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METHOD AND APPARATUS FOR COMPRESSING A GAS TO A
HI1IGH PRESSURE

Abstract

A method 1s provided for compressing a gas in a
single cycle and in a single cylinder to a pressure
of at least 17.2 Mpa with a compression ratio of at
least about five to one. The method further
comprises dissipating heat from the cylinder during
the compression stroke whereby the gas is discharged
with a temperature significantly less than
1sentropic. The apparatus comprises a hollow
cylinder and a reciprocable free-floating piston
disposed therein. The piston divides the cylinder
into: (a) a compression chamber within which a gas
may be introduced, compressed, and discharged; and,
(b) a drive chamber, i1nto which a hydraulic fluid may
be introduced and removed for actuating the piston.
The apparatus further comprises a piston stroke
length to piston diameter ratio of at least seven to
one. For operating the apparatus with a compression
ratio of at least five to one, an outlet pressure of
at least 17.2 Mpa, and a gas discharge temperature
significantly less than 1sentropic, the apparatus may
further comprise a variable displacement hydraulic
pump for controlling piston velocity, an electronic
controller for maintaining an average piston velocity
that i1s less than 0.5 feet per second, and a heat

dissipator for dissipating heat from the cylinder.
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METHOD AND APPARATUS FOR COMPRESSING A GAS TO A
HIGH PRESSURE

Field of the Invention

The present 1invention relates to a method and
apparatus for compressing a gas to a high
pressure. More particularly, the method comprises
compressing a gas in a single cycle and in a
single cylinder to a high pressure with a
compression ratio of at least about five to one,
while dissipating heat from the cylinder during
the compression stroke, and discharging the gas
with a temperature significantly less than
isentropic. The apparatus comprises a free-
floating piston disposed within the cylinder and a
piston stroke length to piston diameter of at

least seven to one.

Background of the Invention

A conventional compressor that is operable to
increase the pressure of a gas to a high pressure
by a ratio of more than four to one typically
employs two stages of compression. Conventional
compressors operate under near i1isentropic
conditions and the use of multiple stages allows
heat exchangers, also known as intercoolers, to be
employed between stages to cool the gas after each
stage.

United States Patent No. 5,863,186 (the '186
Patent) discloses a method for compressing gases
using a multi-stage hydraulically driven
compressor. The '186 Patent discloses a method

and apparatus that does not employ intercoolers,
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but instead discloses a method of operating
multiple cycles of each stage before the target
output pressure for that stage is achieved. The
‘186 Patent discloses using a cooling jacket to
remove heat from the compressor. The compressor
still compresses gas under near isentropic
conditions but the use of multiple cycles for each
stage allows time for cooling the compressed gas,
prior to the operation of the next stage. This
arrangement does not allow continuous operation of
successive stages because this would not allow
sufficient time for cooling the gas between
stages. Each stage begins after the previous
stage is completed. In the preferred embodiment
disclosed by the '186 Patent, two stages are
employed to ralse the pressure of the gas from
about 150 to 500 psi (about 1.0 MPa to 3.4 MPa) to
a compressor output target pressure between 3000
to 6000 psi (about 20.7 Mpa Mpa to 41.4 MPa).

The cost of a multi-stage compressor
increases with the number of stages because
separate compressor units are required for each
stage. Each compression stage requires its own
drive, piping and cooling stage, which adds to the
manufacturing and maintenance costs associated
with such multi-stage systems.

Conventional mechanically driven piston
compressors that employ a rotating crankshaft to
drive the compressor piston are limited to designs
with relatively short piston strokes. Most
mechanically driven pliston compressors have
cylinders with piston stroke length to piston

diameter ratios that are less than four to one,
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and more typically less than two to one. The
piston stroke 1s defined herein as the distance
traveled by the piston between the beginning and
end of the compression stroke (that i1is, the
maximum linear distance traveled by the piston in
one direction). The piston diameter is
essentlially the same as the cylinder bore
diameter. As used herein, the “length to diameter
ratio” is defined as the ratio of the piston
stroke length to the piston diameter.

Mechanically driven piston compressors
typically compensate for thelr short strokes by
operating at high speeds, for example, in
hundreds, or more typically, 1n thousands of
cycles per minute.

Known hydraulically driven reciprocating
piston compressor systems that employ piston rods
to connect the compressor pistons to a drive
means, have also employed low length to diameter
ratios (typically less than four to one). Low
pressure compressors commonly employ a length to
diameter ratio of about one to one. As the length
to diameter ratio increases, 1t becomes harder to
maintain alignment of the piston rod and piston,
which can cause faster wearing around the seals.
A higher length to diameter ratio also results in
increased piston rod weight because of the
increased rod length and the need to design
against buckling. A compressor cylinder with a
higher length to diameter ratio also requires a
more elongated space to accommodate the
compressor. That 1s, such a compressor requires

an elongated space to accomodate an elongated
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cylinder, the piston rod in the extended position,
and an elongated hydraulic cylinder.
Notwithstanding the problems with alignment and
weight, for some applications, such as the
aforementioned vehicular fuel compressor
application, such an elongated space 1s not
conveniently available.

Free-floating piston compressors have been
developed which use the same cylinder for a
hydraulic drive chamber and a compression chamber.
Free-floating piston compressors have no piston
rod and the piston divides the cylinder into the
hydraulic drive chamber and the compression
chamber. During a compression stroke, hydraulic
fluid 1s directed to the drive chamber to actuate
the piston and compress the fluid in the
compression chamber. Conversely, during an intake
stroke, hydraulic fluid exits from the drive
chamber while fluid enters the compression
chamber. Some of the spatial limitations that are
assocliated with employing a piston rod and
external hydraulic drive can be addressed by
employing a free-floating piston, since the length
of the apparatus is defined essentially by the
length of the compressor cylinder, and the length
of the apparatus 1s not compounded by the length
of an extended piston rod and a separate drive
cylinder. Accordingly, a compressor that employs
a free-floating piston can be at least about half
the length of a rod-driven compressor with the
same bore and piston stroke.

However, high pressure gas compressors are

unknown that can compress a gas by a ratio of five
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to one or more, in a single cycle of a single
stage, and under significantly less than
isentropic conditions. As the compression ratio
increases‘the cumulative temperature rise during
the compression cycle also increases, and under
near isentropic conditions compression 1S
inefficient. For compressors with outlet
pressures greater than about 2500 psi (17.2 MPa)
and compression ratios greater than about four to
one, compressors generally employ at least two
stages, and some means for cooling the gas between
stages.

An example of an application that requires a
gas to be delivered at a high pressure is a fuel
compressor system for an internal combustion
engine. It 1s well known for natural gas fuelled
engines to mix the gaseous fuel with intake air at
relatively low pressures. However, more recent
developments have been made to inject gaseous fuel
in diesel cycle engines, wherein the gaseous fuel
1s 1njected directly 1nto the combustion chamber
late in the compression stroke. Compared to the
previously described natural gas fuelled engines,
these diesel cycle engines require the gaseous
fuel to be compressed to a much higher pressure,
for example, to overcome the 1in-cylinder pressure,

to satisfy mass flow requirements, and to improve

mixing and penetration. By way of example, for

such engines, a fuel compressor system receives

fuel from a source, such as a storage tank or

pipeline, and pressurizes the fuel to a pressure

in the range of between about 3000 psi and about

3600 psi (between about 20.7 MPa and about 24.8
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MPa), for direct injection into an engine
combustion chamber. Depending upon the available
pressure from the fuel source, a single stage
compressor operable to increase gaseous fuel
pressure to lnjection pressure by a ratio of at
least about five to one could replace the final
two stages of a conventional multi-stage
compressor.

A compressor used for supplying fuel to an
engine used as a prime mover for a vehicle or for
power generation has different design criteria
than a compressor that i1s used for other
applications, such as filling storage vessels.
For example, for a vehicular application, a light
welight compressor apparatus may reduce vehicle
weight and improve overall vehicle efficiency,
whereas, reduced weight may not have similar
benefits for a compressor installed at a
stationary installation. While reliability,
durability and efficiency are important for all
applications, these characteristics are of
particular importance for a compressor used to
supply fuel to an engine. A compressor failure
can result in costly downtime or stranding a
vehicle, while inefficient operation increases
operating costs. '

In addition, with an engine that 1s the prime
mover for a vehicle, higher fuel consumption
reduces vehicle range and limits the routes that a
vehicle can be used for. Furthermore, range 1is
also increased by using a fuel compressor with a

higher fuel compression ratio because this
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increases the amount of fuel that can be delivered
from the fuel tank.

