and Screen 626 and around the 
foam-generating mechanism 622. In other embodiments, 
valve 642 is omitted, allowing fluid to be routed through the 
bypass pipe 638 by the higher resistance presented by the 
mixing chamber 618, and valve 640 is a check valve prevent 
ing fluid flow when gas is being released in expansion mode. 
The direction of fluid flow from chamber 606 to the reservoir 
610 via a lower-resistance pathway (i.e., the bypass pipe 638) 
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will tend to result in lower frictional losses during such flow 
and therefore higher efficiency for system 600. 
0225. In other embodiments, the reservoir 610 is a sepa 
rator rather than a high-pressure storage reservoir as depicted 
in FIG. 6. In Such embodiments, piping, valves, and other 
components not shown in FIG. 6 are supplied that allow the 
separator to be placed in fluid communication with a high 
pressure gas storage reservoir as well as with the mixing 
chamber 618 and bypass pipe 638. 
0226 FIG. 7 is a schematic diagram showing components 
of a system 700 for achieving approximately isothermal com 
pression and expansion of a gas for energy storage and recov 
ery using a pneumatic cylinder 702 (shown in partial cross 
section) according to embodiments of the invention. System 
700 is similar to system 500 in FIG. 5, except that system 700 
omits the mixing chamber 518 and instead generates foam 
inside the storage reservoir 710. In system 700, a pump 714 
circulates heat-exchange liquid 712 to a foam-generating 
mechanism 722 (e.g., one or more spray nozzles) inside the 
reservoir 710. The reservoir 710 may, by means of the pump 
714 and mechanism 722, be filled partly or entirely by foam 
ofan initial or original character, Foam A (724). The reservoir 
710 may be placed in fluid communication via pipe 720 with 
a valve-gated port 744 in cylinder 702. Valves (not shown) 
may govern the flow of fluid through pipe 720. An optional 
screen 726 (or other suitable mechanism such as an ultra 
sound source), shown in FIG. 7 inside pipe 720 but locatable 
anywhere in the path of fluid flow between reservoir 710 and 
chamber 706 of the cylinder 702, serves to alter Foam A (724) 
to Foam B (728), regulating characteristics such as bubble 
size variance and average bubble size. 
0227. In other embodiments, the reservoir 710 is a sepa 
rator rather than a high-pressure storage reservoir as depicted 
in FIG. 7. In such embodiments, piping, valves, and other 
components not shown in FIG. 7 will be supplied that allow 
the separator to be placed in fluid communication with a 
high-pressure gas storage reservoir as well as with the cylin 
der 702. In other embodiments, a bypass pipe similar to that 
depicted in FIG. 6 is added to system 700 in order to allow 
fluid to pass from cylinder 702 to reservoir 710 without pass 
ing through the screen 726. 
0228 FIG. 8 is a schematic diagram showing components 
of a system 800 for achieving approximately isothermal com 
pression and expansion of a gas for energy storage and recov 
ery using a pneumatic cylinder 802 (shown in partial cross 
section) according to embodiments of the invention. System 
800 is similar to system 500 in FIG. 5, except that system 800 
omits the mixing chamber 518 and instead generates foam 
inside the air chamber 806 of the cylinder 802. In system 800, 
a pump 814 circulates heat-exchange liquid 812 to a foam 
generating mechanism 822 (e.g., one or more spray nozzles 
injecting into cylinder and/or onto a screen through which 
admitted air passes) either located within, or communicating 
with (e.g., through a port), chamber 806. The chamber 806 
may, by means of the pump 814 and mechanism 822 (and by 
means of gas supplied from reservoir 810 via pipe 820 
through a port 844), be filled partly or substantially entirely 
by foam. The reservoir 810 may be placed in fluid communi 
cation via pipe 820 with valve-gated port 844 in cylinder 802. 
Valves (not shown) may govern the flow of fluid through pipe 
820. 

0229 FIG. 9 is a schematic diagram showing components 
of a system for achieving approximately isothermal compres 
sion and expansion of a gas for energy storage and recovery 
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using two pneumatic cylinder stages 902, 904 (shown in 
partial cross-section) according to embodiments of the inven 
tion. The higher-pressure cylinder 902 may be placed in fluid 
communication with a first separator 906 and/or a second 
separator 908; the lower-pressure cylinder 902 may be placed 
in fluid communication with the second separator 908 and/or 
a third separator 910. The first separator 906 may be placed in 
fluid communication with a high-pressure gas storage reser 
voir (not shown). The third separator 910 may be placed in 
fluid communication with a vent (not shown) that allows air to 
be exchanged with the environment. Fluid passing between 
the first separator 906 and the high-pressure cylinder 902, or 
between the high-pressure cylinder 902 and the second sepa 
rator 908, or between the second separator 908 and the low 
pressure cylinder 904, or between the low-pressure cylinder 
904 and the third separator 910, may be routed through mix 
ing chambers 912,914,916,918 or bypass pipes 920, 922, 
924,926. Arrangements for controlling fluid communication 
between the high-pressure reservoir, the vent, the cylinders 
902, 904, the mixing chambers 912,914,916,918, and the 
bypass pipes 920, 922,924, 926 may include valves, piping, 
and other components not depicted in FIG. 9. In various 
embodiments, the bypass pipes 920, 922, 924, 926, and/or 
additional bypass pipes not depicted in FIG.9 may allow fluid 
to bypass the separators 906,908,910. 
0230. During expansion of gas from storage, gas may first 
be partly expanded in a high-pressure cylinder 902, allowing 
Some of its potential elastic energy to be recovered by mecha 
nisms (not shown) external to the cylinder 902, and then 
further expanded in the low-pressure cylinder 904, allowing 
most or substantially all of the remainder of its potential 
elastic energy to be recovered. During compression of gas for 
storage, gas may be partly compressed in the lower-pressure 
cylinder 904 and then further compressed in the higher-pres 
sure cylinder 902. 
0231. The system 900 includes arrangements similar to 
those depicted in FIG. 5 and/or FIG. 6 for achieving approxi 
mately isothermal compression and expansion of gas using 
foam to facilitate heat exchange between the gas and a heat 
exchange liquid. 
0232 Each of the three separators (e.g., the first separator 
906) may contain baffles (e.g., baffle 928) or other internal 
mechanisms for encouraging the breakdown or separation of 
a fluid foam into its gas and liquid components. Other tech 
niques (not shown). Such as spraying into the foam or 
mechanical shearing the foam, may be employed to encour 
age foam degradation in a separator. Separated liquid 930, 
932,934 may be conveyed by pumps 936,938,940,942 to the 
mixing chambers 912,914,916,918 (which preferably have 
integral screens) to be used in the formation of fresh foam. 
0233. Valves 944,946,948,950,952,954,956,958 may 
be used to direct liquid passing between the separators 906, 
908,910 and the cylinders 902,904 either through the mixing 
chambers 912,914,916,918 or the bypass pipes 920, 922, 
924,926. In cylinders 902,904, valves 964,966,968, and 970 
(e.g., poppet-type valves) control the ingress and egress of 
fluids. Preferably, the pumps 936, 938, 940, 942 run only 
when foam is to be generated in their respective mixing cham 
bers 912,914,916,918. 
0234. In general, gas that is to conveyed to an air chamber 
960,962 of a cylinder 902,904, there to be either expanded or 
compressed, is routed through a mixing chamber in order to 
be foamed with heat-exchange liquid, enabling heat exchange 
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to occur between the liquid and the gas during expansion or 
compression for the purpose of approximating an isothermal 
process. 
0235. In an initial state of operation of a procedure 
whereby gas stored in the high-pressure reservoir (not shown) 
is expanded in system 900 to release energy, piston972 of the 
high-pressure cylinder 902 may be approximately at top dead 
center, piston974 of the low-pressure cylinder 904 may be at 
bottom dead center (although the relative piston positions 972 
and 974 may be arbitrarily phased), and the upper chamber 
962 of the lower-pressure cylinder 904 is wholly or partly 
filled with foam at low pressure; in expansion mode, optional 
bypass valves 944 and 952 are closed and optional bypass 
valves 948 and 956 are open, allowing flow through mixing 
chambers 912 and 916 and optional valves 946 and 954, but 
bypassing flow through mixing chambers 914 and 918 by the 
closing of optional valves 950 and 958. Gas at high pressure 
is permitted to flow from the high-pressure reservoir, through 
the separator 906, and into the mixing chamber 912, where it 
is combined with heat-exchange liquid 930 to form foam. 
This foam, after optionally passing through a screen internal 
to the mixing chamber 912, flows through valve 946 and valve 
964 into chamber 960 of the high-pressure cylinder 902, 
which it partly or substantially fills. In chamber 960, the foam 
exerts a force on the piston 972 that may be communicated to 
a mechanism external to the cylinder 902. 
0236. The gas component of the foam in chamber 960 
expands as the piston 972 moves downward. At some point in 
the downward motion of piston 972, the flow of gas from the 
storage reservoir, through the separator 906, into the mixing 
chamber 912, and thence (as the gas component of the foam) 
into chamber 960 may be ended by closure of valve 964. As in 
the expanding foam in the cylinder of system 500 in FIG. 5, 
the temperature of the gas component of the foam within 
chamber 960 will tend to remain constant (approximately 
isothermal) as the gas component expands. 
0237. The piston 974 of the low-pressure cylinder 904 
may be moved upward from bottom dead center concurrently 
with the downward motion of piston 972 described above, 
expelling the low-pressure foam within chamber 962 through 
the bypass valve 956 and pipe 926 into the separator 910. In 
the separator 910, the liquid component of the foam settles 
and accumulates as a body of liquid 934. The gas component 
of the foam passing from chamber 962 to the separator 910 
proceeds out of the separator to the external vent (not shown) 
and is released to the environment. Additional mechanisms 
(not shown) for speeding the settling time of the foam into 
separate liquid and air, and for removing liquid from the 
venting air, may also be included. In brief, the high-pressure 
cylinder 902 may perform an intake stroke while the low 
pressure cylinder 904 performs an exhaust stroke. 
0238. When the piston 972 of the high-pressure cylinder 
902 has reached bottom dead center of cylinder 902 and the 
piston 974 has reached top dead center of the low-pressure 
cylinder 904, the chamber 960 of the high-pressure cylinder 
902 contains gas at a mid-pressure (e.g., 300 psi). Subse 
quently valve 96.6 may be opened, and the piston 972 of the 
high-pressure cylinder 902 may begin to move upward, and 
valve 968 may be opened and the piston 974 of the low 
pressure cylinder 904 may begin to move downward. Con 
currently, the pump 940 runs, conveying heat-exchange liq 
uid 932 to the mixing chamber 916 to be foamed. Under these 
conditions, gas at mid-pressure flows from the chamber 960 
of the high-pressure cylinder 902, through the bypass pipe 
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922 and into the separator 908. While the cylinders 902 and 
904 do not need to be out-of-phase, in an out-of-phase sce 
nario, mid-pressure gas flows from the separator 908 through 
the mixing chamber 916, and (foamed with heat-exchange 
liquid) into chamber 962 of the low-pressure cylinder 904, 
where it performs work on the piston 974 that is moving 
downward. In brief, the high-pressure cylinder 902 may per 
form an exhaust stroke while the low-pressure cylinder 904 
performs an intake stroke. 
0239. It will be clear to persons reasonably familiar with 
the art of pneumatic and hydraulic machines that the series of 
operations described above may be repeated cyclically, 
expanding any desired quantity of gas from Storage in an 
approximately isothermal manner. It will also be clear that the 
system 900 may assume a series of states of operation that 
isothermally compress gas admitted through the vent and 
deliver the compressed gas to the high-pressure storage res 
ervoir, and that this series of States may also be repeated 
cyclically, compressing any desired quantity of gas into Stor 
age. Such operations (as well as those described in connection 
with FIG.9) may be performed via larger numbers of cylin 
ders; multiple cylinders may expand or compress gas in par 
allel, or three or more stages (each of one or more cylinders) 
may be utilized to serially expand or compress gas. 
0240. In general, during both compression and expansion, 
system 900 may be operated so that fluids being exhausted 
from cylinders will be routed through the bypass tubes 920, 
922, 924,926, and fluids being taken in by cylinders will be 
routed through the mixing chambers 912, 914,916,918 in 
order that foams may be admitted to the air chambers 960, 
962. Moreover, the screens (or other suitable foam-altering 
mechanisms) internal to the mixing chambers 912,914,916, 
918 and the pumps 936,938,940,942 may be operated in a 
manner that optimizes the efficiency of system 900 (e.g., 
continuous flow at a minimal pressure drop). Mixing cham 
bers may be used for fine droplet spray as opposed to foam 
mixing in some or all of the mixing chambers, e.g., the low 
pressure chamber 918 may be used to suspend a mist of small 
droplets (e.g., 100 micron mean diameter or Smaller) within 
the air in the chamber, whereas the other chambers 912,914, 
916 may be used to generate a Suspension of aqueous foam. 
Some or all of the mixing chambers 912,914,916,918 may 
be replaced with direct injection into the cylinder as shown in 
FIG. 8. Some or all of the direct-injection foam generators 
(e.g., 822 in FIG. 8) may be replaced with direct-injection 
spray generators such as an array of nozzles, e.g., a direct 
injection mechanism (not shown) in the low pressure cylinder 
904 may be used to suspend a mist of small droplets (e.g., 
100-micron mean diameter or smaller) whereas a direct-in 
jection mechanism (not shown) in the high pressure cylinder 
902 may be used to generate an aqueous foam. Cylinders 902 
and/or 904 may have two direct-injection mechanisms, one 
for compression and one for expansion, and one such mecha 
nism may be for spray and one for foam generation. 
0241 FIG. 10 is a plot of experimental data on the isother 
mal efficiency of a gas-expansion process using a spray of tap 
water without foaming additives. All expansions plotted in 
FIG. 10 began at 3,000 psig and ended at 250 psig and took 
place in a 10-gallon cylinder with an 8-inch interior diameter 
and a 52-inch stroke length. Each symbol (i.e., circle, triangle, 
or square) plots the isothermal efficiency of a single run of the 
energy-conversion system incorporating the cylinder. Expan 
sions at three different rates of output power (37 kW. 50 kW. 
and 70 kW) are plotted in FIG. 10. The vertical axis corre 

29 
Nov. 29, 2012 

sponds to isothermal efficiency of expansion, i.e., the fraction 
of the energy that is extracted during a single actual expansion 
compared with the energy theoretically extractable from a 
given quantity of gas via isothermal expansion. Expansions 
that decrease in temperature generally yield less energy than 
an ideal isothermal expansion and thus result in less than 
100% isothermal efficiency. For example, anadiabatic expan 
sion over the same pressure range would result in approxi 
mately 50% of the energy of an ideal isothermal expansion, 
and thus have approximately 50% isothermal efficiency. 
0242. In the expansions for which isothermal efficiency is 
plotted in FIG. 10, the heat-exchange spray commences at the 
beginning of expansion and is stopped when the expanding 
gas reaches a predetermined threshold pressure or "spray end 
pressure.” The horizontal axis of FIG. 10 corresponds to this 
spray end pressure. Since the beginning gas pressures are the 
same for all expansions in FIG. 10, lower pressures tend to be 
attained within the cylinder at later times; thus, for each 
output power level, lower spray end pressure (leftward on 
horizontal axis) typically corresponds to a longer period of 
spraying (increased spray time). 
0243 As FIG. 10 shows, and as the arrow labeled 
“Increasing spray time' highlights, there is a clear tendency, 
for this experimental setup, and using tap water without 
foaming additive as a heat-exchange spray liquid, for effi 
ciency to decrease with spray end pressure (i.e., to increase 
with spray time). Without limiting the scope of the present 
invention, it is believed that this trend occurs because heat 
transfer between the heat-exchange liquid and the gas within 
the cylinder occurs at a significant rate only while the liquid 
and gas are in contact with each other over a large Surface 
area. For a non-foaming spray, the liquid and gas are in 
contact over a large surface area only while the spray is being 
generated and the droplets are falling through the gas. Heat 
exchange slows greatly soon after the spray ceases to be 
generated. Spraying throughout the whole expansion or most 
of the expansion therefore allows closer approximation to an 
isothermal expansion and thus higher isothermal efficiency. 
0244 FIG. 11 is a plot of experimental data on the isother 
mal efficiency of a gas-expansion process using a spray of tap 
water with 2.5% by volume of a foaming additive (which in 
this exemplary experiment includes, at least in part, an etha 
nolamine). The axes of the plot are as described above for 
FIG.10. Expansions at two different rates of output power (50 
kW and 70 kW) are plotted in FIG. 11. 
0245. As FIG. 11 shows, and as the arrow labeled 
“Increasing spray time' highlights, there is, if any, a slight 
tendency, at least for this experimental setup and using tap 
water with 2.5% foaming additive as a heat-exchange spray 
liquid, for efficiency to increase with spray end pressure (i.e., 
to decrease with spray time). Furthermore, the isothermal 
efficiencies obtained utilizing foaming heat-exchange sprays 
tend to be higher than those obtained with non-foaming 
sprays (FIG. 10). Without limiting the scope of the present 
invention, it is believed that the physical basis of this trend is 
that for a foaming spray, the liquid and gas are in contact over 
a large Surface area not only while the spray is being actively 
generated, but for as long as the resulting liquid-gas mixture 
persists Substantially as a foam within the cylinder. Signifi 
cantheat exchange thus may continue after the spray ceases to 
be generated. For the 2.5% water-plus-additive mixture used 
in the experiments whose results are plotted in FIG. 11, the 
entire volume of the expansion chamber within the cylinder is 
filled with foam soon (i.e., a small fraction of the duration of 
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the expansion stroke) after the commencement of spraying. 
Longer spray times (lower spray end pressures) may be asso 
ciated with lower isothermal efficiencies because they con 
Sume additional energy while producing relatively little addi 
tional heat transfer. Thus, under the experimental conditions 
pertaining to the data plotted in FIG. 11, the highest-effi 
ciency cycle is achieved with the shortest period of spraying. 
Notably, the highest efficiency attained under the conditions 
illustrated in FIG. 11 (approximately 97%) is higher than the 
highest efficiency attained under the conditions illustrated in 
FIG. 10, i.e., with non-foaming spray (approximately 
95.6%). With larger or smaller concentrations of one or more 
foaming additives (e.g., additives other than that utilized in 
this exemplary embodiment), other trends may be observed: 
e.g., at very low additive concentrations, foaming may be so 
slight as to not produce the effects observed with 2.5% con 
centration, in which case data more closely resembling those 
of FIG. 10 may be obtained. 
0246 FIG. 12 is a plot of experimental data on the isother 
mal efficiency of a gas-compression process using a spray of 
tap water without foaming additives. All compressions plot 
ted in FIG. 12 began at 250 psig and ended at 3,000 psig and 
took place in a 10-gallon cylinder with an 8-inch interior 
diameter and a 52-inch stroke length. Each symbol (i.e., dia 
mond, square, or triangle) plots the isothermal efficiency of a 
single run of the energy-conversion system. Compressions at 
three different rates of output power (37 kW, 50 kW, and 70 
kW) are plotted in FIG. 12. The vertical axis corresponds to 
isothermal efficiency of compression, i.e., the fraction of the 
energy that is required to compress a given quantity of gas to 
a certain Volume (from a given starting pressure and Volume) 
via isothermal compression compared with the actual mea 
Sured energy to compress that same quantity of gas to the 
same Volume. Compressions that increase in temperature 
generally require more energy than an ideal isothermal com 
pression and thus result in less than 100% isothermal effi 
ciency. For example, an adiabatic compression of 10 gallons 
of 250 psig gas to a Volume of 2 gallons would typically 
require approximately 170% of the energy of an ideal isother 
mal compression to the same Volume, and thus have approxi 
mately 60% (i.e., 100/170) isothermal efficiency. 
0247. In the compressions for which isothermal efficiency 

is plotted in FIG. 12, the heat-exchange spray commences at 
the beginning of compression and is stopped at Some prede 
termined threshold pressure or “spray end pressure.” The 
horizontal axis of FIG. 12 represents this spray end pressure. 
Since the beginning and end gas pressures are the same for all 
expansions in FIG. 12, lower pressures are attained within the 
cylinder at earlier times; thus, lower spray end pressure (left 
ward on horizontal axis) corresponds to a shorter period of 
spraying (decreased spray time). 
0248. As the data plotted in FIG. 12 show, and the arrow 
labeled “Increasing spray time' highlights, there is a ten 
dency, using tap water without foaming additives as a heat 
exchange spray liquid, for efficiency to increase with spray 
end pressure (i.e., to increase with spray time) up to a spray 
pressure of about 2,000 psi. Without limiting the scope of the 
present invention, it is believed that the physical basis of this 
trend is that heat transfer between the heat-exchange liquid 
and the gas within the cylinder occurs at a significant rate only 
while the liquid and gas are in contact over a large Surface 
area. For a non-foaming spray, the liquid and gas are typically 
in contact over a large Surface area only while the spray is 
being generated and its droplets are falling through the gas. 
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Significant heat exchange ceases soon after the spray ceases 
to be generated. Spraying throughout the whole compression 
(or, for the compressions plotted in FIG. 12, most of the 
compression) allows closer approximation to an isothermal 
compression and thus higher isothermal efficiency. 
0249 FIG. 13 is a plot of experimental data on the isother 
mal efficiency of a gas-compression process using a spray of 
tap water with 2.5% by volume of foaming additives (i.e., the 
same foaming additives utilized to generate the data of FIG. 
11). The axes of the plot are as described above for FIGS. 10, 
11, and 12. Compressions at two different rates of output (50 
kW and 70 kW) are plotted in FIG. 13. 
0250) As the data plot in FIG. 13 shows, and the arrow 
labeled “Increasing spray time' highlights, isothermal com 
pression efficiency is approximately independent of spray 
end pressure using tap water with 2.5% foaming additives as 
a heat-exchange spray liquid in this experimental system. 
Without limiting the scope of the present invention, it is 
believed that the physical basis of this independence is that for 
a foaming spray, the liquid and gas are in contact over a large 
Surface area not only while the spray is being generated, but 
for as long as the liquid-gas mixture persists in the form of a 
foam within the cylinder. Significantheat exchange thus con 
tinues after the spray ceases to be generated. For the 2.5% 
mixture utilized in the experiments whose results are plotted 
in FIG. 13, the entire volume of the expansion chamber within 
the cylinder is filled with foam soon (i.e., a small fraction of 
the stroke) after the commencement of spraying. Under the 
experimental conditions illustrated in FIG. 13, the highest 
efficiency cycle is achieved with the shortest period of spray 
ing, as well as with the longest. Notably, the highest efficiency 
attained under the conditions illustrated in FIG. 13 (over 
98%) is significantly higher than the highest efficiency 
attained under the conditions illustrated in FIG. 12, non 
foaming spray (approximately 96%). With larger or smaller 
concentration of one or more foaming additives, other trends 
may be observed: e.g., at very low concentrations (or other 
concentrations of other additives), foaming may be so slight 
as to not produce the effects observed with 2.5% concentra 
tion, in which case data more closely resembling of FIG. 12 
may be obtained. 
0251 Achieving high isothermal efficiency by using 
foaming spray liquid with relatively short spray time has the 
advantage that the parasitic energy devoted to spray genera 
tion is reduced relative to a more prolonged spraying period. 
During compressions, a short, initial period of spraying in 
general must overcome low gas pressure in the cylinder 
chamber being sprayed compared to the pressure in laterparts 
of the compression, which also saves spraying energy. During 
expansions, when water warmer than the gas in the chamber 
is generally sprayed to achieve isothermal expansion, spray 
ing when the gas is at the initial pressure requires only a small 
pressure increase for water at that initial pressure (e.g., water 
in the storage reservoir 320 in FIG.3) and thus a low pumping 
power; whereas if water is sprayed from that initial pressure 
(e.g., the storage-reservoir pressure) into a much lower cyl 
inder pressure, energy may be lost in the throttling of fluid 
during the spraying process. Additives that produce foaming 
may simultaneously produce one or more other benefits. Such 
as increasing lubricity or preventing corrosion. 
0252). Other considerations in the energy-efficient genera 
tion of foam are (1) whether, to minimize energy lost in 
circulation of liquids across pressure differentials, foam 
should be generated before admission to the air chamber of a 
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pneumatic cylinder for compression or expansion (herein 
termed the “pre-foam or “port injection approach), or 
directly into the air chamber of the pneumatic cylinder (herein 
termed the “foam-during or “direct injection' approach), 
and (2) what the liquid-to-gas mass ratio of the foam should 
be to optimize heat exchange, pumping energy, and other 
efficiency considerations. The illustrative systems shown in 
FIG. 5, FIG. 6, and FIG. 7 are pre-foam systems; the illustra 
tive systems shown in FIG. 8 is a foam-during system. 
0253 FIG. 14 is an illustrative graph of calculated energy 
expended in the generation and injection of foam or foaming 
liquid into the air chamber of a pneumatic cylinder as a 
function of time, comparing the pre-foam approach to the 
foam-during approach. By basic principles of hydraulics, the 
foaming energy Wen (i.e., where mechanical agitation is 
employed to induce foaming, the energy required to produce 
a given amount of foam by forcing foaming liquid through a 
device that mingles the liquid with gas to form a foam) is 
determined by the Volume of foamed liquid V, multiplied 
by the change in pressure AP undergone by the foamed 
liquid in its passage through the foaming device: 
Wean, VnuipxAPeaning. Where Vrind and APaami Vary 
with time, total foaming energy Wt, over a given time 
interval is given by the integral of VXAP over that 
interval: Wei JV,XAPadt (where the limits of 
integration are not explicitly indicated). If V is constant 
and APaan varies with time, Wan, Vn XJAPandt. 
For a given gas-to-liquid mass ratio for a given quantity of 
gas, V is fixed; therefore, to minimize Wan average 
AP must be minimized. 
0254. In general, for the foam-during (i.e., direct-injec 
tion) approach, AP, varies throughout a piston stroke 
within a cylinder assembly, as AP is given by the dif 
ference between the source pressure of the foaming liquid and 
the pressure of the gas into which the foaming liquid is 
injected. The pressure of the source of foaming liquid is in 
general approximately constant, while the pressure of a gas 
undergoing compression or expansion within a cylinder 
assembly changes substantially. Creation of a foam within a 
cylinder assembly during, e.g., a compression stroke, thus 
entails forcing foaming liquid into the air chamber of the 
cylinder assembly against an increasing pressure difference 
(increasing AP). 
0255. In the graph in FIG. 14, the vertical axis, “Differen 

tial Spray Pressure.” corresponds to AP and the hori 
Zontal axis corresponds to time. The area under a curve plot 
ting AP foaming versus time is JAP..dt. Therefore, since 
W, VixAPendt, if V is presumed constant, 
foaming energy Wei, for a given gas expansion or compres 
sion process will be proportional to the area under the AP 
ing versus time curve for that process. 
(0256. The solid line in the graph in FIG. 14 shows AP 
ing for a foam-during (i.e., direct-injection) compression of a 
quantity of gas beginning at approximately 0 psig. As the 
pressure within the air chamber of the cylinder assembly 
increases, AP, increases (rising curve in graph). If foam 
creation continues during a period of time after compression 
is complete, AP will be approximately constant for that 
period of time (flat portion of solid curve in graph from time 
equals approximately 0.8 unit to time equals 1.0 unit). The 
area under the solid line in the graph in FIG. 14 is JAP 
ingdt; therefore, by Wen-Vix|APendt, foaming 
energy Wt, for this illustrative compression process is pro 
portional to the area under the solid line. 
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(0257 Similarly, the dotted line in the graph in FIG. 14 
shows AP, for a pre-foam (i.e., port-injection) compres 
sion of a quantity of gas beginning at approximately 0 psig. 
The quantity of gas and other features of the compression 
process are the same as those for the compression represented 
by the Solid line in the graph. In the pre-foam process, foam is 
generated at low pressure as the gas to be compressed is 
admitted into the air chamber of cylinder assembly. AP, 
is low and constant throughout foam generation (horizontal 
dotted line in the graph) for the pre-foam process. Manifestly, 
the area under the dotted line in the graph (i.e., JAP..dt, 
which equals the foaming energy Wt, for this illustrative 
pre-foam compression process) is Smaller than the area under 
the Solid line in the graph. Therefore, foaming energy Wt, 
is Smaller for a pre-foam compression process than for a 
comparable foam-during compression process. 
0258 For a pre-foam process in which foam is created in 
a foam generator external to the cylinder assembly (as, e.g., in 
FIG. 5), the generated foam must be admitted through a valve 
(e.g., a poppet valve) into the air chamber of the cylinder 
assembly. During either expansion or compression, passage 
through the valve into the cylinder assembly will entail some 
pressure drop for the foam and therefore some energy loss. 
However, the pressure drop through a valve (e.g., poppet 
valve) governing the entrance or exit of fluid from the air 
chamber of the cylinder assembly will generally be lower 
than the pressure drop through a foam-generating device. 
Therefore, pre-foam processes will in general realize lower 
energy losses, and thus higher efficiency, than foam-during 
processes. 

0259 Moreover, for a spray-during process, either of com 
pression or expansion, foam generation must occur in epi 
sodes or time intervals whose duration and timing are deter 
mined by the action of the cylinder assembly. For a pre-spray 
process, foam may be generated or regenerated continuously 
(e.g., within a large foam generator or a reservoir attached to 
the foam generator), not only during each compression or 
expansion stroke of the cylinder assembly. Performing foam 
generation over a longer time period is likely to further lower 
AP compared to more rapid foaming, allowing further foaming 
efficiency gains to be realized. 
0260 The graph in FIG. 15 plots calculated temperature 
changes of the liquid component of a foam undergoing a set of 
illustrative compression processes for a range of foam mass 
ratios and a set of illustrative compression processes. The 
vertical axis of the graph in FIG. 15 corresponds to the tem 
perature change of the liquid component of a foam undergo 
ing compression, and the horizontal axis of the graph corre 
sponds to the mass ratio of the foam undergoing compression, 
i.e., the ratio of the mass of liquid m per unit volume of foam 
to the mass ofgasm, per unit volume of foam. (The mass ratio 
m/m does not vary with pressure, except as some fraction of 
the gas component may dissolve into or evaporate from the 
liquid component, altering m, or as some fraction of the 
liquid component may evaporate into or condense out of the 
gas component, altering m. The illustrative graph in FIG. 15 
neglects the effects of dissolved gas and vapor-liquid phase 
changes of the liquid component, as these are relatively minor 
effects.) 
0261) When a foam including or consisting essentially of 
a compressible gas and an approximately incompressible liq 
uid is compressed, the change in Volume of the foam is due to 
the compression of the gas component. As noted earlier, gas 
undergoing compression tends to heat. The rising tempera 
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ture of the gas component of a foam undergoing compression 
will cause thermal energy to be transferred to the liquid com 
ponent of the foam. The larger the mass ratio m/m, the 
greater the mass of liquid available to absorb thermal energy 
for each mass unit of gas, and the lower the resulting change 
in temperature T of the liquid for a given overall change in 
pressure of the foam. Final T of the liquid is in general a 
function of initial foam temperature, the heat transfer coeffi 
cients of the gas and liquid components of the foam, the heat 
capacity of the gas and of the liquid, the foam mass ratio, the 
foam start pressure, and the foam end pressure. In the graph in 
FIG. 15, only mass ratio and foam end pressure vary. 
0262 The change in temperature (AT) of the liquid com 
ponent of a variety of hypothetical foams undergoing com 
pression is represented by the series of curves in the graph in 
FIG. 15. Compressions are shown for a low-pressure cylinder 
(LP) and a second-stage high-pressure cylinder (HP). For the 
LP cylinder, compressions begin, for a first compression 
stage, at approximately 0 psig and end at approximately 180 
psig (shown and labeled as T). For the Subsequent high 
pressure second compression stage, three scenarios are 
shown: (1) a compression from 180 psig to a first high pres 
Sure of 850 psig (Teessos), (2) a compression from 180 
psig to a first high pressure of 3000 psig (Tree sooo so), and 
(3) the average of (1) and (2). For simplicity, the liquid is 
presumed not to boil or freeze under any of the pressure-and 
temperature conditions encountered in the hypothetical com 
pressions. The first (lower) solid line of the graph represents 
the final temperature of an LP compression across a range of 
mass ratioS m/m; the dotted line represents the final liquid 
temperature after foam compression to 850 psig; the dashed 
line represents the final liquid temperature after foam com 
pression to 3,000 psig; and the solid line between the dashed 
line and the dotted line represents the average of the 850 psig 
and 3,000 psig final temperatures. 
0263 All four curves in the graph in FIG. 15 are of an 
approximately hyperbolic character, approaching adiabatic 
conditions as m/m goes to Zero and approaching Zero as 
m/m goes to infinity. It will be apparent to persons reason 
ably familiar with the principles of thermodynamics, liquids, 
and mixed-phase systems that low m/m (approaching Zero) 
is undesirable because of the temperature extremes that will 
be encountered. High temperatures may lead to boiling of 
liquid (e.g., when the liquid is separated from the foam and its 
pressure is reduced), to breakdown of Surfactant compounds, 
or to other undesirable effects. Similarly, large m/m (ap 
proaching infinity) requires the pumping of larger fractions of 
liquid in which no potential energy of pressure is stored; 
further, as m/m, increases, a point will be reached where a 
“foam is no longer tenable, but rather a mass of liquid is 
produced in which bubbles of gas are present. Among other 
disadvantages of excessively high m/m pistons would be 
capable of effecting only slight compression of Such a mix 
ture. Efficient operation of a compressed-gas energy storage 
system is generally not feasible where the working fluid (e.g., 
two-phase mixture) is not significantly compressible. There 
fore, the graph in FIG. 15 supports the conclusion that foams 
having moderate mass ratios m/m, e.g., in the vicinity of 
m/m2, are likely to be the most efficient when utilized in 
compressed-gas energy storage system. Such mass ratios 
include, for example, mass ratios of 1 to 4, and, more prefer 
ably, 1.5 to 3. 
0264 Employment of two fluid phases (e.g., liquid and gas 
in a foam) in a compressed-gas energy storage system may 
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entail storage of liquid as well as of compressed gas, either 
commingled as foam or separated into liquid, foam, and gas 
fractions, although only the compressed gas stores significant 
pressure potential energy. Storage of liquid may constitute an 
additional or parasitic cost for the energy storage system; if 
excessive heat-exchange liquid is stored, the cost-effective 
ness of the energy storage system may be reduced. For storage 
of large quantities of compressed gas, storage cost may even 
dominate total system cost, and in Such a case, the cost of 
storing large quantities of liquid may be prohibitive. The 
graph in FIG.16 shows additional liquid volume as a fraction 
of gas storage Volume (i.e., additional storage Volume for a 
two-phase system where the liquid is stored in the pressure 
storage reservoir with the gas relative to storage reservoir 
Volume for gas-only in the storage reservoir) as a function of 
foam mass ratio m/m for a compressed gas energy storage 
system with a maximum pressure of 3,000 psig. For mass 
ratio of Zero, there is Zero liquid storage. For mass ratio of 5. 
approximately 1.2 times more liquid Volume than gas Volume 
must be stored. For a mass ratio of approximately 2, a Volume 
of liquid must be stored that is about half as large as the 
amount of gas that must be stored. FIG. 16, like FIG. 15, 
Supports the conclusion that mass ratios in the vicinity of 2 are 
likely to support the operation of an efficient, cost-effective 
compressed-gas energy storage system. 
0265 FIG. 17 is a graph of experimental data comparing 
the energetic performance of aqueous foams and droplet 
sprays in maintaining Substantially isothermal gas cycling 
during rapid gas expansions between approximately 3,000 
psig and approximately 250 psig. Data are shown for isother 
mal gas expansions occurring in a high-pressure test stand. 
Each symbol on the graph represents a single isothermal 
expansion. Heat exchange between the liquid and air is 
achieved by four methods in these experiments: (1) water 
droplet spray in the gas during compression (filled circles), 
(2) water droplet spray in the gas prior to expansion (filled 
triangles), (3) aqueous foam spray in the gas during expan 
sion (open circles), and (4) aqueous foam spray in the gas 
prior to expansion (open triangles), also termed “foam pre 
spray.” 
0266 The vertical axis of the graph in FIG. 17 is isother 
mal efficiency, i.e., work performed by the expanding gas 
divided by the work expected by an ideal isothermal expan 
sion. The horizontal axis of the graph in FIG. 17 is relative 
spray work, i.e., the work required to produce the spray of 
droplets or foam (e.g., by forcing liquid through a spray head) 
divided by the total work performed by the gas during the 
expansion. For example, in a given expansion experiment, if 
300 kJ of work are performed by the isothermally expanding 
gas, and 3 kJ of work are required to produce the foam 
generated during that expansion, then the relative spray work 
for that experiment is 0.01 (3 kJ divided by 300 kJ). Lower 
relative spray work is desirable because it increases overall 
system efficiency; spray work is in general aparasitic load for 
an isothermal energy storage and recovery system. Spray 
pumping work is related to sprayed Volume multiplied by 
pressure drop and is the work required to force the fluid 
through, e.g., pipes and noZZles to generate a high-quality 
spray or aqueous foam that promotes rapid heat transfer 
between the sprayed liquid and the expanding or compressing 
gas by maximizing Surface area and proximity between the 
liquid and gas. 
0267 A third experimental variable in the graph in FIG. 17 