For engines used for power generation, the
efficiency of each component effects overall
efficiency, and low efficiency can have
significant economic consequences when an engine
is run on a continuous basis and under high load

conditions.

Summary of the Invention

There 1is a need for a method of continuously
compressing a gas to a high pressure by a ratio of
at least about five to one 1n a single cycle of a
single compressor stage with a discharge gas
temperature significantly less than isentropic.
The isentropic temperature 1s defined as the
theoretical temperature of a gas after compression
when no heat is dissipated. A temperature
significantly less than isentropic 1s defined
herein as a gas temperature after compression that
is higher than the gas temperature before
compression but that is not high enough to inhibit
the ability of the compressor to efficiently
compress the gas to the desired outlet pressure.

For example, a discharge temperature that 1s
at least 25 degrees Celsius lower than isentropic,
and more preferably at least 50 degrees Celsius
lower than isentropic, would be considered a
discharge temperature that is significantly less
than i1sentropic.

A method is provided of compressing a gas 1n

a hydraulically driven reciprocating piston
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compressor that comprises a cylinder, a free

floating piston disposed within the cylinder

between a first closed end and a second closed

end, a compression chamber defined by a volume

within the cylinder between the first closed end

and the piston, and a drive chamber defined by a

volume within the cylinder between the second

closed end and the piston. The method comprises:

(a)

(b)

in an intake stroke,

supplying the gas to the
compression chamber;

removing the hydraulic fluid from
the drive chamber, whereby the gas
supplied to the compression chamber 1s
at a higher pressure than the hydraulic
fluid within the drive chamber causing
the piston to move to reduce the volume
of the drive chamber and increase the
volume of the compression chamber until
the compression chamber has expanded to
a desired volume and is filled with the
gas; and
in a compression stroke,

supplying the hydraulic fluid to
the drive chamber whereby the hydraulic
fluid within the drive chamber 1s at a
higher pressure than the gas within the
compression chamber, causing the piston
to move to increase the volume of the
drive chamber and reduce the volume of
the compression chamber thereby
increasing the pressure of the gas held

within the compression chamber;
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discharging the gas from the
compression chamber when the pressure of
the gas is increased 1n a single cycle
to a pressure of at least 2500 psi
(about 17.2 MPa), which is at least
about five times greater than the
pressure of the gas supplied to the
compression chamber; and

dissipating heat from the cylinder
during the compression stroke whereby
the gas 1s discharged from the
compression chamber with a temperature

significantly less than isentropic.

In a preferred method a piston stroke length
to piston diameter ratio of more than seven to one
is employed. Using a higher length to diameter
ratio provides more surface area for heat
dissipation and shorter heat conduction paths
within the cylinder chambers to the cylinder
walls. For example, cylinders with a piston
stroke length to piston diameter ratio of between
ten to one and one hundred to one are possible.
What is surprising with the preferred method 1s
the amount of heat that can be dissipated during a
compression stroke. Dissipating a significant
amount of heat from the compressor cylinder allows
gas to be compressed to higher pressures and with
higher compression ratios, compared to
conventional compressors. As previously noted,
for high pressure gas compression, compared to the
present method, conventional methods employ a

plurality of compression stages with lower
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compression ratios and means for dissipating heat
external to the compressor cylinder, for example,
with intercoolers, aftercoolers, and hydraulic
fluid coolers.

A compressor cycle is defined by the
completion of an intake stroke and a compression
stroke. The speed of the compressor measured in
cycles per minute also influences the ability of
the apparatus to dissipate heat from the
compression cylinder. Whereas the speed of
conventional compressors has been generally
governed by mass flow requirements (that 1is the
output capacity of the compressor), the present
method operating the compressor at a speed that
enhances heat dissipation. In the compressor
speed ranges within which conventional compressors
operate, the speed does not have a significant
effect on heat dissipation. According to the
present method, compared to conventional
compressors, when piston velocity and/or
compressor speed (measured in cycles per minute)
is reduced by about an order or magnitude, changes
in piston velocity and compressor speed begin to
have a significant effect on heat dissipation.
According to the present method, compressor speed
is preferably no greater than 20 cycles per
minute. For compressors with higher length to
diameter ratios, a compressor speed less than 20
cycles per minute may result in a piston velocity
of several feet per second, but as disclosed
herein, the higher length to diameter ratio and
low number of cycles per minute provide heat

dissipation advantages that offset the
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disadvantages associated with a higher average
piston velocity. Compressors with lower length to
diameter ratios preferably have an average piston
velocity less than 1.5 feet per second (about 0.45
meters per second). For example, a compressor wilth
a length to diameter ratio of about seven and a

half to one preferably has an average pilston

velocity less than 0.5 feet per second (about 0.15
meter per second).

Operating at low speeds can also provide
advantages resulting from less component wear and
increased durability. Heat dissipation from the

cylinder helps to keep piston ring seals at lower

temperatures, which can be beneficial to reducing
wear and degradation of materials.

Preferred embodiment of the method further

comprises transferring heat from the cylinder to
the ambient environment through a heat dissipator.
An example of a heat dissipator is a cooling ‘jacket
disposed around the cylinder, wherein the method
further comprises directing a coolant to flow
through the cooling jacket. Heat dissipation is
improved by maintaining a coolant flow velocity
through the cooling jacket that ensures there are
no stagnant pockets wilthin the cooling jacket.
Higher velocities may also promote turbulence that
enhances heat transfer to the coolant from the
cylinder wall. When the compressor is part of a
system that includes an engine, the coolant may be
conveniently supplied from the coolant reservoir of
an engine coolant subsystem. However, the coolant
that circulates to an engine 1s generally too hot

to have a substantial effect as a coolant
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supplied to the compressor cylinder, and so when
engine coolant is employed it preferably is
supplied from a circuit that 1is 1ndependent from
engine cooling c¢ircults.

Instead of using a cooling jacket and a
liquid coolant, the heat dissipator may comprise a
plurality of thermally conductive fins protruding
from the cylinder. Such a heat dissipator
operates by conducting heat from the cylinder to
the plurality of fins, which provide a greater
surface area for transferring heat to the ambient
environment. When this type of heat dissipator 1is
employed the method may further comprise blowing
alr through the plurality of fins to enhance heat
dissipation.

The method of dissipating more heat from the
compressor cylinder may be combined with
controlling piston velocity during the compression
stroke. In one embodiment of the method, the
piston preferably travels with at a first velocity
during a first portion of the compression stroke
and with a second velocity during a second portion
of the compression strocke. The second portion
follows sequentially after the first portion and
the second velocity is lower than the first
velocity. Controlling piston velocity in this
manner allows the piston to travel at a higher
velocity during the early part of the compression
stroke when there is less cumulative temperature
rise, and at a slower velocity later in the
compression stroke when there is more cumulative
temperature rise. The timing for changing from

the first portion of the compression stroke to the
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second portion of the compression stroke can be
handled in a number of ways. For example, this
change may occur when an electronic controller
determines that a predetermined criteria 1s
satisfied such as, for example, when gas pressure
within the compression chamber or gas discharge
temperature exceeds a predetermined set point, or
when the piston is at a predetermined location
within the cylinder.

Reducing piston velocity also helps to reduce
component wear and methods for improving heat
dissipation also reduce the operating temperature
of components and seals, which may prolong their
life (if such components degrade over time with
exposure to heat and/or thermal cycling).

The method may further comprise controlling
piston velocity during a discharge portion of the
compression stroke that occurs after the second
portion of the compression stroke. During the
discharge portion of the compression stroke, the
gas pressure within the compression chamber 1is
greater than the gas pressure downstream from the
compressor cylinder and gas 1s being discharged
from the compression chamber. During the discharge
portion of the compression stroke, piston velocity
1s preferably kept substantially constant. Piston
velocity during the discharge portion of the piston
stroke 1s preferably equal to or less than piston
velocity at the end of the second portion of the
compression stroke.

Piston velocity may be controlled to follow a
predetermined speed profile during the compression

stroke. For example, in one embodiment, piston
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velocity is highest near the beginning of the
compression stroke and gradually declines as the
piston advances. When gas 1s being discharged
from the compressor, piston velocity 1s
substantially constant until near the end of the
piston stroke when piston velocity may be further
reduced as the piston approaches the end of the
compression cylinder. According to this method,
the power supplied to the hydraulic pump may
fluctuate during compressor operation, depending
upon how piston velocity is controlled. An
objective of this method is controlling piston
velocity to achieve a desired amount of heat
dissipation.