is indicated for foam pre-spray experiments (open triangles) 
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by associating numbers with plotted experimental points. The 
number by each pre-spray point specifies the foam mass ratio 
for that experiment. Herein, the foam mass ratio is defined as 
the ratio of liquid mass to gaseous mass in a given Volume of 
aqueous foam. For example, if a cubic meter of a given foam 
contains 2 kg of liquid and 1 kg of gas, then the mass ratio of 
that foam is 2.0 (2 kg divided by 1 kg). Mass ratios could be 
indicated for all points in the graph, but for simplicity are only 
shown for foam pre-spray. 
0268. The graph in FIG. 17 supports several statements 
about the employment of foams for heat transfer in isothermal 
compressed-gas energy storage and generation systems. 
First, higher isothermal efficiencies (e.g., by approximately 2 
to 5 isothermal efficiency percentage points) are achievable 
using foam pre-spray than for water spray techniques for a 
similar set of experimental conditions. (This statement is also 
supported by the graph in FIG. 15.) Second, the majority of 
foam pre-spray experiments have low relative spray work as 
well as high isothermal efficiency: note the cluster of foam 
pre-spray experimental points clustered in the vicinity of 
relative spray work 0.02 and isothermal efficiencies clustered 
between 0.92 and 0.95. Third, relatively high isothermal effi 
ciencies (approximately 0.94) are achieved by foam pre 
spray, in most cases, by relatively low mass ratios (1.8 to 5.5); 
again, note the cluster in the vicinity of relative spray work 
0.2, isothermal efficiency 0.92 to 0.95. 
0269. A foam contains a large liquid-gas Surface contact 
area, facilitating heat transfer between the two phases (liquid 
and gas). Use of foam for heat transfer during isothermal gas 
expansion or compression offers a number of advantages over 
non-foam-based techniques such as droplet sprays. These 
advantages include the following: (1) For a given liquid-gas 
Surface contact area (and corresponding heat-transfer rate), a 
foam may typically be generated using significantly less 
energy than a spray. (2) Anti-corrosive and/or other agents 
that may be advantageous to add to a heat-exchange liquid 
may have intrinsic Surfactant (foaming) properties. Thus, 
multiple advantages, including foaming for heat transfer, may 
be achieved using a heat-exchange liquid containing only a 
few additives (or merely one). (3) Droplets tend to settle (rain 
out) of a gas rapidly, whereas foams may be relatively persis 
tent, depending on the properties of the Surfactants or other 
substances responsible for foaming behavior. Therefore, 
unlike droplets, foams may be injected into a gas either while 
the gas is undergoing expansion or compression within a 
cylinder chamber or prior to, and/or concurrently with, the 
transfer of the gas into the chamber. Foam generation may 
thus be located externally to the cylinder, as compared to, for 
example, placement of spray heads within the cylinder for 
generating a droplet spray. Location of foam generation out 
side the cylinder has several advantages, including increasing 
cylinder interior Volume and relaxing size constraints on the 
foam generation mechanism. Locating foam generation out 
side the cylinder also enables continuous or episodic foam 
generation, not necessarily synchronized with the operation 
of the cylinder, whereas foam or spray generation inside the 
cylinder tends to be synchronized with the operation of the 
cylinder. A quantity of foaming liquid may be added to a 
quantity of gas either during or prior to admission of the gas 
into a cylinder chamber, substantially filling the cylinder 
chamber with foam. As the gas is expanded or compressed in 
the cylinder chamber, the foam is expanded or compressed 
correspondingly, continuing to Substantially fill the cylinder 
chamber throughout the expansion or compression. Herein, 
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we assume that foams persistent relative to cylinder stroke 
time are employed, i.e., foams that do not significantly drain 
over the time-scale on which expansions and compressions 
take place in a given system. Foam persistence throughout 
expansion or compression facilitates isothermality by 
enabling heat transfer between the gas and liquid phases to 
occur throughout expansion or compression. (4) In the 
experiments whose results are depicted in FIG. 17, only foam 
experiments achieve simultaneously high isothermal effi 
ciency, low relative spray work, and low mass ratio: the spray 
droplet experiments with highest isothermal efficiency (ap 
proximately 0.935) have mass ratio above 10 (not shown on 
graph) and relative spray work between approximately 0.035 
0.095, whereas many foam pre-spray experiments have com 
parable or higher isothermal efficiencies with relative spray 
work less than 0.035 and mass ratios of 3.6-5.5. In general, 
foam pre-spray achieves higher isothermal efficiency and 
lower relative spray work with lower mass ratio than do other 
methods examined in the series of experiments graphed in 
FIG. 17. Lower mass ratio is advantageous because for a 
given isothermal efficiency and given start pressure (in expan 
sions) or end pressure (in compressions), in a cylinder of a 
given Volume, a lower mass ratio allows more gas to be 
compressed or expanded in a single cycle than does a higher 
mass ratio, as there is less incompressible liquid and more gas 
in the cylinder chamber. Processing more gas per cylinder 
cycle raises overall system power density. An additional 
advantage of lower mass ratio arises as follows: during the 
injection of fluid into a cylinder chamber or during the expul 
sion of fluid from a cylinder chamber, pressure drops occur 
through valves, with attendant system inefficiency. For a 
given flow rate through a valve, pressure drop is approxi 
mately proportional to the mass density of the fluid passing 
through the valve. The average mass density of a foam is 
lowerfor a foam with lower mass ratio. Thus, throttling losses 
during the passage of foam into and out of a cylinder are lower 
for a foam with lower mass ratio. 

0270 Mass ratio remains approximately constant within a 
closed cylinder during expansion or compression of a foam. 
Bubbles in a foam tend to grow during expansion and shrink 
during compression, but the masses of the liquid and gas 
components generally remain fixed, apart from effects arising 
from the dissolving or coming out of solution of gas and 
vapor-liquid phase changes of the liquid component. 
0271 FIG. 18 is a schematic drawing of a system 1800 that 
may be part of a larger system for energy storage and genera 
tion not otherwise depicted. System 1800 has two cylinders 
1802 and 1804 and apparatuses 1806, 1808, 1810 for the 
generation and separation of foams 1812, 1814, 1816 having 
three different expansion ratios. Herein, the “expansion ratio” 
of a foam is the total Volume of a given quantity of the foam 
divided by the volume of the liquid component of that volume 
of foam. For example, if 1 cubic meter of a foam contains 0.1 
cubic meter of liquid, the expansion ratio of the foam is 10.0 
(1 cubic meter divided by 0.1 cubic meter). Unlike mass ratio, 
expansion ratio does not tend to remain constant as a foam is 
expanded or compressed. Rather, expansion ratio tends to 
decrease as a foam is compressed and increase as it is 
expanded. 
(0272 Each foam-generation apparatus 1806, 1808, 1810 
features a foam vessel (1818, 1820, and 1822, respectively) 
and a recirculation pump (1824, 1826, and 1828, respec 
tively). Cylinder 1802 operates in a range of relatively high 
pressures (e.g., between approximately 300 psig and approxi 
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mately 3,000 psig), and cylinder 1804 operates in a range of 
relatively low pressures (e.g., between approximately 300 
psig and approximately 0 psig). Each foam vessel 1818, 1820, 
1822 may include or consistessentially of a separate pressure 
vessel (as depicted in FIG. 18), piping connected to a cylinder 
(or a potion thereof), and/or a manifold connected to a cylin 
der (or a portion thereof). 
0273 When system 1800 is operated as an expander, gas 
from storage (not shown) may be admitted to high-pressure 
foam vessel 1818 at high pressure. There the gas is combined 
with heat-exchange liquid to form an aqueous foam (or 
enhance an already present foam) having a desired mass ratio. 
Foam may accumulate in high-pressure foam vessel 1818 
prior to transfer to cylinder 1802, be passed to high-pressure 
cylinder 1802 as it is generated, or both. A mechanism for 
combining gas with heat-exchange liquid to form an aqueous 
foam is not depicted in FIG. 18: illustrative mechanisms will 
be depicted in Subsequent figures. Liquid accumulating in 
high-pressure foam vessel 1818 due to foam breakdown may 
be recirculated into vessel 1818 by the pump 1824. In other 
embodiments, pump 1824 may be reversed and air or less 
dense foam from nearer the top of vessel 1818 may be 
pumped into the bottom of vessel 1818 to regenerate foam 
(e.g., a sparging process). When system 1800 is operated as an 
expander, foam at high pressure from high-pressure vessel 
1818 is admitted to the upper chamber 1830 of cylinder 1802. 
The foam expands in the chamber 1830, retaining a constant 
mass ratio but increasing its expansion ratio (e.g., by a factor 
between approximately 5 and approximately 15). After 
expansion of the gas in chamber 1830 to a mid-pressure (e.g., 
approximately 300 psig), the foam is pushed from chamber 
1830 by a return stroke of the piston 1832. The foam exiting 
chamber 1830 passes into foam vessel 1820. In foam vessel 
1820, the foam may be reconstituted by an appropriate 
mechanism Such as one including recirculation pump 1826. 
The foam may accumulate in mid-pressure vessel 1820 prior 
to transfer to cylinder 1804, be passed to cylinder 1804 as it is 
generated/maintained, or both. The mid-pressure foam vessel 
1820 contains and generates foam at the mid-pressure of 
system 1800 (e.g., approximately 300 psig). 
0274 Foam from mid-pressure foam vessel 1820 is admit 
ted to the upper chamber 1834 of low-pressure cylinder 1804. 
The foam expands in the chamber 1834, retaining a constant 
mass ratio during expansion but increasing its expansion ratio 
(e.g., by a factor of approximately 10 to approximately 15). 
After expansion of the gas in chamber 1834 to low pressure 
(e.g., approximately 5 psig), the foam is pushed from cham 
ber 1834 by a return stroke of the piston 1836. The foam 
exiting chamber 1830 passes into low-pressure foam vessel 
1822. In low-pressure foam vessel 1822, the foam is sepa 
rated into its liquid and gaseous components so that low 
pressure gas may be exhausted through vent 1838 substan 
tially without loss of heat-exchange liquid from the system 
18OO. 

0275. When system 1800 is operated as a compressor, gas 
from the environment may be admitted to low-pressure foam 
vessel 1822 at low pressure (e.g., atmospheric pressure). 
There the gas is combined with heat-exchange liquid to form 
an aqueous foam having a desired mass ratio. Foam may 
accumulate in the low-pressure foam vessel 1822 prior to 
transfer to cylinder 1804, be passed to low-pressure cylinder 
1804 as it is generated, or both. Liquid accumulating in low 
pressure foam vessel 1822 due to foam breakdown may be 
recirculated into vessel 1822 by the pump 1828. When system 
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1800 is operated as a compressor, foam at low pressure from 
vessel 1822 is admitted to the upper chamber 1834 of cylinder 
1804. The foam is compressed in the chamber 1834, retaining 
a constant mass ratio but decreasing its expansion ratio. After 
compression of the gas in chamber 1834 to a mid-pressure 
(e.g., approximately 300 psig), the foam is exhausted from 
chamber 1834. The foam exiting chamber 1834 passes into 
mid-pressure foam vessel 1820. In foam vessel 1820, the 
foam may be reconstituted by an appropriate mechanism, 
e.g., one including recirculation pump 1826. The foam may 
accumulate in mid-pressure vessel 1820 prior to transfer to 
cylinder 1802, be passed to cylinder 1802 as it is generated/ 
maintained, or both. 
0276 Foam from mid-pressure foam vessel 1820 is admit 
ted to the upper chamber 1830 of high-pressure cylinder 
1802. The foam is compressed in the chamber 1830, retaining 
a constant mass ratio during compression but decreasing its 
expansion ratio. During or after compression of the gas in 
chamber 1830 to high pressure (e.g., approximately 3,000 
psig), the foam exits chamber 1830 and passes into high 
pressure storage (not shown in FIG. 18) via high-pressure 
foam vessel 1818. In high-pressure foam vessel 1818, the 
foam may be separated into its liquid and gaseous compo 
nents so that high-pressure gas may be transferred to high 
pressure storage Substantially without loss of heat-exchange 
liquid from the system 1800. Alternatively or in conjunction, 
foam may be passed to high-pressure storage from Vessel 
1818 and there stored as an aqueous foam, separated into its 
liquid and gas components, or under a partial such separation. 
(0277. The cylinders 1802, 1804 and the foam-generation 
apparatuses 1806, 1808, 1810 may circulate fluid through 
heat-exchange Subsystems, not depicted in FIG. 18, and/or 
may communicate with a single or multiple thermal wells, not 
depicted in FIG. 18. 
0278 FIG. 19 is a schematic drawing of an illustrative 
system 1900 that includes an apparatus for the generation of 
foam at low pressure (e.g., approximately atmospheric pres 
Sure) having a high expansion ratio (e.g., 400:1) correspond 
ing to a moderate liquid-to-air mass ratio (e.g., 2:1). System 
1900 includes three two-cylinder subsystems (1902, 1904, 
1906), depicted in cross-section as viewed from above in a 
Vertically oriented cylinder arrangement, for the isothermal 
expansion and compression of gas. The depiction in the illus 
trative system 1900 of three two-cylinder subsystems is illus 
trative: other numbers of subsystems, where each subsystem 
includes one, three, or more cylinders, are also contemplated 
and within the scope of the invention. Each of the two-cylin 
der systems 1902, 1904, and 1906 includes or consists essen 
tially of a high-pressure cylinder (1908, 1910, and 1912, 
respectively) and a low-pressure cylinder (1914, 1916, and 
1918, respectively). The apparatus for the generation of foam 
may include or consistessentially of a spray chamber 1920, a 
screen 1922, a manifold 1924 that conducts foam (typically 
represented in FIG. 19 and elsewhere herein by stippling) to 
the low-pressure cylinders 1914, 1916, and 1918, a fan 1926, 
and an optional vent and ball valve 1928 whose function shall 
be described below. During the generation of foam in the 
apparatus, air at low (e.g., approximately atmospheric) pres 
sure is admitted to the spray chamber 1920 through an inlet 
1930. The air is accelerated toward the screen 1922 by the fan 
1926 (or other suitable mechanism). Fluid from a reservoir 
1932, foam vessel, or other source is pumped by a pump 1934 
to one or more spray heads 1936 (or other suitable dispersal 
mechanisms), which are placed in the flow of gas accelerated 
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by the fan 1930. The spray 1938 from the spray heads 1936 is 
directed toward the screen 1922 (e.g., metal mesh, netting, 
solid foam material). Passing through the screen 1922, the air 
and spray 1938 combine to form an aqueous foam 1940. The 
foam 1940 may be directed via suitable valves and pipes (not 
depicted) into chambers of the low-pressure cylinders 1914, 
1916, and 1918. 
0279. In a start-up mode of operation where the manifold 
1924 initially contains no foam, gas may be directed out the 
valve 1928 (rather than into the low-pressure cylinders 1914, 
1916, and 1918) during generation of foam until the manifold 
1924 is substantially or entirely filled with foam 1940, where 
upon the valve 1928 may be closed and the foam 1940 may be 
directed into the low-pressure cylinders 1914, 1916, and 
1918. Valve 1928, in various embodiments, may be connected 
to a vent (not shown), have connections that allow any liquid 
intake to return to the fluid reservoir 1932, and/or may be 
connected back to the inlet 1930. 
0280. The generation capacity of the foam generation 
apparatus (including spray chamber 1920, screen 1922, and 
manifold 1924) depicted in FIG. 19 may be sized to corre 
spond to an average foam intake flow for the cylinder or 
cylinders to which the apparatus Supplies foam, or to a peak 
foam intake flow. Herein, the generation capacity of a foam 
generator is the Volume of foam that it can produce per unit 
time (m/sec). Rapid foam flow from a reservoir or pre 
generated body of foam may entail shear forces that break 
down the flowing foam, partly or wholly; generating foam at 
a sufficient rate may mitigate such shear forces. Other foam 
generators, both those depicted herein and in embodiments 
not depicted herein, may also be sized in order to accommo 
date peak flow rates and mitigate separation of foams due to 
shear forces. 

0281 FIG. 20 is a schematic drawing of an illustrative 
system 2000 that features an apparatus for the generation and 
separation of aqueous foam at low pressure (e.g., approxi 
mately atmospheric pressure) having a high expansion ratio 
(e.g., 400:1) corresponding to a moderate liquid-to-air mass 
ratio (e.g., 2:1). System 2000 includes three two-cylinder 
subsystems (2002, 2004, 2006), depicted in cross-section as 
viewed from above in a vertically oriented cylinder arrange 
ment, for the isothermal expansion and compression of gas. 
The depiction in the illustrative system 2000 of three two 
cylinder subsystems is illustrative: other numbers of sub 
systems, where each Subsystem includes one, three, or more 
cylinders, are also contemplated and within the scope of the 
invention. 

0282. Each of the two-cylinder systems 2002, 2004, and 
2006 includes a high-pressure cylinder (2008, 2010, and 
2012, respectively) and a low-pressure cylinder (2014, 2016, 
and 2018, respectively). The apparatus for the generation of 
foam includes three chambers: a spray chamber 2020; a mani 
fold 2022 that conducts foam to the low-pressure cylinders 
2014, 2016, and 2018; and a separation chamber 2024. The 
spray chamber 2020 is divided from the manifold 2022 by a 
screen 2024 and may contain a fan 2026, one or more spray 
heads 2028, and a louver or flap 2030 capable of either block 
ing or allowing the passage of gas into the spray chamber 
2020. Louvre 2030 may act as an air check valve, preventing 
backflow in the opposite direction of the arrows shown on 
manifold 2022. The manifold 2022 is separated from the 
separation chamber 2024 by a louver or flap 2032 capable of 
either blocking or allowing the passage of gas and/or foam 
2034 from the manifold 2022 into the separation chamber 

Nov. 29, 2012 

2024. The separation chamber 2024 contains a foam breakup 
mechanism 2036 that separates foam 2034 into a gas compo 
nent and a liquid component 2038. In FIG. 20, the foam 
breakup mechanism 2036 is a rotating whisk; other methods 
and mechanisms for the breakup of foam (e.g., other forms of 
mechanical agitation, screens, filters, ultrasound) are contem 
plated and within the scope of the invention. The liquid 2038 
within the separation chamber 2024 is conveyed by piping 
2040 to a reservoir 2042, from whence it may be pumped by 
a pump 2044 through piping 2046 to the spray heads 2028 for 
recycling into fresh foam 2034. An atmospheric vent or open 
ing 2048 permits ingress of low-pressure gas into the spray 
chamber 2020 during generation of foam 2034 and egress of 
low-pressure gas from the separation chamber 2024 during 
the breakup of foam 2034. Duringingress of gas into the spray 
chamber 2020, an optional cleaning filter 2050 prevents the 
admission into the spray chamber 2020 of particulates and/or 
other contaminants in the atmospheric air. During egress of 
gas from the separation chamber 2024, an optional coalescing 
filter 2052 removes remaining liquid from foam, water drop 
lets, and vapor, assuring that nearly no liquid will be passed to 
the vent 2048. In various other embodiments, separate vents 
may be provided for ingress of gas into and egress of gas out 
of the system 2000. Also in various other embodiments, the 
filters 2050, 2052 may be located outside the apparatus 
depicted in FIG.20 (e.g., in pipes leading to the separate vents 
provided in various other embodiments). 
0283 During operation of system 2000 as a compressor 
(e.g., to store energy as the pressure potential energy of com 
pressed air), air is admitted through vent 2048, passes through 
a filter 2050, and is accelerated by fan 2026 toward the spray 
heads 2028 and the screen 2024. Liquid is pumped through 
the spray heads 2028. (Optionally, fan 2026 may be omitted 
and air flow may be generated via cylinder piston motion.) 
Spray 2054 mingled with air strikes the screen 2024. A foam 
2034 having a relatively high expansion ratio is generated by 
the passage of mingled air and liquid through the screen 2024. 
The manifold 2022 conducts the foam 2034 to the low-pres 
sure cylinders 2014, 2016, and 2018, into which the foam 
2034 is admitted by appropriate valves (not depicted in FIG. 
20). The foam 2034 inside the low-pressure cylinders 2014, 
2016, and 2018 is then compressed to a mid-pressure (e.g., 
approximately 300 psig), after which the foam is transferred 
to the high-pressure cylinders 2008, 2010, and 2012 and 
possibly to, or through, other apparatus not depicted in FIG. 
20. Additionally, the amount of foam flow generated by fan 
2026, spray 2054, and screen 2024 may exceed the required 
flow rate of the cylinders 2014, 2016, and 2018 (e.g., by sizing 
the flow rate to the peak required intake flow of the cylinders) 
Such that excess foam may be generated. This excess foam 
may be recycled by running through louver 2032, foam 
breakdown mechanism 2036, and separation chamber 2024. 
0284. During operation of system 2000 as an expander 
(e.g., to generate energy from the pressure potential energy of 
compressed air), louver 2030 will typically be closed to pre 
vent backflow through the foam generation equipment 2024, 
2028, 2026. After expansion of air in the cylinder pairs 2002, 
2004, and 2006, foam 2034 at low pressure (e.g., approxi 
mately 5 psig for an instant and then approximately atmo 
spheric thereafter) exits the low-pressure cylinders 2014, 
2016, and 2018, passes through the manifold 2022, and enters 
the separation chamber 2024. In the separation chamber 
2024, the low-pressure foam 2034 encounters the foam 
breakdown mechanism 2036 and is separated into its gas and 
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liquid 2038 components. This separation may not be com 
plete, but at minimum the foam expansion ratio will be dras 
tically reduced (e.g., from a 400:1 expansion ratio foam to a 
2:1 expansion ratio foam and air). The liquid 2038 (or low 
expansion-ratio foam) is conveyed to the reservoir 2042 and 
the gas component passes through coalescing filter 2052 and 
is vented through vent 2048. 
0285 FIG. 21 is a schematic drawing of an illustrative 
system 2100 featuring an apparatus for the generation of 
foam at high pressure (e.g., 750 to 3,000 psig) having a low 
expansion ratio (e.g., 8:1 to 2:1) corresponding to a moderate 
liquid-to-air mass ratio (e.g., 2:1). System 2100 includes 
three two-cylinder subsystems (2102, 2104, 2106), depicted 
in cross-section as viewed from above in a vertically oriented 
cylinder arrangement, for the isothermal expansion and com 
pression of gas. The depiction in the illustrative system 2100 
of three two-cylinder subsystems is illustrative: other num 
bers of Subsystems, where each Subsystem includes one, 
three, or more cylinders, are also contemplated and within the 
scope of the invention. Each of the two-cylinder systems 
2102, 2104, and 2106 includes a high-pressure cylinder 
(2108, 2110, and 2112, respectively) and a low-pressure cyl 
inder (2114, 2116, and 2118, respectively). The apparatus for 
the generation of foam includes or consists essentially of a 
spray chamber 2120, an optional vent and ball valve 2122, 
and a manifold 2124 that conducts aqueous foam 2126 to the 
high-pressure cylinders 2108, 2110, and 2112. A pump 2128 
pumps liquid (or optionally air or liquid and air) from a 
reservoir or other source 2130 to one or more spray heads or 
other suitable dispersal mechanisms (not depicted) in the 
spray chamber 2120. Air at high pressure is conducted to the 
spray chamber 2120 by piping 2132. The passage of high 
pressure air through the spray chamber mingles the air with 
the spray 2134, forming foam 2126. Foam generation at high 
pressure and low expansion ratio is robust and the foam may 
be generated with or without (i) the use of a screen (such as 
screen 1224 shown in FIG. 12) and/or (ii) the forced flow of 
air (e.g., foam may be generated in the absence of cylinder 
2108,2110, 2112 piston movement and/or a fan). Spray 2134 
may be all liquid, all air, or a mixture of liquid and air and may 
be sprayed horizontally, vertically upward, vertically down 
ward, or according to other arrangements within the spray 
chamber 2120. In other embodiments, the high-pressure and 
low expansion-ratio foam may be generated by mechanical 
agitation of the liquid and air, Such as through the use of a 
rotating impeller embedded in spray chamber 2120. The foam 
2126 may be directed via suitable valves and pipes (not 
depicted) into chambers of the high-pressure cylinders 2108, 
2110, and 2112. Reservoir 2130 may be the same apparatus as 
the Source for high-pressure air (at piping 2132), perhaps 
separated only by location of the piping (e.g., 2132 is con 
nected to the top of a storage reservoir and 2130 is at the 
bottom of the reservoir such that mostly high-pressure air is 
directed through 2132 and mostly high-pressure liquid is 
directed through pump 2128). The fluid flowing through 2132 
may be mostly foam and chamber 2120 may act only to 
refresh, homogenize, change the expansion ratio of, or oth 
erwise refine the aqueous foam. 
0286. In a start-up mode of operation where the manifold 
2124 initially contains no foam, gas may be directed out the 
valve 2122 (rather than into the high-pressure cylinders 2108, 
2110, and 2112) during generation of foam until the manifold 
2124 is substantially or entirely filled with foam 2126, where 
upon the valve 2122 may be closed and the foam 2126 may be 
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directed into the high-pressure cylinders 2108, 2110, and 
2112. The high-pressure gas or foam directed out of the valve 
2122 may be recirculated back into storage reservoir 2130, 
into pipe 2132, spray chamber 2120, or otherwise recycled. A 
pump (not shown) may be used to draw fluid from pipe 2132 
through valve 2122 and then return the fluid to reservoir 2130, 
pipe 2132, or spray chamber 2120 in a recycling loop. 
0287 FIG. 22 is a schematic drawing of an illustrative 
system 2200 featuring an apparatus for the generation of 
foam at mid pressure (e.g., 200 to 300 psig) having a medium 
expansion ratio (e.g., 36:1 to 28:1) corresponding to a mod 
erate liquid-to-air mass ratio (e.g., 2:1). System 2200 includes 
three two-cylinder subsystems (2202, 2204, 2206), depicted 
in cross-section as viewed from above in a vertically oriented 
cylinder arrangement, for the isothermal expansion and com 
pression of gas. The depiction in the illustrative system 2200 
of three two-cylinder subsystems is illustrative: other num 
bers of Subsystems, where each Subsystem includes one, 
three, or more cylinders, are also contemplated and within the 
scope of the invention. Each of the two-cylinder systems 
2202, 2204, and 2206 includes a high-pressure cylinder 
(2208, 2210, and 2212, respectively) and a low-pressure cyl 
inder (2214, 2216, and 2218, respectively). The apparatus for 
the generation of foam includes or consists essentially of a 
combined spray chamber and manifold 2220 in which foam 
2222 is generated or regenerated and which conducts foam 
2222 from the high-pressure cylinders 2208, 2210, and 2212 
to the low-pressure cylinders 2214, 2216, 2218 (during 
expansion) or from the low-pressure cylinders 2214, 2216, 
2218 to the high-pressure cylinders 2208, 2210, and 2212 
(during compression). 
0288. During expansion or compression, foam having an 
intermediate expansion ratio at intermediate pressure enters 
the chamber/manifold 2220. A pump 2224 draws fluid (e.g., 
air, foam, or liquid separated from foam in chamber/manifold 
2220) and injects the fluid back into chamber/manifold 2220 
through nozzles or heads 2226 (or other suitable dispersal 
mechanisms). The injected fluid 2228 takes up residence in 
the chamber/manifold 2220 in the form of a sufficiently stable 
aqueous foam 2222 that may be directed via suitable valves 
and pipes (not depicted) into chambers of either the high 
pressure cylinders 2208, 2210, and 2212 or the low-pressure 
cylinders 2214, 2216, 2218. Additional components, not 
shown, may be used to aid in the generation of foam, Such as 
screens, meshes, or solid foams. 
0289 Various embodiments employ efficient pumping 
schemes for the circulation of foam or of heat-exchange liq 
uid that may befoamed. FIG. 23 depicts an illustrative system 
2300 that compresses or expands gas. The system 2300 
employs a pneumatic cylinder 2304 that contains a slidably 
disposed piston 2306 that divides the interior of the cylinder 
2304 into a distal chamber 2308 and a proximal chamber 
2310. A port or ports (not shown) with associated pipes 2312 
and a bidirectional valve 2314 enables gas from a high-pres 
sure storage reservoir 2316 to be exchanged with chamber 
2308 as desired. The high-pressure storage reservoir may act 
as a separator, in which the liquid component of a foam may 
be separated from the gas component of the foam. In an 
alternative embodiment, a distinct separator (not shown) 
component may be employed to separate liquid and gas, and 
may contain elements to facilitate separation and foam break 
down including baffles, mechanical shear elements, meshes, 
ultrasonic shear elements, and/or other such elements. A port 
or ports (not shown) in the end-cap of the air chamber of the 
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cylinder 2304, with associated pipe 2318 and a bidirectional 
valve 2320, enables fluid from the chamber 2308 to be admit 
ted from or exhausted to the ambient atmosphere as desired 
through a vent 2322. In alternate embodiments, not shown, 
vent 2322 is replaced by one or more additional pneumatic 
cylinders. A port or ports, not shown, enables the interior of 
the lower chamber 2310 of the pneumatic cylinder 2304 to 
communicate freely at all times with the ambient atmosphere. 
In alternate embodiments, cylinder 2304 is double-acting and 
chamber 2310 is, like chamber 2308, equipped to exchange, 
in various states of operation, fluids with either high- or 
low-pressure reservoirs and/or additional cylinders. 
0290 The distal end (i.e., upper end, for the illustrative 

vertical orientation of cylinder 2304 in FIG. 23) of a rod 2324 
is coupled to the piston 2306. The proximal (lower) end of rod 
2324 may be connected to some mechanism, Such as one or 
more hydraulic cylinders or a crankshaft (not shown), for 
interconverting linear mechanical power and rotary mechani 
cal power. 
0291. In an energy-recovery or expansion mode of opera 

tion, storage reservoir 2316 is filled with high-pressure fluid 
2326 and a quantity of heat-transfer fluid 2328. The fluid 
2326 may consist essentially or primarily either of gas or of 
foam. The heat-exchange fluid 2328 may be a liquid that tends 
to foam when sprayed or acted upon in Some other manner. 
The accumulation of heat-exchange fluid 2328 depicted at the 
bottom of vessel 2316 may consist essentially or primarily 
either of liquid or of foam. A quantity of gas may begin to be 
introduced via valve 2314 and pipe 2312 into the upper cham 
ber 2308 of cylinder 2304 when piston 2306 is near or at the 
top of its stroke (i.e., “top dead center of cylinder 2304). The 
piston 2306 and its rod 2324 will then be moving downward 
(the cylinder 2304 may be oriented arbitrarily but is shown 
vertically oriented in this illustrative embodiment). Heat-ex 
change fluid 2328 may be injected into chamber 2308 via one 
or more spray heads 2330. The spray-head 2330 depicted in 
FIG. 23 is illustrative only; other devices (e.g., one or more 
noZZles or a rotating blade) may be used to introduce heat 
exchange fluid into the air chamber 2308. In the illustrative 
embodiment of FIG. 23, foam can be generated or regener 
ated within cylinder 2304 by injection of fluid through a 
mechanism (e.g., the spray head 2330); in various other 
embodiments, foam is generated externally to cylinder 2304 
(by a mechanism not depicted in FIG. 23). Heat-exchange 
fluid (liquid or foam) may partially or entirely fill the chamber 
2308. An accumulation of fluid 2332 (liquid or foam) may 
occur on the upper surface of the piston 2306. 
0292. The system 2300 is instrumented with pressure, pis 
ton position, and/or temperature sensors (not shown) and 
controlled via a control system (not shown). The system 2300 
also features a pump cylinder 2334 for supply of pressurized 
heat-exchange fluid to the spray head 2330. The pump cylin 
der 2334 contains a slidably disposed piston 2336 that divides 
the interior of the cylinder 2334 into an upper chamber 2338 
and a lower chamber 2340. Heat-exchange fluid may partially 
or entirely fill the upper chamber 2338 of the pump cylinder 
2334. A port or ports (not shown), with associated pipe 2342 
and a bidirectional valve 2344, enables fluid 2346 from a 
low-pressure reservoir 2348 to be exchanged with chamber 
2338 as desired. The reservoir may act as a foam reservoir 
and/or as separator that divides the liquid component of a 
foam from the gas component of the foam. A port orports, not 
shown, enables the interior of the lower chamber 2340 of the 
pump cylinder 2334 to communicate freely at all times with 
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the ambient atmosphere. The piston 2336 is coupled to a rod 
2350. The rod 2324 of the pneumatic cylinder 2304 and the 
rod 2350 of the pump cylinder 2334 may be joined to a single 
mechanical device (not shown), e.g. a crankshaft, which 
maintains them in a fixed phase relationship (e.g., rod 2350 
may reach its maximum upward displacement whenever rod 
2324 reaches its maximum downward displacement). The 
pump cylinder 2334 may be oriented arbitrarily but is shown 
vertically oriented in this illustrative embodiment. 
0293 Heat-exchange fluid 2346 in the low-pressure res 
ervoir 2348 is mixable and/or exchangeable with heat-ex 
change fluid 2328 in the high-pressure store 2316, the accu 
mulation of fluid 2332 in the pneumatic cylinder 2304, and 
the fluid within the upper chamber 2338 of the pump cylinder 
2334. That is, all these bodies of fluid are labeled separately 
for clarity in FIG. 23, but in the course of operation of the 
system 2300 may be mingled and exchanged with each other 
as well as with any heat-exchange fluid present in pipes, 
valves, and other components of the system 2300. Preferably, 
the accumulations 2328, 2346 of heat-exchange fluid in the 
two reservoirs 2316,2348 in FIG.23 include or consistessen 
tially of un-foamed (but foamable) heat-exchange liquid. 
0294. Two methods of operation of the system 2300. 
namely the “open-loop method’ and the “closed-loop 
method, are described hereinbelow. The two methods 
described herein are illustrative, not exhaustive, of the meth 
ods according to which system 2300 may be operated. Also, 
the relative timing or phasing of various steps in these two 
methods of operation as described herein are illustrative: 
other patterns of relative timing or phasing are contemplated 
and within the scope of the invention. 
0295. Each of these two methods of operation of system 
2300 described herein (i.e., closed-loop method and open 
loop method) has a compression mode, in which gas is com 
pressed in order to store energy, and an expansion mode, in 
which gas is expanded to release energy. 

Open-Loop Method of Operation: Compression Mode 

0296. In an initial state of one mode of operation of the 
system 2300, herein termed the “open-loop compression” 
method of operation, piston 2306 is at top dead center of 
pneumatic cylinder 2304 and piston 2336 is top dead center of 
pump cylinder 2334.Valves 2314, 2346, and 2352 are closed, 
and valves 2320 and 2344 are open. Piston 2306 and piston 
2336 move downward, admitting a quantity of low-pressure 
gas into chamber 2308 of the pneumatic cylinder 2304 and a 
quantity of heat-exchange fluid 2346 (preferably liquid) from 
low-pressure reservoir 2348 into chamber 2338 of the pump 
cylinder 2334. Downward motion of the piston 2306 to its 
nethermost limit of motion (i.e., “bottom dead center posi 
tion), with filling of chamber 2308 with gas, constitutes an 
“intake stroke' of cylinder 2304. Downward motion of the 
piston 2336 to its nethermost limit of motion (i.e., “bottom 
dead center position), with filling of chamber 2338 with 
heat-exchange fluid, constitutes an “intake stroke' of the 
pump cylinder 2334. 
0297. Valves 2320 and 2344 may then be closed and valve 
2346 opened, and the pistons 2306 and 2336 may begin 
upward strokes in their respective cylinders. The upward 
motion of piston 2306 tends to compress the fluid within 
chamber 2308 of the pneumatic cylinder 2304, and the 
upward motion of piston 2336 tends to expel fluid from cham 
ber 2338 of the pump cylinder 2334. Fluid expelled from 
chamber 2338 of the pump cylinder 2334 passes through 



US 2012/0297772 A1 

valve 2346 and an optional heat exchanger 2354 that may 
alter the temperature of the fluid. The fluid then passes into 
chamber 2308 of cylinder 2304 through the spray head 2330, 
forming a spray 2356. The fluid 2356 either enters the cham 
ber 2308 as a foam or forms a foam by mingling with the gas 
within chamber 2308. The fluid 2356 may partially or entirely 
fill chamber 2308 and may form an accumulation of fluid 
2332 atop piston 2306. The accumulation of fluid 2332 may 
include or consist essentially of foam or of liquid separated 
from foam within chamber 2308. 
0298. At a predetermined point in the upward (compres 
sion) stroke of piston 2306, valve 2314 may be opened, allow 
ing pressurized fluid, possibly including heat-exchange fluid 
2332 (e.g., as the liquid component of a foam), to flow 
through piping 2312 into the high-pressure store 2316. Heat 
exchange fluid 2332 expelled from chamber 2308 by piston 
2306 may form or add to the accumulation of fluid 2328 
within the high-pressure store 2316. The accumulation of 
fluid 2328 may include or consist essentially of heat-ex 
change liquid separated from foam in reservoir 2316. 
0299. Upward motion of the piston 2306 to its limit of 
motion (top dead center), with expulsion of pressurized gas 
and fluid into store 2316, constitutes a “compression stroke' 
of pneumatic cylinder 2304. A complete compression stroke 
in the open-loop method of operation of system 2300 entails 
one-way or “open-loop' passage of heat-exchange fluid 
(preferably liquid) 2346 out of the low-pressure reservoir 
2348, through chamber 2338 of the pump cylinder 2334, 
through the optional heat exchanger 2354, into chamber 2308 
of the pneumatic cylinder 2304, and into the high-pressure 
store 2316. Successively. During one or more Successive 
cycles of system 2300 in open-loop compression mode as 
described hereinabove, heat-exchangeliquid 2328 may accu 
mulate in the high-pressure store 2316. 
0300. The sequence of operations described above for the 
compression mode of the closed-loop method of operation is 
illustrative, and may be varied in this and other embodiments. 
Sequences of operations described for other modes and meth 
ods of operation below are also illustrative and might be 
varied in other embodiments. 

Open-Loop Method of Operation: Expansion Mode 

0301 In an initial state of another mode of operation of the 
system 2300, hereintermed the “open-loop expansion” mode 
of operation, piston 2306 is at top dead center of pneumatic 
cylinder 2304 and piston 2336 is at bottom dead center of 
pump cylinder 2334. Chamber 2338 of pump cylinder 2334 is 
filled with heat-exchange fluid (preferably liquid). Valves 
2320, 2344, and 2352 are closed and valves 2314 and 2346 are 
open. Piston 2306 moves downward, admitting a quantity of 
high-pressure gas into chamber 2308 of the pneumatic cylin 
der 2304. Simultaneously, piston 2336 of the pump cylinder 
2334 moves upward. Heat-exchange fluid from chamber 
2338 passes through valve 2346, optional heat exchanger 
2354, and spray head 2330 to enter chamber 2308 of the 
pneumatic cylinder. At some Subsequent, predetermined 
point, valve 2314 may be closed while piston 2306 continues 
its downward motion and piston 2336 continues its upward 
motion. 
0302) The motion of piston 2306 from top dead center to 
bottom dead center of pneumatic cylinder 2304 during and 
after the introduction into chamber 2308 of high-pressure gas 
(or foam) from store 2316 is herein termed an “expansion 
stroke of pneumatic cylinder 2304. The motion of piston 
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2336 from bottom dead center to top dead center of pump 
cylinder 2334 is herein termed a “pumping stroke' of pump 
cylinder 2334. The expansion stroke of pneumatic cylinder 
2304 and the pumping stroke of pump cylinder 2334, as well 
as other cylinder strokes of this and other embodiments 
described herein, may be of equal duration and may begin and 
end simultaneously, or they may be of different durations and 
may not begin or end simultaneously. 
0303 Subsequent to the completion of the expansion 
stroke and pumping stroke, valves 2314 and 2346 may be 
closed and valves 2320 and 2352 opened. Piston 2306 of the 
pneumatic cylinder then moves from bottom dead center to 
top dead center while the fluid within chamber 2308 is 
expelled. Preferably, the expelled fluid includes or consists 
essentially of foam and enters vessel 2348, where it is sepa 
rated into its gas and liquid components so that its gas com 
ponent may be exhausted through vent 2322 and its liquid 
component 2332 may accumulate as liquid 2346 in the low 
pressure reservoir 2348. Upward motion of the piston 2306 
from bottom dead center to top dead center with expulsion of 
low-pressure gas and liquid from chamber 2308 constitutes 
an “exhaust stroke of cylinder 2304. Concurrently, cylinder 
2334 performs an intake stroke, i.e., piston 2336 moves from 
top dead center to bottom dead center and chamber 2336 fills 
with heat-exchange fluid (preferably liquid) 2328 from the 
high-pressure store 2316. 
0304. An expansion stroke of cylinder 2304 in the open 
loop method of operation of system 2300 entails one-way or 
“open-loop' passage of heat-exchange fluid 2328 out of the 
high-pressure store 2316, through chamber 2338 of the pump 
cylinder 2334, through the optional heat exchanger 2354, into 
chamber 2308 of the pneumatic cylinder 2304, and into the 
low-pressure reservoir 2348, successively. During one or 
more Successive cycles of system 2300 in open-loop expan 
sion mode, heat-exchange fluid 2328 is removed from the 
high-pressure store 2316 and accumulates as liquid 2346 in 
the low-pressure reservoir 2348. A period of operation of 
system 2300 in open-loop compression mode will tend to 
cause an accumulation 2328 of heat-exchange liquid in the 
high-pressure store 2316; a Subsequent period of operation of 
system 2300 in open-loop expansion mode will tend to 
remove the accumulation 2328 of heat-exchange liquid from 
the high-pressure store 2316 and return it to the low-pressure 
reservoir 2348. 