The piston speed profile may be selected 1in
response to a measured operating parameter. For
example, the selected speed profile may be
responsive to desired mass flow rate, inlet gas
pressure, desired gas pressure, and desired
compression ratio.

A controller that operates the compressor may
select a predetermined speed profile from a
plurality of predetermined speed profiles. Of the
available speed profiles, the selected speed
profile preferably maximizes thermodynamic
efficiency of compression for the desired mass
flow rate and compression ratio.

In systems that operate for long periods of
time in a steady state condition, it 1s preferable
for the power demands of system components to be
substantially constant. Accordingly, with such
systems, rather than controlling piston velocity,

a preferred method further comprises supplying a



10

15

20

25

30

CA 02379766 2002-03-28

substantially constant amount of power to a
hydraulic pump during a compression stroke. This
can be achieved with a constant power hydraulic
pump. A consequence of operating in this manner
is that piston velocity automatically decreases as
gas pressure within the compression chamber
increases, which is beneficial for heat
dissipation.

The present disclosure describes an apparatus
for compressing a gas to a high pressure. The
apparatus comprises a reciprocating piston
compressor that has a piston stroke length to
piston diameter ratio of at least seven to one.
The apparatus is operable to compress a gas 1n a
single cycle of a single stage from a pressure of
between about 300 to about 600 psi (about 2.1 to
about 4.1 MPa) to a pressure of between 2500 to
5000 psi (about 17.2 to about 34.5 MPa) with a
discharge gas temperature significantly less than
isentropic. Conventional compressors that are
operable to compress a gas to such high pressures
typically do not have compression ratios greater
than about four to one. Compression ratios higher
than five to one are preferred because this allows
a gas to be compressed to a high pressure using
less stages. By way of example, with the
disclosed apparatus compression ratios between
eight to one and ten to one can be achieved. A
number of features may be combined with the
apparatus to facilitate its operation or to reduce
discharge gas temperature further.

In particular, an apparatus for compressing a

gas to a high pressure comprises:
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(a) a hollow cylinder;

(b) a free-floating piston reciprocable
within the cylinder, the piston dividing
the cylinder into,

a compression chamber within which
a gas may be introduced, compressed, and
discharged; and

a drive chamber, into which a
hydraulic fluid may be introduced and
removed for actuating the piston; and

(c) a piston stoke length to piston diameter
of at least seven to one;

whereby the piston 1s operable to compress a gas
by a ratio of at least five to one in a single
cycle to an outlet pressure of at least 2500 psi
(about 17.2 Mpa) with a discharge gas temperature
significantly less than isentropic.

The apparatus may further comprise a
controller for maintaing an average piston
velocity during a compression stroke that 1s less
than 1.5 feet per second (0.45 meter per second).
In some embodiments an average piston velocity of
less than 0.5 feet per second (about 0.15 meter
per second) 1s preferred.

A variable displacement hydraulic pump may be
employed for supplying hydraulic fluid to the
drive chamber. By changing hydraulic fluid flow
rate piston velocity may be changed during a
compression stroke. The apparatus preferably
further comprises a controller for controlling
hydraulic pump displacement while operating the
apparatus during a compression stroke.

Accordingly in preferred embodiments, such a
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controller 1s operable to control the hydraulic
pump displacement whereby piston velocity changes
to predetermined speeds at predetermined times
during a compression stroke. By way of example,
the controller may be an electronic controller or a
pre-calibrated mechanical controller. For example,
in one embodiment, an electronic controller can be
operable to control the hydraulic pump displacement
with response to measured parameters comprilising at
least one of gas discharge temperature, gas
pressure within the compression chamber, and piston
position within the compression cylinder.

In the alternative, as already disclosed with
reference to the method, the apparatus may further
comprise a constant power hydraulic pump for
supplying hydraulic fluid to the drive chamber.

A feature of the present invention is that it
employs length to diameter ratios that are higher
than those typically employed by conventional gas
compressors. Another advantage of a higher length
to diameter ratio 1s that it can facilitate
reducing the proportion of dead space volume to
total cylinder volume, which helps to improve
compressor efficiency. Preferably the dead space
volume 1s less than 0.3% of total compression
chamber volume.

A higher length to diameter ratio also allows
longer piston strokes and potentially less cycles
per minute for improved efficiency. A lower
compressor speed can be compensated for by a larger
compression chamber volume, provided by an

elongated cylinder. At lower compressor speeds,
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there are additional efficiency gains because
there is less switching in the hydraulic system,
and with less cycles the dead space at the end of
the piston compression stroke is not encountered
as often.

An additional feature that can be combined
with the apparatus 1s a heat dissipator for
dissipating heat from the cylinder. The heat
dissipator substantially surrounds the cylinder
for receiving and dissipating heat from the
cylinder. In a preferred embodiment, the heat
dissipator comprises a cooling jacket through
which a coolant fluid may be directed to receive
and remove heat therefrom. The cooling jacket
preferably comprises a shell structure spaced
apart from the cylinder, and a coolant inlet
associated with one end of the cylinder and a
coolant outlet associated with an opposite end of
the cylinder, whereby coolant may enter the
cooling jacket through the coolant inlet and flow
between the shell and the cylinder to the coolant
outlet.

In another preferred embodiment the heat
dissipator comprises a plurality of fins
protruding from the cylinder to conduct heat from
the cylinder to the ambient environment. A fan
may be added for directing air to flow between the
plurality of fins to further increase heat
dissipation.

The apparatus preferably comprises two
cylinders that are operable 1n tandem to supply a

more continuous flow of high-pressure gas.
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In a preferred embodiment of an apparatus

comprising two cylinders, the apparatus comprises:

(a) a first reciprocating compressor
comprising a first hollow cylindrical
body with fluidly sealed ends, a first
free-floating piston disposed within the
first hollow cylindrical body defining a
first drive chamber having a hydraulic
fluid port and a first compression
chamber having a gas port selectively
connectable to a low pressure gas supply
system or a high pressure gas system;

(b) a second reciprocating compressor
comprising a second hollow cylindrical
body with fluidly sealed ends, a second
free-floating piston disposed within the
second hollow cylindrical body defining
a second drive chamber and a second
compression chamber having a hydraulic
fluid port and a first compression
chamber having a gas port selectively
connectable to the low pressure gas
supply system or the high pressure gas
system;

(c) a hydraulic drive system that 1s
operable to alternate between:

supplying hydraulic fluid to the
first drive chamber while withdrawing
hydraulic fluid from the second drive
chamber; and

withdrawing hydraulic fluid from

the first drive chamber while supplying
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hydraulic fluid to the second drive
chamber;

whereby the first and second reciprocating
compressors are operable in tandem to increase the
pressure of the gas by a ratio of at least about
five to one to a pressure of at least about 2500
psi (about 17.2 MPa) with a discharge gas
temperature significantly less than isentropic.

The first and second reciprocating
compressors preferably have substantially the same
dimensions.

The hydraulic drive system may comprise a
reversible hydraulic pump for reversing the
direction of hydraulic fluid flow. In an
alternative arrangement, the hydraulic drive
system comprises a flow-switching valve operable
to selectively direct the hydraulic fluid to one
of the first and second drive chambers through the
hydraulic fluid ports to cause a compression
stroke while simultaneously receiving hydraulic
fluid from the other one of the first and second
drive chambers to cause an intake stroke.

As disclosed, the apparatus may be combined
with one or more of the disclosed features to
reduce gas temperature and improve thermodynamic

efficiency.

Brief Descrigtion of the Drawings

The drawings illustrate specific embodiments
of the invention but should not be considered as
restricting the spirit or scope of the invention

in any way:
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FIG. 1 is a schematic diagram of an apparatus
for compressing gas comprising two hydraulically
driven reciprocating compressors operating 1n
tandem.

FIG. 2 is a section view of a reciprocating
compressor which illustrates a free-floating
piston disposed in the compressor cylinder, with a
cooling jacket disposed around the compressor
cylinder;

FIG. 3 is a section view of a reciprocating
compressor which illustrates a free-floating
piston disposed in the compressor cylinder with
cooling fins extending radially from the
compressor cylinder;

FIG. 4 shows an embodiment of a compressor
that comprises a plurality of hydraulically driven
compression cylinders disposed within a common
cooling jacket;

FIG. 5 depicts graphs that show compression
chamber pressure, piston velocity, and hydraulic
pump power plotted against time which corresponds
to piston travel during the course of one
compression stroke. The graphs represent an
apparatus that employs a hydraulic system with
constant power control.; and '

FIG. 6 is a graph of experimental data that
plots temperature rise against compressor speed.
This graph shows that by using a compressor with a
length to diameter ratio of about 7.5:1, gas can
be compressed to high pressures with a temperature
gain that is significantly less than isentropic 1if
the piston velocity is reduced to a speed that

allows time for heat to be dissipated.
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Detailed Description of Preferred Embodiment (s)

Referring to the drawings, FIG. 1 1s a
schematic diagram of a preferred apparatus for
compressing gas comprising two hydraulically
driven reciprocating compressors 10 and 20.
Compressors 10 and 20 operate in tandem, with each
compressor capable of increasing the pressure of a
fluid in a single cycle of each stage by a ratio
of at least about five to one. For example, a gas
may be compressed in such an apparatus from an
inlet pressure of 500 or 600 psi1i (about 3.4 or
about 4.1 MPa) to an outlet pressure of at least
2500 to 3000 psi (about 17.2 to about 20.7 MPa).
Higher compression ratios are preferable because
they allow the number of compression stages to be
reduced. For example, compression ratios of
between eight to one and ten to one are possible
with embodiments of the disclosed apparatus to
achieve outlet pressures of between 2500 psi
(about 17.2 Mpa) and 5000 psi (about 34.5 Mpa).

The embodiments of compressors described
herein generally have length to diameter ratios of
at least seven to one, but an equally important
feature of these embodiments 1s that they are
operable continuously with a discharge gas
temperature significantly less than isentropic.
By way of example, the compressors schematically
shown in FIG. 1 have a length to diameter ratio of
about fifteen to one.

In the embodiment of FIG. 1, compressor 10 1is

made to the same specifications as compressor 20,
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and they are substantially i1dentical. 1In a
compressor cycle of 360 degrees, the initiation of
a compression stroke in one of the compressors 1s
offset from the initiation of a compression stroke
in the other compressor by about 180 degrees.

That is, the initiation of each piston stroke 1is
roughly synchronized so that when one compressor
is beginning its compression stroke, the other
compressor is beginning i1ts intake stroke. 1In
practice, the piston completing an intake stroke
typically reaches the end of i1ts stroke shortly
before the other piston completes its compression
stroke.

Free-floating piston 12 1is movable within
compressor cylinder 14 under the influence of a
pressure differential on opposite sides of piston
12. On one side of piston 12, cylinder 14 1is
filled with hydraulic fluid in a drive chamber and
on the other side of piston 12, cylinder 14 1is
filled with gas in a compression chamber. Cooling
jacket 16 is spaced from cylinder 14, forming an
annular cavity through which coolant may flow
around cylinder 14 to dissipate heat therefrom.
Sensor 18 is employed to detect the position of
piston 12.

Inlet pipe 30 is fluidly connected to
compressor inlet ports for directing gas 1nto the
compressor compression chambers during respective
intake strokes. One-way flow controllers 32 allow
gas to enter the respective compression chambers
from inlet pipe 30, and prevent compressed gas
from flowing back into inlet pipe 30. The term

“one-way flow controller” when used herein will be
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understood by those skilled in the art to be known
types of flow controlling devices, generally known
as check wvalves, which permit fluid flow 1in one
direction while preventing flow in the reverse
direction, such as, for example, ball check
valves, spring assisted ball check valves, wafer
check valves, disc check wvalves, and compressor
valves.

Discharge pipe 36 fluidly connects outlet
ports from the compressor compression chamber to a
high-pressure system, such as, for example, a fuel
supply system for an engine. Such a fuel supply
system may include an accumulator vessel that is
filled with high-pressure gas to ensure a
sufficient supply is available. One-way flow
controllers 38 allow compressed gas to exit from
the compressor chambers and flow to discharge pipe
36, while preventing gas delivered to discharge
pipe from returning to the compressor chambers.

Coolant supply pipe 40 connects the cavity
between cooling jacket 16 and cylinder 14 with a
supply of coolant. Heat 1s transferable from
cylinder 14 to the coolant and warmed coolant 1is
removed from the cavity through an outlet
connected to coolant return pipe 42, which returns
the coolant to the cooling system. For example,
when the compressor is used to supply a high-
pressure fuel to an engine, the cooling system
employed to supply coolant to the engine may also
be employed to supply coolant to the cooling
jacket for the compressors. However, a separate
cooling loop may be required if the engine coolant

flowing in the engine coolant loop 1s not
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significantly cooler than the compressed gas. For
example, an engine may have a separate cooling
loop for turbocharger intercoolers, and the
coolant flowing through such a loop may be
significantly cooler than the coolant that 1is used
to cool the engine. An independent cooling loop
is employed if the engine coolant 1s too hot. A
higher temperature differential between the
coolant and the warmer compressed gas 1s
preferred, and in general, coolant 1s preferably
supplied with a temperature less than 50 degrees
Celsius.

The flow rate of the coolant is high enough
to prevent local boiling of the coolant and to
prevent stagnant pockets from forming within the
cooling jacket cavity. Higher velocity flow also
results in less temperature gain 1n the coolant,
more turbulence in the boundary layer next to the
cylinder wall, and higher heat transfer rates.
Turbulence increases thermal conductivity from the
cylinder to the coolant.

Hydraulic drive systems are well known but a
preferred arrangement for the compressor apparatus
is a closed loop system. A closed loop design
helps to synchronize the movements of the pistons
1n the two compressors and is also more efficient
since the hydraulic fluid is delivered to the pump
at high pressure from a drive chamber instead of
at atmospheric pressure from a reservoir (as 1n
the case of an open loop system).

Compressor operation 1is substantially the
same for all embodiments. During the compression

stroke, hydraulic fluid is directed to the drive
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chamber while a gas is compressed in the
compression chamber. As hydraulic fluid 1is
introduced into the drive chamber, free-floating
piston 12 advances within cylinder 14 to expand
the volume of the drive chamber and reduce the
volume of compression chamber.

In a preferred embodiment, the hydraulic pump
is a horsepower limited pump so the power required
by the pump is substantially constant during
operation and the velocity of piston 12
automatically changes during the compression
stroke so that it is fastest at the beginning of
the compression stroke and progressively slower
until discharge pressure 1s reached. A lower
piston velocity in the later part of the
compression stroke 1s advantageous for heat
dissipation and achieving a discharge gas
temperature significantly less than isentropic for
efficient compression c¢f the gas. Generally,
relatively little heat is generated in the
compression gas while the compression ratio
remains below about three to one, so during the
early part of the compression stroke the piston
velocity can be higher since there 1s less need to
provide time for heat dissipation. Later 1in the
compression stroke, when more heat 1s generated, a
lower piston velocity allows more time for heat
dissipation. This method of operation 1is
discussed in greater detail below, with reference
to FIG. 5.

In another preferred embodiment the hydraulic
system employs a variable displacement hydraulic

pump that may be controlled to change piston
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velocity for better heat dissipation. This method
is also discussed in greater detail below.

Position sensor 18 1is used to determine when
piston 12 is near the end of the compression
stroke to signal when hydraulic fluid flow should
be reversed. Position sensor 18 1s preferably a
sensor that can be mounted on the outside of the
compressor body, for ease of maintenance and so
that the only ports required in the cylinder head
are for fluid entry and exit. Many types of
suitable sensors are known to persons skilled in
the art. For example, a magnetic switch may be
employed to detect the position of piston 12 near
the end of the compression stroke.

Compressed gas exits cylinder 14 to discharge
pipe 36 when the pressure within the compression
chamber is greater than the pressure within
discharge pipe 36. 1In preferred embodiments, when
the compressor is operating at its maximum
compression ratio, exit pressure of the compressed
gas is at least five times greater than the inlet
pressure, and in some embodiments exit gas
pressure may be between about seven and ten times
greater than the inlet pressure. One-way flow
controllers such as check valves 38, prevent
pressurized gas from flowing back into the
compression chamber from discharge 36.

When the piston reaches the end of the
compression stroke, the volume of the compression
chamber at that point defines a “dead space”. The
gas retained in the dead space 1s compressed to a
high pressure but is not expelled in the

compression stroke.
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Reciprocating piston compressors normally
have a dead space, however, the larger the ratio
of dead space to compression chamber volume, the
lower the efficiency of the compressor. When the
piston reverses direction, the retained
pressurized gas expands and fills the growing
volume of the compression chamber. For the
initial portion of the intake stroke, the retained
gas causes the pressure within the compression
cylinder to remain greater than the pressure in
inlet pipe 30, preventing new gas from entering.
A smaller dead space means more new gas can be
drawn in from inlet pipe 30 during each intake
stroke, resulting in higher compressor efficiency.