Closed-Loop Method of Operation: Compression Mode 

0305. In an initial state of another mode of operation of the 
system 2300, herein termed the “closed-loop compression” 
method of operation, piston 2306 is at top dead center of 
pneumatic cylinder 2304 and piston 2336 is top dead center of 
pump cylinder 2334.Valves 2314, 2344, and 2346 are closed, 
and valves 2320 and 2352 are open. Piston 2306 and piston 
2336 move downward, admitting a quantity of low-pressure 
fluid (gas or foam) into chamber 2308 of the pneumatic cyl 
inder 2304 and a quantity of heat-exchange fluid (preferably 
liquid) 2328 from high-pressure store 2316 into chamber 
2338 of the pump cylinder 2334. Pneumatic cylinder 2304 
performs an intake stroke and pump cylinder 2334 performs 
an intake stroke. 
(0306 Valves 2320 and 2352 may then be closed and valve 
2346 opened, and the pistons 2306 and 2336 may begin 
upward strokes in their respective cylinders. The upward 
motion of piston 2306 tends to compress the fluid within 
chamber 2308 of the pneumatic cylinder 2304, and the 
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upward motion of piston 2336 tends to expel fluid from cham 
ber 2338 of the pump cylinder 2334. Fluid expelled from 
chamber 2338 of the pump cylinder 2334 passes through 
valve 2346 and an optional heat exchanger 2354 that may 
alter the temperature of the fluid. The fluid then passes into 
chamber 2308 of cylinder 2304 through spray head 2330. The 
fluid may partially or entirely fill chamber 2308 with foam. 
An accumulation 2332 of fluid may form on top of piston 
2306. At a predetermined point in the upward (compression) 
stroke of piston 2306, valve 2314 may be opened, allowing 
pressurized gas and/or foam to flow through piping 2312 into 
the high-pressure store 2316. Heat-exchange fluid 2332 
expelled from chamber 2308 by piston 2306 may form an 
accumulation of fluid 2328 within the high-pressure store 
2316. The accumulation of fluid 2328 may include or consist 
essentially of foam or of liquid separated from foam within 
reservoir 2316. 
0307 Upward motion of the piston 2306 to its limit of 
motion (top dead center), with expulsion of pressurized fluid 
into store 2316, constitutes a “compression stroke of pneu 
matic cylinder 2304. A compression stroke in the closed-loop 
method of operation of system 2300 entails cyclic or closed 
loop passage of heat-exchange fluid (preferably liquid) 2328 
out of chamber 2308 of the pneumatic cylinder 2304, into the 
high-pressure store 2316, into chamber 2338 of the pump 
cylinder 2334, through the optional heat exchanger 2354, and 
into chamber 2308 of the pneumatic cylinder 2304 succes 
sively. 

Closed-Loop Method of Operation: Expansion Mode 

0308. In an initial state of another mode of operation of the 
system 2300, herein termed the “closed-loop expansion” 
mode of operation, piston 2306 is at top dead center of pneu 
matic cylinder 2304 and piston 2336 is at bottom dead center 
of pump cylinder 2334. Chamber 2338 of pump cylinder 
2334 is filled with heat-exchange fluid. Valves 2320, 2344, 
and 2352 are closed and valves 2314 and 2346 are open. 
Piston 2306 moves downward, admitting a quantity of high 
pressure gas (or foam) into chamber 2308 of the pneumatic 
cylinder. Simultaneously, piston 2336 moves upward. Heat 
exchange fluid (preferably liquid) from chamber 2338 passes 
through valve 2346, optional heat exchanger 2354, and spray 
head 2330 to enter chamber 2308 of the pneumatic cylinder. 
At some Subsequent, predetermined point, Valve 2314 may be 
closed while piston 2306 continues its downward motion and 
piston 2336 continues its upward motion. Pneumatic cylinder 
2304 performs an expansion stroke and pump cylinder 2334 
performs a pumping stroke. 
0309 Subsequent to the completion of the expansion 
stroke of cylinder 2304 and the pumping stroke of pump 
cylinder 2334, valves 2314 and 2346 may be closed and 
valves 2320 and 2352 opened. Piston 2306 of the pneumatic 
cylinder 2304 then moves from bottom dead center to top 
dead center while the low-pressure fluid within chamber 2308 
is expelled through pipe 2318. Preferably, the expelled fluid 
includes or consists essentially of foam and enters vessel 
2348, where it is separated into its gas and liquid components 
so that its gas component may be exhausted through vent 
2322 and its liquid component 2332 may accumulate as liquid 
2346 in the low-pressure reservoir 2348. Pneumatic cylinder 
2304 performs an exhaust stroke. Simultaneously, the pump 
cylinder 2334 performs an intake stroke. 
0310. An expansion stroke in the closed-loop method of 
operation of system 2300 entails cyclic or “closed-loop' pas 
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sage of heat-exchange fluid 2332 out of chamber 2308 of the 
pneumatic cylinder 2304, into the low-pressure reservoir 
2348, through chamber 2338 of the pump cylinder 2334, 
through the optional heat exchanger 2354, and into chamber 
2308 of the pneumatic cylinder 2304 successively. 
0311 Various other embodiments employ a pneumatic 
cylinder that also acts as a pump in order to efficiently circu 
late heat-exchange fluid (e.g., foam or a foaming liquid) in an 
energy storage system. FIGS. 24A and 24B depict a pneu 
matic cylinder 2400 that compresses or expands gas and 
simultaneously acts as a liquid pump. FIG. 24A depicts one 
state of operation of cylinder 2400; FIG.24B depicts another 
state of operation of cylinder 2400. 
0312 The cylinder 2400 contains a slidably disposed pis 
ton 2406 that divides the interior of the cylinder 2400 into a 
distal (upper) chamber 2408 and a proximal (lower) chamber 
2410. A port orports (not shown) with associated piping 2412 
and bidirectional valves 2414, 2416 enables the upper cham 
ber 2408 to be placed in fluid communication with either (a) 
a high-pressure fluid storage reservoir (not shown, but indi 
cated by the letters “HP) or (b) a low-pressure fluid reservoir 
(not shown, but indicated by the letters “LP”). The LP reser 
Voir may contain liquid at low pressure and its gaseous por 
tion may communicate freely with the ambient atmosphere 
through a vent (not shown). A port orports (not shown) places 
the lower chamber 2410 of the first cylinder in continuous 
fluid communication with gas at low pressure (e.g., the ambi 
ent atmosphere). Cylinder 2400 incorporates a tube 2418 that 
may be cylindrical in cross-section and is connected at its 
upper end to the upper end-cap of the cylinder 2400. The tube 
2418 is hollow and may be filled with heat-exchange liquid. 
The piston 2406 is connected to a rod 2422 that contains a 
center-drilled hollow or cavity 2420, herein termed the rod 
cavity 2420, that may be filled with heat-exchangeliquid. The 
tube 2418 is open at its proximal (lower) end, and is long 
enough so that the cavity within the tube 2418 is in constant 
fluid communication with the rod cavity 2420 (e.g., even 
when piston 2406 is at bottom dead center). Gasketing 2424 
allows the tube 2418 to telescope within the rod 2422 as the 
rod 2422 and piston 2406 move and prevents fluid commu 
nication between the upper chamber 2408 and the communi 
cating cavities of the tube 2418 and rod 2422. When piston 
2406 and rod 2422 move upward, as depicted in FIG.24A, the 
total volume of the communicating cavities within the tube 
2418 and the rod 2422 decreases, tending to pressurize the 
fluid within the communicating cavities and to expel it from 
the communicating cavities through the tube 2418. When 
piston 2406 and rod 2422 move downward, as depicted in 
FIG. 24B, the total volume of the communicating cavities 
within the tube 2418 and the rod 2422 will increase, tending 
to lower the pressure of the fluid within the communicating 
cavities and/or to admit fluid into the communicating cavities 
through the tube 2418. By integrating the pump into a rod of 
a cylinder, higher efficiency may be achieved by eliminating 
separate or additional crankshaft throws or other mechanical 
drive connections. 
0313 FIG. 25 depicts a system 2500 that employs two 
cylinders of the type depicted in FIGS. 24A and 24B to 
compress and/or expand gas. Unlike system 2300 in FIG. 23. 
system 2500 does not employ a discrete or separate water 
pump (e.g., pump cylinder 2334 in FIG. 23) in order to effi 
ciently circulate heat-exchange liquid. 
0314. The system 2500 employs two cylinders 24.02,2404 
(hereinafter termed the first cylinder and the second cylinder), 
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both cylinders 2402, 2404 being similar to the cylinder 2400 
depicted in FIGS. 24A and 24B. The second cylinder 2404 
contains a slidably disposed piston 2426 that divides the 
interior of the second cylinder 2404 into a distal (upper) 
chamber 2428 and a proximal (lower) chamber 2430. A port 
or ports (not shown) with associated pipe 2432 and bidirec 
tional valves 2434, 2436 enables the upper chamber 2428 to 
be placed in fluid communication with either (a) a high 
pressure fluid storage reservoir (not shown, but indicated by 
the letters “HP), preferably the same as that to which the first 
cylinder 2402 may be connected through valve 2414, or (b) a 
low-pressure fluid reservoir (not shown, but indicated by the 
letters “LP”), preferably the same as that to which the first 
cylinder 2402 may be connected through valve 2416. The LP 
reservoir may contain liquid at low pressure and its gaseous 
portion may communicate freely with the ambient atmo 
sphere through a vent (not shown). A port orports (not shown) 
places the lower chamber 2430 in continuous fluid commu 
nication with gas at low pressure (e.g., the ambient atmo 
sphere). 
0315 Cylinder 2404 also, like cylinder 2402, incorporates 
a hollow tube 2438 that may be cylindrical in cross-section 
and is connected at its upper end to the distal end-cap of the 
cylinder 2404. The interior of the tube 2438 may be filled with 
heat-exchange liquid. The piston 2426 is connected to a rod 
2442 that contains a center-drilled rod cavity 2440 that may 
be filled with heat-exchange liquid. The tube 2438 is open at 
its lower end and the cavity within the tube 2438 is in fluid 
communication with the rod cavity 2440. Gasketing 2443 
allows the tube 2438 to telescope within the rod 2442 as the 
rod 2442 and piston 2426 move and prevents fluid commu 
nication between the upper chamber 2428 and the communi 
cating cavities of the tube 2438 and rod 2442. When piston 
2426 and rod 2442 move upward, the total volume of the 
communicating cavities within the tube 2438 and the rod 
2442 will decrease, tending to pressurize the fluid therein. 
0316. The upperend of tube 2418 in the first cylinder 2402 

is connected to bidirectional valves 2444, 2446, 2448. Valve 
2444 may place the interior of tube 2418 in fluid communi 
cation with a high-pressure storage reservoir (HP): valve 
2446 may place the interior of tube 2418 in fluid communi 
cation with a low-pressure reservoir (LP); and valve 2448 
may permit fluid to flow from the interior of the tube 2418, 
through optional heat exchanger 2450, and thence to a spray 
head 2452 within chamber 2428 of the second cylinder 2404. 
Foaming liquid 2454 passing through spray head 2452 enters 
chamber 2428. The spray heads 2452, 2464 depicted in FIG. 
25 are illustrative only: other devices (e.g., rotating blades) 
may be used to introduce heat-exchange fluid into the air 
chambers 2408, 2428. In the illustrative embodiment of FIG. 
25, foam may be generated or regenerated within cylinders 
2402, 2404 by injection of fluid through an appropriate 
mechanism (e.g., the spray heads 2452, 2464); in various 
other embodiments, foam is generated externally to the cyl 
inders 2402, 2404 (as described elsewhere herein) by mecha 
nisms not depicted in FIG. 25. 
0317. Similarly, the upper end of tube 2438 in cylinder 
2404 is connected to bidirectional valves 2456, 2458, 2460. 
Valve 2456 may place the interior of tube 2438 in fluid com 
munication with a high-pressure storage reservoir (HP), pref 
erably the same as that with which tube 2418 communicates 
via valve 2444; valve 2458 may place the interior of tube 2438 
in fluid communication with a low-pressure reservoir (LP). 
preferably the same as that with which tube 2418 communi 
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cates via 2446; and valve 2460 may permit fluid to flow from 
the interior of the tube 2438, through optional heat exchanger 
2462, and thence to spray head 2464 within chamber 2408 of 
cylinder 2402. Liquid passing through spray head 2464 enters 
chamber 2408, preferably forming a foam within the chamber 
2408. 
0318. The valves 2444, 2456 permit fluid communication 
with that portion of the HP store to which heat-exchange 
liquid may settle (e.g., separate from a foam) under the influ 
ence of gravity, and therefore tend to control the passage of 
liquid rather than of gas or foam. 
0319. The system 2500 is instrumented with pressure, pis 
ton position, and/or temperature sensors (not shown) and 
controlled via a control system (not shown). The proximal 
(lower) ends of the rods 2422, 2442 may be connected to a 
mechanism, such as one or more hydraulic cylinders or a 
common crankshaft (not shown), for interconverting linear 
mechanical power and rotary mechanical power, as described 
in the 678 and 842 patents. 
0320 System 2500 may be operated in such away that the 
cavity 2420 within rod 2422 of the first cylinder 2402 acts as 
a pump driving heat-exchange fluid into chamber 2428 of 
second cylinder 2404 during expansion or compression of gas 
in chamber 2428, and the cavity 2440 within rod 2442 of 
second cylinder 2404 acts as a pump driving heat-exchange 
liquid into chamber 2408 of first cylinder 2402 during expan 
sion or compression of gas in chamber 2408. A discrete or 
separate pump for circulating heat-exchange liquid is ren 
dered unnecessary by this method. 
0321) Like system 2300 in FIG. 23, system 2500 may be 
operated according to at least two methods of operation, 
namely the “open-loop method’ and the “closed-loop 
method.” These two methods of operation are exemplary, not 
exhaustive, of the methods according to which system 2500 
may be operated. Each of these two methods of operation of 
system 2500 (i.e., closed-loop method and open-loop 
method) has a compression mode, in which gas is compressed 
in order to store energy, and an expansion mode, in which gas 
is expanded to release energy. 

Open-Loop Method of Operation: Expansion Mode 
0322. In one mode of operation of the system 2500, herein 
termed the “open-loop expansion method of operation, the 
second cylinder 2404 performs an expansion stroke while the 
first cylinder 2402 performs an exhaust stroke and sprays 
foaming heat-exchange liquid into the second cylinder 2404: 
the two cylinders may then reverse roles, and may alternate 
intake and expansion strokes for as long as expansion of gas 
by system 2500 is desired. 
0323. In an initial state of operation of the open-loop 
expansion method of operation, piston 2406 of the first cyl 
inder 2402 is at bottom dead center and piston 2426 of the 
second cylinder 2404 is at top dead center. Valves 2416, 2448, 
2458, and 2434 are open and all other valves are closed. Valve 
2416 allows low-pressure air to exit chamber 2408 of the first 
cylinder 2402 while piston 2406 performs an upward (ex 
haust) stroke; valve 2448 allows heat-exchangeliquid to flow 
from the rod cavity 2420 of the first cylinder 2402, through 
optional heat exchanger 2450, and through the spray head 
2452 of the second cylinder 2404, preferably forming a foam 
2454 therein; valve 2458 allows heat-exchange fluid from the 
low-pressure (LP) reservoir to enter the rod cavity 2440 of the 
second cylinder 2404; and valve 2434 allows gas from the 
high-pressure store to enter the upper chamber 2428 of the 
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second cylinder 2404. In this initial state of operation, a liquid 
accumulation 2466 may be present atop piston 2406 and a 
liquid accumulation 2468 atop piston 2426 is slight or absent. 
Subsequent to this initial state of operation, the foam 2.454 
may enable isothermal expansion of the gas within chamber 
2428 and may form a fluid accumulation 2468 atop the piston 
2426. 
0324. At a predetermined point during the expansion 
stroke of the second cylinder 2404, valve 2434 may be closed, 
preventing the admission of more high-pressure gas to the 
upper chamber 2428. Gas already admitted to the chamber 
2428 will continue to expand, and piston 2426 and its asso 
ciated rod 2442 move downward until they reach bottom dead 
center. Concurrently, piston 2406 and its associated rod 2422 
move to top dead center, performing an exhaust stroke. Any 
liquid accumulation 2466 atop piston 2406 of the first cylin 
der 2402 will be expelled into the LP reservoir during the 
latter portion of the exhaust stroke. 
0325 By opening valves 2414, 2460, 2436, and 2446 and 
closing all other valves, system 2500 may then be placed in a 
state of operation similar to the initial state of operation of the 
open-loop expansion method of operation described above, 
except that the roles of the two cylinders are reversed: i.e., first 
cylinder 2402 is prepared to execute an expansion stroke and 
the second cylinder 2404 is prepared to execute an exhaust 
stroke. Expansion cycles in which the first cylinder 2402 
expands gas may alternate indefinitely (limited by the capac 
ity of the HP store) with expansion cycles in which the second 
cylinder 2404 expands gas. 
0326. While the second cylinder 2404 performs an expan 
sion stroke, heat-exchange fluid at low pressure fills the rod 
cavity 2440 of the second cylinder 2404 through valve 2458. 
Concurrently, heat-exchange fluid in the rod cavity 2420 of 
the first cylinder 2402 is pressurized and expelled through 
valve 2448. Thus, the first cylinder 2402, during its exhaust 
stroke, acts as a pump Supplying heat-exchange liquid to the 
second cylinder 2402 as the latter performs an expansion 
stroke. Similarly, when the second cylinder 2404 performs an 
exhaust stroke while the first cylinder 2402 performs a con 
current expansion stroke, the second cylinder 2404 acts as a 
pump Supplying heat-exchange liquid to the first cylinder 
2402. 

Open-Loop Method of Operation: Compression Mode 

0327. In another mode of operation of the system 2500, 
hereintermed the “open-loop compression' method of opera 
tion, the two cylinders 2402, 2404 perform concurrent com 
pression strokes while injecting heat-exchange fluid into each 
other's upper chambers 2408, 2428. The two cylinders then 
perform concurrent gas intake strokes while refilling their rod 
chambers 2420, 2440 with heat-exchange liquid. 
0328. In an initial state of operation in open-loop compres 
sion mode, pistons 2406, 2426 are both at bottom dead center 
of their respective cylinders 2402, 2404, and any liquid accu 
mulations 2466,2468 atop the pistons 2406, 2426 are slight or 
absent. Valves 2448 and 2460 are open and all other valves are 
closed. The upper chambers 2408, 2428 of the cylinder con 
tain gas at low pressure. Pistons 2406, 2426 and their associ 
ated rods 2422, 2442 begin to move upward, tending to pres 
surize the fluid in the upper chambers 2408, 2428 of the 
cylinders 2402, 2404. Heat-exchange liquid expelled from 
the rod cavities 2420, 2440 passes through the tubes 2418, 
2438, valves 2448, 2460, optional heat exchangers 2450, 
2462, and spray heads 2464, 2452, injecting fluid (preferably 
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as foam, e.g., foam 2454) into the chambers 2408, 2428. This 
foam may enable isothermal expansion of the gas within 
chambers 2408, 2428 and may form fluid (foam and/or liquid) 
accumulations 2466, 2468 atop the pistons 2406, 2426. At a 
predetermined point in the concurrent compression strokes of 
the pistons 2406, 2426, valves 2414, 2434 may be opened, 
allowing pressurized fluid (gas or foam) to flow into the 
high-pressure (HP) store (not shown). Heat-exchange fluid 
2466, 2468 expelled from chambers 2408, 2428 by pistons 
2406, 2426 may cause an accumulation of fluid (e.g., sepa 
rated liquid) to form within the HP store. 
0329 Pistons 2406, 2426 move upward during the concur 
rent compression strokes executed by the two cylinders 2402. 
2404 until the pistons 2406, 2426 are at top dead center of 
their respective cylinders 2402, 2404. In a subsequent state of 
operation, valves 2416, 2446, 2458, and 2436 are opened and 
all other valves are closed, and the pistons 2406, 2426 and 
their associated rods 2422, 2442 move downward until they 
reach bottom dead center of their respective cylinders 2402. 
2404, filling the upper chambers 2408, 2428 with low-pres 
sure gas and the rod cavities 2420, 2440 with low-pressure 
heat-exchange liquid from the low-pressure (LP) reservoir, 
thus preparing the system for another concurrent compres 
sion stroke. 
0330. A compression stroke in the open-loop method of 
operation of system 2500 entails one-way or “open-loop' 
passage of heat-exchange fluid out of the LP reservoir, into 
the rod cavities 2420, 2440 of the cylinders 2402, 2404, 
through the spray heads 2464. 2452 into the upper chambers 
2408, 2428 of the cylinders 2402, 2404, and thence into the 
HP store, successively. During one or more Successive cycles 
of system 2500 in open-loop compression mode, heat-ex 
change liquid is thus removed from the LP reservoir and 
accumulates in the HP store. A period of operation of system 
2500 in open-loop compression mode (e.g., a number of Such 
cycles) will tend to cause an accumulation of heat-exchange 
liquid in the HP store; a subsequent period of operation of 
system 2500 in open-loop expansion mode will tend to 
remove the accumulation of heat-exchange liquid from the 
HP store and return it to the LP reservoir. 
0331. It will be apparent to any person reasonably well 
acquainted with the art of hydraulic machinery that system 
2500 may also be operated according to a closed-loop method 
having both expansion and compression modes. Such a 
method of operation will (i) shift accumulated heat-exchange 
liquid 2466, 2468 into the HP store during each compression 
and refill the rod cavities 2420, 2440 of the cylinders 2402. 
2404 from the HP store rather than from the LP reservoir, 
and/or (ii) shift accumulated heat-exchange liquid 2466,2468 
into the LP reservoir during each expansion and refill the rod 
cavities 2420, 2440 of the cylinders 2402, 2404 from the LP 
reservoir rather than from the HP store. 

0332 The use of cylinders 2402, 2404 for both gas expan 
sion/compression and heat-exchange fluid pumping may 
increase system efficiency and reliability as compared to a 
system employing a discrete or separate pump for the circu 
lation of heat-exchange fluid, due to the reduction in the 
number of mechanisms within the energy storage and recov 
ery system. 
0333 When a fluid (e.g., foam) is to either enter or exit the 
air chamber of a pneumatic cylinder through a valve, it is 
desirable, as discussed earlier, that pressure drop through the 
valve be minimal, in order that energy losses entailed by 
passing through may be minimized. Furthermore, if the fluid 



US 2012/0297772 A1 

to be passed through the valve is a foam, it may be advanta 
geous to minimize shear forces acting on the foam, in order to 
prevent the foam from being separated into its liquid and gas 
components, or in order to prevent the sizes of bubbles within 
the foam from being inadvertently altered. Moreover, where a 
liquid phase is present in the air chamber of a pneumatic 
cylinder as well as a gas phase (e.g., in cylinders employing 
foams for heat exchange between liquid and gas), it is desir 
able that valve check passively open to prevent damage to 
components from overpressure in the cylinder, i.e., hydrolock 
events. Valve designs that enable high-efficiency, low-shear 
flow of foam with hydrolock protection are described in U.S. 
patent application Ser. No. 13/307,163, filed Nov.30, 2011 
(the 163 application), the entire disclosure of which is incor 
porated by reference herein, and may be utilized in embodi 
ments of the present invention. 
0334 FIG. 26 is a schematic representation of a pneumatic 
cylinder head 2600 featuring two valves 2602, 2604 of types 
described in the 163 application, a high-side valve 2602 and 
a low-side valve 2604. The high-side valve 2602 is a pull-to 
open valve that passively checks open to mitigate overpres 
sure within the cylinder air chamber (i.e., hydrolock). The 
low-side valve 2604 is a push-to-open valve that passively 
checks open when pressure is lower inside the cylinder than 
outside (e.g., during an intake stroke). Valves 2602 and 2604 
may be designed for rapid action and with high lift (i.e., with 
a large area permitting flow between the valve member and 
valve seat in the open position) in order to minimize pressure 
drop through the valve (and thus energy losses). High lift also 
reduces shear forces on foam flowing into or out of the air 
chamber of the cylinder, preserving foam integrity. 
0335 FIG. 27 is a schematic diagram of portions of an 
illustrative compressed-air energy-storage system 2700 that 
incorporates various embodiments of the invention. The sys 
tem 2700 includes a high-pressure pneumatic cylinder assem 
bly 2702 (labeled HP in FIG. 27) that expands and com 
presses gas between some mid pressure (e.g., approximately 
200 psig) and some high pressure (e.g., approximately 3,000 
psig); a low-pressure pneumatic cylinder assembly 2704 that 
expands and compresses gas between some low pressure 
(e.g., approximately 0 psig) and some mid pressure (e.g., 
approximately 200 psig); a mid-pressure vessel 2706 (labeled 
MPV in FIG. 27) that typically contains fluid (e.g., gas, heat 
exchange liquid, foam, or separated gas and liquid) at the mid 
pressure of the system; a storage reservoir 2708 or intercom 
municating set of Storage reservoirs (e.g., sealed lengths of 
piping rated for storage or transport of high-pressure gas) and 
capable of storing fluid at high pressure and mildly elevated 
temperature (e.g., 50° C.), and thus of acting as both a store of 
pressure potential energy and thermal energy; a storage ves 
sel/spray reservoir 2710 (e.g., a tank) capable of holding an 
appropriate quantity of heat-exchange liquid at a relatively 
low temperature (e.g., 20° C.). The spray reservoir 2710 
preferably includes mechanisms for separating a low-pres 
Sure foam into liquid and gas components and venting the gas 
component to the atmosphere (indicated by dashed arrow 
2712). In FIG. 27, dashed arrows represent the bidirectional 
movement of gas through appropriate piping and solidarrows 
represent the bidirectional movement of liquid through 
appropriate piping; pairs of dashed and Solid arrows (2714, 
2716, 2718, 2720) indicate movement of gas and liquid 
between various components of system 2700. The spray res 
ervoir 2710 may exchange both liquid and gas (e.g., as sepa 
rate flows of liquid and gas or as a single flow of aqueous 
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foam) with the low-pressure cylinder 2704, the low-pressure 
cylinder 2704 may exchange liquid and gas with the mid 
pressure vessel 2706, the mid-pressure vessel 2706 may 
exchange liquid and gas with the high-pressure cylinder 
2702, and the high-pressure cylinder 2702 may exchange 
liquid and gas with the high-pressure store 2708. 
0336. In FIG. 27, the high-pressure cylinder 2702, the 
mid-pressure vessel 2706, and the low-pressure vessel 2704 
are portions of a “power unit, i.e., that Subsystem of energy 
storage system 2700 which interconverts thermal and pres 
Sure potential energy with mechanical work and electrical 
energy. In a mode of operation where thermal and pressure 
potential energy from warm, high-pressure fluid in the high 
pressure store 2708 are converted to electrical energy, a quan 
tity of fluid is transferred from the high-pressure store 2708 to 
the high-pressure cylinder 2702. The fluid typically includes 
or consists essentially of both gas and liquid that are at 
approximately identical temperature and pressure. The gas 
and liquid may be combined into a foam prior to admission to 
the high-pressure cylinder 2702 or may be foamed within the 
cylinder 2702. The cylinder 2702 expands its contents (e.g., 
foam substantially or entirely filling the air chamber of cyl 
inder 2702) from the original high pressure (e.g., approxi 
mately 3,000 psig) to a mid-pressure (e.g., 200 psig). As the 
gas component of the foam with the cylinder 2702 expands, 
performing work upon a moving piston within cylinder 2702, 
it tends to cool; however, as a temperature difference appears 
between the gas and liquid components of the foam, thermal 
energy flows from the liquid to the gas component. The larger 
the temperature difference, the faster the flow of thermal 
energy from liquid to gas will tend to be. Thus, the mingling 
of liquid and gas in an aqueous foam structure within cylinder 
2702 will tend to allow substantially isothermal expansion of 
the gas component of the foam, effectively transforming a 
portion of the thermal energy in the liquid admitted to cylin 
der 2702 into mechanical work. 

0337. When the contents of the cylinder 2702 have 
reached the mid-pressure of the system 2700, liquid and gas 
(e.g., as foam) at the mid-pressure are transferred (arrows 
2718) to the mid-pressure vessel 2706. The mid-pressure 
vessel stores the liquid and gas and may include provisions 
for regenerating foam or for separating foam into its gas and 
liquid components. Whenever the mid-pressure vessel 2706 
contains a Sufficient quantity of gas at the mid-pressure, a 
quantity of gas is transferred from the mid-pressure vessel 
2706 to the low-pressure cylinder 2704. The gas is mingled 
with heat-exchange liquid from the mid-pressure vessel 2706 
to form a foam that substantially or entirely fills the air cham 
ber of the low-pressure cylinder 2704. As in the high-pressure 
cylinder 2702, only across a different pressure range, the gas 
within the low-pressure cylinder 2704 is expanded, perform 
ing work upon a moving piston with the cylinder 2704, as the 
liquid component of the foam tends to make the expansion of 
the gas approximately isothermal. After expansion of the gas 
in the low-pressure cylinder 2704, the liquid and gas within 
the cylinder 2704 are at relatively low temperature and 
approximately atmospheric pressure, and are then transferred 
(arrows 2714) to the spray reservoir and foam separator 2710. 
The low-pressure gas component of the foam is vented to the 
atmosphere (arrow 2712) and the low-pressure liquid com 
ponent of the foam is retained. If the retained liquid is cooler 
than the ambient (environmental) temperature of the system 
2700 at a time when the system 2700 is to be operated in an 
energy-generating mode, then the liquid in the spray reservoir 
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2710 constitutes a store of exergy (potential work), as does 
the store of hot liquid in the high-pressure store 2708. The 
storage reservoirs 2708 and 2710 may be insulated in order to 
slow the loss of exergy that occurs as their contents warm or 
cool toward the temperature of the ambient environment. The 
number of compression and/or expansion stages, i.e., 2 
stages, depicted in FIG. 27 is illustrative. Additional expan 
sion and compression stages and mid-pressure vessels may be 
added to further divide the pressure ranges (e.g., 3 compres 
sion/expansion stages—0 to 80 psig, 80 psig to 500 psig, and 
500 to 3000 psig, with mid-pressure vessels at approximately 
80 psig and 500 psig). 
0338 Similarly, system 2700 may store energy by admit 
ting atmospheric air (arrow 2712) and compressing it sequen 
tially in cylinders 2704 and 2702. FIG. 28 shows a schematic 
representation of portions of the system 2700 already 
depicted in FIG. 27, and attaches a time-versus-temperature 
graph 2800 to partially describe the stages of a hypothetical 
two-stage compression. Pairs of thin lines converging from 
portions of graph 2800 to portions of the schematic represen 
tation of system 2700 indicate which portions of graph 2800 
represent changes in temperature occurring in which portions 
of system 2700. In graph 2800, dashed lines represent the 
temperature of gas, and Solid lines represent the temperature 
of heat-exchange liquid. 
0339. The graph 2800 begins at time T=0, the beginning of 
a compression stroke in the low-pressure cylinder 2704. The 
cylinder contains a foam of which the gas and liquid compo 
nents are both at the same low pressure (approximately atmo 
spheric) and the same relatively low temperature (approxi 
mately 25° C.). From T=0 milliseconds (ms) to 
approximately T-290 ms, the foam is compressed in the 
cylinder 2704. The rising temperature of the gas is repre 
sented by the dashed curve 2804. As the temperature of the 
gas rises, heat is transferred to the liquid component of the 
foam, whose temperature is represented by the solid curve 
2806. The curve 2804 clearly shows that the temperature of 
the gas is not constant, that is, that the compression of the gas 
is not purely isothermal; however, it is substantially or 
approximately isothermal in comparison to the temperature 
change that would occur if the gas underwent the compres 
sionadiabatically. In the adiabatic case, the temperature of the 
gas would rise not to approximately 55° C., but to approxi 
mately 295°C. Thus, the compression process undergone by 
the gas in cylinder 2704 may reasonably be termed “substan 
tially isothermal with polytropic coefficient less than n=1. 
05, and realizes significant efficiency gains over the adiabatic 
case. These gains are not as large as they would be for a 
perfectly isothermal compression (which would take infinite 
time). 
0340. The difference between the solid line 2806 and 
dashed line 2805 (liquid and gas temperatures, respectively) 
represents lost exergy that cannot be recovered during a Sub 
sequent expansion. The minimization of this lost exergy is 
achieved when the process time constant (in this case, a 
compression occurs in about 290 ms) is considerably less 
than the heat-transfer time constant. The heat-transfer time 
constant depends in part on the Surface area and proximity 
between the compressing or expanding gas and the liquid. 
Small droplets or a foam matrix maximize this surface area. 
In general, spheroidal droplets will have a lower Surface area 
than a matrix of foam cells; thus a foam matrix may result in 
a lower heat transfer time constant, less lost exergy, and a 
more efficient energy storage system. 
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(0341 Graph 2800 in FIG. 28 shows that compression 
ceases at approximately T-290 ms, as the gas and liquid 
mixture is transferred to the mid-pressure vessel. The gas 
quickly approximates the temperature of the liquid, as shown 
by the precipitous drop of dashed curve 2804 from approxi 
mately T-290ms to approximately T-300 ms. The foam (and 
any separated liquid) in cylinder 2704 are then contained in 
the mid-pressure vessel 2706. The foam may be regenerated 
within the mid-pressure vessel at approximately constant 
pressure and temperature (depending on the size of the mid 
pressure vessel, presumably sized Sufficiently large to prevent 
large fluctuations in pressure during a single intake orexhaust 
from a LP or HP cylinder) and transferred to the HP cylinder 
2702. By approximately T=700ms, the air chamber of the HP 
cylinder 2702 is filled substantially or entirely with foam and 
a compression stroke begins. Similarly to the compression in 
the LP cylinder 2704, the temperature of the gas component 
of the foam rises as shown by dashed curve 2810 (such 
temperature rise being significantly mitigated compared to 
the case of adiabatic compression), the temperature of the 
liquid component of the foam rises as shown by Solid curve 
2812, and the temperatures of the gas and liquid components 
of the foam quickly equilibrate after compression ceases, as 
shown by the precipitous drop in the dashed curve 2810 from 
approximately T=950 ms to approximately T=1000 ms. The 
difference between the solid line 2812 and dashed line 2810 
(liquid and gas temperatures, respectively) represents lost 
exergy that cannot be recovered during a Subsequent expan 
sion. Thereafter, the liquid and gas contents of the HP cylin 
der 2702 are stored within the high-pressure storage and 
thermal well 2708, remaining at approximately constant tem 
perature and pressure as shown by solid curve 2814. 
0342. The system 2700 thus uses heat-exchange liquid, 
foamed with gas during expansion and compression of the 
gas, both as an exergy storage medium and to enable rapid, 
approximately isothermal expansion and compression of gas. 
Moreover, heat from a variety of external sources (e.g., Solar 
heat, waste heat from fuel-burning power plants) may be 
transferred to the fluid in reservoir 2708. Thermal energy thus 
added to fluid in reservoir 2708 may be partly realized as 
useful work in the cylinders 2702 and 2704, and thus as 
electrical power output from the system 2700. In another 
embodiment, additional thermal energy may be transferred to 
the fluid in storage 2708 in the form of low-grade heat from 
Sources such as power plants that would otherwise be wasted 
to the environment as a form of cogeneration, further increas 
ing or maintaining energy available during a Subsequent 
expansion. Additionally, thermal energy from Such sources of 
low-grade heat (not shown) may be transferred to the mid 
pressure vessel 2706 during expansion via heat exchanger 
(not shown) to increase recoverable energy. 
0343 FIG. 29 is a schematic diagram of portions of an 
illustrative compressed-air energy-storage system 2900, 
similar in some respects to system 2700 in FIG. 27 and FIG. 
28, that incorporates embodiments of the invention. The sys 
tem 2900 includes a high-pressure pneumatic cylinder assem 
bly 2902 (labeled HP in FIG. 29) that expands and com 
presses gas between some mid pressure (e.g., approximately 
200 psig) and some high pressure (e.g., approximately 3,000 
psig); a low-pressure pneumatic cylinder assembly 2904 that 
expands and compresses gas between some low pressure 
(e.g., approximately 0 psig) and some mid pressure (e.g., 
approximately 200 psig); a mid-pressure vessel 2906 (labeled 
MPV in FIG. 29) that typically contains fluid (e.g., gas, heat 
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exchange liquid, foam, or separated gas and liquid) at the mid 
pressure of the system; a storage reservoir 2908 or intercom 
municating set of storage vessels (e.g., sealed lengths of pip 
ing rated for the storage or transport of high-pressure gas) 
capable of storing fluid at high pressure and elevated tem 
perature (e.g., 50° C.), and thus of acting as both a store of 
pressure potential energy and thermal energy; a storage ves 
sel/spray reservoir 2910 (e.g., a tank) capable of holding an 
appropriate quantity of heat-exchange liquid at a relatively 
low temperature (e.g., 20° C.). The spray reservoir 2910 
preferably includes mechanisms for separating a low-pres 
Sure foam into liquid and gas components and venting the gas 
to the atmosphere (indicated by dashed arrow 2912). In FIG. 
29, dashed arrows represent the bidirectional movement of 
gas through appropriate piping and Solid arrows represent the 
bidirectional movement of liquid through appropriate piping. 
0344 System 2900 also includes a high-pressure separa 
tion vessel 2922, which features one or more mechanisms for 
separating a foam (e.g., a high-pressure foam) into liquid and 
gas components. The storage reservoirs 2908, 2910, and 2926 
may be insulated in order to slow the loss of exergy that occurs 
as their contents warm or cool toward the temperature of the 
ambient environment. The spray reservoir 29.10 may 
exchange both liquid and gas (e.g., as separate flows of liquid 
and gas or as a single flow of aqueous foam) with the low 
pressure cylinder 2904, the low-pressure cylinder 2904 may 
exchange liquid and gas with the mid-pressure vessel 2906, 
the mid-pressure vessel 2906 may exchange liquid and gas 
with the high-pressure cylinder 2902, the high-pressure cyl 
inder 2702 may exchange gas with the high-pressure store 
2908 and (via pump/motor 2924) liquid with the low-pressure 
thermal well 2926 (e.g., insulated atmospheric pressure tank). 
(0345 Like system 2700, system 2900 may be operated in 
either compression (energy-storage) or expansion (energy 
generating) modes. During a compression mode of operation 
of system 2900, gas is compressed Stagewise through the 
low-pressure cylinder 2904, the mid-pressure vessel 2906, 
and the high-pressure vessel 2902 as described above for 
system 2700. After compression in the HP cylinder 2902, 
liquid and gas (partly or Substantially in the form of a foam) 
from the high-pressure cylinder 2902 are directed to the sepa 
ration vessel 2922, where the liquid and gas components of 
the foam are separated by an appropriate mechanism (e.g., 
baffles, gravity, rotating blades, ultrasound, centrifuging, 
and/or other Such mechanism). The separated gas component 
of the foam is directed from the separation vessel 2922 to the 
storage vessel 2908; the separated heat-exchange liquid com 
ponent, at relatively high pressure (e.g., 3,000 psig) and high 
temperature (e.g., 50° C.) is directed from the separation 
vessel 2922 through a pump/motor 2924 to a low-pressure 
storage vessel 2926 (e.g., a tank) capable of holding an appro 
priate quantity of heat-exchange liquid at elevated tempera 
ture and low pressure. The pressure of the heat-exchange 
liquid is decreased during passage from the separation vessel 
2922 through the pump/motor 2924 to the storage vessel 
2926, driving the pump/motor as a motor and thus generating 
useful energy (recovering this portion of the energy used 
during the compression of the liquid to elevated pressure). In 
an alternative embodiment, the high-pressure storage reser 
voir 2908 may be used both as gas storage and as the liquid/ 
gas separator, where liquid is removed from the low point of 
the gas storage reservoir after gravity drainage of the liquid 
portion of the aqueous foam. In this embodiment, separation 
vessel 2922 is not a separate element from reservoir 2908. In 
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one embodiment, the storage reservoir 2908 is a horizontal 
pipe field with large horizontal surface area which facilitates 
relatively rapid gravity drainage of an aqueous foam. 
0346. During an energy-generating (expansion) mode of 
operation of system 2900, heat-exchange liquid at low pres 
sure and possibly at elevated temperature from vessel 2926 is 
directed through pump/motor 2924. Pump/motor 2924, oper 
ated in pump mode, raises the pressure of the liquid to a level 
Sufficient to permit the liquid's combination with gas at high 
pressure (e.g., approximately 3,000 psig) from the storage 
reservoir 2908 as a foam. The foam may be formed in the 
reservoir 2908, vessel 2922, in a mechanism distinct from the 
vessel 2922 and external to the high-pressure cylinder 2902, 
or inside the high-pressure cylinder 2902. Staged expansion 
of the gas in the HP cylinder 2902, mid-pressure vessel 2906, 
and low-pressure vessel 2904 then proceeds as described 
above for system 2700. 
0347 The system 2900 thus uses heat-exchange liquid, 
foamed with gas during expansion and compression of the 
gas, both as an exergy storage medium and to enable rapid, 
Substantially isothermal expansion and compression of gas. 
Unlike system 2700, system 2900 does not use a single vessel 
(or interconnected set of vessels) to store both high-pressure 
gas and heat-exchange liquid. This has the advantage that a 
Smaller Volume of high-pressure storage is required; the total 
volume of storage required on the hot side of the system 2900 
(i.e., the storage of both hot liquid in vessel 2926 and hot, 
high-pressure gas in vessel 2908) is approximately the same 
as for system 2700, but since vessel 2926 is low-pressure it is 
likely to be lower-cost per unit volume than high-pressure 
vessel 2908. 