Compressors can be designed to reduce dead
space by reducing the amount of cylinder length
that corresponds to the dead space. If compressor
cylinders of different lengths all have a dead
space defined by a cylinder length of between
about % inch and 1/8 inch (about 6 to 3 mm), an
advantage of a compressor with a higher length to
diameter ratio is that the cylinder length
associated with the dead space represents a
smaller fraction of compression chamber volumetric
capacity. By way of example, 1f Compressor A has
a cylinder length of 60 inches (1524 mm), and
Compressor B has a cylinder length of 4 inches
(102 mm), and both compressors have a dead space
cylinder length of 1/8 inch (3 mm), in Compressor
A, the dead space represents 0.2% of the cylinder
volume, whereas 1n Compressor B, the dead space
represents 3.1% of the cylinder volume.

Accordingly, compressors with higher length to
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diameter ratios can be more efficient because the
dead space represents a smaller fraction of the
compression chamber volumetric capacity for a
given cylinder length of dead space. With the
compressor configurations disclosed herein, a dead
space volume that is less than or equal to 0.3% of
the cylinder volume is preferred. For example, a
cylinder with a length of 80 inches (about 2032
mm) and a dead space cylinder length of 1/8 inch
(about 3.2 mm) has a dead space volume that 1is
0.16% of the cylinder volume.

At the end of the compression stroke, piston
12 reverses direction. To trigger the beginning
of the intake stroke, the flow of hydraulic fluid
is reversed, for example, by reversing the
hydraulic fluid flow through a reversible pump, oOr
by operating a flow switching device that
redirects the flow of hydraulic fluid between
hydraulic fluid passages so that the drive chamber
that was connected to the hydraulic pump discharge
during the compression stroke is now connected to
the suction of the hydraulic pump (in a closed
loop system) or to a drain passage (1n an open
loop system). By design, during the intake stroke
the pressure of the gas in inlet pipe 30 and the
pressure of the gas within the dead space of the
compression chamber is greater than the pressure
of the hydraulic fluid in the drive chamber. As a
result, piston 12 moves under the influence of the
gas pressure within the compression chamber and
piston 12 pushes the hydraulic fluid out of the
drive chamber and into the suction of the

hydraulic pump.
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At the end of the intake stroke the
compression chamber of cylinder 14 is filled with
gas from inlet pipe 30, and this gas 1s ready for
compression in the next compression stroke.

While the operation of compressor 10 alone
has been described above, 1n the preferred
embodiment shown in FIG. 1, compressors 10 and 20
operate in tandem with their cycles offset by 180
degrees, so that when compressor 10 is beginning
its compression stroke, compressor 20 is beginning
its intake stroke, and vice versa. Palring two
compressors in this manner allows a more
continuous stream of compressed gas to be supplied
to discharge pipe 36, in addition to providing a
convenient arrangement for a closed loop hydraulic
drive system.

FIG. 2 shows compressor 100, which
illustrates a preferred embodiment of a compressor
with a length to diameter ratio of about eight to
one. Compressor 100 comprises free-floating
piston 112 disposed within cylinder 114, defining
a compression chamber between piston 112 and end
plate 120 and a drive chamber between piston 112
and end plate 122. End plate 120 comprises bores
121 for respective inlet and outlet passages from
the compression chamber. One-way flow controllers
may be installed within end plate 120 to control
the direction of flow through passages 121. End
plate 122 comprises bore 123 through which
hydraulic fluid flows into and out of the drive
chamber. An advantage of the present compressor
is its simplicity compared to conventional multi-

stage compressors. Hollow cylinders are easy to
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manufacture and are readily avalilable for purchase
in specified lengths.

Free-floating piston 112 moves within
cylinder 114 under the influence of a pressure
differential between the drive and compression
chambers, as described with reference to FIG. 1.
Ring seals 113 provide sealing between piston 112
and the interior surface of cylinder 114.

Free-floating piston 112 preferably
reciprocates with an average cycle frequency less
than 20 cycles per minute. Higher cycle
frequencies allow less time for cooling during
compression. As disclcosed above, piston velocity
preferably changes during the compression stroke
to enhance heat dissipation. Compressor cycle
frequency for a given flow capacity varies
according to the length to diameter ratio and the
length of the piston stroke. As will be discussed
again with respect to the examples set out below,
in the course of a compression stroke a lower
average piston velocity also allows more time for
heat to be dissipated. However, as the length to
diameter ratio increases, the compressor 1s better
able to dissipate heat, and higher piston
velocities can be tolerated.

Cooling jacket 116 is spaced from and
surrounds cylinder 114, providing an annular
cavity through which a coolant may flow.

FIG. 3 shows compressor 200, which
illustrates a preferred embodiment of a compressor
with a length to diameter ratio of about thirty to
one. By way of example, for a flow capacity of

about 30 standard cubic feet per minute (about 0.8
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standard cubic meters per minute), a compressor
cylinder with a diameter of 1 inch (about 25.4 cm)
and a length of about 30 i1nches (762 c¢m) can be
employed to raise the pressure of a gas from an
inlet pressure of about 600 psi (about 4.1 MPa) to
an outlet pressure of at least about 3000 psi
(about 20.7 MPa) .

Compressor 200 comprises free-floating piston
212 disposed within cylinder 214. Piston 212
defines a compression chamber between piston 212
and end plate 220 and a drive chamber between
piston 212 and end plate 222. Free-floating
piston 212 moves within cylinder 214 under the
influence of a pressure differential between the
drive and compression chambers, as described with
reference to FIG. 1.

The heat dissipator in the embodiment of FIG.
3 comprises heat conductive fins 216 that radiate
from cylinder 214. Heat 1s conducted away from
cylinder 214 and transferred from fins 216 to the
cooler ambient air. For applications that require
enhanced cooling, air flow through fins 216 can be
increased, for example, by using a fan (not shown)
or by positioning cylinder 214 in a location where
there 1s a cool air flow.

Heat dissipation can be improved by employing
smaller cylinder diameters, which result in a
shorter heat conduction path between the center of
the cylinders and the cylinder walls. Higher
length to diameter ratios also yield larger
cylinder wall areas which results 1n a larger
surface area for heat transfer. In compressor

cylinders with higher length to diameter ratios,
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these features combine to assist with heat
dissipation, making compression with a discharge
gas temperature significantly less than 1sentropic
possible. The following table 1llustrates the
effect of increasing the length to diameter ratio
on cylinder wall area for a constant compression

chamber wvolume.

Table 1.

Length to Diameter | Relative Cylinder |
Ratio Wall Area |
1:1 1.00 T
4:1 1.59 ]
8:1 2.00 i
9:1 2.08 ]
10:1 | 2.15 )
15:1 2.47 N

30:1 3.11
50:1 3.68 i
100:1 4.64 |

As illustrated by Table 1, a length to
diameter ratio equal to or greater than eight to
one results in at least twice as much surface
area, compared to a cylinder with a piston stoke
length to diameter ratio of one to one. Since the
amount of surface area continues to 1ncrease as
the length to diameter ratio increases, for
improved heat dissipation, higher length to

diameter ratios are preferred over lower length to

diameter ratios.
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Reciprocating piston compressors with very
high length to diameter ratios can be achieved by
employing cylinders with smaller bore diameters.
For example, length to diameter ratios of between
50:1 and 100:1 can be easily achieved with a bore
diameter of % inch (about 13 mm), and a length of
between 25 inches (about 635 mm) for a 50:1 ratio,
and 50 inches (about 1270 mm) for a 100:1 ratio.
Such a small bore diameter results in a relatively
small cylinder volume so a plurality of small bore
cylinders may be combined to increase flow
capacility.

FIG. 4 is an illustration of a plurality of
compressor cylinders 400 that are housed in common
cooling jacket 410. Common gas distribution
manifolds (not shown) may be incorporated into an
end plate that also seals an end of cooling jacket
410, or each cylinder may have its own inlet and
outlet gas piping. An advantage of individual
piping for each cylinder is that the operation of
each cylinder, or groups of cylinders, can be
of fset from one another to provide a more steady
flow of discharge gas.