0348 Moreover, heat from a variety of external sources 
(e.g., Solar heat, waste heat from fuel-burning power plants) 
may be transferred to the liquid in thermal well 2926 with 
relative ease (compared to transferring heat to the contents of 
high-pressure stores 2700 or 2908), since heat-exchange 
mechanisms tolerating high pressures will not be needed for 
Such heat harvesting. Thermal energy thus added to thermal 
well 2926 may be partly realized as useful work in the cylin 
ders 2902 and 2904, and thus as cogenerated electrical power 
output from the system 2900. Lower total storage cost and/or 
cogeneration may more than compensate for the energy loss 
entailed by transferring high-pressure liquid from the sepa 
ration vessel 2922 to a low pressure in thermal well 2926 in 
compression modes and by pumping low-pressure liquid 
from thermal well 2926 to a high pressure for foaming with 
gas in the HP cylinder 2902 during expansion modes. 
0349. During a generation mode of a compressed-gas 
energy storage system employing storage reservoirs of fixed 
Volume for storage of high-pressure gas, gas is progressively 
exhausted, continuously or in batches, from a high-pressure 
storage reservoir in order that its potential energy may be 
partly realized as mechanical and electrical energy. During 
Such progressive exhaustion of the high-pressure store, the 
pressure and temperature of the gas within the store will tend 
to decrease in an approximately adiabatic manner. As will be 
apparent to persons familiar with the principles of thermody 
namics, this approximately adiabatic pressure and tempera 
ture decrease will entail a loss of recoverable energy due to 
lower available pressures and/or an exergy loss due to tem 
perature mixing. Similarly, during a storage mode of the 
compressed-gas energy storage system, gas is progressively 
delivered, continuously or in batches, to the high-pressure 
storage reservoir in order that its potential energy may be 
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stored. During Such progressive delivery of gas to the high 
pressure store, the pressure and temperature of the gas within 
the store will tend to increase in an approximately adiabatic 
manner, with corresponding increased work to compress to 
higher pressure and/or mixing exergy loss due to mismatched 
temperatures. 
0350. To prevent exergy losses during either exhaustion of 
gas from or delivery of gas to the high-pressure store, it may 
be desirable to maintain heat exchange between gas under 
going either compression or expansion within the high-pres 
Sure store and a heat-exchange liquid. Heat exchange 
between gas and liquid in the high-pressure store may be 
achieved by partly or substantially filling the high-pressure 
store with foam, where the liquid component of the foam is a 
heat-exchange liquid. The liquid component of the foam will 
tend to either give up thermal energy to the gas component of 
the foam, or to absorb thermal energy from the gas compo 
nent, enabling approximately isothermal increase or decrease 
of pressure within the high-pressure store during either a 
storage or generation mode of operation of the system. The 
temperature of the liquid component of the foam, or of the 
foam mixture may be further altered by a heat-exchange 
mechanism (heat exchanger) external to the high-pressure 
store, shedding heat from the environment or harvesting heat 
from the environment or some source of cogenerative heat. 
Either foam or separated liquid may be circulated through a 
heat exchanger external to the high-pressure store. In other 
embodiments, heat-exchange mechanisms (e.g., finned 
tubes) may be provided internally to the high-pressure store, 
so that an external heat-exchange fluid (e.g., environmental 
air) may be circulated into the high-pressure store without 
mingling with its contents, rather than contents of the high 
pressure being circulated to an external heat exchanger. Tech 
niques for heat exchange with a compressed gas stored in a 
gas-only high-pressure store are described in U.S. patent 
application Ser. No. 13/094,960, filed Apr. 27, 2011 (the 960 
application), the entire disclosure of which is incorporated by 
reference herein. The minimization of this lost exergy is 
achieved when the process time constant is considerably less 
than the heat-transfer time constant. In general, a compres 
sion or expansion within the storage reservoir occurs at a 
much slower time constant than within the cylinders and 
power unit. For example, compression of gas from 750 psig to 
3,000 psig in a storage reservoir may take approximately one 
hour. The heat-transfer time constant depends in part on the 
Surface area and proximity between the compressing or 
expanding gas and the liquid. Small droplets or a foam matrix 
maximize this Surface area. In general, spheroidal droplets 
will have a lower surface area than a matrix of foam cells; 
thus, a foam matrix may result in a lower heat-transfer time 
constant, less lost exergy, and a more efficient energy storage 
system. For the storage reservoir heat exchange, a lower 
quality foam or low quality or intermittent spray or circula 
tion may be sufficient to achieve the desired heat transfer time 
constant (e.g., Substantially lower time constant than 1 hour). 
0351 FIG. 30 is a schematic representation of an illustra 

tive mechanism for circulating fluid from a high-pressure 
store in order to achieve approximately isothermal changes in 
pressure in the store during the exhaustion of gas from or 
delivery of gas to the store, or to add energy to the gas within 
the store from a cogenerative or other source through the use 
of a heat exchanger. Fluid from the reservoir (3002a-3002d) 
is circulated through a heat exchanger 3004 using a pump 
3006 operating as a circulator. The circulated fluid may be 
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gas, or heat-exchange liquid, or a foam including both gas and 
liquid. The pump 3006 operates with a small pressure change 
sufficient for circulation, but within a housing that is able to 
withstand high pressures, as detailed in the 409 application. 
The pump 3006 circulates the high-pressure fluid through the 
heat exchanger 3004 without substantially increasing its pres 
sure (e.g., a 50 psi increase for 3,000 psi air). The fluid is then 
re-injected into the reservoir 3002a-3002d, possibly through 
a mechanism that regenerates a foam or other two-phase 
mixture (e.g., spray of droplets) within the reservoir 3002a 
3002d. In this way, the temperature of the stored compressed 
gas may be controlled (e.g., raised, lower, held approximately 
constant, or held approximately equal to the internal liquid 
temperature) by opening valve 3008 with valve 3010 closed 
and heated during expansion (release of gas form the reser 
voir 3002a-3002d) or cooled during compression (delivery of 
gas to the reservoir 3002a-3002d) by closing valve 3008 and 
opening valve 3010. Valve 3010, when open, places the sub 
system 3000 in fluid communication with an energy-storage 
system such as system 2700 in FIG. 27. The heat exchanger 
3004 may be any sort of standard heat-exchanger design; 
illustrated in FIG. 30 is a tube-in-shell type heat exchanger 
with high-pressure air inlet and outlet ports 3012 and 3014 
and low-pressure shell ports 3016 and 3018 (which may be 
connected to an external heating or cooling source). 
0352. In other embodiments, foam is circulated from res 
ervoir 3002a-3002d through heat exchanger 3004. The fluid 
circulated through the external loop of heat exchanger 3004 
may, in various embodiments, be a gas, liquid, or foam. The 
reservoir 3002a-3002d is depicted in FIG. 30 in a horizontal 
position but other orientations are contemplated and within 
the scope of the invention. 
0353 FIG. 31 is a schematic of an illustrative alternative 
compressed-air storage reservoir subsystem 3100 for heating 
and cooling of compressed gas in energy storage systems in 
order to expedite transfer of thermal energy to and from the 
compressed gas prior to and/or during expansion or compres 
Sion. As depicted, thermal energy transfer to and from Stored 
fluid in storage reservoirs 3102,3104 is expedited via liquid 
circulation using a pump 3106. The liquid pump 3106 oper 
ates with a small pressure change Sufficient for circulation 
and spray (and/or foam generation), but within a housing that 
is able to withstand high pressures; that is, it circulates high 
pressure water (or other suitable heat-transfer fluid) through 
heat exchanger 3108 and introduces the liquid into storage 
reservoirs 3102 and 3104 without substantially increasing its 
pressure (e.g., a 50 psi increase for circulating and spraying 
within 3,000 psig stored compressed gas). The heat 
exchanger may be omitted or bypassed in other embodiments. 
The heat exchanger 3108 may be any sort of standard heat 
exchanger design; illustrated here is a tube-in-shell heat 
exchanger with high-pressure liquid inlet and outlet ports 
3112 and 3114 and low-pressure shell liquid ports 3116 and 
3118. The shell ports 3116 and 3118 may permit communi 
cation with a second heat exchanger, a thermal well, or some 
other body of fluid. 
0354 Heat exchange within the storage reservoirs 3102, 
3104 is expedited by active spraying or foaming of liquid 
(e.g., water) into the vessels 3102,3104. Herein, “spraying 
refers to any passage of liquid through a mechanism (e.g., 
Small orifice, engineered noZZle, mechanism directing a spray 
against an impingement pin or plate) that acts upon the liquid 
mechanically in Such a manner as to divide the liquid into 
droplets. "Foaming refers to any passage of liquid through a 
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mechanism that mingles it with gas to form a foam; Such 
mechanisms include schemes where the liquid is directed 
against a surface producing or acted upon by ultrasound, 
which Surface vibrates the liquid in Such a way as to produce 
breakup or foaming. All Such mechanisms are contemplated 
and within the scope of the invention. The illustrative system 
of FIG. 31 shows multiply perforated rods (spray rods) as the 
spray/foaming mechanism. As illustrated in FIG. 31, perfo 
rated rods 3120 and 3122 may be installed inside storage 
reservoirs 3102 and 3104. The perforated rods 3120, 3122 
may be located along or at the top of the storage reservoirs 
3102,3104, along the middle portion of the storage reservoirs 
(as illustrated in FIG. 31), and/or along the bottom of the 
storage reservoirs (e.g., a sparging type arrangement). The 
rods 3120, 3122 may extend through part or all of the length 
of the storage reservoirs 3102, 3104. The pump 3106 
increases the liquid pressure above the reservoir pressure 
Such that liquid is actively circulated and sprayed/foamed out 
of rods 3120,3122, as shown by arrows 3124 and 3126. With 
spraying and/or foaming into storage reservoirs 3102 and 
3104, droplets or foam matrices of the liquid within the gas 
inside storage reservoirs 3102, 3104 occurs, enabling effi 
cient heat transfer between the liquid and the gas. Foam may 
partially or substantially fill the storage reservoirs 3102. 
3104. Over time, the foam will tend to separate, producing 
accumulations of liquid 3128, 3130 at the bottom of the 
storage reservoirs 3102,3104. Liquid thus accumulated may 
be removed through ports 3132, 3134 and associated piping 
3136. The piping 3136 returns the liquid to the heat exchanger 
3108, through which the liquid 3128, 3130 is circulated as 
part of the closed-loop water circulation and spray/foaming 
system. Valve 3110, when open, places the subsystem 3100 in 
fluid communication with an energy-storage system Such as 
system 2700 in FIG. 27. 
0355. In various other embodiments, foam or gas is circu 
lated from storage reservoirs 3102, 3104 through heat 
exchanger 3108. The fluid circulated through the external 
loop of heat exchanger 3108 may, in various embodiments, be 
a gas, liquid, or foam. The ports 3132,3134 may be located on 
the top or sides of storage reservoirs 3102,3104 such as to 
pull gas (e.g., in a sparging arrangement) or foam instead of 
preferentially pulling separated liquid. The storage reservoirs 
3102,3104 and their internal spray mechanisms 3120, 3122 
are depicted in FIG. 31 in a horizontal position but other 
orientations are contemplated and within the scope of the 
invention. Two storage reservoirs 3102,3104 are depicted in 
FIG.31 but other numbers of storage reservoirs, such as, e.g., 
pipelines and natural or artificial caverns are contemplated 
and within the scope of the invention. 
0356 FIG.32 is a schematic of an alternative compressed 
air storage reservoir subsystem 3200 for heating and cooling 
of compressed gas in energy storage systems, to expedite 
transfer of thermal energy to and from the compressed gas 
prior to and/or during expansion or compression. Thermal 
energy transfer to and/or from Stored compressed gas in Stor 
age reservoirs 3202 is expedited via fluid circulation using an 
enclosure 3204 and air circulation fans 3206. The storage 
reservoirs 3202 may also include heat-exchange liquid, 
which may be separated or mingled with the gas in the storage 
reservoirs 3202 to form a foam that partially or entirely fills 
the storage reservoirs 3202. Separated liquid, foam, and gas 
not incorporated in a foam may coexist in the storage reser 
voirs 3202 and in all other high-pressure storage reservoirs 
depicted herein. In the subsystem 3200, fluid (e.g., air) enters 
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the enclosure 3204 through intake openings (e.g., vents) 
3208. The fluid may be at a temperature different from the 
compressed gas within the storage reservoirs 3202. The stor 
age reservoirs 3202 are in an arrangement that permits Sub 
stantial circulation of fluid around and between them. Fluid 
circulating around and between the storage reservoirs 3202 
gains thermal energy from the storage reservoirs 3202 if the 
fluid entering through the vents 3208 is at a lower temperature 
than the fluid within the storage reservoirs 3202; similarly, the 
storage reservoirs 3202 gain thermal energy from the fluid 
entering through the vents 3208 if the circulating fluid is at a 
higher temperature than the fluid within the storage reservoirs 
3202. Fluid that has circulated around and between the stor 
age reservoirs 3202 is typically pulled from the enclosure 
3204 by exhaust devices (e.g., pumps, fans) 3206, repre 
sented illustratively in FIG. 32 as fans. The gas exhausted by 
devices 3206 may be confined by one or more ducts (not 
shown), circulated through a heat-exchange system to change 
its temperature, and returned to the vents 3208 through the 
ducts. The exterior of the enclosure 3204 may be insulated. 
The fluid entering the intake openings 3208 may be heated or 
cooled and thus change the temperature of storage reservoirs 
3202 and their interior contents. The source of such heating 
may be waste heat from a source Such as a thermal power 
plant or industrial process, and may be a directSource such as 
Solar heating or fuel fired heating elements. 
0357 Valves and piping (not shown) may place the con 
tents of the storage reservoirs 3202 in fluid communication 
with an energy-storage system such as system 2700 in FIG. 
27. The storage reservoirs 3202 are depicted in FIG. 32 in a 
horizontal position but other orientations are contemplated 
and within the scope of the invention. Six storage reservoirs 
3202 are depicted in FIG. 32 but other numbers of storage 
reservoirs, as well as other types of gas storage, are contem 
plated and within the scope of the invention. 
0358 FIG.33 is a schematic of yet another compressed-air 
storage reservoir subsystem 3300 for use with heating and 
cooling of compressed gas in energy storage systems, to 
expedite transfer of thermal energy to and from the com 
pressed gas prior to and/or during expansion or compression. 
Thermal energy transfer to and from Stored compressed gas in 
storage reservoirs 3302 is expedited via circulation of one or 
more fluids (e.g., water, aqueous foam) in an enclosure 3304 
and using piping 3306,3308 to respectively admit fluid to and 
remove fluid from the enclosure 3304. The storage reservoirs 
3302 may also contain heat-exchange liquid, which may be 
separated or mingled with the gas in storage reservoirs 3302 
to form a foam that partially or entirely fills the storage 
reservoirs 3302. In the exemplary subsystem 3300 depicted in 
FIG.33, the fluid level 3310 in enclosure 3304 is indicated by 
closely-spaced vertical lines. Fluid enters the enclosure 3304 
through pipe 3306. The fluid may beata temperature different 
from that of the fluid within the storage reservoirs 3302. The 
storage reservoirs 3302 are preferably in an arrangement that 
permits substantial circulation of water (or other fluid) around 
and between them. Fluid circulating around and between the 
storage reservoirs 3302 gains thermal energy from the storage 
reservoirs 3302 if the fluid entering through pipe 3306 is at a 
lower temperature than the fluid within the storage reservoirs 
3302; similarly, the storage reservoirs 3302 gain thermal 
energy from the fluid if the fluid entering through the pipe 
3306 is at a higher temperature than the fluid within the 
storage reservoirs 3302. Fluid that has circulated around and 
between the storage reservoirs 3302 is removed from the 
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enclosure through pipe 3308. The fluid removed through pipe 
3308 may be circulated through a heat-exchange system (not 
shown in FIG. 33) to change its temperature and returned to 
the enclosure 3304 through pipe 3306. 
0359 Valves and piping (not shown) may place the con 
tents of the storage reservoirs 3302 in fluid communication 
with an energy-storage system such as system 2700 in FIG. 
27. The storage reservoirs 3302 are depicted in FIG.33 in a 
horizontal position but other orientations are contemplated 
and within the scope of the invention. Six storage reservoirs 
3302 are depicted in FIG. 33 but other numbers of storage 
reservoirs are contemplated and within the scope of the inven 
tion. 