With cylinders that have smaller bore
diameters it may not be possible to 1ncorporate
check valves into an individual end plate for each
cylinder, and while a dead space volume 1is
associated with the piping between the end of the
cylinder bore and the check wvalve, because the

internal diameter of such pipes 1s also small, the

dead space volume is also relatively small

(compared to total cylinder volume) .
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The graphs cof FIG. 5 illustrate a methods of
controlling compressor operation. In FIG. 5, the
power drawn by the hydraulic pump is substantially
constant. While there are many ways to design a
hydraulic system with substantially constant power
requirements, one preferred example i1s a system
that employs a horsepower limited hydraulic pump.
For example, when a compressor 1s employed to
supply fuel to an engine, the engine typically
provides the power needed to drive the hydraulic
pump. That is, whether power to the pump 1is
delivered mechanically (for example, via a drive
shaft or belts), or indirectly from electrical
power generated by the engine, which drives an
electric motor, the power used to operate the
hydraulic pump is provided by the engine. When an
engine is employed for power generation
applications, engine stability and efficiency 1is
improved by operating with less power
fluctuations, so it is desirable to limit the
maximum power of the hydraulic pump so that 1t
operates with substantially constant power
requirements.

FIG. 5 shows the effect of using a horsepower
limited hydraulic pump to drive a reciprocating
piston compressor. The horizontal axis represents
time with tl1 being the beginning of the
compression stroke and t3 being the end of the
compression stroke.

Compression of the gas takes place between tl
and t2. The pressure increases slowly at first
and then more rapidly as the compression stroke

continues. Conversely, piston velocity 1s highest
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near the beginning of the compression stroke, when
gas pressure is lowest and there 1s the least
resistance to piston movement. Piston velocity
declines as gas pressure 1lncreases.

Still with reference to FIG. 5, at t2, the
discharge pressure 1s reached, and from t2 to t3
gas pressure is substantially constant as gas 1s
discharged from the cylinder. Between t2 and t3
piston velocity is also substantially constant,
because constant gas pressure results 1in constant
resistance to piston mcocvement.

In the embodiment of FIG. 5, throughout the
compression stroke, the power drawn by the
hydraulic pump is substantially constant except at
the very beginning of the compression stroke where
power requirements may be lower because of
transient conditions.

A different: method of operating the
compressor comprises controlling piston velocity
to reduce gas discharge temperature to 1mprove
heat dissipation and thermodynamics of the
compression process, while accepting higher
fluctuations in power requirements. In this
embodiment, gas compression occurs during two
portions of the compression stroke. During the
first portion of the compression stroke the
objective is to move the piston quickly since
there is less temperature gain at low compression
ratios. Accordingly, at the beginning of the
compression stroke, piston velocity 1s relatively
high. The temperature of the gas 1s closer to
isentropic because at higher piston velocities

there is less time for heat to be dissipated, but
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this is tolerable because the cumulative
temperature rise is relatively low. The power
drawn by the hydraulic pump is at an intermediate
level, because while the hydraulic fluid flow rate
is high, the resistance is low since gas pressure
1s low.

In the second portion of the compression
stroke gas pressure is elevated to discharge
pressure. In this portion of the compression
stroke, the cumulative temperature rise begins to
become more significant so piston velocity 1s
reduced to allow more time for heat to dissipate.
A balance 1s selected between reducing piston
velocity to achieve almost isothermal compression,
and increasing compressor speed to achieve a
higher gas flow rate, while maintaining discharge
gas temperature significantly less than
isentropic. During the second portion of the
compression stroke the power drawn by the
hydraulic system increases because when piston
velocity is substantially constant, resistance
increases as gas pressure lncreases.

During the last part of the compression
stroke, the gas pressure equals the discharge
pressure and gas is discharged from the cylinder
as the piston advances. The pressure during this
part of the compression stroke is substantially
constant. A smooth discharge flow rate 1s
preferred, so piston velocity is preferably
constant. Power requirements are alsc
substantially constant at constant pressure and
substantially constant piston wvelocity. The

magnitude of the power requirement during the
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discharge portion of the compression stroke
depends upon the predetermined discharge pressure
(higher power requirements for higher discharge
pressures) .

There are many ways, well known in the art
for controlling hydraulic fluid flow rate and
piston velocity. In one example, a variable
displacement pump such as a swash plate pump with
an adjustable swash plate angle may be employed.

In this embodiment, the power requirements
for the gas compressor are not constant, but this
may be acceptable for a gas compressor that
supplies fuel to an engine that is the prime mover
for a vehicle, because the load on a wvehicle
engine is variable regardless of whether or not
compressor power requirements are constant. The
compressor speed profile during the compression
stroke determines the efficiency of a system that
is operated according to this method. For
example, the speed profile for an individual
compressor may be calibrated with regard to gas
intake pressure, gas discharge pressure, desired
compression ratio, and mass flow requirements.

The timing for switching between the first
portion of the compression stroke and the second
portion of the compression stroke may be
controlled in a number of ways.

In one embodiment, a flow meter measures the
flow of hydraulic fluid to the drive cylinders so
that the position of the piston 1s known from the
amount of hydraulic fluid that has been supplied.
For example, when the flow meter measures an

amount of hydraulic fluid that has a volume that
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is equal to the volume of the drive chamber at the
end of the compression stroke, i1t 1s known that
the piston is at the end of the compression
stroke. Such a flow meter can also be used to
determine piston position at intermediate points

during the compression stroke allowing piston

velocity to be controlled based upon plston

position.

In other embodiments, other instruments may
be employed to determine when piston velocity
should be increased or decreased. By way of
example, piston velocity may begin a compression
stroke at a predetermined velocity, and a pressure
sensor and/or temperature sensor may be employed
to determine when piston velocity should be
decreased to allow more time for heat dissipation.

Those skilled in the art will understand that

piston velocity can be controlled to follow many

speed profiles.

Example 1

The graph shown in FIG. 6 represents data
collected from a gas compressor that employed a
free floating hydraulically driven piston. The
compressor cylinder had a stroke length of 10-1/4
inches (about 261 mm) and a bore diameter of 1-3/8
inches (about 34.9 mm), which corresponds to a
length to diameter ratio of about 7.5:1. The
cylinder was cooled by ambient ailr that had a
temperature of about 10 degrees Celsius.

The graph of FIG. 6 plots temperature rise 1in
degrees Celsius on the vertical axis against

compressor speed in cycles per minute. Nitrogen
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gas was supplied to the compressor at a
temperature of about 0 degrees Celsius.
Table 2 below sets out specific parameters

associated with each of the data points.

5
Table 2.
Compreésor Speed (CPM) 118.8]14.4 (9.4 4.8 I
' Inlet Pressure (MPa) 3.9 (4.1 4.1 L4.2 |
Outlet Pressure (MPa) 120.6 20.9 | 20.6 | 20.3 |
Mass Flow (kg/hr) [25.819.€ | 12.6 | 6.7

Plotted as a straight line at about 160
degrees Celsius is the temperature rise associated
10 with isentropic conditions. The graph illustrates
the following:

a) At compressor speeds lower than 20 cycles per
minute, for the same compressor operating
with the same compression ratio, the

15 temperature rise measured in the discharged
gas begins to decrease as compressor speed
decreases.

b) At compressor speeds higher than 20 cycles
per minute, there is no significant

20 difference between the actual temperature
rise and the temperature rise that would be
associated with isentropic conditions. This
shows that conventional piliston compressors,
which operate at speeds much higher than 20

25 cycles per minute, operate at near isentropic
conditions, which limits maximum compression
ratios, and requires multiple compression

stages, intercoolers, and aftercoolers.
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For the gas compressor of this example, a
compressor speed of 20 cycles per minute
correlates to an average piston velocity of 0.57
feet per second, and as shown by the graph of FIG.
6, piston velocity is preferably still lower. For
example, a compressor speed of about 5 cycles per
minute correlates to an average piston velocity of
0.14 feet per second. Conventional hydraulically
driven piston compressors employ piston velocities
that are orders of magnitude higher. At
conventional piston velocities the benefits of
reduced temperature rise in the compression fluid
is not realized, and there is no indication that
such benefits can be significant until compressor

speed is reduced well below conventional levels.

Example 2

The data set out in table 3 below was
collected from three experiments done with a
larger gas compressor that employed a free
floating hydraulically driven piston to compress
natural gas. The compressor cylinder had a stroke
length of 54 inches (about 1370 mm) and a bore
diameter of 2-1/2 inches (about 64 mm), which
corresponds to a length to diameter ratio of about
21.6:1.

A coolant consisting of 50% glyccl and 50%
water was circulated through a cooling jacket
surrounding the compressor cylinder. The
temperature of the coolant supplied tc the water
jacket was about 15 degrees Celsius.

The hydraulic system employed a constant

power hydraulic pump, resulting in piston velocity



CA 02379766 2002-03-28

automatically decreasing as resistance to piston

movement increased with increasing gas pressure.

The three experiments were done with

different cycle frequencies (measured 1n cycles

per minute) and different compression ratios.

Table 3.
| Experiment #1 #2 #3
| Cycle Frequency 3 5 | 12
 Average Piston 0.45 ft/s | 0.75 ft/s | 1.6 ft/s
Velocity (0.14 (0.23 (0.49
m/s) m/s) m/s)
| Compression N
| 5.07 5.18 5.78
Ratio
| - §
Gas Pressure | o |
680 psig 690 psig 644 psig
' (Inlet)
| Gas Pressure | - |
| 3504 psig | 3636 psig | 3734 psig
| (Outlet)
Gas Temperature [
13.6°C 13.6°C 8.6°C
(Inlet)
Gas Temperature I
112.5°C 126 .3°C 137.9°C
(Outlet)
Gas Temperature o
| 98.9°C 112.8°C 129.3°C
Rise (actual)
Temperature Rise i
| 151.7°C 153.9°C 157.9°C
(Isentropic)
Difference
between Actual
Temperature Rilse 39.2°C 27.6°C 20.0°C
and Isentropic
Temperature Rise
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Even though the compression ratios are
slightly different, the data in table 3 from
experiments #1 and #2 illustrates that lower cycle
frequencies and a lower average piston velocity
can be employed to significantly reduce the
temperature rise during the compression stroke.

In these experiments, a significant reduction in
the temperature rise was achieved with an average
piston velocity less than 0.75 feet per second
(about 0.23 meters per second). In experiment #3
some heat was dissipated but gas discharge
temperature was only 20 degrees Celsius less than
isentropic. Persons skilled in the art will
understand that additional steps could be taken to
reduce the discharge temperature further. By way
of example, reducing the temperature of the
coolant supplied to the water jacket or increasing
the flow rate of the coolant are steps that can be
taken to further reduce gas discharge temperature.

While reducing gas temperature rise has been
disclosed as being advantageous for thermodynamic
and energy efficiency, it is also important to
note that reducing temperature rise also results
in a cooler apparatus, which is in itself
beneficial. For example, the apparatus comprises
moving parts that require dynamic seals. The
effective life of dynamic seals is typically
prolonged by malntaining them at cooler
temperatures during operation.

As will be apparent to those skilled in the
art in the light of the foregoing disclosure, many
alterations and modifications are possible 1in the

practice of this invention without departing from
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the spirit or scope thereof. Accordingly, the
scope of the invention is to be construed in

accordance with the substance defined by the

following claims.
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What i1s claimed is:

P

1. A method of compressing a gas in a hydraulically

driven reciprocating piston compressor that comprises a

cylinder; a free floating piston disposed within said

L

cylinder between a first closed end and a second closed

end; a compression chamber defined by a volume within said

cylinder between said first closed end and said piston; and

a drive chamber defined by a volume within said cylinder

between said second closed end and said piston; said method

comprising:
(a) 1n an intake stroke,
supplying said gas to said compression
chamber;

removing said hydraulic fluid from said
drive chamber, whereby said gas supplied to said

compression chamber is at a higher pressure than

sald hydraulic fluid within said drive chamber,

causing said piston to move to reduce the volume

¥ iy

of saild drive chamber and increase the volume of

—

sald compression chamber until said compression

chamber has expanded to a desired volume and is

filled with said gas; and

() 1n a compression stroke,

supplying said hydraulic fluid to said drive

chamber whereby said hydraulic fluid within said

drive chamber is at a higher pressure than said

gas within said compression chamber, causing said

pliston to move to increase the volume of said

—

drive chamber and reduce the volume of sald

R—

compression chamber thereby increasing the
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pressure of said gas held within said compression

chamber:;

discharging said gas from said compression

F

chamber when the pressure of said gas is

increased in a single cycle to a pressure of at

least 2500 psi (17.2 MPa), which is at least five

times greater than the pressure of the gas

supplied to said compression chamber:

employing a piston stroke length to plston

diameter ratio of more than seven to one; and

dissipating heat from said cylinder during

sald compression stroke whereby said gas 18

discharged from said compression chamber with &

temperature significantly less than 1sentropic.

2. The method of claim 1 further comprising

employing a cylinder with a piston stroke length to piston

P

diameter ratio of between ten to one and one hundred to

one.,

F

3. The method of claim 1 wherein a compressor cycle 1is

defined by the completion of an intake stroke and a
compression stroke, said method further comprilising

operating said compressor at a speed no greater than 20

cycles per minute.

4. The method of claim 1 further maintaining an average

piston velocity that is less than or equal to 1.5 feet per

second (0.46 meters per second).
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5. The method of claim 1 further comprising

transtferring heat from said cylinder to said ambient

environment through a heat dissipator.

0. The method of claim 5 wherein sald heat

dlissipator comprises a cooling jacket disposed around said

cylinder and directing a coolant to flow through said

cooling jacket.

7. The method of claim 6 wherein coolant flows

8 . The method of claim 6 further comprising

supplying said gas to an engine and supplying said coolant

from an engine coolant reservolr, but from a circuit that

1s independent from engine cooling circuits.

9. The method of claim 6 wherein sald heat

dissipator comprises a plurality of fins protruding from

sald cylinder and said heat dissipator operates by

conducting heat from said cylinder to said plurality of

fins which provides a greater surface area for CLransferring

heat to the ambient environment .

10, The method of claim 9 further comprising blowing

air through said plurality o:

h

fins to increase heat

dissipation.

11. The method of claim 1 further comprilsing
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l2. The method of claim 1 further comprilising

controlling piston velocity during said compression stroke

whereby said piston travels with at a first velocity during

a first portion of the compression stroke and with a second

veloclity during a second portion of the compression stroke,

wherein said second portion follows sequentially after said

first portion and said second velocity is lower than said

first velocity.

.

13. The method of claim 12 further comprising

changing from said first portion of said compression stroke

Lo sald second portion of said compression stroke when gas

pressure within said compression chamber exceeds a

predetermined set point.

14. The method of claim 12 further comprising

controlling piston velocity during a discharge portion o:

sald compression

"

stroke that occurs after sald second

portion of said compression stroke when gas 1s being

discharged from said compression chamber, wherein piston

velocity during said dlscharge portion is kept

substantially constant.

15. The method of claim 14 wherein sald pilston

velocity during said discharge portion of said compression

stoke 1s equal to or less than plston velocity during said

e

second portion of said compression stroke.

16. The method of claim 1 further comprising

controlling piston velocity to follow a predetermined speed

profile.
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17. The method of claim 16 further comprising

selecting said predetermined speed profile in response to a

measured operating parameter.

18. The method of claim 17 wherein said measured

operating parameters include at least one of desired mass

flow rate, inlet gas pressure, desired gas discharge

pressure, and desired compression ratio.

19. The method of claim 16 further comprising

selecting said predetermined speed profile from a plurality

at different times during a compression stroke, wherein

sald speed profiles control piston velocity to be highest

near the beginning of the said compression stroke with

piston velocity gradually declining to a lower velocity

before stopping at the end of the compression stroke, the

difference between said plurality of predetermined speed

profiles can be the piston velocity at different times

.

and/or the rate that piston velocity changes during the

compression stroke, wherein of said plurality of

et

predetermined speed profiles, said selected predetermined

speed profile maximizes thermodynamic efficiency of

"

compression for the desired mass flow rate and compression

ratio.

20. The method of claim 1 further comprising

gradually reducing piston velocity during a compression

stroke, until said gas is being discharged from said

compression chamber, and then maintaining a substantially
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constant piston velocity for the remainder of said

—

compression stroke.

F

21. The method of claim 1 further comprising

supplying a substantially constant amount of power to

d

hydraulic pump during a compression stroke, whereby piston

velocity decreases as gas pressure within said compression

chamber increases.

22. An apparatus for compressing a gas to a high

pressure, said apparatus comprising:

(a) a hollow cylinder;

(b} a free-floating piston reciprocable within said

cylinder, said piston dividing said cylinder

1nto:

a compression chamber within which a gas can

pe introduced, compressed, and discharged; and

a drive chamber, into which a hydraulic

said piston; and

rluid can be introduced and removed for actuating

(C) a piston stroke length to plston diameter of at

least seven to one:

whereby said piston is operable to compress a gas by a

F

ratio of at least five to one in a single cycle to an

—tv

outlet pressure of at least 2500 psi (17.2 Mpa) with a

discharge gas temperature at least 25 degrees Celsius less
than isentropic.
23. The apparatus of claim 22 further comprising a

controller for maintaing an average plston velocity during

a compression stroke that is less than 1.5 feeft per second.
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24. The apparatus of claim 22 wherein the ratio

petween piston stroke length and piston diameter is between

ten to one and one hundred to one.