0360 FIG. 34 illustrates another compressed-air storage 
reservoir subsystem 3400 for heating and cooling of com 
pressed gas in energy-storage systems, to expedite transfer of 
thermal energy to and from the compressed gas prior to and/or 
during expansion or compression. Thermal energy transfer to 
and from stored compressed gas in a pressurized reservoir 
Such as a cavern 3402 (e.g., a naturally occurring or artifi 
cially created cavern, which may be located underground) is 
expedited via liquid circulation using a liquid pump 3404 and 
heat exchanger 3406. The cavern 3402 may also contain 
heat-exchange liquid, which may be separated or mingled 
with the gas in the cavern 3402 to form a foam that partially 
or entirely fills the cavern 3402. Liquid or foam 3420 may 
pool at the bottom of the cavern 3402. The pump 3404 oper 
ates with a small pressure change Sufficient for circulation 
and spray/foam generation, but within a housing that is able to 
withstand high pressures; pump 3404 circulates high-pres 
sure fluid through heat exchanger 3406 and then to a spray/ 
foam-generation mechanism 3408, creating a foaming spray 
3410 inside the cavern 3402 without substantially increasing 
the pressure of the fluid (e.g., a 50 psi increase for circulating 
and spraying within 3,000 psi stored compressed air). In this 
way, the stored compressed gas may be pre-heated (or pre 
cooled) using a fluid circulation and spraying/foaming 
method, which also may allow for active liquid monitoring of 
the storage cavern 3402. The two-phase heat exchange may 
occur as pre-heating prior to expansion and/or pre-cooling 
prior to compression. The circulation may be done without 
heat exchanger 3406 and serve to maintain the heat exchange 
liquid and gas at Substantially the same temperature during an 
expansion or compression. The pump 3404 may be Sub 
merged in the liquid or foam 3420 or be external to the liquid 
or foam 3420. The heat exchanger 3406 may be of any stan 
dard heat-exchanger design; illustrated here is a tube-in-shell 
heat exchanger with high-pressure liquid inlet and outlet 
ports 3412 and 3414 and low-pressure shell liquid ports 3416 
and 3418. The shell ports 3416 and 3418 may permit com 
munication with a second heat exchanger orathermal well or 
some other body of fluid. 
0361 Heat exchange within the storage cavern 3402 is 
expedited by active spraying and foam generation 3410 of 
liquid (e.g., water with one or more foaming additives) into 
the cavern3402. Illustrated in FIG. 34 is a scheme where one 
or more perforated spray heads 3408 are installed within the 
storage cavern 3402. Pump 3404 increases the fluid pressure 
above the cavern pressure such that fluid is actively circulated 
and sprayed out of spray head 3408. Foam may partially or 
entirely fill the volume of cavern 3402. Due to foam separa 
tion, liquid and/or foam 3420 may accumulate at the bottom 
of the cavern3402 and be removed through piping 3422. The 
piping 3422 returns the liquid and/or foam 3420 to the pump 
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3404 and heat exchanger 3406, through which the liquid 
and/or foam is circulated as part of the closed-loop fluid 
circulation and foam-generation and/or foam-regeneration 
system. A valve or valves and piping (not shown) may place 
cavern 3402 in fluid communication with an energy-storage 
system such as system 2700 in FIG. 27. 
0362. If the cavern 3402 is of sufficient size, a substantial 
mass of liquid and/or foam 3420 may be allowed to accumu 
late at the bottom of the cavern3402. In this case, this mass of 
liquid and/or foam 3420 may exchange heat relatively slowly 
with the air also contained in cavern3402, and may be used as 
a thermal reservoir. 

0363 A vertical cavern shape and spray-head-type inter 
nal foam-generation mechanism 3408 are depicted in FIG.34 
but other orientations and spray or foam-generation mecha 
nisms (e.g., spray rod, multiple nozzles) are contemplated 
and within the scope of the invention. The spray head 3408 
may be located at the bottom of the cavern to allow sparging 
of air into the accumulating liquid and/or foam 3420 to form 
or regenerate a foam within the cavern 3402. A single cavern 
3402 is depicted in FIG.34 but other numbers of caverns and 
storage reservoirs featuring both caverns and other forms of 
gas storage (e.g., pressure vessels and/or pipes) are contem 
plated and within the scope of the invention. 
0364 FIG. 35 is a diagram of various components of an 
energy storage and recovery system in accordance with vari 
ous embodiments of the invention. The illustrated system 
includes or consists essentially of an installation 3500 where 
thermal energy is available for recovery, extracted from the 
Surroundings, needed for usage, and/or may be removed for 
cooling. Example installations 3500 include fossil-fuel based 
powerplants (e.g., coal, natural gas); other heat-engine based 
power plants such as nuclear, Solar thermal, and geothermal; 
industrial processes with waste heat; heat pumps, heat 
Sources, and heat sinks; buildings needing space heating or 
cooling; and sources of environmentally chilled water. In 
FIG.35, for illustrative purposes, a powerplant 3502 is shown 
whose excess thermal energy is recoverable through a stan 
dard heat-exchange unit 3504. Generated power 3506 from 
the power plant 3502 may be used to drive the compressed 
gas energy storage system3508 as determined by the operator 
(e.g., when market demand for power is low), storing energy 
in the form of compressed gas in storage reservoir 3510. 
Energy may be additionally stored as the thermal energy or 
exergy of liquids cooled below the environmental tempera 
ture or warmed above it, and these liquids may be located in 
the same vessels that contain the compressed gas (e.g., 
mingled with it as a foam) or separated from the gas and 
stored in separate vessels. Upon demand for increased power, 
this stored energy undergoes expansion (e.g., staged expan 
sion) in the compressed-gas energy storage system 3508 to 
generate power for usage (e.g., power grid delivery 3512). 
The recovered thermal energy from the powerplant 3502 may 
be used in the heat-exchange Subsystem of the compressed 
gas storage reservoir 3510 (or other pressurized storage) to 
preheat the stored compressed gas and/or to heat the heat 
exchange fluid and gas before or during expansion and/or 
between expansion/compression stages in mid-pressure ves 
sels, increasing the work done by a given Volume of pressur 
ized gas and improving system efficiency and/or perfor 
mance. Likewise, but not illustrated herein, water cooled by 
heat exchange with cold environments, ground loops, water 
loops, or other low-temperature reservoirs may be used in the 
heat-exchange Subsystem to pre-cool and/or continually cool 
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the compressed gas prior to and during further compression, 
improving system efficiency and/or performance. In all these 
instances, performance and/or value of the system may be 
markedly improved. 
0365 FIG. 36 depicts an illustrative system 3600 that sub 
stantially isothermally compresses or expands gas over a 
predetermined pressure range in accordance with various 
embodiments of the present invention. System 3600 includes 
a cylinder 3602 containing a mobile piston 3604 (or other 
suitable boundary mechanism) that divides the interior of the 
cylinder 3602 into a gas-filled chamber (also termed air 
chamber or pneumatic chamber) 3606 (and a liquid-filled, 
i.e., hydraulic) chamber 3608. Alternatively, chamber 3608 
may be gas-filled, and/or the air chamber 3606 may contain 
one or more of gas, liquid, and foam. An integrated heat 
exchange mechanism is typically present in chambers 3606 
and/or 3608, as described in the 155 patent and/or as shown 
in FIG. 2. In the illustrative embodiment shown in FIG. 36, a 
spray head 3610 injects a spray 3612 of fluid into the upper 
chamber 3606 of the cylinder 3602. This spray 3612 may 
include or consist essentially of an aqueous foam comprising 
both gas and a heat-exchange liquid, or of a liquid that mixes 
with gas in the air chamber 3606 to form an aqueous foam. 
Foam 3614 partially or entirely fills the air chamber 2606: 
partial separation of the foam 3614 may also occur, allowing 
liquid to accumulate on top of piston 3604. Ports 3620 and 
3630 with valves 3622 and 3632 allow gas to be admitted to 
or exhausted from chamber 3606 as desired. A port or ports 
(not shown) with associated pipes and valves (not shown) 
allow fluid to be admitted to or withdrawn from chamber 
3608 as desired. 
0366. During air expansion, the gas in chamber 3606 
expands, performing work on piston 3604. As the gas in 
chamber 3606 expands, its temperature tends to fall, and 
thermal energy is transferred from to the gas from the heat 
transfer liquid within chamber 3606 (e.g., the liquid compo 
nent of a foam partly or wholly filling chamber 3606). The 
transfer of thermal energy to the gas from the liquid in cham 
ber 3606 increases the amount of work performed by the 
expanding gas on the piston3604. As the gas in chamber 3606 
expands, its temperature tends to fall, and thermal energy is 
transferred from to the gas from the heat-transfer liquid 
within chamber 3606 (e.g., the liquid component of a foam 
partly or wholly filling chamber 3606). The transfer of ther 
mal energy to the gas from the liquid in chamber 3606 
increases the amount of work performed by the expanding gas 
on the piston 3604. 
0367. During air compression, piston3604 moves upward 
and thus compresses the gas in chamber 3606. As the gas in 
chamber 3606 is compressed, its temperature tends to rise, 
and thermal energy is transferred from the gas to the heat 
transfer liquid within chamber 3606 (e.g., the liquid compo 
nent of a foam partly or wholly filling chamber 3606). The 
transfer of thermal energy from the gas to the liquid in cham 
ber 3606 decreases the amount of work that the piston 3604 
must perform on the expanding gas. The transfer of thermal 
energy to the liquid from the gas in chamber 3606 reduces the 
amount of work that the piston 3604 performs on the gas in 
chamber 3606 in order to compress the gas. 
0368. To prepare the cylinder 3602 for compression, low 
pressure gas is admitted from point 3634 through valve 3632 
and port 3630 into upper chamber 3606 during a downward 
stroke starting with piston3604 near or at the top of cylinder 
3602. The gas may be mingled with liquid to form a foam, 

48 
Nov. 29, 2012 

either before, during, or after admission to chamber 3606. In 
various embodiments of the invention, the inlet pressure at 
point 3634 is raised above atmospheric pressure by a blower 
(e.g., lobe type) or pump/compressor (e.g., screw pump)3642 
that draws in atmospheric-pressure or near-atmospheric 
pressure gas through inlet/vent 3640. The compression by 
pump/compressor 3642 may be predominantly adiabatic; 
alternatively, pump/compressor 3642 may include, e.g., a 
screw pump that permits the introduction of a heat-exchange 
foam and/or droplets into air undergoing compression and/or 
expansion within screw pump 3642, enabling the substan 
tially isothermal compression and/or expansion of air within 
screw pump 3642. The foam may be subsequently pumped by 
the screw pump 3642 to chamber 3606. Moreover, as shown 
in FIG. 36, the screw pump 3642 may be a bidirectional 
expander/compressor; hence, references herein to “compres 
sor 3642 and “expander 3642 below may refer to a single 
bidirectional screw-pump unit. The outlet of the compressor 
3642 may be attached to a low-pressure vessel 3650 near or at 
the predetermined minimum system pressure at point 3634 
(i.e., the super-atmospheric pressure enabled by the compres 
sor 3642 and that serves as the inlet pressure to cylinder 3602) 
in order that low-pressure vessel 3650 may provide a buffer 
such that the compressor 3642 may operate continuously at 
near-constant power. The low-pressure vessel 3650 may con 
tain integrated heat exchange as described above and in the 
155 patent. At or near the bottom of a downward (intake) 
stroke preparatory to compression, where piston3604 is at or 
near the bottom of cylinder 3602 and chamber 3606 is filled 
with gas (and/or foam) at a predetermined pressure by the 
action of compressor 3642 and valve 3632, valve 3632 is 
closed. An upward compression stroke follows. At a prede 
termined high pressure, which may be equal to the pressure at 
point 3624 (e.g., the pressure in a high-pressure storage res 
ervoir like reservoir 222 or higher-pressure cylinder in a 
multi-stage system), valve 3622 is opened, connecting cham 
ber 3606 through port3620 to point 3624. The pressurized gas 
and/or foam is then forced through valve 3622 to point 3624. 
until piston 3604 is near or at the top of cylinder 3606, 
whereupon valve 3622 closes and the process repeats with 
another intake stroke. 

0369. In comparison to a system otherwise identical to 
system 3600 but lacking a compressor 3642, the presence of 
the compressor 3642 in system 3600 enables a greateramount 
(mass) of gas to be compressed in a single upstroke of piston 
3604 within cylinder 3602. The work of compression done in 
a single stroke with compressor 3642 is higher than without 
compressor 3642 and more gas is compressed to point 3624. 
0370. The efficiency of the total compression for predomi 
nantly adiabatic compression by compressor 3642 and Sub 
stantially isothermal compression in the cylinder 3602 is 
typically less than a substantially isothermal compression 
completely within the cylinder 3602 over the entire pressure 
range, as previously mentioned. The efficiency of the total 
compression for substantially isothermal compression by 
compressor 3642 and substantially isothermal compression 
in the cylinder 3602 is also typically less than a substantially 
isothermal compression completely within the cylinder 3602 
over the entire pressure range. The addition of the compressor 
3642 thus generally increases the power of system 3600 (i.e., 
the rate at which system 3600 transforms work to potential 
energy of compressed gas) at the expense of efficiency. The 
degree of tradeoff between power and efficiency that is opti 
mal typically varies depending on the application in which 
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system 3600 is used. Additionally, for a given outlet pressure 
at port 3620, the higher starting pressure within chamber 
3606 of the cylinder 3602 reduces the pressure range (ratio of 
outlet pressure to inlet pressure) over which the cylinder 3602 
acts during the course of a stroke; as reviewed above, this also 
narrows the range of forces that act on rod 3618 that is 
attached to the piston3604 and whose nether end extends out 
of cylinder 3602. This narrowing of the range of forces in turn 
enables more efficient conversion of electrical energy by a 
motor/generator (not shown) to work in the system 3600, as 
previously discussed. 
0371. During an expansion, a predetermined amount of 
compressed gas and/or foam at high pressure is admitted from 
point 3624 (e.g., from a storage vessel Such as reservoir 222 in 
FIG. 2 or higher-pressure cylinder in a multi-stage system 
such as system 2700 in FIG. 27) through valve 3622 and port 
3620 into chamber 3606. The amount of gas and/or foam 
admitted may be set by a control system (e.g., controls system 
122 in FIG. 1) such that after fully expanding on a downward 
stroke (i.e., when piston 3604 reaches the bottom of cylinder 
3602), the gas and/or foam reaches a predetermined mini 
mum system pressure that is typically Super-atmospheric 
(e.g., approximately 5 psig). For example, the control system 
may be responsive to one or more sensors measuring gas flow 
rate and/or pressure within cylinder 3602 to meter the gas 
introduction. On the upward return stroke of the cylinder 
3602, that gas is exhausted through valve 3632 to point 3634. 
0372. In various embodiments of the invention, the piping 
at point 3634 is attached to an expander 3642 that converts the 
pressurized gas flow into rotational motion; in Such embodi 
ments, gas flow through the expander 3642 generates power 
additional to the amount generated by the expansion within 
the cylinders. The expansion through the expander 3642 may 
be predominantly adiabatic; alternatively, expander 3642 
may permit the introduction of a heat-exchange foam and/or 
droplets into air undergoing expansion within expander 3642, 
enabling the Substantially isothermal expansion of air within 
expander 3642. After expansion through the expander 3642, 
the gas (or gaseous component of foam) may be exhausted to 
the atmosphere through vent 3640. In addition, as shown in 
FIG. 36, a low-pressure vessel 3650 near or at the predeter 
mined minimum system pressure (i.e., the Super-atmospheric 
pressure input to the expander 3642 and that serves as the 
outlet pressure of cylinder 3602) may also be connected at 
point 3634 in order to provide a buffer such that the expander 
3642 may operate continuously at near-constant power. As 
mentioned above, the low-pressure vessel 3650 may contain 
an integrated heat-exchange mechanism. 
0373 By ending the expansion stroke within cylinder 
3602 at a pressure above atmospheric pressure, a greater 
amount (mass) of gas may be expanded in a single down 
stroke of piston 3604 within cylinder 3602. The work of 
expansion done in that single stroke (higher forces acting over 
a distance) will be higher than the amount of work performed 
by an otherwise identical stroke during which a smaller 
amount of gas is expanded (lower forces acting over the same 
distance). Moreover, if an expander 3642 is employed, addi 
tional power may be generated that would be lost if the 
super-atmospheric-pressure gas in chamber 3606 at the end of 
an expansion stroke were vented directly to the atmosphere. 
The total efficiency of a predominantly adiabatic expansion in 
expander 3642 combined with a predominantly isothermal 
expansion in cylinder 3602 is typically less than the efficiency 
of a near-isothermal expansion completely within the cylin 
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der 3602 over the entire pressure range. The efficiency of the 
total expansion for Substantially isothermal expansion by 
expander 3642 and substantially isothermal expansion in the 
cylinder 3602 is also typically less than a substantially iso 
thermal expansion completely within the cylinder 3602 over 
the entire pressure range. The employment of Super-atmo 
spheric venting pressure combined with an expander 3642 
thus generally adds power at the expense of efficiency. The 
degree of tradeoff between power and efficiency that is opti 
mal typically varies depending on the application in which 
system 3600 is used. Additionally, the higher vent pressure of 
the cylinder 3602 reduces the pressure range over which the 
cylinder 3602 acts for a given outlet pressure (i.e., where 
range is outlet/inlet pressure), such that some benefit of effi 
ciency of power transmission may be achieved by operating 
the cylinder 3602 over a narrower pressure (and thus force) 
range. 

0374. A control system (e.g., control system 122 in FIG.1) 
may control the compressor/expander 3642 and cylinder 
3602 in order to enforce substantially isothermal expansion 
and/or compression of gas in cylinder 3602 over a particular 
range of Super-atmospheric pressures and Substantially adia 
batic compression and/or expansion in expander/expander 
3642 between approximately atmospheric pressure and the 
minimum Super-atmospheric pressure of operation of cylin 
der 3602. For example, the control system may direct the 
introduction of gas and/or foam into and the exhausting of gas 
and/or foam out of cylinder 3602 and expander/expander 
3642 via, e.g., control over the various ports and/or valves 
associated with these components. The control system may 
be responsive to one or more sensors disposed in or on cyl 
inder 3602 and/or expander/expander 3642 for measuring the 
pressure of the gas within these components, and direct move 
ment of the gas within system 3600 accordingly. As described 
above, control of Substantially isothermal compression and/ 
or expansion within cylinder 3602 may also entail control 
over an associated heat-transfer Subsystem that may foam 
heat-exchange liquid with the gas. Such heat-transfer Sub 
systems may be turned off or rendered idle during Substan 
tially adiabatic or Substantially isothermal compression and/ 
or expansion in expander/expander 3642. 
0375 FIG. 37 depicts an illustrative system3700 that sub 
stantially isothermally compresses or expands gas over a 
predetermined pressure range in accordance with various 
embodiments of the present invention. System 3700 employs 
the same Substantially isothermal cylinder stage shown in 
system 3600 of FIG. 36, but features a separate and parallel 
set of control valves and other components for expansion and 
compression. System 3700 includes a cylinder 3702 contain 
ing a mobile piston 3704 that divides the interior of the 
cylinder 3702 into a gas-filled (pneumatic) chamber 3706 and 
a liquid-filled (hydraulic) chamber 3708. Alternatively, both 
chambers 3706 and 3708 may be gas-filled. An integrated 
heat-exchange mechanism may be present in chambers 3706 
and/or 3708, as described in the 155 patent and/or as shown 
in FIG. 36. In the illustrative embodiment, a spray head 3710 
forms a spray 3712 of heat-exchange liquid, thereby forming 
a foam with the gas in the upper chamber 3706 of the cylinder 
3702. In other embodiments, the spray head 3710 may be 
located outside the cylinder 3702. This spray 3712 may pro 
duce an accumulation of liquid 3714 on top of piston 3704. 
Ports 3720 and 3730 with valves 3722 and 3732 allow gas to 
be admitted to or exhausted from chamber 3706 as desired. A 


