25. The apparatus of claim 22 further comprising a

variable displacement hydraulic pump for supplying
hydraulic fluid to said drive chamber, whereby plston

velocity 1s changeable during a compression stroke.

*

206. The apparatus of claim 25 further comprising a

controller for controlling hydraulic pump displacement

while operating said apparatus during a compression stroke.

27. The apparatus of claim 26 wherein said controller
1s operable to control said hydraulic pump displacement to

increase, decrease or maintain the flowrate of hydraulic

fluid into said drive chamber, whereby piston velocity

changes to predetermined speeds at predetermined times

during a compression stroke.

28. The apparatus of claim 26 wherein said controller

1s operable to control the hydraulic pump dlsplacement with

response to measured parameters comprising at least one of
gas discharge temperature, gas pressure within said

compression chamber, and piston position within said

compression cylinder.

29. The apparatus of claim 22 further comprising a

constant power hydraulic pump for supplying hydraulic fluid

to said drive chamber.
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30. The apparatus of claim 22 wherein dead space

F

volume 1s less than 0.3% of total compression chamber

volume.

31. The apparatus of claim 22 further comprising a

heat dissipator for dissipating heat from the cylinder.

P

32. The apparatus of claim 31 wherein said heat

dissipator substantially surrounds said cylinder for

receiving and dissipating heat from said cylinder.

gy

33. The apparatus of claim 32 wherein said heat

dlssipator comprises a cooling jacket through which a

coolant fluid can be directed CO receilve and remove heat

therefrom.

34. The apparatus of claim 33 wherein said cooling

jacket comprises a shell structure spaced apart from said

cylinder, and a coolant inlet associated with one end of

said cylinder and a coolant outlet associated with an

opposite end of said cylinder, whereby coolant can enter

salid cooling jacket through said coolant inlet and flow

petween said shell and said cylinder to said coolant

outlet.

35. The apparatus of claim 32 wherein said heat

dissipator comprises a plurality of fins protruding from

—r

sald cylinder to conduct heat from said cylinder to the

ambient environment.
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36. The apparatus of claim 35 wherein said heat

dissipator further comprises a fan for directing air to

flow between said plurality of fins.

37. The apparatus of claim 22 wherein said apparatus

comprises two cylinders that are operable in tandem to

supply a more continuous flow of high-pressure gas.

38. The apparatus of claim 22 further comprising a

gas 1nlet passage through which said gas 1s flowable into

said compression chamber and a Separate gas outlet passage

through which said gas is dischargeable from said

compression chamber.

39. The apparatus of claim 38 further comprising:

a one-way flow controller for controlling the one-way

flow of said gas into said compression chamber through said

gas 1inlet passage; and

a one-way flow controller for controlling the one-way

- |

flow of said gas out of said compression chamber through

said gas outlet passage.

40. The apparatus of claim 39 wherein sald gas inlet

and outlet passages pass through an end plate that seals

sald compression chamber and said one-way flow controllers

are each disposed within said end plate.

41. The apparatus of claim 22 wherein sald apparatus

further comprises a sensor for detecting when said piston

has completed a compression stroke.
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Ihe apparatus of claim 22 wherein said apparatus

e with a compression ratio of between elght to

one and ten to one.

43 .

A hydraulically driven reciprocating high-

pressure gas compressing apparatus comprises:

(a)
5
10
(D)
15
20
(C)
25

a first reciprocating compressor comprising a

first hollow cylindrical pody with fluidly sealed

ends, a first free-floating piston disposed

within said first hollow cylindrical body

defining a first drive chamber having a hydraulic

fluid port and a first compression chamber having
A gas port selectively connectable to a low
pressure gas supply system or a high pressure gas

system;

a second reciprocating compressor comprising a

second hollow cylindrical body with fluidly

sealed ends, a second free-floating piston

disposed within said second hollow cylindrical

pody defining a second drive chamber and a second

compression chamber having a hydraulic fluid port

and a first compression chamber having a gas port
selectively connectable to said low pressure gas
supply system or said high pressure gas system;

a hydraulic drive system that is operable to

alternate between:

supplying hydraulic fluid to said first

drive chamber while wlthdrawing hydraulic fluid

from said second drive chamber; and

removing hydraulic fluid from said first

drive chamber while supplying hydraulic fluid to

sald second drive chamber:;
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wherein for each one of said hollow

cylindrical bodies, the ratio between plston

stroke length and free-floating piston

diameter is at least seven to one;

whereby said first and second

reciprocating compressors are operable in

F

tandem to increase the pressure of

salid gas

by a ratio of at least five to one to &

pressure of at least 2500 psi (17.2 MPa)
with a discharge gas temperature at least 25

degrees Celsius less than 1sentropic.

44. The apparatus of claim 43 wherein said hydraulic

system comprises a reversible hydraulic pump for reversing

the direction of hydraulic fluid flow.

45. The apparatus of claim 43 wherein said hydraulic

system comprises a flow switching valve operable to

selectively direct said hydraulic fluid to one of said

first and second drive chambers through said hydraulic

fluid ports to cause a compression stroke while

simultaneously receiving hydraulic fluid from the other one

P

Of saild first and second drive chambers to cause an intake

stroke.

46. The apparatus of claim 43 wherein said first and

second reciprocating compressors have substantially the

same dimensions.

47. The apparatus of claim 43 wherein said ratio

petween said piston stroke length and said piston diameter
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48. The apparatus of claim 43 further comprising a

first heat dissipator substantially surrounding said first

cylindrical body and a second heat dissipator substantially

surrounding said second cylindrical pody, whereby said

first and second heat dissipators are operable to transfer

heat from each one of said cylindrical bodies to a fluid

which receives and removes heat from sald compressor.

49. The apparatus of claim 48 wherein said first and

second heat dissipators comprise respective cooling jackets
through which a liquid coolant can flow Lo receive and

remove heat from said compressors.

50. The apparatus of claim 48 wherein salid first and

second heat dissipators each comprise a plurality of fins

protruding from each one of said cylindrical bodies to

conduct heat from said cylinder to air in the ambient

environment.

51. The apparatus of claim 50 further comprising a

fan for directing air to flow between said plurality of

fins.

52. The apparatus of claim 43 wherein sald gas

entering said compressors is supplied with a pressure of

between at least 300 psi (2.07 MPa) and up to and including
500 psi (3.45 Mpa) .
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53. The apparatus of claim 43 further comprilising

sensors for detecting when said free floating pistons reach

respective end positions and signaling a controller to

reverse hydraulic fluid flow direction.

)

>4. The apparatus of claim 53 wherein sald sensors

employ a magnetic switch.

55. The apparatus of claim 43 wherein sald hydraulic
system comprises a variable speed hydraulic pump whereby
piston velocity is controllable to lncrease or decrease

plston velocity during a compression stroke.

56. The apparatus of claim 55 wherein piston velocity
1s reduced by reducing the speed of said variable speed

hydraulic pump when gas pressure within the compression

chamber exceeds a predetermined set point.

S7. The apparatus of claim 43 wherein sald hydraulic

system comprises a constant power hydraulic pump.

58. An apparatus for compressing a gas to a high

pressure, sald apparatus COmprising:

(a) a plurality of hollow cvlinders;

(b) a free-floating piston reciprocable within each

one of said cylinders, said piston dividing each

F

Of said cylinders into:

@ compression chamber within which a gas can

be introduced, compressed, and discharged; and

a drive chamber, into which 3 hydraulic

fluid can be introduced and removed for actuating

said piston; and
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(C) a piston stroke length to piston diameter of at

least seven to one; and

(d) a coolling jacket disposed around said plurality
of cylinders and comprising a fluid inlet and a
fluid outlet whereby a coolant is flowable
between said cylinders.

09. The apparatus of claim 58 wherein each one of

sald cylinders can be employed to compress a gas by a ratio
of at least

five to one in a single cycle to an outlet

pressure of at least 2500 psi (17.2 Mpa)

with a discharge

gas temperature at least 25 degrees Celsius less than

1sentropic.

0. The apparatus of
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FIGURE 4
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